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Abstract
This editorial emphasizes on non-pharmacological approaches for stress-related neuropsychiatric disorders 
due to side effects of pharmacological approaches. It highlights various exercises, specific natural compounds 
and their mechanisms for stress reduction. A combination of both can be a good strategy for the stress 
management. There are some challenges for these approaches. One major limitation is the standardization 
of these interventions. Natural compounds often have different quality and potency depending on their 
source and preparation, which can impact their efficiency. Additionally, determining the optimal dosage 
for different compounds remains a significant challenge, as  individual responses can vary considerably. 
Interdisciplinary collaboration between researchers, clinicians and policymakers must be established to ad-
dress the challenges. By conducting large-scale, well-designed clinical trials researchers gain a deeper 
understanding of the mechanisms underlying these approaches and can prepare clear guidelines for their 
integration into mainstream healthcare, ultimately improving patient outcomes and reducing dependence 
on pharmacological treatments.

Key words: inflammation, physical activity, antioxidants, natural compounds, stress-related disorders
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Introduction

Stress is one of the primary risk factors for a range of neu-
ropsychiatric conditions. It is typically defined as an or-
ganism’s response to  environmental challenges aimed 
at maintaining bodily equilibrium. Prolonged stress ac-
tivates the hypothalamic–pituitary–adrenal (HPA) axis, 
triggering significant inflammatory responses.1 Stress not 
only affects HPA, but it also impacts neuronal structure, 
such as hippocampus, amygdala and prefrontal cortex.2 
The brain is profoundly affected by adverse environmental 
conditions, as seen in numerous structural and functional 
maladaptive changes observed in both preclinical models 
and clinical studies of depression.3 Oxidative stress con-
tributes to neuronal damage, including lipid peroxidation 
and protein oxidation.4 Prolonged exposure to stress can 
negatively impact cognitive abilities and alter the dendritic 
architecture of  pyramidal neurons in  the  CA3 region 
of the rat hippocampus. Furthermore, stress can impair 
brain development, leading to deficits in adult learning and 
memory.5 Oxidative stress has been implicated in a variety 
of neurodegenerative disorders, such as Parkinson’s disease 
and Alzheimer’s disease, and neuropsychiatric conditions 
like schizophrenia, bipolar disorder, anxiety, and depres-
sion.6 While antidepressants and antipsychotics are widely 
used to treat neuropsychiatric disorders, they come with 
significant limitations. Many medications cause side effects, 
including weight gain, sedation, gastrointestinal issues, and 
metabolic disturbances, which can reduce patient compli-
ance.7 As a result, non-pharmacological approaches offer 
a promising alternative for treating stress-related disorders. 
These approaches are gaining attention as effective options 
for managing and treating stress-related neuropsychiat-
ric conditions.4,8 This editorial examines physical activity 
and natural compounds as potential non-pharmacological 
treatments for stress-related neuropsychiatric disorders, 
drawing on the authors’ expertise and experience.

Physical activity as a non-pharmacological 
approach for stress-related 
neuropsychiatric disorders

A key strategy for reducing the adverse effects of stress 
is physical activity. Studies have demonstrated that exer-
cise mitigates cognitive impairments and increases brain-
derived neurotrophic factor (BDNF) levels, ultimately low-
ering the risk of neuropsychiatric disorders. The beneficial 
effects of exercise on brain function are, at least in part, 
mediated by BDNF.9,10 Moradikor et al. investigated the ef-
fects of wheel running exercise on adolescent stress-induced 
anxiety and depressive-like symptoms. Their study dem-
onstrated positive effects in reducing stress and enhancing 
behavioral responses, primarily by increasing antioxidant 
capacity and upregulating BDNF expression.11 In another 
study, the effects of voluntary exercise on stress in female 
rats were investigated, revealing that exercise reduced 

corticosterone levels and increased BDNF expression.5 
There is also evidence supporting the effects of treadmill ex-
ercise in reducing inflammation and enhancing antioxidant 
status in stressed rats.4 A human study examining the ef-
fects of various types of physical exercise on stress coping 
in 9 university students reported that physical exercise al-
leviates stress by eliciting positive emotions, which, in turn, 
regulate health behaviors and enhance overall wellbeing.12 
Another study on women reported that physical exercise 
can decrease psychosocial stress.13 This paper mentioned 
some cases of the positive effects of exercise in decreasing 
stress. Exercise is not limited only to treadmills; other ex-
ercises, such as yoga and walking, can decrease the negative 
effects of stress. Exercise not only mitigates the negative ef-
fects of stress by enhancing antioxidant capacity and reduc-
ing inflammation, but it also regulates the HPA axis, lowers 
cortisol levels and strengthens stress resilience. Addition-
ally, it boosts BDNF levels, promotes neuroplasticity and 
improves cognitive function. Exercise strengthened the mi-
tochondria in the hippocampus by boosting brain plastic-
ity, lowering cell death and improving stress symptoms.14 
An increase in BDNF levels due to exercise can enhance 
mitochondrial function, promote neuroplasticity and regu-
late apoptosis signaling in the hippocampus, contributing 
to stress reduction. Physical activity, when combined with 
medication, can improve outcomes in key brain regions such 
as the amygdala and hippocampus, contributing to better 
stress management and overall mental health.14 Exercise 
may enhance antioxidant levels by activating cellular path-
ways such as Nrf2, which regulates antioxidant responses. 
Additionally, physical activity modulates inflammatory 
factors by decreasing pro-inflammatory cytokines such 
as tumor necrosis factor alpha (TNF-α) while increasing 
anti-inflammatory cytokines like interleukin 10 (IL-10). 
In human models, these mechanisms primarily contribute 
to improved emotional regulation and stress resilience.

Natural compounds as 
a non-pharmacological approach for 
stress-related neuropsychiatric disorders

Natural compounds and their derivatives have been uti-
lized for stress management due to their strong antioxi-
dant properties.15 These compounds, including medicinal 
plants, their derivatives and active compounds, help al-
leviate stress by reducing inflammation, regulating cor-
tisol levels and promoting neuroprotection. Additionally, 
L-theanine, magnesium and probiotics support mood 
regulation and improve brain function, offering potential 
benefits for stress-related neuropsychiatric disorders.16,17 
Moradikor et al. investigated the effects of Spirulina pla-
tensis in the treatment of stress and reported its beneficial 
effects through the upregulation of BDNF and tropomyosin 
receptor kinase B (TrkB) expression.⁸ In another study, Spir-
ulina platensis was shown to improve scopolamine-induced 
memory deficits by reducing malondialdehyde (MDA) levels 
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in stressed rats.18 Coating antioxidants is an effective strat-
egy to enhance their efficiency and bioavailability. Cur-
cumin nano-phytosomes decreased stress by increasing 
the BDNF and improving antioxidant status.19 Natural com-
pounds can increase neuroplasticity in the hippocampus, 
decrease hyperactivity in the amygdala and support emo-
tional regulation in the prefrontal cortex.20 As mentioned, 
natural antioxidants can have abilities for the management 
of stress. However, a combination of exercise and natural 
compounds shows greater efficiency than single approach.5,8

It  has been reported that physical exercise increases 
the release of BDNF and TrkB, which are ultimately de-
livered to the brain.21 There is also evidence showing that 
physical activity increases hippocampal BDNF expression 
to a desired level.22 Additionally, BDNF-induced TrkB ac-
tivation promotes the mitogen-activated protein kinase 
(MAPK) and phosphatidylinositol-3 kinase (PI3K)/Akt sig-
naling pathways, which play essential roles in encouraging 
neuronal survival and synaptic plasticity.23 Studies have re-
ported the stimulatory effects of exercise on BDNF-induced 
TrkB activation.24 It has been reported that low-intensity 
physical exercise increases the mRNA expression of BDNF 
and neuronal activation in stressed rats.25 The exercise-
induced increase in BDNF may result from an increased 
release of serotonin and/or norepinephrine.26 The effects 
of exercise might be mediated by an increase in 5-HT/NE 
neurotransmission, which promotes cyclic adenosine mo-
nophosphate (cAMP)/protein kinase A (PKA) signaling and 
the transcription factor cAMP response element-binding 
protein (CREB). The protein activation enhances the expres-
sion and secretion of BDNF, which acts via TrkB receptors. 
Similary, Spirulina platensis extract, as a natural compound, 
boosted the activation of both p-ERK (extracellular signal–
related protein kinase) and p-CREB proteins, which in turn 
increased BDNF levels in the hippocampus and improved 
memory in mice.27 Additionally, non-protein parts of Spi-
rulina platensis have been shown to promote BDNF gene 
activity by activating heme oxygenase-1 in glial cells.28 These 
results emphasize the importance of BDNF in the positive 
effects of  Spirulina platensis on  brain function. There 
are evidences for the effects of other natural compounds 
on BDNF/TrkB, such as phenols.29 Thus, exercises and natu-
ral compounds can work in similar pathways for affecting 
BDNF/TrkB. On the other hand, acute exercise boosts Nrf2 
signaling by reactive oxygen species (ROS) production. Nrf2 
is a regulator of antioxidant defenses and regulates expres-
sion of more than 200 cytoprotective genes.30 Different 
compounds can activate the Nrf2-antioxidant responsive 
element (ARE) pathway, which is responsible for triggering 
antioxidant responses in cells.31,32 This pathway helps de-
crease the damage caused by free radicals and inflammation, 
which are key contributors to neurodegenerative diseases 
and aging. The increase of expression of these molecular 
pathways, both physical activity and certain compounds 
can work together to improve brain health and mitigate 
the negative effects of oxidative stress.

In summary, physical exercise and natural compounds 
exert anti-stress effects through similar mechanisms, and 
their combination may serve as an effective strategy for 
stress management. The synergistic effect of exercise and 
compounds targeting BDNF-TrkB and Nrf2-ARE pathways 
can protect against stressful factors and decrease the risk 
of age-related cognitive decline or neurological disorders. 
The ability of exercise to enhance BDNF levels can comple-
ment the antioxidant effects mediated by Nrf2 activation. 
However, the effectiveness of these natural compounds 
may be constrained by challenges such as limited bioavail-
ability, variability in potency and potential adverse effects. 
These factors can influence their clinical applicability and 
should be carefully considered when assessing their poten-
tial for stress alleviation.

Challenges and future directions

Although studies have highlighted the promising po-
tential of non-pharmacological approaches, such as physi-
cal activity and natural compounds, in  the  treatment 
of stress-related neuropsychiatric disorders, several chal-
lenges remain. One major limitation is the standardiza-
tion of these interventions. Natural compounds often ex-
hibit variations in quality and potency depending on their 
source and preparation, which can impact their efficacy. 
Additionally, determining the optimal dosage for different 
compounds remains a significant challenge, as individual 
responses can vary considerably. The long-term effects 
of these approaches are also not fully elucidated, and fur-
ther research is essential to investigate their safety and 
effectiveness over extended periods of use. It is essential 
to note that most studies have been conducted on rodents, 
and their results cannot be directly generalized to humans. 
To address these challenges, further research and clinical 
validation are essential to ensure the efficacy, safety and 
standardization of these non-pharmacological approaches. 
Controlled clinical trials and systematic studies can signifi-
cantly elucidate the mechanisms by which these interven-
tions exert their effects and provide evidence for their use 
in clinical practice. The need for large-scale, well-designed 
studies is essential to ensure that these approaches can be 
safely integrated into mainstream healthcare. Additionally, 
further studies must identify and elucidate the possible 
mechanisms underlying the effects of physical activity 
and natural compounds on stress-related neuropsychiat-
ric disorders. By building an extensive body of literature, 
these approaches can be effectively integrated into exist-
ing treatment frameworks, with the goal of improving pa-
tient outcomes and reducing reliance on pharmacological 
treatments. Finally, while rodent studies provide valuable 
insights, their direct applicability to humans is limited. 
Additionally, challenges remain in designing large-scale 
clinical trials and addressing regulatory concerns to facili-
tate the integration of these approaches into mainstream 
healthcare.
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Conclusion

In summary, both physical activity and natural com-
pounds offer promising non-pharmacological strategies 
for managing stress-related neuropsychiatric disorders. 
Physical activity, through various forms such as treadmill 
exercise, yoga and walking, can reduce stress by regulating 
the HPA axis, decreasing inflammation, improving anti-
oxidant status, and boosting BDNF. These effects enhance 
stress resilience, cognitive function and overall brain health. 
Similarly, natural compounds like Spirulina platensis and 
curcumin play significant roles in reducing inflammation, 
regulating cortisol levels and promoting neuroprotection, 
further supporting stress management. When combined, 
physical exercise and natural compounds appear to be more 
effective than either approach alone, suggesting a syner-
gistic potential for stress management. However, despite 
their promising effects, several challenges remain unre-
solved. The standardization of these approaches, including 
the quality and potency of natural compounds, is a major 
obstacle. Additionally, determining optimal dosages for 
individual responses and understanding the long-term ef-
fects of these strategies require further research. While 
most studies have been conducted in animal models, more 
human-based clinical trials are essential to validate these 
findings and better understand their clinical relevance. 
Animal studies provide base information and open a way 
for future studies on humans. Future research should focus 
on overcoming these challenges, with interdisciplinary col-
laboration between researchers, clinicians and policymakers 
being crucial for advancing these approaches. Large-scale, 
well-designed clinical trials will be key to providing deeper 
insights into the underlying mechanisms and establishing 
clear guidelines for integrating these strategies into main-
stream healthcare, ultimately improving patient outcomes 
and reducing reliance on pharmacological treatments.
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Abstract
Background. Despite its excellent screening effectiveness and sensitivity for breast cancer (BC), digital breast 
tomosynthesis (DBT) is controversial due to its high radiation exposure and long reading time. This study 
examines the diagnostic accuracy of DBT and digital mammography (DM) for BC screening and diagnosis 
in women with dense or non-dense breast tissue.

Materials and methods. PRISMA-compliant searches were performed on Medline, Embase, PubMed, Web 
of Science, and the Cochrane databases for articles comparing DBT and DM for BC screening until March 2023. 
Meta-analysis was performed using RevMan sofware, and the Cochrane Risk of Bias Assessment Tool was 
employed to assess study quality.

Results. This meta-analysis included 11 trials with a total of 2,124,018 individuals. Screening with DBT 
resulted in a greater cancer detection rate, as demonstrated by a risk ratio (RR) of 1.27 (95% confidence 
interval (95% CI): 1.14–1.41). Digital breast tomosynthesis also had a reduced recall rate, with a RR of 0.88 
(95% CI: 0.78–0.99), higher sensitivity and specificity values (pooled sensitivity of 0.91 (95% CI: 0.59–0.99)) 
and pooled specificity of 0.90 (95% CI: 0.42–1.0)) than DM (pooled sensitivity of 0.86 (95% CI: 0.52–1.0) 
and pooled specificity of 0.81 (95% CI: 0.12–1.0)). All acquired data exhibited reliability, lack of bias and 
statistical significance (p < 0.05).

Conclusions. Digital breast tomosynthesis is a more effective screening and diagnostic assessment tool 
for women with dense or non-dense breasts than DM in terms of incremental cancer detection, sensitivity 
and recall rate.

Key words: breast cancer, digital mammography, digital breast tomosynthesis, cancer detection rate, 
overall recall rate
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Background

Breast cancer (BC) is widely prevalent among women 
and is the primary cause of cancer-associated mortality 
in the global female population.1 Numerous countries have 
implemented population-wide BC screening, originally 
with X-ray-based film-screen technology, before transi-
tioning to digital mammography (DM), with the objec-
tive of reducing BC mortality through early detection.2 
Mammography, also known as screen-film mammogra-
phy (SFM), is the most common breast imaging modality 
and is widely regarded as the gold standard for verifying 
or ruling out the existence of breast cancer. Compression 
of the breast is an essential component of mammography 
that employs X-ray technology to investigate the breast. 
Nevertheless, DM exhibits considerable sensitivity, with 
estimates ranging from 67.3% to 93.3%.3

Mammography findings are summarized and classi-
fied into separate categories using the standardized Breast 
Imaging Reporting and Data System (BI-RADS). Mammo-
graphic breast tissue densities greater than 50% fall into 
BI-RADS categories 3 or 4, or C or D, in the 4th and 5th edi-
tions, respectively. Such high density may have a masking 
effect, reducing the sensitivity of mammography. As dense 
parenchyma overlaps fibro glandular tissue, it may affect 
the mammographic identification of lesions and it may 
increases false-positive outcomes..4,5

Breast density is a distinct risk factor for BC, and ap-
prox. 50% of women participating in screening are be-
lieved to have dense breast tissue. However, the proportion 
of dense breast tissue varies across different age groups. 
There is a positive correlation between high mammo-
graphic density, characterized by heterogeneously or ex-
cessively dense breast tissue and elevated susceptibility 
to BC, an association that extends to interstitial BC.6,7

Digital breast tomosynthesis (DBT) is a medical imag-
ing technique that generates reconstructed, nearly 3-di-
mensional (3D) mammographic images of the breast and 
is thought to enhance cancer detection during screening 
by offering improved visualization of lesions that may be 
difficult to identify on traditional 2-dimensional (2D) 
DM. This is particularly relevant in cases where dense 
or overlapping breast tissue may obscure the presence 
of such lesions.8,9 Furthermore, DBT has the potential 
to decrease the occurrence of cancer-simulating artifacts 
caused by overlapping breast tissue, which may reduce 
the initial high rates of recalling patients for additional 
examination.10 Digital breast tomosynthesis allows for 
the acquisition of pseudo-3D images of the breast, lead-
ing to enhanced differentiation of tissue features and, 
perhaps, enhanced visualization of cancerous lesions. 
Therefore, it can be argued that DBT has the capacity 
to enhance the sensitivity and specificity of  imaging 
in BC screening, resulting in a higher number of accu-
rately identified tumors while minimizing false positive 
results.11

Several prospective and retrospective studies have in-
vestigated different screening populations and have con-
sistently shown improved screening accuracy when DBT 
is employed.12–14 However, some studies have indicated 
that the combined use of DM and DBT leads to increased 
radiation exposure to the breast.15,16

Objectives

Since there has been limited research comparing the di-
agnostic accuracy and reliability of DBT and DM for BC 
screening in women with dense or non-dense breast tissue, 
the primary aim of this study was to systematically evalu-
ate and meta-analyze selected studies.17–27

Materials and methods

The current investigation followed the Preferred Re-
porting Items for Systematic Reviews and Meta-analyses  
(PRISMA) guidelines.28

Eligibility criteria

This study analyzed the comparative outcomes of rel-
evant publications between 2015 and 2023, with priority 
given to incorporating full-text articles into the investi-
gation. The inclusion criteria were studies: 1) reporting 
the screening of BC using DBT or DM, 2) involving dense 
and non-dense breast tissues, 3) including patients older 
than 18 years, and 4) published in English. In the meta-
analysis, only abstracts with sufficient information were 
included. The analysis excluded studies with insufficient 
data, those extraneous to BC screening, and published 
before 2015.

Information sources

The researchers conducted an extensive examination 
of the academic literature using PubMed, Embase, Web 
of  Science, Scopus, and Cochrane Library databases. 
The search methodology combined Medical Subject Head-
ings (MeSH) and textual keywords using the Boolean op-
erator “AND”.

Search strategy

A comprehensive and systematic review of  relevant 
studies on the diagnostic accuracy and reliability of DBT 
compared to DM was conducted using PubMed and 
the Cochrane Library databases, following the PRISMA 
guidelines. To find relevant studies, we searched the medi-
cal literature for the following terms: breast cancer, digital 
mammography, mammography, DBT, cancer detection 
rate (CDR), overall recall rate, sensitivity, specificity, dense 
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breast tissue, non-dense breast tissue, systematic review, 
and meta-analysis.

Selection process

Two authors, H.L. and Y.Z., thoroughly examined 
the pertinent literature to identify relevant articles. The re-
searchers used inclusion criteria to exclude outdated ref-
erences and incorporate relevant studies of importance.

Data collection process

Two researchers (H.L. and Y.Z.) carried out a thorough 
bibliographic search to find pertinent and significant works. 
A methodical selection approach was used to find and incor-
porate all relevant studies published between 2015 and 2023.

Data items

Two other authors, Y.W. and C.Y., summarized brief 
characteristics of the participants in the included stud-
ies and event data separately from the studies included 
in the analysis. The 4 key metrics discussed were: 1) CDR 
–  the  proportion of  cancer cases correctly identified 
by a diagnostic test; 2) “overall recall rates” – the per-
centage of individuals called back for further testing after 
an initial screening; 3) “sensitivity” – the ability of a test 
to correctly identify individuals with BC; and 4) “specific-
ity” – the ability of a test to correctly identify individuals 
without BC.

Risk of bias assessment

The assessment of potential bias in the research included 
in the study was undertaken using a previously established 
standardized questionnaire (Supplementary Table 1). A sum-
mary and graphical representation of the risk of bias was 
generated using the Cochrane Risk of Bias (Robvis) tool.31

Effect measures

H.L. and Y.Z. conducted independent evaluations 
of  the  methodological validity of  the  studies included 
in the analysis. L.W. assumed the responsibility of resolv-
ing any problems that emerged between H.L. and Y.Z. 
The determination was made based on the heterogene-
ity of the included trials. The Cochran’s Q statistic and 
the I2 index were employed in a random bivariate mode29 
as part of the investigation of heterogeneity. The research 
was conducted using the RevMan v. 5 software (Cochrane 
Collaboration, Copenhagen, Denmark).30 Various other 
factors contributing to variability were examined, includ-
ing the employment of  full-text articles instead of ab-
stracts, discrepancies in age groups and sample sizes, varia-
tions in the techniques used, and differences in the study 
outcomes.

Statistical analyses

The meta-analysis employed RevMan software v. 5. Since 
the studies were conducted under different conditions, 
a random effect model was used. The primary methodol-
ogy employed in this research was the Mantel–Haenszel 
process, incorporating random bivariate effects. Statistical 
metrics, including odds ratio (OR), risk ratio (RR), sen-
sitivity, and specificity, together with a 95% confidence 
interval (95% CI), were mostly computed using the Man-
tel–Haenszel method. Assessing the number of standard 
deviations by which a value deviated from the mean used 
z-test statistics, and p < 0.05 was considered statistically 
significant. Moreover, forest plots were made to visually 
represent the results, and tau2, χ2, I2, and z-values mea-
sured heterogeneity in the publications evaluated. The di-
agnostic OR was calculated using a 2×2 contingency table 
and the DerSimonian and Laird method.32

The assessment of publication bias used Begg’s test,33 
Egger’s test34 and Deek’s funnel plots.35 Deek’s funnel plot 
was generated by plotting the natural logarithm of the OR 
for each publication against its corresponding standard er-
ror using MedCalc software (MedCalc Software, Ostend, 
Belgium).36 The development of Youden plots37 and hier-
archical summary receiver operating characteristic curves 
(HSROCs)38 aimed to evaluate the degree of inter-study 
variability.

Results

Literature search results

The application of the PRISMA flowchart for selecting 
research studies is  illustrated in Fig. 1. After conduct-
ing a thorough analysis of online sources, a collection 
of 347 academic papers was identified. Following the re-
moval of duplicate submissions, 241 studies were screened 
based on their abstracts and titles. A total of 136 papers 
that satisfied the predetermined inclusion criteria were 
comprehensively evaluated. The current meta-analysis 
comprised 11 publications selected based on predeter-
mined inclusion and exclusion criteria. The studies incor-
porated in the analysis investigated and assessed the di-
agnostic precision and dependability of DBT and DM 
in the context of screening for BC in women with dense 
and non-dense breast tissue. Table 1 presents a compre-
hensive overview of the pertinent characteristics of the re-
search being examined. This study encompasses various 
attributes, such as the identification of studies, publication 
years, journals of publication, countries where the studies 
were conducted, interventions employed, screening inter-
vals for mammographic density, total number of partici-
pants, patient age, sample size, and the instruments used 
for DBT and DM.
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Evaluating overall study quality

Table 2 presents a  comprehensive assessment 
of the methodological rigor and overall quality of the stud-
ies incorporated in the meta-analysis. Figure 2 gives a suc-
cinct overview of the potential for bias, and Fig. 3 visually 
represents the danger of bias. Out of the 11 studies, 6 had 
a low risk of bias as they employed valid methodology for 
patient allocation to alternative treatments, maintained 
a low attrition rate, and implemented suitable measures 
to prevent bias, assess outcomes, analyze data, and re-
port findings. As a consequence, the reported results are 
valid, and there was no selection bias, performance bias, 
detection bias, attrition bias, or reporting bias. However, 
4 studies displayed a moderate risk of bias as a result 
of  concerns regarding random sequence creation, al-
location concealment and blinding of participants and 
staff. The remaining study carried a high risk of bias 
and allocation concealment. As  indicated by the sym-
metrical funnel plot39 and the lack of statistical signifi-
cance (p > 0.05) in Begg’s (p = 0.354) and Egger’s tests 
(p = 0.224),40 the results presented in Fig. 4 indicate a low 
probability of publication bias.

Primary outcome statistical analysis

The current meta-analysis comprised a sample of 11 stud-
ies, either prospective or retrospective in nature, with a to-
tal of 1,110,194 participants. A total of 339,606 people un-
derwent screening using the DBT method, while 770,588 
received DM screening. The key outcomes of the studies 
were statistically analyzed to compare DBT and DM for BC 
screening in women with dense or non-dense breast tissue.

Cancer detection rate of DBT vs DM

Figure 5 illustrates 11  studies that reported CDRs, 
with a combined total of 1,286,449 people screened with 
DBT and 837,569 participants assessed through DM. 
The DBT group exhibited higher accuracy in detecting 
cancer (RR = 1.27, 95% CI: 1.14–1.41). The findings exhib-
ited heterogeneity, as shown by the values of tau2 = 0.02, 
χ2 = 205.63, degrees of freedom (df) = 10, z = 4.36, I2 = 95 
%, and p < 0.001 (Fig. 5A). Similarly, DBT had a higher 
chance of detecting BC than DM (OR = 2.29, 95% CI: 
1.49–3.51). The findings exhibited heterogeneity, as shown 
by the tau2 = 0.38, χ2 = 35.48, df = 11, z = 3.78, I2 = 69 %, 
and p < 0.001 values (Fig. 5B).

Fig. 1. Preferred Reporting Items 
for Systematic Reviews and Meta-
analyses (PRISMA) flowchart of study 
selection
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Overall recall rate of DBT vs DM

Figure 6 illustrates the results of 11 studies that reported 
an overall recall rate. The sample consisted of 1,286,449 
participants tested using DBT, and 837,569 people 
screened using DM. The study revealed that the DM group 
had a greater recall rate than the DBT group (RR = 0.88, 
95% CI: 0.78–0.99). The findings exhibited heterogeneity, 
as indicated by the tau2 (0.02), χ2 (67.89), df (10), z (2.16), 
I2 (85%), and p (< 0.001) values (Fig. 6A). Similarly, the OR 
of 1.24 (95% CI: 1.01–1.5; tau2 = 0.08, χ2 = 28.06, df = 11, 
z = 2.01, I2 = 61%, and p < 0.001) showed that the DM group 
had a greater recall rate than the DBT group (Fig. 6B).

Sensitivity and specificity of DBT and DM

Imaging instruments used for BC screening must have 
high sensitivity and specificity41 to  accurately detect 
the presence or absence of BC. Using the dataset extracted 
from the 11 included studies, we determined the sensitiv-
ity and specificity of DBT and DM. In Fig. 7A, the data 

Fig. 2. Risk of bias summary

Fig. 3. Risk of bias graph

Fig. 4. Funnel plot for publication bias
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Fig. 5. Forest plot for primary outcomes and funnel plot for cancer detection rate for digital breast tomosynthesis (DBT) and digital mammography (DM). 
A. Risk ratio (Rr); B. Odds ratio (OR)

Fig. 6. Forest plot for primary outcomes and funnel plot for overall recall rate for digital breast tomosynthesis (DBT) and digital mammography (DM). A. Risk 
ratio (RR); B. Odds ratio (OR)

A

B

A

B
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indicate that DBT exhibited a pooled sensitivity of 0.91, 
with a 95% CI ranging from 0.59 to 0.99. Additionally, 
the pooled specificity for DBT was 0.90, with a 95% CI 
of 0.42 to 1.0. Conversely, Fig. 7B presents the findings for 
DM, revealing an overall sensitivity of 0.86, with a 95% CI 
ranging from 0.52 to 1.0. The pooled specificity for DM 
was 0.81, with a 95% CI of 0.12 to 1.0. We found that DBT 
exhibited greater sensitivity and specificity than DM in de-
tecting BC.

Evaluation of DBT and DM screening 
results for accuracy and quality

To evaluate the diagnostic precision of the DBT and 
DM screening tools, an HSROC was generated for both 
using the sensitivity and specificity data derived from 
the 11 studies included in the analysis (Fig. 8). Figure 8A 
depicts the HSROC curve for DBT, whereas Fig. 8B il-
lustrates the HSROC curve for DM. The circular symbols 
in the diagram represent individual studies, with the size 
of each circle corresponding to the number of patients 
included in that particular study. The height of the ovals 
represents the number of patients with BC, while the width 
represents the number of patients without BC. Addition-
ally, the diagram includes a 95% prediction region. Analysis 
of the curves revealed that DBT exhibited higher accuracy, 
pooled sensitivity and specificity than DM, even when 
considering the presence of inter-study heterogeneity.

Variations in  screening outcomes can occur during 
the implementation of DBT and DM due to the use of dis-
tinct devices, instruments and processes. Furthermore, 
the degree of control over factors that influence the mag-
nitude of the results is constrained. Therefore, it is crucial 
to take into account the impact of these numerous stochas-
tic, uncontrollable variables when interpreting and assess-
ing the results. Hence, for the purpose of quality control 
and identification of measurement bias in the incorporated 

studies, the Youden plots, which are designed for interlabo-
ratory comparisons, were also constructed. The Youden 
index (YI)42 was computed using the sensitivity and spec-
ificity data obtained from the 11 studies incorporated 
in the analysis to evaluate the BC screening capability 
of the diagnostic tests. The findings indicated that DBT 
exhibited higher diagnostic accuracy than DM, as evi-
denced by DBT’s YI of 81% and DM’s YI of 67%, which are 
illustrated in Fig. 9, where Fig. 9A and Fig. 9B represent 
DBT and DM, respectively. A lack of bias in these diagrams 
is attributable to the closely matched datasets and ensures 
that the results are reliable and accurate.

Discussion

Mammography is an X-ray imaging technique used to as-
sess the breast to identify cancer and other disorders early 
and for diagnostic and screening purposes. Digital mam-
mography is a system in which the X-ray film utilized in SFM 
is substituted by solid-state detectors that convert X-rays 
into electrical impulses, similar to those used in digital cam-
eras.43 The European Society of Breast Imaging (EUSOBI) 
has issued its latest guidelines for the screening of women 
with highly dense breasts, as they are almost twice as likely 
to develop BC than a woman with normal breasts. Concur-
rently, the effectiveness of mammography is diminished 
due to  the  concealment of  malignancies by  the  exces-
sive projection of fibroglandular breast tissue. According 
to the EUSOBI guidelines set in 2022, it is strongly advised 
to do regular MRI screening exams every 2–3 years for 
individuals with breast composition type D, as defined 
by the American College of Radiology (ACR).44 Also, DM 
is more expensive than traditional film technology and has 
lower spatial resolution. To address these limitations, DBT, 
a technology that captures numerous pictures of the breast 
rather than the customary single 2D image acquired with 

Fig. 7. Forest plot for primary outcomes and funnel plot for sensitivity and specificity of digital breast tomosynthesis (DBT) and digital mammography (DM). 
A. Risk ratio (RR); B. Odds ratio (OR)
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traditional mammography, is currently being used.45 Digi-
tal breast tomosynthesis produces a more detailed picture 
and eliminates the problem of overlapping fibroglandular 
breast tissue that can disguise BC or imitate a pseudo-tumor, 
potentially enhancing the sensitivity for identifying breast 
malignancies and lowering the false positive rate.46,47 Tomo-
synthesis, on the other hand, requires higher levels of radia-
tion exposure and prolonged reading time.48 The radiation 
doses employed for each test vary, though current technolo-
gies employ minimal radiation doses to obtain breast X-rays 
that exhibit superior image quality. The mean cumulative 
radiation dose for a standard mammography, which includes 
2 views of each breast, is around 0.4 millisieverts (mSv). 

Digital breast tomosynthesis was linked to a radiation dosage 
that ranged from much lower to somewhat higher than DM. 
Specifically, the dose ratio ranges were 0.34–1.0 for 1-view 
DBT and 0.68–1.17 for 2-view DBT.49

The  objective of  this meta-analysis was to  evaluate 
the diagnostic precision and dependability of DBT com-
pared to DM for BC screening in women with either dense 
or non-dense breast tissue and included 11 trials encom-
passing 2,124,018 individuals. The study revealed that 
the DBT resulted in a higher CDR, as shown by an RR 
of 1.27 (95% CI: 1.14–1.41). Additionally, DBT demon-
strated a lower recall rate, with an RR of 0.88 (95% CI: 0.78 
–0.99). The sensitivity and specificity of DBT were greater 
than those of DM. The pooled sensitivity for DBT was 0.91 
(95% CI: 0.59–0.99) and the pooled specificity was 0.90 
(95% CI: 0.42–1.0). In contrast, the pooled sensitivity for 
DM was 0.86 (95% CI: 0.52–1.0) and the pooled specificity 
was 0.81 (95% CI: 0.12–1.0). These differences in sensitivity 
and specificity between DBT and DM were statistically 
significant (Mantel–Haenszel method, z = 2.53; p < 0.001 
for DBT and z = 2.37, p < 0.001 for DM).

The diagnostic accuracy of DBT was shown to be con-
siderably superior to DM, as evidenced by the higher YI 

Fig. 8. Hierarchical summary receiver operating characteristic curve (HSROC) 
for digital breast tomosynthesis (DBT) and digital mammography (DM)

Fig. 9. Youden plot for digital breast tomosynthesis (DBT) and digital 
mammography (DM)
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values of 81% and 67% for DBT and DM, respectively. 
All of the obtained data exhibited reliability, lack of bias 
and statistical significance, indicated by a p-value of less 
than 0.05. The findings of our study are consistent with 
a previous systematic review and meta-analysis that ex-
amined the effectiveness of DBT and DM. In research 
conducted by Phi et al. in 2018,50 it was shown that DBT 
had a high CDR (RR = 1.16, 95% CI: 1.02–1.31) and sen-
sitivity (ranging from 84% to 90%) in women with mam-
mographically dense breasts. Similarly, a study conducted 
by Li et al.51 revealed that DBT exhibited varying levels 
of increased cancer detection (1/1,000 screens, 95% CI: 
0.3–1.6, p = 0.003) and recall rates influenced by breast 
density (–0.9%, 95% CI: –1.4% to –0.4%, p < 0.001). In their 
systematic review and meta-analysis, Alabousi et al.52 ex-
amined the performance of DBT, synthetic mammography 
(SM) and DM in the context of BC screening. They con-
cluded that DBT alone or in conjunction with DM yielded 
optimal outcomes for BC screening.

The findings of this study demonstrate enhanced diag-
nostic outcomes when utilizing DBT in conjunction with 
Synthetic 2D (s2D) imaging compared to using DM alone. 
These results underscore the significance of incorporating 
DBT into BC screening practices. Nevertheless, it is essen-
tial to acknowledge that more research with longer obser-
vation periods and many screening iterations is necessary 
to develop definitive conclusions regarding the influence 
of enhanced detection of cancer on periodic rates of cancer 
and, perhaps, on BC mortality.

Limitations

This meta-analysis had several limitations. First, the in-
clusion of only 11 retrospective or prospective studies with 
moderate-to-high levels of heterogeneity limited the find-
ings despite the study’s strict adherence to the recom-
mended methodological rigor. Second, the studies included 
in the analysis solely focused on the assessment of initial 
detection measures, neglecting to provide any insights 
into the potential long-term health consequences asso-
ciated with DBT screening. Hence, the potential impact 
of DBT on reducing BC mortality through incremental 
screening remains unknown. Furthermore, a significant 
portion of the data presented pertains to the screening 
of prevalent cases of DBT at the first stage. It  is proba-
ble that variations may arise in the screening outcomes 
acquired through using diverse devices, equipment and 
processes when employing DBT and DM for screening. 
As a result, it is plausible that the findings of our study 
may have limited generalizability. In addition, the fact that 
only English-language articles were included may have 
limited the scope of our meta-analysis. Lastly, it should be 
noted that the small number of studies and patient popula-
tions included in this analysis limits the generalizability 
of the findings to a larger population. Consequently, addi-
tional research is necessary to investigate this issue further.

Conclusions

The present meta-analysis offers an up-to-date compari-
son of the DBT and DM screening techniques, with the re-
sults suggesting that DBT exhibits superior performance 
compared to DM in terms of increased cancer detection, 
sensitivity and recall rate in screening and diagnostic sce-
narios. The potential improvement in CDR and reduction 
in missed diagnoses (recall rate) associated with DBT may 
indicate a more effective approach to screening or diag-
nostic assessment for women with dense and non-dense 
breast tissue. Hence, the findings presented in our study 
have the potential to contribute to screening policy de-
velopment, research planning and individual screening 
recommendations. However, it is crucial to note that fur-
ther studies with extended follow-up periods and multiple 
screening rounds are required to establish conclusive find-
ings regarding the impact of improved cancer detection 
on interval cancer rates and, potentially, on BC mortality.
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Abstract
Background. There are no unequivocal histopathological findings for the diagnosis of fatal asphyxia due 
to neck compression. From the observation of a series of asphyxiation cases, we noted, during micro-
scopic analysis, a high frequency of “detachment” of soft tissues from the hyoid bone. This specifically refers 
to the presence of an optical space between the surface of the hyoid bone and soft tissues.

Objectives. We aimed to evaluate the detachment of soft tissues from the hyoid bone as specific histological 
evidence of death due to strangulation asphyxia.

Materials and methods. Ten blocks were taken from deaths due to external mechanical compression 
of the neck (strangulation asphyxia, group A), 22 blocks were taken from deaths for other causes without 
trauma to the neck (group B), and 38 blocks were obtained from living subjects that have undergone lar-
yngectomies (group C). The presence/absence of detachments were compared between the 3 groups (A, B 
and C) using Fisher’s exact test.

Results. The detachment of soft tissues from the hyoid bone was observed in 5 cases (50%) in group A, 
6 cases (27.2%) in group B, and 17 cases (44.3%) in group C. The sensitivity and specificity of the presence 
of the detachment in group A were 0.5 (95% confidence interval (95% CI): 0.38–0.62) and 0.57 (95% CI: 
0.45–0.69), respectively. The comparison between the 3 groups and the presence/absence of soft tissue 
detachment showed no statistically significant differences between the groups (p = 0.329), clarifying that 
soft tissue detachment is a nonspecific variable for all 3 situations.

Conclusions. Detachment of soft tissues has poor value as a single element to favor the diagnosis of as-
phyxia due to violent compression of the neck and should be interpreted as an artifactual finding, unrelated 
to the neck injury or injury vitality.

Key words: histology, autopsy, strangulation, artifact, detachment of soft tissue from hyoid bone
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Background

Asphyxia due to external compression of the neck (i.e., 
strangulation asphyxia) is a common issue in  forensic 
pathology and can be seen in homicides, suicides, and, 
rarely, in accidental cases.1 Compression can be caused 
by different mechanisms and can be classified as hang-
ing, ligature strangulation and manual strangulation, de-
pending on the means used to compress the neck (ligature 
vs hands) and the application of forces (assailant force vs 
gravity).2 Ligature and manual strangulation are typically 
seen in homicides, whereas hanging is often encountered 
in suicide cases. Homicide by hanging and suicide by liga-
ture strangulation is rare.3,4

Macroscopic and microscopic signs of strangulation have 
been broadly studied, and their specificity is well known 
for hanging5,6 as well as manual and ligature strangula-
tion.7,8 Histological analysis of deaths due to strangulation 
is usually performed to identify signs of injuries of the skin 
and internal structures of the neck,9–11 such as fractures 
with hemorrhages of the surrounding soft tissues. How-
ever, when there are no known hallmarks of asphyxia due 
to external forces, the cause of death determination can be 
challenging. In such cases, there are, as a rule, no (or only 
uncharacteristic) morphological macroscopic or micro-
scopic findings, namely conjunctival petechiae and other 
findings during the histological examination of the lung, 
the so-called “hemorrhagic-dysphoric syndrome”.12 Nev-
ertheless, none of the signs of asphyxia in internal organs 
is conclusive for asphyxia: the diagnosis of asphyxiation 
is typically made by collecting all relevant internal and 
external findings, expressing a different level of support 
for the hypothesis of asphyxia over other hypotheses, such 
as fatal drug intoxication or sudden death.

In recent years, the ultra-specialized research in legal 
medicine13,14 on this topic has focused on studying signs 
of asphyxia and developing new techniques that can sup-
port the diagnosis.15–17 A series of autopsy cases revealed 
a high frequency of soft tissue “detachment” from the hy-
oid bone during microscopic analysis.. This specifically 
refers to the presence of an optical space between the sur-
face of the hyoid bone and soft tissues.

Objectives

Hypothesizing that the microscopic identification dur-
ing light microscopy of soft tissue detachment from the hy-
oid bone could contribute to the challenging diagnosis 
of asphyxia resulting from neck compression, the objective 
of this study was to determine, through a retrospective 
case-control analysis, whether this finding is more fre-
quent in cases of asphyxia or if it is an artifact resulting 
from sample processing. The findings in our casework will 
be compared to existing literature on mechanical asphyxia.

Materials and methods

We  performed a  retrospective study on  whole neck 
blocks (including the  tongue, hyoid bone, larynx, and 
the first tracheal ring) collected during forensic autopsies 
between 2019 and 2021 in the Section of Forensic Pathol-
ogy of the University Hospital of Verona (Italy), which 
represents one of the main referral centers for forensic pa-
thology in northeast Italy. Seventy whole neck blocks were 
available for the purposes of the study, including 10 blocks 
taken from deaths due to strangulation (group A), 22 blocks 
taken from deaths for other causes without inner cervical 
injuries (group B), and 38 blocks obtained from living sub-
jects that had undergone laryngectomies for infiltrative 
squamous carcinoma (group C), as reported in Table 1 
(groups A and B) and Table 2 (group C).

In group A, the cause and manner of death were deter-
mined after a comprehensive medico-legal evaluation, 
based on circumstantial data, external examination, au-
topsy, and, when needed, ancillary tests (i.e., histologic and 
toxicologic analyses). Group C specimens were selected 
after a review of the anatomy of the specimens following 
primary gross sampling for oncologic primary diagnosis 
and staging at the Pathology Department of the University 
Hospital of Verona. In group C, the invasion of the soft 
tissue directly surrounding the examined hyoid bone horn 
was an exclusion criterion. Tumors did invade the soft 
tissue and/or  adjacent bones and were staged as  pT3 
in 13 cases and pT4 in 4 cases. All hyoid-larynx complexes 
included in the study were fixed in a 10% buffered forma-
lin solution immediately after sampling/extraction. After 
formalin fixation, the histologic analysis was performed 
within 2 weeks for all cases.

Neck blocks from asphyxiation deaths were used 
as cases, while neck blocks from other deaths or laryn-
gectomies in living patients were used as negative controls. 
The dissection techniques applied were identical, accord-
ing to The National Association of Medical Examiners 
(NAME) recommendations.18 Neck structures were dis-
sected using a layer-by-layer technique following vascular 
decompression of the neck by removal of cephalic and 
thoracic organs to minimize the risk of misinterpreta-
tions. During neck dissection, each layer was contextually 
examined to search for any macroscopic lesions of the soft 
tissues. The hyoid-larynx complex collected during au-
topsies was obtained by incision of the oral floor and sub-
sequent gentle dissection of the esophagus and anterior 
neck structures from the anterior aspect of the cervical 
spine. During the procedure, a layer of 0.5 cm of soft tissue 
adjacent to the hyoid bone (the greater hyoid bone horns) 
was preserved intact for histological analysis. The sam-
pling for histological analysis was performed on surgi-
cal laryngectomies as samples according to the College 
of American Pathologists (CAP) protocol. All complexes 
were referred to the Section of Pathology of the University 



Adv Clin Exp Med. 2025;34(3):327–335 329

Table 1. Detachment of soft tissue from hyoid bone in asphyxia deaths due to neck compression compared to other circumstances

ID Sex Age Group External 
injuries

Internal 
injuries

Cause 
of death

Manner 
of death

Presence 
of detach-

ment/number 
of samples^

Maximum 
extent 

of the de-
tachment

Near 
to hem-
orrhage

Near 
to frac-

ture
PMI

1 M 58 A

petechial 
hemorrhages 

and skin 
sulcus

none
ligature 

strangula-
tion

suicide 8/9 blocks 1250 µm – – 2

2 F 34 A skin sulcus

fracture 
of the left 

greater cornu 
of hyoid 

bone, hemor-
rhages

hanging suicide 4/4 blocks 1820 µm no no 2

3 F 68 A
skin discolor-

ation
tongue hem-

orrhages

ligature 
strangula-

tion*
homicide 4/4 blocks 230 µm – – 3

4 F 11 A

petechial 
hemorrhages 

and gum 
bruises

bilateral frac-
ture of hyoid 

bone and 
hemorrhages

smothering 
and manual 
strangula-

tion

homicide 4/4 blocks 510 µm yes no 3

5 F 43 A skin sulcus none hanging suicide 3/4 blocks 630 µm – – 4

6 M 64 A
brownish 

discoloration 
of the skin

brownish 
discoloration 
of soft tissues

ligature 
strangula-

tion*
homicide 0/12 blocks no – – 6

7 F 49 A
fingernail 
abrasions

hemorrhages
manual 

strangula-
tion

homicide 0/8 blocks no no – 4

8 M 37 A
irregular abra-

sions

hemorrhages 
in the left 

superior horn 
of thyroid 
cartilage

hanging suicide 0/2 blocks no no – 2

9 M 91 A none

 fracture 
of the su-

perior horn 
of the thyroid 

cartilage, 
hemorrhages

smothering 
and manual 
strangula-

tion

homicide 0/1 blocks no – no 3

10 M 40 A
linear abra-

sion
none hanging suicide 0/2 blocks no – – 2

11 M 89 B none none sepsis*
natural 
death

1/4 blocks 480 µm – – 2

12 F 55 B none none
thoracic 
trauma

accident 0/3 blocks no – – 2

13 M 69 B none none drowning suicide 0/2 blocks no – – 3

14 M 34 B none none gunshot homicide 1/3 blocks 580 µm – – 4

15 M 62 B none none
cardiac 
death

natural 
death

0/1 blocks no – – 3

16 F 26 B none none
drug 

overdose
accident 0/1 blocks no – – 5

17 F 52 B laceration hemorrhages choking suicide 1/1 blocks 2110 µm – – 2

18 M 35 B none hemorrhages polytrauma accident 0/1 blocks no – – 5

19 M 32 B none none
drug 

overdose
accident 0/1 blocks no – – 2

20 F 77 B none none
cardiac 
death

natural 
death

1/3 blocks 1920 µm – – 3

21 M 58 B none none
head 

trauma
homicide 0/3 blocks no – – 2
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Hospital of Verona and placed in a slow decalcifying solu-
tion. Serial withdrawals of the hyoid bone and adjacent soft 
tissue were obtained from each sample. A minimum of 3 
and a maximum of 12 withdrawals for each autopsy were 
obtained and were dehydrated in an increasing ethanol 
ladder, diaphonized in xylene substitute, and embedded 
in a high fusion point paraffin (60°), resulting in a mean 
of 4.6 paraffin blocks per case. From each block, a single 
slice 3–5 µm-thick was cut using a microtome and stained 
with hematoxylin and eosin (H&E). Each slide was exam-
ined using a standard morphologic method, represented 
by  vision with an  Olympus BX microscope (Olympus 
Corp., Tokyo, Japan) performed by an expert pathologist, 
and a digital method by which the slides were scanned and 
digitalized using a Grundium Ocus scanner (Grundium/
Nikon, Tampere, Finland). An expert pathologist analyzed 
the slides and digital images, focusing on the identifica-
tion of detachment of the soft tissues from the hyoid bone 
(presence of an angular empty space in between soft tis-
sue and bone on H&E staining), as well as any incidental 
microscopic findings, such as hemorrhages in cartilages, 
soft tissues and muscles, or microfractures of the hyoid 
bone and thyroid cartilage.

Statistical analyses

The following data were collected for each case: sex, 
presence of detachment, the number of blocks in which 
the detachment was observed, and the maximum extent 
of the detachment. Only for autopsy cases, external and 
internal injuries and the cause and the manner of death 
were included. Logistic regression is a statistical method 
allowing for the testing of models designed to predict 
binary outcomes, such as the presence or absence of de-
tachment. In a single model, the independent predictor 
variable is categorical and pertains to 3 medico-legal/clin-
ical settings, namely, groups A, B and C. To run a logistic 
regression, some assumptions regarding the sample size, 
multicollinearity and outliers were preliminarily checked. 
Since we only had 1  independent variable, we deemed 
the  minimum sample size to  be adequate (group  A; 
n = 10). Additionally, we did not find any outliers. Sta-
tistical tests were performed using the IBM Statistical 
Package for the Social Sciences (SPSS) v. 29.0 (IBM Corp., 
Armonk, USA). Values were presented as absolute num-
ber of cases, frequency and, when appropriate, median 
and ranges. The presence/absence of detachment in cases 

ID Sex Age Group External 
injuries

Internal 
injuries

Cause 
of death

Manner 
of death

Presence 
of detach-

ment/number 
of samples^

Maximum 
extent 

of the de-
tachment

Near 
to hem-
orrhage

Near 
to frac-

ture
PMI

22 F 49 B none none polytrauma suicide 0/2 blocks no – – 3

23 M 29 B none none
CO poison-

ing
accident 0/3 blocks no – – 4

24 M 38 B none none
cardiac 
death*

natural 
death

0/2 blocks no – – 4

25 M 42 B none none sepsis
natural 
death

0/4 blocks no – – 3

26 M 79 B none none polytrauma accident 1/5 blocks 1110 µm – – 2

27 M 79 B none none silicosis
natural 
death

0/3 blocks no – – 2

28 M 66 B none none gunshot accident 0/4 blocks no – – 3

29 F 51 B
abrasions, 

bruises

perihyoid 
tissue hemor-

rhages
polytrauma homicide 0/3 blocks no – – 4

30 F 27 B

petechial 
hemorrhages, 

mucosal 
contusion 
on the lips

none smothering homicide 0/2 blocks no – – 3

31 F 52 B none none
pulmonary 
embolism

natural 
death

1/1 blocks 990 µm – – 2

32 F 3 B
petechial 

hemorrhages 
and abrasions 

none smothering homicide 0/3 blocks no – – 2

* advanced post-mortem decomposition stage; group A – deaths due to violent external compression of the neck; group B – deaths of other causes 
without trauma of the neck; Near to hemorrhage – the reported maximum extent of the detachment was reported on the slide where the horn fracture 
was present; Near to fracture – the reported maximum extent of the detachment was reported on the slide where the soft-tissue hemorrhage was present; 
PMI – post-mortem interval; M – male; F – female; CO – carbon monoxide.

Table 1. Detachment of soft tissue from hyoid bone in asphyxia deaths due to neck compression vs other circumstances – cont.
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and controls was also compared within the  3  groups 
(A, B and C), using Fisher’s exact test (level of signifi-
cance < 0.05). The sensitivity and specificity of the tests 
were provided.

Results

In  group  A (asphyxia deaths due to  the  compression 
of the neck), the median age was 46 years (range: 11–91 years), 
and the male-to-female ratio was 1:1. In group B (deaths for 
other causes), the median age of the group was 51.5 years 
(range: 3–89 years), while the female-to-male ratio was 1.6:1. 
In group C (neck blocks from laryngectomies), the median 
age was 67 years (range: 61–87). The age of group C was 
significantly higher than the age of the other groups.

Table 1,2 report all the  details of  the  study cohort. 
All hanging cases were suicidal “short-drop hangings” 
or “hangings without the drop”, with the knot located be-
hind the occiput, whereas manual strangulation cases were 
homicides. Internal injuries were totally absent in 2 hang-
ing cases, while the other 2 cases presented hemorrhage 
alone and fracture of the left greater cornu of the hyoid 
bone with concomitant hemorrhage, respectively.

Detachments were identified in 6/22 (27.2%) autopsy 
specimens due to other causes than asphyxia and in 17/38 
(44.7%) surgical laryngectomies. Representative images 
were captured in Fig. 1,2. Both hanging cases, which re-
vealed the detachment of soft tissues from the hyoid bone, 
were associated with the skin sulcus to the neck, whereas 
only 1 of them was associated with injuries to the inner 
structures of the neck. Both ligature strangulation cases, 
in which the detachment of the soft tissues from the hyoid 
bone was found to be associated with internal injury, were 
homicides. This finding was associated with a fracture 
of the hyoid bone in a single case of manual strangula-
tion with detachment of the soft tissues from the hyoid 
bone. A bar chart of the presence/absence of detachment 
is presented in Fig. 3.

Statistical analyses results

A direct logistic regression analysis was conducted 
to determine whether the likelihood of detecting a de-
tachment of soft tissues from the hyoid bone was impacted 
by the medico-legal setting. The model featured a single 
independent variable, namely the medico-legal setting. 
However, the full model, which included the predictor, 
was statistically not significant (χ2 (2, n = 70) = 2.319, 
p = 0.314). This indicates that the model was unable to dif-
ferentiate between medico-legal settings that reported 
detecting a detachment of soft tissues from the hyoid bone 
and those that did not. As a result, there was no need for 
additional post hoc analyses with pairwise comparisons 
between groups, or for sensitivity and specificity analyses. 
A contingency table is provided in Table 3.

Finally, the  comparison between the  3  groups and 
the presence/absence of soft tissue detachment showed 
no statistically significant differences between groups 
(p = 0.329), clarifying that soft tissue detachment is a non-
specific variable for all 3 situations. In other words, it has 
no role in identifying any of these different situations.

Table 2. Detachment of soft tissue from the hyoid bone in asphyxia 
deaths due to neck compression compared to other circumstances 
in group C – blocks obtained from living subjects that had undergone 
laryngectomies for infiltrative squamous carcinoma

ID Sex Age
Presence 

of detachment/
number of samples^

Maximum extent 
of the detachment

1 F 61 0/4 blocks no

2 M 66 1/2 blocks 1210 µm

3 F 71 2/3 blocks 230 µm

4 F 77 0/1 blocks no

5 M 67 0/4 blocks no

6 F 75 0/1 blocks no

7 F 67 1/3 blocks 1920 µm

8 F 66 0/4 blocks no

9 M 66 0/4 blocks no

10 M 78 0/4 blocks no

11 F 87 0/4 blocks no

12 F 78 1/3 blocks 230 µm

13 F 77 1/3 blocks 460 µm

14 F 75 0/2 blocks no

15 F 66 1/3 blocks 1200 µm

16 F 64 0/4 blocks no

17 F 59 1/3 blocks 580 µm

18 F 55 0/2 blocks no

19 M 56 0/2 blocks no

20 M 57 0/2 blocks no

21 M 81 2/3 blocks 580 µm

22 M 67 1/2 blocks 613 µm

23 F 58 1/2 blocks 713 µm

24 M 60 1/2 blocks 619 µm

25 M 80 0/1 blocks no

26 M 80 2/3 blocks 1920 µm

27 M 81 2/3 blocks 1821 µm

28 M 78 1/3 blocks 1218 µm

29 F 65 1/3 blocks 415 µm

30 F 78 1/3 blocks 1754 µm

31 F 67 0/1 blocks no

32 M 56 0/1 blocks no

33 M 65 0/4 blocks no

34 F 67 0/1 blocks no

35 F 56 0/1 blocks no

36 M 69 2/3 blocks 2230 µm

37 M 80 0/4 blocks no

38 F 81 0/4 blocks no

*advanced post-mortem decomposition stage. External injuries not 
applicable in all cases; M – male; F – female



Fig. 2. Soft tissue detachment from the hyoid bone in a specimen obtained by: A. Legal autopsy case that occurred from a violent compression to the neck 
(study cohort); B. Surgical laryngectomy; C,D. Legal autopsy case in which no compression occurred to the neck (control cohort). Hematoxylin & eosin (H&E) 
staining (×10 magnification)

Fig.1. A. Hyoid-larynx complex, posterior view; B. Hyoid-larynx complex, lateral view with signature to the hyoid
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Discussion

Histopathologic findings in  relation to  death due 
to strangulation asphyxia are poor, and literature mostly 
refers to the hemorrhagic infiltration of skin injuries pro-
duced by the mean used to cause asphyxia or other signs, 
such as a transverse laceration of the intimal layer of ca-
rotid arteries described in cases of hanging (Amussat’s 
sign).19,20 The NAME Forensic Autopsies Performance 
Standards released in 2006 (updated in 2020) detailed 
that muscles, soft tissues, airways, and vascular structures 
of the anterior neck must be examined to identify signs 
of disease and/or injury; thus, a layer-by-layer dissection 
is necessary for proper evaluation of trauma to the an-
terior neck. Removal and ex situ dissection of the upper 
airway, pharynx and upper esophagus is mandatory, and 
the dissection of the posterior neck is also necessary when 
an occult neck injury is suspected. The forensic pathologist 
shall examine in situ muscles and soft tissues of the an-
terior neck, ensure proper removal of neck organs and 
airways, examine neck organs and airways, dissect the pos-
terior neck in cases of suspected occult neck injury, and 
perform anterior neck dissection in neck trauma cases.18 
All steps are usually performed during autopsies, and less 

frequently the anatomical whole neck regions are ana-
lyzed after the formalin-fixed process and after paraffin 
embedding. It is well known in any anatomic pathology 
and/or forensic laboratory that there is a chance to produce 
artifactual tissues when dealing with fixation and tissue 
sectioning. Therefore, when mechanical asphyxia is sus-
pected as the cause of death, and forensics are requested 
to analyze the neck region after formalin-fixation, the ar-
tifacts must be known to avoid misinterpretation of final 
gross and histopathological morphological signs. Hemor-
rhages, soft tissue edematous congestion or bone fractures 
are the morphological details to search for. Some autopsy 
cases without pathognomonic external and internal mac-
roscopic findings fail provide an effective element to al-
low expert anatomical or forensic pathologists to correctly 
diagnose the cause and manner of death with a high level 
of confidence.21 This is due to the relatively low specificity 
of some of the common findings in asphyxia cases, which 
can be revealed in people who died due to causes other 
than strangulation asphyxia.22,23

Detachment of soft tissues from the hyoid bone can be 
easily examined by microscopy, and, to date, little was 
known about the value of this finding, which was observed 
with a high frequency in our casework. In  fact, to our 
knowledge, no study on the diagnostic value of this finding 
has been published thus far. We observed a low sensitivity 
and specificity of the evidence of soft tissue detachments 
from the hyoid bone as a unique interpretation of the cause 
of death, particularly in the differentiation between me-
chanical strangulation asphyxia and death by other causes. 
The relatively high rate of soft tissue detachment from 
the hyoid bone in deaths due to other causes than asphyxia, 
as well as in group C, showed the non-specificity of the de-
tachment, probably being an artifact occurring during 
the preparation of the sample. Again, this issue is sup-
ported by the relatively high rate of detachment found 
in the surgical laryngectomy group, where any sort of ex-
ternal compression to the neck was ruled out.

The detachment of soft tissues from the hyoid bone 
can be caused by  several mechanisms. First, the  dis-
section technique and an excessively rough extraction 
of the hyoid-larynx complex can lead to detachment of soft 
tissues, as well as other artificial findings such as frac-
tures of the bone and cartilage.24 Second, the complex 
processing of autopsy samples implies the use of aggres-
sive chemicals, frequent manipulation and cutting forces 
with a scalpel, with the risk of artificially producing de-
tachment of soft tissues from the hyoid bone.25 The use 
of a slow decalcifying solution may help to reduce possible 
artifacts owing to its lower chemical aggressiveness com-
pared to other strong decalcifying solutions. Moreover, 
the transition point from the dense structure of the hyoid 
bone to the lower density of the nearby soft tissues may 
represent a point of resistance that prevents easy running 
through the microtome blade. This resistance may artifi-
cially induce the detachment of soft tissues from the hyoid 

Fig. 3. Bar chart reporting the presence/absence of detachment 
in the 3 groups

Table 3. Contingency table

Group
Detachment

Total
Absent Present

Group

A 5 5 10

B 16 6 22

C 21 17 38

Total 42 28 70

Group A – deaths due to violent external compression of the neck; 
group B – deaths for other causes without a trauma of the neck; 
group C – blocks obtained from living subjects that had undergone 
to laryngectomies for infiltrative squamous carcinoma.
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bone.26 As a consequence, the detachment of soft tissue 
from bones is not an uncommon finding during the tech-
nical histopathological processes after decalcification and 
tissue sectioning at  the microtome. Bones are usually 
decalcified, and the process, although gently performed 
by using slow decalcifiers, usually shows detachments 
such as those observed in our study, even more in older 
patients. All technical processes are part of the pre-an-
alytical standard operative procedures in an anatomic 
pathology and/or forensic laboratory.

With regard to the manner of death, our study is consis-
tent with the results provided by other authors who found 
a clear prevalence of suicide in hanging cases and homicide 
in deaths due to strangulation.9,27 Our single case of sui-
cide by ligature strangulation showed no internal injuries, 
in contrast to other cases of ligature and manual strangula-
tion, since internal injuries were found in all cases. This 
finding is consistent with Maxeiner et al.28 and may be 
a consequence of the different forces involved in homicide 
and self-inflicted strangulation.

Taking into consideration the occurrence of fractures 
of the hyoid bone and thyroid cartilage, we found 2 frac-
tures of the hyoid bone in a case of hanging and in a case 
of manual strangulation, whereas only 1 case of fracture 
of the thyroid cartilage occurred in a 91-year-old man who 
was a victim of manual strangulation. The occurrence 
of fractures of hyoid bones in asphyxia deaths is not uncom-
mon. According to the literature, the prevalence of hyoid 
bone fractures in victims of hanging varies between 2% 
and 21%,5,29 while the same injury can be found in approx. 
35% of manual strangulation cases.30 This difference is re-
lated to the major amount of energy applied by the hands 
of the assailant in contrast to the energy and the direc-
tion of the force provided by the ligature used in suicide 
by hanging.30 The fracture of thyroid cartilage appears to be 
as frequent as that of the hyoid bone in hanging cases, rang-
ing from 5% to 32%,31,32 and it is more frequent in manual 
strangulation cases.32 At the same time, it is well known 
that fractures of the thyroid cartilage are related to the age 
of the victim. The rate of fracture of the thyroid cartilage 
increases with age because of  the  ossification process 
of the cartilage as people age.32,33 For this reason, the fre-
quency and distribution of fractures of neck structures are 
commonly utilized to assist in interpreting the manner 
of death.34,35

In our study, we observed that the detachment of soft 
tissues has poor value as  a  single element to  support 
the  diagnosis of  asphyxia due to  violent compression 
of the neck. Moreover, the procedures regarding glass 
slide sectioning at a microtome and the decalcification 
process of the neck-hyoid blocks can justify the artifactual 
detachment of soft tissue from the hyoid bone. The design 
of this study seems appropriate for its purposes, having 
2 independent control groups, 1 comprising deaths from 
other causes and the other consisting of samples taken 

from living individuals. The main limitation of the study 
is represented by the size and heterogeneity of group A 
compared to  the other 2 groups. The exclusion crite-
ria for group C, namely the absence of tumor invasion 
into the tissue near the hyoid bone, are also important 
to avoid sampling bias and improve the reproducibility 
of the study.

Limitations

The primary limitation of this study is the heterogene-
ity of mechanical asphyxia cases (group A), both in terms 
of the age of the subjects and the mode of death. It is pos-
sible that detachment may be more pronounced when 
greater force is applied to the neck. Additionally, the small 
number of cases in group A does not allow for quantitative 
considerations regarding a potential association between 
the extent of detachment and the cause of death.

Conclusions

Ongoing research for markers of strangulation asphyxia 
is necessary to achieve an adequate level of evidence in a ju-
dicial context. The exclusion of possible markers is also 
useful to avoid judicial errors. This observational retro-
spective study demonstrates that the detachment of soft 
tissues from the hyoid bone does not support the diag-
nosis of strangulation asphyxia in forensic autopsies and 
should be considered an artifact due to technical reasons. 
Therefore, in the absence of alterations to the structures 
of the neck, as is often the case in asphyxiation with soft 
means, the differential diagnosis must rely on the inte-
grated assessment of all elements gathered during the fo-
rensic medical examination and autopsy. The  forensic 
pathologist will then provide their evaluation, expressing 
support for the asphyxia cause, when requested. Further 
studies are required to draw more reliable conclusions 
on this forensic topic. Specifically, prospective studies, 
expanding the number of cases of asphyxia deaths, and 
improving the homogeneity of groups are needed to as-
sess the nature and occurrence of the detachment of soft 
tissues from the hyoid bone.
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Abstract
Background. Preoxygenation is very important to protect the patient from hypoxia before intubation. 
However, pulse oximetry has some limitations in detecting hypoxia.

Objectives. We aimed to compare the effectiveness of 2 preoxygenation techniques based on oxygen 
reserve index (ORI) levels.

Materials and methods. Twenty healthy male volunteers were included in the study. They inhaled 
100% FiO2 oxygen administered at 5 L/min as the 1st technique (M1) with a ventilation mask as much 
as their tidal volumes for 3 min. The 2nd technique (M2) applied 100% FiO2 oxygen at 10 L/min flow using 
the same mask and 8 deep inspiratory volumes, which was aimed to be completed within 1 min. Maximum 
ORI levels, duration to reach that level, and time needed to reach the target ORI level (0.35) and return back 
to the “0” were measured.

Results. In the M1 group, ORI levels were significantly higher during and after 60 s, according to post hoc 
tests. In the M2 groups, ORI levels were significantly higher during and after the 4th inspiration, according 
to post hoc tests. Oxygen reserve index values at the 60th 2nd (M1) and 8th inspiration (M2) were compared 
as the 8th inspiration corresponded to the 60th second. The maximum ORI values were significantly lower 
in the M1 group compared to the M2 group (p < 0.001 and p = 0.006, respectively). Seven volunteers 
(36.8%) in the M1 group and 2 volunteers (10.5%) in the M2 group could not reach the target ORI (McNemar’s 
test, test statistic 3.2, degrees of freedom (df) = 1, p = 0.063). The time to reach the target ORI value and 
to reach maximum ORI values was significantly longer in the M1 group than in the M2 group (p = 0.008 
and p < 0.001, respectively).

Conclusions. We observed that the 8-deep breath technique is more effective in preoxygenation compared 
to the 3-min tidal volume technique.

Key words: preoxygenation, oxygen reserve index (ORI), hypoxia prevention, 8-deep breath technique, 
3-min tidal volume technique
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Background

Administration of  100% oxygen before a  “rapid-se-
quence” induction of anesthesia is recommended to pre-
vent hypoxia during induction.1

Historically, many preoxygenation techniques have been 
described.2,3 Currently, there are 4 methods of preoxy-
genation used in routine anesthetic practice: (1) the deep 
breathing technique; (2) the rapid breathing using a frac-
tion of inspired oxygen (FiO2) of 1 (100%) for 2 to 5 min; 
(3) the 4 or 8-vital capacity methods; and (4) the Trans-
nasal Humidified Rapid Insufflation Ventilator Exchange 
(THRIVE) technique.4

The use of  intraoperative pulse oximetry (SpO2) en-
hances the prevention of hypoxic events and is mandatory 
in anesthesia and critical care practices.5,6

However, because the relationship between the arterial 
partial pressure of oxygen (PaO2) and arterial oxygen satu-
ration (SaO2) is not linear but rather sigmoid, SpO2 may 
not provide an additional warning below the levels of 98% 
until PaO2 decreases below 70 mm Hg.7–9

On the other hand, increasing the PaO2 above 90–100 
mm Hg or more will no longer affect the SpO2. As a con-
sequence, when SpO2 is ≥97%, the PaO2 levels could be 
anywhere between 90 and 600 mm Hg.10–12

These major limitations in clinical practice have forced 
researchers to develop new methods to measure tissue 
oxygenation levels. The oxygen reserve index (ORI™; Ma-
simo Corp., Irvine, USA) is a new variable that represents 
oxygenation status, with a scale between 0.00 and 1.00, and 
enables noninvasive and continuous measurement of PaO2 
ranging from 100 to 200 mm Hg. Oxygen reserve index 
has significant potential for predicting both hypoxemia 
and hyperoxia.13,14

Objectives

Considering that SpO2 monitoring is  not sufficient 
to show hypoxic or hyperoxic events, we aimed to com-
pare the effectiveness of 2 preoxygenation techniques using 
ORI measurements.

Materials and methods

Following the approval of the Institutional Ethics Com-
mittee of the University of Health Sciences Istanbul SUAM 
(dated 12/22/23, No. 398, and UMIN: 000051009/08/05/23) 
and the  provision of  informed consent by  each partici-
pant, 20 healthy male volunteers with an American Society 
of Anesthesiology (ASA) of 1 status, ranging in age from 18 
to 32 years, were recruited to the study. The study size was 
assessed using biostatistical methods based on relevant pre-
vious studies. All study participants were nonsmokers with 
no evidence of cardiovascular, respiratory or other systemic 

diseases. Additional exclusion criteria included hemody-
namic disturbances in the operating room and pre-proce-
dural anxiety. Patients with nonivasive blood pressure (NIBP) 
over 140/90 mm Hg and a preprocedural State Trait Anxiety 
Inventory (STAI) test level over 41 were also excluded. Each 
study participant was monitored continuously using elec-
trocardiography (ECG), NIBP sensors and the Masimo Root 
Radical-7 (Masimo Corp., Irvine, USA) incorporating both 
ORI-PVI and SpO2 sensors, which were the disposable adhe-
sive type and were placed on the 4th finger of the contralateral 
side of the NIBP monitoring and protected under a light-
shielding cover. The ORI was based on Masimo Rainbow SET 
(Masimo Inc, Irvine, USA) technology, in which the pulsatile 
signals were extracted from 8 wavelengths ranging between 
500 and 1,400 nm, enabling the detection of changes in PaO2 
after SaO2 was maximally saturated according to changes 
in the peripheral venous oxygen saturation. Oxygen reserve 
index is a novel, multiwavelength pulse oximeter-based, non-
dimensional index that ranges from 0 to 1 as PaO2 increases 
from about 80 to 200 mm Hg.

As a result of the reliable measurement of peripheral per-
fusion, the participants’ skin temperature was monitored 
using a thermocouple and maintained at 36.5°C through-
out the experiment. During the experiment, oxygen gas 
flow was tightly controlled using a semi-open anesthesiol-
ogy circuit and a proper face mask. The SpO2 and ORI val-
ues were displayed and stored using Root with a Radical-7 
device (Masimo Corp., Irvine, USA). A universal serial bus 
(USB) data output port on the Root monitor was connected 
to a computer (Ideapad 5 14ITL05; Lenovo, Beijing, China) 
running proprietary Pulse Oximetry Automatic Data Col-
lection software (Masimo Instrument Configuration Tool 
(MICT) v. V1.2.4.5; Masimo Corp.) to create and store data 
files that were subsequently analyzed offline.

Each study participant underwent 2 different techniques 
of preoxygenation. Oxygen was administered by the fol-
lowing 2 methods using the  following preoxygenation 
techniques in each study participant. The 1st method (M1) 
oxygenated volunteers with 100% FiO2 at a 5 L/min flow for 
3 min while they were breathing normally, which means 
the inspired volume was as much as their usual tidal vol-
umes (without any leakage, which was ensured by proper 
mask usage). In the meantime, we recorded SpO2, ORI, 
total hemoglobin (SpHb), and Pleth variability index (PVI)  
values every 30 s and noted their maximum quantities. 
At the end of the 3 min, we took the masks off the vol-
unteers and waited for ORI values to reach “0” again and 
noted its duration. Approximately 1 h after the adminis-
tration of M1, the 2nd method (M2) was employed to oxy-
genate the volunteers. This involved the administration 
of 100% FiO2 and a 10 L/min flow, with the volunteers 
instructed to take 8 breaths in 1 min, with maximal ef-
fort, to reach their maximum forced inspired volumes. 
In the meantime, we recorded SpO2, ORI, SpHb, and PVI 
values after each deep inspiration, and we also noted their 
maximum quantities, just like in the M1 group.
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An ORI of 0.35 was used as the target to be reached, 
and the duration to achieve this level was recorded in each 
technique. In addition, after the oxygenation period, maxi-
mum ORI levels, time to reach maximum ORI levels, and 
time for the return of the ORI to its baseline value in room 
air after cessation of oxygen supplementation (3 min for 
the M1 technique; 1 min for the M2 technique) were re-
corded and compared. There was no potential source of bias.

Statistical analyses

Statistical evaluations were performed using the PICOS 
program on the E-PICOS website, and post hoc analyses 
using a Friedman’s test were performed with the R software 
(R Foundation for Statistical Computing, Vienna, Austria). 
Categorical values were given as percentages. Numerical 
values were given as median and min/max levels because 
of the small volunteer size of the group (n < 25). Categori-
cal values, such as the ability to reach target ORI levels, 
were compared between the 2 methods using the McNe-
mar’s test. A Wilcoxon signed-rank test was employed 
to assess the statistical significance of numerical variables 
between the 2 methods, given the limited number of study 
participants. Oxygen reserve index changes over time 
in the M1 and M2 groups were separately evaluated using 
the Friedman’s test, and post hoc analyses were made using 
the Nemenyi test. P-values <0.05 were accepted as statisti-
cally significant.

Results

Twenty volunteers aged 18–32 years with an ASA 1 sta-
tus were recruited for the study. One volunteer was ex-
cluded because of high blood pressure levels altering high 

STAI 1 test results. Demographic data of the volunteers 
are provided in Table 1.

Oxygen reserve index changes over time in the M1 group 
and during inspirations 1–8 in the M2 group are shown 
in Table 2 and as boxplot graphics in Fig. 1,2. The values 
of 6 measurements in the M1 group were compared using 
Friedman’s test (n = 19, degrees of freedom (df) = 5, test sta-
tistic = 42.322, p < 0.01). Oxygen reserve index levels were 
significantly higher during and after 60 s, according to post 
hoc tests (Table 3). In addition, values of 8 measurements 
in the M2 group were also compared with the Friedman’s 
test (n = 19, df = 7, test statistic = 104.759, p < 0.01). Oxygen 
reserve index levels were significantly higher during and af-
ter the 4th inspiration, according to post hoc tests (Table 4).

Oxygen reserve index values in the 60th second (values 
of M1ORI60 for the M1 and M2ORI 8th for the M2 groups 
were compared because the 8th inspiration corresponded 
to the 60th second in M1 technique and maximum ORI 
values were significantly lower in the M1 than in the M2 

Table 1. Descriptive data of the study group (n = 19)

Patient data Q1 Median Q3

Age 23 27 29

BMI 22.53 24.91 26.57

Temperature 36.4 36.5 36.5

STAI 23 31 34

SBP 122 126 131

DBP 72 75 79

ISPO2 98 98 99

IHB 13.1 13.9 14.5

BMI – body mass index; STAI – State Trait Anxiety Inventory; SBP – systolic 
blood pressure; DBP – diastolic blood pressure; ISPO2 – saturation 
of oxygen; IHB – blood hemoglobin; Q1 – 1st quartile; Q3 – 3rd quartile.

Table 2. The changes of ORI during time in method 1 and during inspirations in method 2 (n = 19)

Parameters Min Max 25th percentile 50th percentile 75th percentile

M1ORI 30 0.00 0.31 0.0000 0.0000 0.0400

M1 ORI 60 0.00 1.00 0.1500 0.3200 0.3700

M1 ORI 90 0.03 1.00 0.2000 0.3700 0.4500

M1 ORI 120 0.15 0.91 0.3000 0.3600 0.5100

M1 ORI 150 0.15 0.96 0.3000 0.3400 0.4900

M1 ORI 180 0.14 0.85 0.2800 0.3400 0.4900

M2 ORI 1st 0.00 0.07 0.0000 0.0000 0.0000

M2 ORI 2nd 0.00 0.41 0.0000 0.0000 0.0000

M2 ORI 3rd 0.00 0.45 0.0000 0.0000 0.0000

M2 ORI 4th 0.00 0.63 0.0000 0.0100 0.0700

M2 ORI 5th 0.00 0.95 0.0100 0.1700 0.4100

M2 ORI 6th 0.00 1.00 0.1600 0.3600 0.4900

M2 ORI 7th 0.00 1.00 0.2600 0.4300 0.5600

M2 ORI 8th 0.00 1.00 0.3300 0.4400 0.5600

M1 – method 1; M2 – method 2.
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group (p < 0.001 and p = 0.006, respectively, Table 5). Seven 
volunteers (36.8%) in the M1 group and 2 volunteers (10.5%) 
in the M2 group could not reach the target ORI (McNe-
mar’s, test statistic 3.2, df = 1, p = 0.063). Times to reach 
the target values of ORI and to reach maximum ORI values 
were significantly longer in the M1 than in the M2 group 
(p = 0.008 and p < 0.001, respectively). Time to return 
to baseline ORI values were not significantly different be-
tween the 2 groups (p = 0.071, Table 5).

Discussion

Preoxygenation is a mandatory technique that extends 
the safe apnea time for endotracheal intubation, particu-
larly in a “cannot intubate/cannot oxygenate” (CICO) sce-
nario.15 The procedure is carried out by supplying 100% 

Table 4. Comparisons of oxygen reserve index (ORI) values during inspirations using Friedman test and post hoc Nemenyi test in method 2

Ins.
Test statistics/p-values&

2 3 4 5 6 7 8

1 2/0.180 1.5/0.285 22/0.006 47/0.001 66/<0.001 81/<0.001 92.5/<0.001

2 – 1.6/0.276 20.5/0.006 45/0.001 64/<0.001 79/<0.001 90.5/<0.001

3 – – 20/0.005 45.5/0.001 84.5/<0.001 79.5/<0.001 91/<0.001

4 – – – 25/0.002 44/0.001 59/<0.001 70.5/<0.001

5 – – – – 19/0.003 34/0.001 45.5/<0.001

6 – – – – – 15/0.005 26.5/0.002

7 – – – – – – 11.5/0.024

p-value* 104.759/<0.001

Ins. – inspirations; * – Friedman test; & – post hoc Nemenyi test; significant p-values are in bold.

Fig. 1. Boxplot representing changes of oxygen reserve index (ORI) in time 
in method 1. M1ORI30, 60, 90… etc. showed ORI values measured at 30th, 
60th, 90th… etc. seconds

Fig. 2. Boxplot representing changes of oxygen reserve index (ORI) during 
inspirations from the 1st to the 8th in method 2. M2I1, 2, 3, …, etc. showed 
ORI values measured during the 1st, 2nd, 3rd, …, etc. inspirations

Table 3. Comparisons of oxygen reserve index (ORI) values according to time using Friedman test and post hoc Nemenyi test in method 1

Time
[s]

Test statistics/p-values&

60 90 120 150 180

30 34.5/<0.001 61/<0.001 57.5/<0.001 59.5/<0.001 45.5/<0.001

60 – 26.5/0.008 25/0.033 23/<0.022 11/0.56

90 – – 3.5/0.844 1.5/0.778 15.5/0.776

120 – – – 2/0.812 12/0.394

150 – – – – 14/0.144

p-value* 42.322/<0.001

*Friedman test; & – post hoc Nemenyi test; significant p-values are in bold.
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oxygen (FiO2 of 1.0) before the induction of general anes-
thesia, and several methods of preoxygenation have been 
described in the literature. Two of the commonly known 
standardized approaches are 8 deep breaths in 1 min and 
tidal volume breathing for 3–5 min, both using 100% in-
spired oxygen, but there are studies questioning whether 
the techniques are effective or not.16–20

Today, we know a lot about the oxygen cascade. The defi-
nition of hypoxia is typically based on SpO2 measurements. 
However, it is recognized that SpO2 does not provide suf-
ficient information about hypoxia at the tissue and cellular 
levels. However, while we try to protect the patient from 
hypoxia, we have concerns about the hyperoxia and its side 
effects at the same time.21–28 Because some studies have 
shown that SpO2 and the partial oxygen pressure changes 
in arterial blood gas analysis do not match exactly, a new 
and more sensitive pulse oximeter-based indexing system 
(ORI) obtained with pulsatile multiple wavelength analysis 
was defined. Researchers have discussed that ORI may be 
more sensitive in the measurement of hypoxia, hyperoxia 
or both. For this purpose, we tried to evaluate 2 major 
preoxygenation techniques and their benefits on the ORI.

This study is distinct from previous investigations that 
have established safe apnea times and preoxygenation 
techniques based on SpO2 levels. In our study, we observed 
the effects of different preoxygenation techniques on tis-
sue oxygenation reserve according to the ORI. Further-
more, the M2 group exhibited a more pronounced increase 
in ORI values and a  longer duration of elevated values 
than the M1 group, which can be a time-saving method 
in emergency intubations, rapid sequential induction, and 
in the case of a cesarean section, morbid obesity, etc.29–32

We found that the maximum ORI levels varied between 
volunteers, which shows that oxygen reserve capacity may 
be different individually, but whatever this level is, it can 
be reached more quickly with the M2 technique.

According to the literature, Applegate et al. found that 
an ORI > 0.24 can be considered a PaO2 ≥ 100 mm Hg when 
SpO2 levels are over 98%.33 In a study by Szmuk et al.14 
conducted with Masimo, an ORI value of 0.3 provided 85% 
sensitivity and 80% specificity for a PaO2 < 150 mm Hg.14 
However, an  ORI  >  0.55 appears to  correlate with 

a PaO2 ≥ 150 mm Hg level in light of this data. Our tar-
get ORI value was 0.35 because our aim was to put into 
practice the results of this study in difficult intubation 
situations.

The  time to  reach the  target ORI was also shorter 
in the M2 group. Moreover, while 7 study participants 
in the M1 group could not reach their personal maximum 
ORI levels, there were only 2 cases that failed in the M2 
group. We observed that the study participants adapted 
better to the M2 technique.

Although the presence of a safe apnea time has been 
shown to be important in procedures such as bronchos-
copy, which is reported in case reports, especially in which 
apneic oxygenation is used, there are not enough data from 
clinical studies.34,35 Instead of safe apnea time, we used 
reset duration of ORI. We saw that the ORI reset time was 
longer in the M2 technique.

In addition, while doing this study as we saw in Fig. 2, 
the 3–4 deep breath technique which was defined in previ-
ous years failed, because the ORI values start to increase 
from the 4th breath. Therefore, study participants need 
more time to raise their oxygen reserves to the target and 
max levels.

During preoxygenation, the saturation levels of the study 
participants were 100%; therefore, we reached the end 
of that monitoring parameter, indicating it was not a clini-
cally effective tool in comparing the 2 preoxygenation tech-
niques. This finding was similar to the results obtained 
by Koishi et al., which reported that SpO2 began to de-
crease 72 s (mean) after ORI reached 0.00 and the SpO2 
was 99 (98–99%).36

Limitations

The study group consisted of healthy volunteers. There-
fore, it was not possible to examine the results of patients 
with different comorbidities. It would have been possible 
to perform simultaneous matching of the ORI measure-
ments with PaO2 levels in arterial blood gas analysis. Con-
sequently, it would have been possible to directly measure 
the oxygen status of the study participants.

Conclusions

We compared 2 preoxygenation techniques using ORI 
in healthy volunteers. We observed that the M2 technique 
is more effective in preoxygenation compared to the 3-min 
tidal volume technique. The M2 technique is preferable, 
particularly in emergency or difficult intubation situations.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
on reasonable request.

Table 5. Comparisons of various oxygen reserve index (ORI) parameters 
between methods 1 and 2

Parameters M1
(median)

M2
(median)

Test 
statistic p-value*

ORI in the 60th s& 0.32 0.44 3.517 <0.001

Maximum ORI 0.46 0.51 2.769 0.006

ORI target time 57.5 48 –2.672 0.008

ORI max time 110 59 –3.542 <0.001

ORI zeroing time 78 114 1.808 0.071

M1– method 1; M2 – method 2; *Wilcoxon paired signed rank test; 
significant p-values are in bold. & – comparison was made between M1ORI 
60 for method 1 and M2 ORI 8th for method 2.
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Abstract
Background. Venipuncture is one of the most common invasive procedures in healthcare, often resulting 
in the experience of pain. While audiovisual distraction, topical anesthesia and cold spray application have been 
reported as methods to reduce pain, there is a lack of studies that focus on comparing their efficacy and safety.

Objectives. We aimed to compare the efficacy and safety of pain reduction during venipuncture using 
audiovisual distraction, topical anesthesia and cold spray application.

Materials and methods. A randomized controlled study was conducted at Walailak University (Nakhon Si 
Thammarat, Thailand) from April 2023 to July 2023. Eligible adult participants voluntarily enrolled in the study 
and were randomly assigned to 1 of 4 groups: group 1 (control), group 2 (topical anesthetic), group 3 (cool-
ing spray), and group 4 (audiovisual distraction). Pain scores and satisfaction levels were assessed following 
the venipuncture procedure on the upper extremities.

Results. Forty-seven participants were included in the final analysis. The participants had a mean age 
of 42.3 years (standard deviation (±SD): 13.1), with the majority being female (66.0%). The participants 
in the intervention groups reported lower pain scores than those in group 1. The mean differences were 
2.67 points in group 2 (95% confidence interval (95% CI): 1.49–3.84; p < 0.001), 1.56 points in group 3 
(95% CI: 0.15–2.98; p = 0.077), and 1.67 points in group 4 (95% CI: 0.37–2.96; p = 0.042). However, the pain 
reduction did not reach statistical significance when comparing these 3 interventions. All groups reported 
a median satisfaction level of 3, with no significant difference among them (H(3) = 6.050, p = 0.109).

Conclusions. Pain reduction interventions, including topical anesthetic, cooling spray and audiovisual 
distraction, are effective methods for alleviating pain during venipuncture. Participants who received a topical 
anesthetic reported the lowest pain scores and highest levels of satisfaction.

Key words: pain, venipuncture, topical anesthetic, cooling spray, audiovisual distraction

Original papers

Efficacy of topical local anesthetic, topical cooling spray, 
and audiovisual distraction on relief of needle-related pain 
during blood collection: A randomized controlled trial
Siwatus Puangrab1,A–D,F, Weeratian Tawanwongsri2,3,A,D–F,  
Auemphon Mordmuang4,A,E,F, Wiphada Khocharoen5,C, Pimchanok Krainukun5,C

1	 Department of Anesthesiology, School of Medicine, Walailak University, Nakhon Si Thammarat, Thailand
2	 Division of Dermatology, Department of Internal Medicine, School of Medicine, Walailak University, Nakhon Si Thammarat, Thailand
3	 Center of Excellence in Data Science and Health Study, Walailak University, Nakhon Si Thammarat, Thailand
4	Department of Medical Sciences, School of Medicine, Walailak University, Nakhon Si Thammarat, Thailand
5	 Walailak University Hospital, Nakhon Si Thammarat, Thailand

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online)� Adv Clin Exp Med. 2025;34(3):343–350

https://www.doi.org/10.17219/acem/188106


S. Puangrab et al. Pain relief in needling344

Background

Pain is defined as an unpleasant sensory and emotional 
experience associated with, or similar to, actual or po-
tential tissue damage.1 The perceived intensity varies de-
pending on biological, psychological and social factors. 
The nociceptive signal emanating from an injury under-
goes modulation through endogenous mechanisms that 
can amplify or diminish both the signal and the perceived 
pain.2 Failing to alleviate acute pain can lead to physi-
ological and psychological effects. These effects include 
stress and inflammation, as well as a range of  impacts 
on the cardiovascular, gastrointestinal and respiratory 
systems.3 Also, this can result in increased anxiety, sleep 
disturbances, and a diminished quality of life across bio-
logical, psychological and social aspects of health.4

Venipuncture involves the process of drawing blood and 
remains one of  the most prevalent invasive procedures 
in healthcare, often leading to  the experience of pain.5 
The pain score varies across studies, ranging approx. from 
3 to 7 out of 10.6–9 Although our comprehension of the in-
tricacies surrounding pain remains partial,2 the existing 
theories serve as guiding principles for interventions aimed 
at pain reduction. At present, methods for pain reduction 
encompass both pharmacological and non-pharmacological 
interventions. Common interventions include audiovisual 
distraction, topical anesthesia and the use of cold spray.10–14 
The reduction of perceived pain through audiovisual dis-
traction occurs due to the inherent limitations of human at-
tention capacity. When a person’s attention is diverted from 
the stimulus, the perception of pain diminishes.15,16 Topical 
anesthetics reversibly block nerve conduction by targeting 
free nerve endings and competing with calcium-binding sites 
that control sodium permeability. This results in decreased 
permeability, depolarization and an increased excitability 
threshold.17,18 The utilization of cold spray for pain reduc-
tion was elucidated by its ability to induce vasoconstriction 
and alter nerve conduction patterns.19 Based on the gate 
control theory, the perception of cool sensations is primar-
ily detected by A-delta fibers, which in turn exert inhibi-
tory effects on the active C fibers.20 Additionally, pain signal 
transmission is decelerated at lower tissue temperatures.14,21

However, there is still a lack of randomized controlled 
trials that compare the efficacy and safety of these in-
terventions. This study was conducted to  determine 
the extent of pain alleviation through the use of common 
methods during venipuncture. The findings can provide 
valuable insights to establish optimal clinical practices 
in the context of venipuncture procedures.

Objectives

We aimed to compare the efficacy of pain reduction 
during venipuncture using audiovisual distraction, topical 
anesthesia and cold spray application.

Methods

Participants

This randomized controlled study was conducted from 
April 2023 to July 2023 at the Walailak University (Nakhon 
Si Thammarat, Thailand). We posted online announce-
ments about this study and asked for volunteers on our 
academic websites. To minimize undue influence, we had 
our co-investigators organize the registration and with-
drawal processes. The inclusion criteria included: (1) being 
18–40 years old; (2) willing to participate in the study; 
and (3) being able to  read, write and understand Thai 
and English as well as the capacity to provide informed 
consent. The exclusion criteria included: (1) mental re-
striction or being unable to rate pain scores; (2) needle 
insertion with more than 2 attempts; (3) body mass in-
dex (BMI) >30 kg/m2; (4) being unable to collect blood 
from the antecubital area; (5) history of allergy to topical 
anesthesia; (6) audiovisual impairment with a decreased 
quality of  life; (7) psychiatric disorders; (8) peripheral 
neuropathy; (9) cold intolerance; (10) peripheral arterial 
disease affecting the antecubital areas; and (11) history 
of taking non-steroidal anti-inflammatory drugs within 
1 week of the intervention.

This prospective study was approved by the Walailak 
Ethics Committee (No. WUEC-23-070-01). Written in
formed consent was obtained from all participants after 
a full explanation of the study. This study complied with 
the principles of the Declaration of Helsinki and the Inter
national Conference on Harmonization of Good Clinical 
Practice. Participants were permitted to withdraw from 
the study at any time for any reason without consequence.

This clinical trial was registered in the Thai Clinical Tri-
als Registry (No. TCTR20230324007). The ethics commit-
tee took into account and complied with the laws of Thai-
land, including the Personal Data Protection Act. All data 
files and sensitive personal information were encrypted, 
password-protected, and saved to a secure computer that 
was only accessible to the study coordinators to ensure con-
fidentiality. Participants could access their own data by di-
rectly contacting study coordinators. No information that 
could link an individual to the data was revealed. Twelve 
months after completion of the study, all data were deleted.

Intervention and study design

After eligible participants were voluntarily recruited, 
they were randomly assigned to 1 of 4 groups using Ex-
cel 2019 (Microsoft Corp., Armonk, USA) with allocation 
concealment using sealed envelopes: group 1 (control), 
group 2 (topical anesthetic), group 3 (cooling spray), and 
group 4 (audiovisual distraction). To anesthetize the skin 
at the needle insertion area of 10 cm2, 1 g of EMLA cream 
(5% emulsion containing 2.5% each of lidocaine and pri-
locaine; Recipharm Karlskoga AB, Karlskoga, Sweden) 
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was applied in the topical anesthetic group for 1 h before 
venipuncture. In the cooling spray group, the needle in-
sertion site was sprayed with Perskindol cool spray (0.5% 
Menthol; IGS Aerosols GmbH, Wehr, Germany). The spray 
was administered for 5 s at a distance of 15 cm and a 90° 
angle from the skin. After allowing the spray to evaporate 
from the skin for 10 s, vascular access was performed after 
skin disinfection. In the audiovisual distraction group, 
participants were instructed to watch a 1.22-min video 
clip (https://youtu.be/vJG698U2Mvo) while doing veni-
puncture. This intervention, the selective attention test, 
consisted of 6 players playing with 2 basketballs. Partici-
pants were asked to count and answer how many times 
the players wearing white passed the basketball. In the con-
trol group, participants underwent venipuncture after skin 
disinfection without additional intervention.

A blood pressure cuff was placed 5 cm proximal to the an-
tecubital fossa and was then inflated to 40–60 mm Hg. 
The needle insertion sites were sterilized with 70% alcohol 
patches and allowed to dry. The venipuncture was performed 
using a 21-gauge needle by 1 medical staff member. The to-
tal blood volume collected was 5–15 mL, with the specific 
vein selected depending on the number of laboratory tests 
requested by the attending physicians. Baseline character-
istics were collected through structured questionnaires 
and medical records, including age, gender, height, weight, 
and vital signs. Pain scores, satisfaction levels and adverse 
events resulting from the intervention were accessed and 
recorded by a blinded investigator. Pain scores ranged from 
0 (indicating no pain) to 10 (indicating extreme pain), while 
satisfaction levels ranged from 0 (representing extreme dis-
satisfaction) to 3 (representing extreme satisfaction).

Sample size and power

To estimate sample size, the effect sizes were based 
on outcomes from a previous study.22 A sample size of 9 
in each group was initially planned, which had a 90% power 
to detect an effect size of 2.1, comparing each intervention 
arm and the control arm using a 2-sample t-test. All t-
tests were 2-sided with a 0.01 significance level. Assuming 
an approx. 25% loss to follow-up, we proposed to recruit 
and randomize 12 participants per intervention group 
to give a total sample size of 48 participants.

Statistical analyses

For descriptive statistics, means and standard devia-
tions (SDs) were used to describe normally distributed 
continuous data, while medians and interquartile ranges 
(IQRs) were applied for continuous data that were not 
normally distributed. Additionally, 95% confidence in-
tervals (95% CIs) were calculated to estimate the preci-
sion of the mean values. Frequency and percentages were 
utilized for analyzing categorical data. For inferential sta-
tistics, the study incorporated a variety of tests. Normally 

distributed variables were evaluated, as shown in Supple-
mentary Table 1. We verified the equality of variances 
across the groups prior to conducting the statistical tests 
to assess differences in pain scores among the groups. 
The results of this analysis are provided in Supplemen-
tary Table 3. Following this verification, a one-way analysis 
of variance (ANOVA) was conducted to assess the signifi-
cance of differences in age and BMI among the different 
groups. Due to the limited sample size, a Fisher’s exact 
test was utilized to assess proportion comparisons among 
independent groups. According to pain scores and satis-
faction levels, as non-parametric data, differences among 
the 4 groups were tested using the Kruskal–Wallis test, 
and Dunn’s test was used for the post hoc analysis for pair-
wise comparisons. A multiple comparisons correction was 
performed to adjust the significance level (α) for compar-
ing pain scores between the groups. To address the issue 
of the family-wise error rate, the Bonferroni correction 
method was applied. This approach involves dividing 
α by the number of comparisons to control the family-
wise error rate, with α specifically divided by 6 for our 
6 pairwise comparisons. For comparisons of pain across 
different factors between the 2 groups, the Mann–Whit-
ney U test or independent t-test was selected depending 
on the normality of the data. Additionally, Spearman’s rho 
was utilized to measure the strength and direction of as-
sociation between 2 ranked variables in the context of non-
normal data. To investigate the link between BMI and pain, 
we created scatter plots with locally estimated scatterplot 
smoothing (LOESS) curves for an initial visual analysis. 
We then applied a range of regression models (Linear, 
Logarithmic, Inverse, Quadratic, and Cubic) to precisely 
examine this relationship, aiming to capture the complex 
dynamics between BMI and pain experiences. In this study, 
all the statistical tests, including the Fisher’s exact test, 
one-way ANOVA, Mann–Whitney U test, independent 
t-test, and Kruskal–Wallis test, were conducted as two-
tailed tests. For each of these two-tailed tests, a p-value 
of < 0.05 was required to indicate statistical significance. 
All statistical analyses were conducted using SPSS software 
v. 15 (SPSS Inc., Chicago, USA) and the R programming 
environment (R Foundation for Statistical Computing, 
Vienna, Austria). This comprehensive analysis included 
a range of model fittings (Linear, Logarithmic, Inverse, 
Quadratic, Cubic, and LOESS) to assess the association 
between BMI and pain. The utilization of both SPSS and 
R enabled a thorough investigation of the data through 
various statistical lenses, ensuring a robust examination 
of the underlying relationships.

Results

Forty-eight eligible volunteers were recruited for 
the study; however, 1 participant had to be excluded due 
to extreme, intolerable pain. As a result, 47 participants 

https://youtu.be/vJG698U2Mvo
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remained for the final analysis. The mean age of the par-
ticipants was 42.3 years (SD ±13.1). The majority of partici-
pants were female (66.0%), held higher education qualifica-
tions (76.6%) and exhibited right-hand dominance (87.2%). 
Common comorbidities included essential hypertension 
(33.0%), hypothyroidism (27.0%), dyslipidemia (20.0%), 
type 2 diabetes mellitus (13.0%), and others (33.0%), such 
as coronary artery disease, allergic rhinitis, and hepatitis B 
infections. Table 1 displays the baseline characteristics 
of the participants in each group.

Comparison of pain scores and satisfaction levels across 
the four intervention groups are demonstrated in Table 2 
and Fig. 1,2. The participants in the intervention groups re-
ported lower pain scores than those in group 1. The mean 

differences were 2.67 points in group 2 (95% CI: 1.49–3.84; 
p  <  0.001), 1.56  points in  group  3 (95%  CI: 0.15–2.98; 
p = 0.077), and 1.67 points in group 4 (95% CI: 0.37–2.96; 
p = 0.042), as shown in Table 3. Multiple t-tests using 
Dunn’s test with Bonferroni correction revealed a statis-
tically significant difference in pain between group 1 and 
group 2 (test statistic = 3.716, p < 0.001). The median sat-
isfaction level in all groups was 3.00 (interquartile range 
(IQR) 0.00), and the Kruskal–Wallis test indicated no sig-
nificant difference in satisfaction levels across all groups 
(H(3) = 6.050, p = 0.109). The study revealed no statistically 
significant differences in pain scores based on sex, educa-
tional level, hand dominance, puncture side, type of vessel, 
or history of blood sampling, as shown in Supplementary 

Table 1. Baseline characteristics (n = 47)

Characteristics Group 1 
(n = 12)

Group 2 
(n = 12)

Group 3 
(n = 11)

Group 4 
(n = 12)

Test name
and p-value

Sex, n (%)
male 4 (33.3) 1 (8.3) 4 (36.4) 7 (58.3)

p = 0.080a

female 8 (66.7) 11 (91.7) 7 (63.6) 5 (41.7)

Age [years] ±SD 43.5 (±13.0) 36.8 (±13.9) 45.3 (±14.0) 43.8 (±11.5)
F(3) = 0.993,
p = 0.405b

BMI [kg/m2] ±SD 23.0 (±2.2) 22.5 (±3.3) 24.9 (±4.5) 21.6 (±2.6)
F(3) = 2.165,
p = 0.106b

Education, n (%) 
secondary education 3 (25.0) 1 (8.3) 5 (45.5) 2 (16.7)

p = 0.209a

higher education 9 (75.0) 11 (91.7) 6 (54.5) 10 (83.3)

Dominant hand, n (%)
right 7 (58.3) 11 (91.7) 11 (100.0) 12 (100.0)

p = 0.010a

left 5 (41.7) 1 (8.3) 0 (0.0) 0 (0.0)

Correlation between punctured 
site and dominant hand, n (%)

same side 7 (58.3) 3 (25.0) 4 (36.4) 4 (33.3)
p = 0.429a

different side 5 (41.7) 9 (75.0) 7 (63.6) 8 (66.7)

Punctured vessel, n (%)

median vein 11 (91.7) 9 (75.0) 11 (100.0) 8 (66.7)

p = 0.038acephalic vein 1 (8.3) 2 (16.7) 0 (0.0) 0 (0.0)

basilic vein 0 (0.0) 1 (8.3) 0 (0.0) 4 (33.3)

History of blood sampling, 
number of times (%)

0 1 (8.3) 5 (41.7) 2 (18.2) 2 (16.7)

p = 0.756a

1–3 2 (16.7) 2 (16.7) 3 (27.3) 2 (16.7)

4–6 2 (16.7) 1 (8.3) 1 (9.1) 1 (8.3)

7–10 0 (0.0) 1 (8.3) 0 (0.0) 0 (0.0)

>10 7 (58.3) 3 (25.0) 5 (45.5) 7 (58.3)

BMI – body mass index; SD – standard deviation. Group 1 – control group; group 2 – topical anesthetic group; group 3 –  cooling spray group; 
group 4 – audiovisual distraction group. Statistical test notations: a Fisher’s exact test; b one-way analysis of variance (ANOVA).

Table 2. Comparison of pain scores and satisfaction levels across the 4 participant groups (n = 47)

Group n
Pain score Satisfaction level

median IQR median IQR

Group 1 12 4.00 2.00 3.00 1.00

Group 2 12 1.00 2.00 3.00 0.00

Group 3 11 2.00 3.00 3.00 1.00

Group 4 12 2.00 2.00 3.00 0.00

All 47 2.00 3.00 3.00 0.00

Group 1 – control; group 2 – topical anesthetic; group 3 – cooling spray; group 4 – audiovisual distraction; IQR – interquartile range. Pain scores were 
measured on a scale from 0 to 10, with 0 indicating no pain and 10 indicating extreme pain. Satisfaction levels were gauged on a scale from 0 to 3, 
where 0 represented extreme dissatisfaction and 3 represented extreme satisfaction.
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Table 2. However, the Kruskal–Wallis test indicated sig-
nificant differences among weight categories (H(3) = 8.368, 
p = 0.039). Compared with participants having a BMI 
over 27.5 kg/m², those with a BMI of 18.5–22.9 kg/m2 and 

those with a BMI of 23.0–27.5 kg/m2 reported significantly 
higher pain scores, with test statistics of 2.593 (p = 0.029) 
and 2.490 (p = 0.038), respectively. The Spearman’s rho 
correlation analysis was conducted due to the non-normal 
distribution of  the data, aiming to  identify any mono-
tonic component in  the association between pain and 
other factors, including age (r = 0.243, p = 0.100), weight 
(r = –0.197, p = 0.184), height (r = –0.083, p = 0.578), and 
BMI (r = –0.200, p = 0.178). The results, detailed in Table 4, 
indicate the absence of a significant monotonic compo-
nent in these associations. However, this does not preclude 
the  existence of  non-monotonic components between 
these variables.

No immediate serious adverse reactions were noted 
across all groups. In group 3, a notable observation in-
volved 3 participants (27.3%) reporting minor side effects 
associated with the  use of  vapocoolant sprays, which 
manifested as transient erythema at the application site. 
This erythema typically resolved spontaneously within 
5–10 min.

Table 4. Correlation between each factor and pain

Variables Correlation coefficient and p-value

Age r = 0.243, p = 0.100

Weight r = –0.197, p = 0.184

Height r = –0.083, p = 0.578

BMI r = –0.200, p = 0.178

BMI – body mass index. Spearman’s rho was employed as the statistical 
method for analyzing the correlations presented in the data set.

Fig. 1. Pain scores across the 4 participant groups (n = 47)

The midline of the box represents the median of the data. The bottom 
and top of the box depict the 25th and 75th percentiles, respectively. 
The whiskers extend to show the range of the data, from the minimum 
to the maximum values.

Fig. 2. Satisfaction levels across the 4 participant groups (n = 47)

The midline of the box represents the median of the data. The bottom 
and top of the box depict the 25th and 75th percentiles, respectively. 
The whiskers extend to show the range of the data, from the minimum 
to the maximum values.

Table 3. Comparison of pain scores and satisfaction levels across different 
groups (n = 47)

Comparisons Mean differences 
(95% CI) Test value and p-value*

Pain scores

Among 4 groups N/A H(3) = 14.020, p = 0.003a

Group 1 and 2 2.67 (1.49, 3.84)
test statistic = 3.716, 

p < 0.001b*

Group 1 and 3 1.56, (0.15, 2.98)
test statistic = 2.143, 

p = 0.096b*

Group 1 and 4 1.67 (0.37, 2.96)
test statistic = 2.177, 

p = 0.089b*

Group 2 and 3 –1.11 (–2.31, 0.10)
test statistic = –1.492, 

p = 0.407b*

Group 2 and 4 –1.00 (–2.05, 0.05)
test statistic = –1.540, 

p = 0.371b*

Group 3 and 4 0.11 (–1.22, 1.43)
test statistic = –0.014, 

p = 1.000b*

Satisfaction levels

Among 4 groups N/A H(3) = 6.050, p = 0.109a

95% CI – 95% confidence interval; N/A – not applicable. Statistical test 
notations: a Kruskal–Wallis test; b Dunn’s test. * To adjust the significance 
level (α) for multiple comparisons of pain scores among groups, multiple 
Dunn’s tests were used. The family-wise error rate was controlled 
by applying the Bonferroni correction, which involved dividing 
α by the number of comparisons (e.g., α/6 for 6 comparisons).
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Discussion

Pain is a common adverse effect of the venipuncture pro-
cedure. While most people experience mild pain, failing 
to alleviate acute pain can lead to both physiological and 
psychological effects.3 To date, several methods have been 
proposed to alleviate pain during the procedure. How-
ever, there is still a lack of randomized controlled trials 
that compare the efficacy and safety of these interven-
tions. To the best of our knowledge, our study was the first 
to compare the efficacy of pain reduction during venipunc-
ture using audiovisual distraction, topical anesthesia and 
cold spray application. Our findings revealed that partici-
pants in each intervention group reported lower pain scores 
compared to those in the control group. Participants who 
received the topical anesthetic reported the lowest pain 
scores, and this difference was statistically significant. Ad-
ditionally, they expressed high levels of satisfaction.

Consistent with our findings, previous research has 
demonstrated a significant reduction in pain scores with 
3 specific interventions. First, local anesthetics have shown 
a substantial and statistically significant effect in reducing 
pain during venipuncture procedures (mean = 1.04, 95% CI: 
0.92–1.34) and intravenous insertions (mean = 1.05, 95% CI: 
0.84–1.46).10 Second, the application of vapocoolants has 
been associated with a significant decrease in pain scores 
(median = 1, range: 0–3) compared to a control group (me-
dian = 3, range: 1.2–5) during venipuncture (p = 0.001).9 
Third, audiovisual distraction techniques have been effective 
in significantly reducing needle-related pain. Gandhar et al. 
found that the mean pain score for a group watching car-
toons during venipuncture was significantly lower (mean 4.6, 
SD ±1.5) than that of the control group (mean 7.7, SD ±0.8, 
p < 0.001).8 Similarly, Orhan and Gozen demonstrated that 
the post-venipuncture pain score for a group engaged in vir-
tual reality was significantly lower (mean 1.46, SD ±1.49) than 
that of a control group (mean 4.44, SD ±2.26, p = 0.001).11

Our findings emphasize that all 3 interventions (topical 
anesthetic application, cooling spray and audiovisual dis-
traction techniques) successfully lowered pain scores as-
sociated with venipuncture procedures. However, the pain 
reduction did not reach statistical significance when com-
paring these 3 interventions. The ideal anesthetic inter-
vention should be effective, quick, painless, inexpensive, 
and side-effect-free. The audiovisual distraction, therefore, 
appears to be a practical choice in real-world applications 
in the venipuncture procedure due to its advantages, in-
cluding time efficiency, non-invasiveness and the absence 
of disposable materials. Prior to venipuncture, the patients 
need to wait for the topical anesthetic to reach its peak ef-
fects. The cream needs time to be absorbed and the pain 
to be relieved. The average insertion depths with accept-
able pain following 60 min and 120 min of lidocaine and 
prilocaine local anesthetic application were 2.9 mm and 
4.5 mm, respectively.23 The average depths of the basilic, 
median cubital, and cephalic veins after applying 

a tourniquet are 2.9 mm (SD ±1.7), 1.7 mm (SD ±0.8) and 
1.7 mm (SD ±0.6), respectively.24 Therefore, if blood needs 
to be collected from the deeper parts of these veins, it may 
take longer than 1 h to achieve the desired effect.

Adverse effects related to EMLA cream are exceedingly 
rare and mostly limited to localized, temporary reactions, 
such as blanching, redness, altered temperature sensation, 
edema, pruritus, burning, purpura, and contact hypersen-
sitivity.25 The major concern for systemic toxicity is the de-
velopment of methemoglobinemia. Thus, caution is ad-
vised when administering EMLA cream to patients with 
glucose-6-phosphate deficiency, those concurrently using 
methemoglobin-inducing medications, and infants below 
3 months of age.26 Correspondingly, no local or systemic 
side effects were observed in our findings. Previous studies 
reported a total of 8 adverse events out of 279 participants 
(2.9%). All of the reactions were minor, including cold sen-
sations, 3 temporary instances of erythema at the spray 
site and 1 case of a burning sensation.27 We also observed 
that 3 participants developed temporary erythema, with 
no further consequences or concerns.

Individuals show substantial differences in their percep-
tion of pain. Distinctive individual variations result from 
biological, psychological and social factors. Nevertheless, 
these factors do not directly influence pain themselves; 
instead, they signify the various processes that modify 
pain.28 Kivrak et al.29 revealed that anxiety may predict 
pain, but other factors like sex, depression, somatosensory 
amplification, age, and weight do not seem to influence 
the perception of pain during the venipuncture procedure. 
Pain tolerance thresholds in the upper extremity veins can 
vary. Yoshida et al.30 found that the superficial dorsal vein 
had a significantly higher pain tolerance threshold at 250 Hz 
in response to pinprick sensations compared to the median 
cubital, basilic and cephalic veins at the wrist. There was no 
significant difference between the pain tolerance thresholds 
of the cephalic vein at the cubitus and the superficial dorsal 
vein. Previous studies have provided support for the impact 
of hand laterality on pain perception, revealing that the non-
dominant hand tends to be more sensitive to pain than 
the dominant hand.31,32 Our findings, in relation to pain 
and obesity, align with those of Emerson et al.,33 who sug-
gested that obesity had a limited effect on pain sensitivity. 
This indicates that obesity alone may not significantly in-
crease the risk of developing chronic pain by intensifying 
nociceptive mechanisms. In contrast, Mendonça et al.34 
reported significant prevalences of musculoskeletal and 
severe pain among severely obese individuals. They identi-
fied the factors contributing to pain in adults with severe 
obesity, including clinical conditions, a sedentary lifestyle, 
the extent of obesity, and overall body fat. Additionally, 
Majchrzak et al.35 found that obese lung cancer patients 
undergoing thoracic surgery experienced more intense 
and longer-lasting pain than their non-obese counterparts. 
The reasons behind the varying pain thresholds observed 
between obese and non-obese patients remain unclear. 
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Possible explanations for this phenomenon could include 
chronic inflammation associated with obesity, the release 
of inflammatory mediators by macrophages, genetic vari-
ations, and nocturnal hypoxemia.36–39 Our study found 
a non-significant trend suggesting an inverse relationship 
between obesity and pain sensitivity. This observation 
might be explained by various factors, including differences 
in participant characteristics, psychological influences, bio-
logical mechanisms, and the limitations of a small sample 
size.1 Future research, potentially involving larger sample 
sizes or incorporating a broader range of variables, including 
comprehensive biological, psychological and social factors, 
might, therefore, provide clearer insights into the nuanced 
relationship between BMI and the experience of pain.

Limitations

We acknowledge several limitations of this study. First, 
our study is limited to a single center, which may restrict its 
applicability to a broader population. To enhance the exter-
nal validity of our findings, it is essential to conduct mul-
ticenter randomized controlled trials involving larger and 
more diverse populations and settings. Second, psychologi-
cal factors such as anxiety and depression, as well as social 
factors, were not comprehensively assessed. These factors 
can influence the perceived intensity of pain. Nevertheless, 
we screened for them through history-taking and physical 
examinations and excluded individuals with psychiatric 
disorders. Third, certain baseline characteristics across 
the 4 groups, including the participant’s dominant hand 
and the correlation between the punctured site and punc-
tured vessels, differed significantly. Further studies are 
needed to control for these differences to confirm the pain 
reduction findings across interventions. Lastly, the com-
bined interventions were not evaluated or compared with 
single interventions. Further studies should be conducted 
to assess the additional effects of combining interventions.

Conclusions

The intervention for pain reduction, which includes topi-
cal anesthetic, cooling spray and audiovisual distraction, 
is an effective method for alleviating pain during veni-
puncture. Participants who received a topical anesthetic 
reported the lowest pain scores and high levels of satis-
faction. When selecting the intervention, consideration 
should be given to the availability of resources, patient 
preferences and time constraints.
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Abstract
Background. Acute kidney injury (AKI) has become a common complication of acute ischemic stroke (AIS) 
and may have a significant impact on clinical outcomes. Anion gap (AG)/albumin corrected anion gap (ACAG) 
are used to assess acid-base balance status and help identify the severity of metabolic acidosis.

Objectives. To explore the association of AG and ACAG with the risk of AKI in AIS patients admitted to the in-
tensive care unit (ICU).

Materials and methods. Data of AIS patients in this retrospective cohort study were extracted from 
the electronic ICU (eICU) databases (2014–2015). The outcome was the occurrence of AKI after ICU admission. 
The covariates included demographic data, vital signs, comorbidities, laboratory parameters, and medica-
tion use. The association of AG and ACAG levels with AKI risk in AIS patients was evaluated using univariate 
and multivariate logistic regression models with odds ratios (ORs) and 95% confidence intervals (95% CIs). 
The predictive performance of AG and ACAG for the risk of AKI in AIS patients was assessed with the area 
under the curve (AUC). To further explore the association of AG and ACAG levels with AKI risk, subgroup 
analyses were performed according to comorbidities.

Results. Of the 1,260 AIS patients, 546 (43%) developed AKI. Elevated AG (OR = 1.73, 95% CI: 1.32–2.29) and 
ACAG (OR = 1.57, 95% CI: 1.21–2.04) were associated with the risk of AKI in AIS patients. The AUC of ACAG 
was superior to AG for predicting the risk of AKI (0.581 vs 0.558; p = 0.024). Elevated ACAG levels were as-
sociated with the risk of AKI in AIS patients without ischemic heart disease (OR = 1.60, 95% CI: 1.19–2.15), 
diabetes (OR = 1.58, 95% CI: 1.19–2.10) and hypertension (OR = 1.69, 95% CI: 1.24–2.30).

Conclusions. Albumin corrected anion gap was a better predictor than AG for AKI risk in AIS patients, which 
may help clinicians identify high-risk patients for AKI.
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Background

Acute ischemic stroke (AIS) is  a  cerebral infarction 
caused by  cerebral vascular occlusion or  hemorrhage 
and is a common vascular event of the central nervous 
system.1 Acute ischemic stroke affects approx. 95 indi-
viduals per 100,000 population worldwide every year and 
is a significant cause of disability and death.2 Evidence 
showed that a common complication in patients with AIS 
is acute kidney injury (AKI), which occurs in about 19% 
of patients with AIS.3,4 Acute kidney injury can deterio-
rate the medical status of patients with AIS and predict 
a worse clinical prognosis, including longer hospital stay 
and higher mortality.5,6 Identification of high-risk patients 
who may develop AKI is essential for the management and 
improvement of outcomes in patients with AIS.

Acid-base disorders (particularly metabolic acidosis) are 
common problems in critically ill patients and are closely 
related to patient morbidity and mortality.7 Evidence shows 
that acid-base disorders and altered electrolyte concen-
trations are early biochemical responses in AIS, leading 
to continuous tissue oxidative damage and increased in-
flammation.8 The serum anion gap (AG) is an index reflect-
ing the concentration of unmeasured anions, which is used 
to assess acid-base balance status.9 However, due to albu-
min molecules carrying a charge, the results will appear 
falsely negative, leading to misjudgment of the AG level, 
a situation that often occurs in critically ill patients with 
hypoalbuminemia.10 To avoid the fluctuation of the AG 
with differing albumin concentrations, the albumin-cor-
rected anion gap (ACAG) was proposed.11 The AG level 
is a significant predictor of in-hospital mortality in patients 
with AIS, and high AG levels are linked to high mortal-
ity in AIS patients.12 However, the relationship between 
ACAG levels and the prognosis of AIS patients is unclear. 
Moreover, AG and ACAG levels have been reported to be 
linked to a higher incidence of and mortality in AKI.13,14 
The link between AG and ACAG levels and the risk of AKI 
in AIS patients deserves to be explored.

Objectives

This study aimed to evaluate the associations of AG and 
ACAG levels with AKI risk in patients with AIS who were 
admitted to the intensive care unit (ICU) and assessed 
the predictive effect of AG and ACAG for AKI risk.

Materials and methods

Study population

This retrospective cohort study extracted AIS patient 
data from the electronic ICU (eICU) database (https://
eicu-crd.mit.edu/gettingstarted/overview/). The  eICU 

database is a publicly available multicenter database that 
covers highly granular data on more than 200,000 patients 
admitted to ICUs across the continental USA from 2014 
to 2015.15 The overall information includes vital sign mea-
surements, severity of illness measures, care plan docu-
mentation, treatment information, and diagnosis infor-
mation. The participant’s informed consent was waived 
because the data were anonymized.

The inclusion criteria included: 1) participants ≥18 years 
of age and 2) participants diagnosed with AIS at ICU ad-
mission.16 The exclusion criteria were: 1) ICU stay shorter 
than 24 h; 2) patients with missing data about survival; 
3) patients with missing data of sodium, potassium, chlo-
ride, bicarbonate, albumin, and AKI grade; 4) patients 
diagnosed with end-stage renal disease (ESRD)17,18; and 
5) patients with a history of kidney transplantation.

Definition of AG and ACAG

Anion gap and ACAG were calculated based on the fol-
lowing equation19: AG (mmol/L) = (sodium + potassium) 
– (chloride + bicarbonate) and ACAG (mmol/L) = [4.4 –
{albumin(g/dL)}] * 2.5 + AG. The measurements of sodium, 
potassium, chloride, bicarbonate, and albumin were based 
on the patient’s records at the time of initial admission 
to the ICU. The AG and ACAG levels were categorized into 
high- and low-level groups based on the value correspond-
ing to the maximum of Youden’s J statistic as the cutoff 
value (Supplementary Fig. 1). The AG and ACAG levels 
were categorized as AG levels (low-level (<12.15 mmol/L) 
and high-level (≥12.15 mmol/L)) and ACAG levels (low-
level (<15.075 mmol/L) and high-level (≥15.075 mmol/L)).

Potential covariates

Potential covariates were age, gender, race, height, 
weight, ICU type, body mass index (BMI), cardiogenic 
shock, ischemic heart disease, diabetes, hypertension, 
vasopressor therapy, thrombolysis, thrombectomy, anti-
platelet, anticoagulation, antihypertension, ventilation, 
diastolic blood pressure (DBP), respiratory rate, heart rate, 
alanine aminotransferase (ALT), systolic blood pressure 
(SBP), aspartate aminotransferase (AST), serum creatinine 
(SCR), blood urea nitrogen (BUN), mean arterial pressure 
(MAP), platelets, white blood cell count (WBC), red blood 
cell distribution width (RDW), hemoglobin, bilirubin, glu-
cose, international normalized ratio (INR), and estimated 
glomerular filtration rate (eGFR).

Outcome and follow-up

The AKI was defined by the Kidney Disease Improving 
Global Outcomes (KDIGO)20 as follows: an increase in SCR 
level ≥0.3 mg/dL within 48 h, an increase in SCR levels 
to ≥1.5 times than the level at ICU admission within 7 days, 
or urine volume <0.5 mL/kg/h for 6 h. The outcome in this 

https://eicu-crd.mit.edu/gettingstarted/overview
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cohort was the occurrence of AKI after ICU admission. Fol-
low-up began on ICU admission and was terminated when 
the patient was discharged from the ICU or AKI developed.

Statistical analyses

Normally distributed continuous data were reported 
as the mean ± standard deviation (mean (±SD)) and tested 
using t-tests. Non-normally continuous data were pre-
sented as medians and quartiles (Me (Q1, Q3)) and tested 
using a Mann–Whitney U test. Categorical data were pre-
sented as the number and percentage (n (%)) and tested 
using a χ2 test or Fisher’s exact test.

The outcome and exposure variables were not missing, 
covariates with greater than 20% missing were deleted, and 
covariates with less than 20% missing were interpolated us-
ing multiple interpolations (Supplementary Table 1). Missing 
data were interpolated 5 times using multiple interpolations 
through the R package “mice” (v. 3.15.0),21 with the means 
of the 5 interpolations taken for continuous variables and 
the mode of the 5 interpolations taken for categorical vari-
ables. Sensitivity analyses were performed on the data before 
and after interpolation (Supplementary Table 2). Covari-
ates were screened using the adaptive best–subset selec-
tion (ABESS) method.22 All variables except exposure and 
composite index calculation variables (e.g., height, weight, 
SBP, DBP, SCR, sodium, potassium, chloride, bicarbonate, 
and albumin) were selected using the “abbess” R package 
(v. 0.4.8) based on the generalized information criterion 
(GIC) (Supplementary Table 3).22 A variance inflation fac-
tor (VIF) was used to assess the linearity between variables, 
and a VIF ≥ 5 was considered multicollinearity (Supplemen-
tary Table 4). The Box–Tidwell test was applied to evaluate 
the linearity of numerical variables using Logit(P), and a p-
value >0.05 satisfied the linear requirement (Supplemen-
tary Table 5). The best subsets of covariates after screening 
were BMI, ischemic heart disease, ventilation, WBC, and 
platelets. The logistic regression models were used for ana-
lyzing the association between AG and ACAG levels and 
AKI risk in AIS patients, and the results were presented 

as odds ratios (ORs) with 95% confidence intervals (95% CIs). 
Model 1 was adjusted for all covariates, including BMI, isch-
emic heart disease, ventilation, WBC, and platelets. Model 2 
was adjusted for albumin based on Model 1. The area under 
the curve (AUC) was applied to evaluate the predictive effect 
of AG and ACAG on the AKI risk of AIS patients. The Hos-
mer–Lemeshow test was utilized to assess the model’s good-
ness-of-fit (Supplementary Table 6). The associations were 
performed in different subgroups of ischemic heart disease 
(yes or no), diabetes (yes or no) and hypertension (yes or no).

Data cleaning, missing value imputation, covariate 
screening, data modeling, prediction performance evalu-
ation, and subgroup analysis were performed using R soft-
ware v. 4.2.2 (R Foundation for Statistical Computing, 
Vienna, Austria). SAS 9.4 software (SAS Institute Inc., 
Cary, USA) was used for descriptive statistical analysis 
and sensitivity analysis. A p-value <0.05 was considered 
statistically significant for all analyses.

Results

Patients’ characteristics

A flowchart of AIS patients is presented in Fig. 1. A total 
of 3,005 patients with AIS admitted to ICU were screened. 
Among them, 1,745 patients were excluded from the study, 
including 97 patients aged <18 years, 280 patients with 
an ICU stay of less than 24 h, 1,331 patients with missing 
sodium, potassium, chloride, bicarbonate, albumin, and 
AKI grade data, and 37 patients with a diagnosis of ESRD. 
The mean age of all patients was 67.70 ±13.38 years, with 
a median follow-up time of 2 (1, 4) days. Table 1 displays 
AIS patient characteristics with and without AKI. There 
were significant differences in age, weight, BMI, ICU type, 
cardiogenic shock, ischemic heart disease, diabetes, hyper-
tension, vasopressor, ventilation, thrombolysis, antiplatelet 
therapy, heart rate, respiratory rate, WBC, hemoglobin, 
RDW, bilirubin, SCR, INR, albumin, BUN, glucose, AST, 
bicarbonate, and eGFR.

Fig. 1. The screening flowchart of acute ischemic stroke (AIS) patients 

ICU – intensive care unit; AKI – acute kidney injury; ESRD – end-stage renal disease.

Patients with AIS admitted to ICU from
the eICU database (n = 3,005)

Eligible AIS patients (n = 1,260)

Excluded (n = 1,745):
1) age <18 years (n = 97)
2) ICU stay <24 h (n = 280)
3) missing survival information (n = 0)
4) missing the data of sodium, potassium, chloride, 

bicarbonate, albumin, and AKI grade (n = 1,331)
5) diagnosed with ESRD (n = 37)
6) a history of kidney transplantation (n = 0)

AIS patients with AKI (n = 546) AIS patients without AKI (n = 714) 
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Table 1. Characteristics of patients with acute ischemic stroke (AIS)

Variables Total (n = 1,260) Non-AKI (n = 714) AKI (n = 546) Statistics p-value

AG [mmol/L] mean ±SD 14.52 ±4.32 14.12 ±4.20 15.03 ±4.42 t = –3.73 <0.001

AG, n (%)
high-level (≥12.15 mmol/L) 880 (69.84) 463 (64.85) 417 (76.37)

χ2 = 19.520 <0.001
low-level (<12.15 mmol/L) 380 (30.16) 251 (35.15) 129 (23.63)

ACAG [mmol/L], mean ±SD 16.84 ±4.32 16.23 ±4.14 17.65 ±4.41 t = –5.87 <0.001

ACAG, n (%)
high-level (≥15.075 mmol/L) 823 (65.32) 416 (58.26) 407 (74.54)

χ2 = 36.193 <0.001
low-level (<15.075 mmol/L) 437 (34.68) 298 (41.74) 139 (25.46)

Age [years] mean ±SD 67.70 ±13.38 67.04 ±14.00 68.56 ±12.47 t = –2.03 0.043

Age, years, n (%)
<65 477 (37.86) 285 (39.92) 192 (35.16)

χ2 = 2.969 0.085
≥65 783 (62.14) 429 (60.08) 354 (64.84)

Gender, n (%)
female 609 (48.33) 346 (48.46) 263 (48.17)

χ2 = 0.010 0.918
male 651 (51.67) 368 (51.54) 283 (51.83)

Race, n (%)

African-American 124 (9.84) 72 (10.08) 52 (9.52)

χ2 = 0.236 0.889Caucasian 982 (77.94) 557 (78.01) 425 (77.84)

other 154 (12.22) 85 (11.90) 69 (12.64)

Height [cm], mean ±SD 168.99 ±11.57 169.46 ±10.67 168.37 ±12.63 t = 1.63 0.103

Weight [kg], mean ±SD 82.54 ±22.44 81.28 ±21.47 84.18 ±23.56 t = –2.25 0.025

BMI [kg/m2], Me (Q1, Q3) 27.58 (24.08, 32.02) 27.31 (23.84, 31.09) 28.02 (24.52, 33.43) Z = 2.815 0.005

BMI [kg/m2], n (%)

<25 391 (31.03) 237 (33.19) 154 (28.21)

χ2 = 8.652 0.01325–30 431 (34.21) 253 (35.43) 178 (32.60)

≥30 438 (34.76) 224 (31.37) 214 (39.19)

ICU type, n (%)

CICU 114 (9.05) 50 (7.00) 64 (11.72)

χ2 = 10.336 0.016
NICU 440 (34.92) 266 (37.25) 174 (31.87)

SICU 72 (5.71) 42 (5.88) 30 (5.49)

other 634 (50.32) 356 (49.86) 278 (50.92)

Cardiogenic 
shock, n (%)

no 1,250 (99.21) 712 (99.72) 538 (98.53)
– 0.024

yes 10 (0.79) 2 (0.28) 8 (1.47)

Ischemic heart 
disease, n (%)

no 964 (76.51) 593 (83.05) 371 (67.95)
χ2 = 39.274 <0.001

yes 296 (23.49) 121 (16.95) 175 (32.05)

Diabetes, n (%)
no 1074 (85.24) 632 (88.52) 442 (80.95)

χ2 = 14.065 <0.001
yes 186 (14.76) 82 (11.48) 104 (19.05)

Hypertension, 
n (%)

no 905 (71.83) 532 (74.51) 373 (68.32)
χ2 = 5.867 0.015

yes 355 (28.17) 182 (25.49) 173 (31.68)

Vasopressor, n (%)
no 1137 (90.24) 675 (94.54) 462 (84.62)

χ2 = 34.581 <0.001
yes 123 (9.76) 39 (5.46) 84 (15.38)

Ventilation, n (%)
no 959 (76.11) 619 (86.69) 340 (62.27)

χ2 = 101.507 <0.001
yes 301 (23.89) 95 (13.31) 206 (37.73)

Thrombolysis, 
n (%)

no 874 (69.37) 467 (65.41) 407 (74.54)
χ2 = 12.153 <0.001

yes 386 (30.63) 247 (34.59) 139 (25.46)

Thrombectomy, 
n (%)

no 1243 (98.65) 706 (98.88) 537 (98.35)
χ2 = 0.648 0.421

yes 17 (1.35) 8 (1.12) 9 (1.65)

Antiplatelet, n (%)
no 1122 (89.05) 647 (90.62) 475 (87.00)

χ2 = 4.157 0.041
yes 138 (10.95) 67 (9.38) 71 (13.00)

Anticoagulation, 
n (%)

no 1197 (95.00) 681 (95.38) 516 (94.51)
χ2 = 0.496 0.481

yes 63 (5.00) 33 (4.62) 30 (5.49)

Antihypertension, 
n (%)

no 1056 (83.81) 604 (84.59) 452 (82.78)
χ2 = 0.747 0.387

yes 204 (16.19) 110 (15.41) 94 (17.22)

Heart rate [bpm], mean ±SD 84.37 ±19.84 82.66 ±18.72 86.62 ±21.04 t = –3.48 <0.001

Respiratory rate [times/min], mean ±SD 19.07 ±4.99 18.72 ±4.54 19.54 ±5.50 t = –2.82 0.005
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Association between AG and ACAG levels 
and the AKI risk in patients with AIS

The  relationship between AG and ACAG levels and 
the risk of AKI in AIS patients is presented in Table 2. 
An elevated AG was associated with the AKI risk in pa-
tients with AIS (OR = 1.73, 95% CI: 1.32–2.29; p < 0.001), 
after adjustments for BMI, ischemic heart disease, ventila-
tion, WBC, platelets, and albumin. A high level of ACAG 
was associated with the AKI risk in AIS patients (OR = 1.57, 
95% CI: 1.21–2.04; p = 0.001), after adjustments for BMI, 
ischemic heart disease, ventilation, WBC, and platelets.

The predictive performance of AG and 
ACAG for the risk of AKI in AIS patients

Figure 2 shows the predictive performance of AG and 
ACAG concerning AKI risk in patients with AISs. The AUC 
for predicting the AKI risk was 0.558 (95% CI: 0.533–0.583) 
and 0.581 (95% CI: 0.556–0.607) for AG and ACAG, re-
spectively (Table 3). Moreover, the predictive performance 
of ACAG was superior to that of AG (p = 0.024).

Variables Total (n = 1,260) Non-AKI (n = 714) AKI (n = 546) Statistics p-value

SBP [mm Hg], mean ±SD 146.38 ±28.94 147.32 ±27.46 145.14 ±30.74 t = 1.31 0.191

DBP [mm Hg], mean ±SD 80.47 ±19.45 81.10 ±18.36 79.64 ±20.78 t = 1.30 0.193

MAP [mm Hg], mean ±SD 102.44 ±20.03 103.18 ±18.91 101.47 ±21.40 t = 1.47 0.141

WBC [k/mcL], Me (Q1, Q3) 9.40 (7.30, 12.60) 8.82 (7.20, 11.20) 10.51 (7.60, 14.30) Z = 6.075 <0.001

Platelets [K/mcL], Me (Q1, Q3) 218.50 (176.00, 267.50) 222.00 (180.00, 267.00) 215.00 (169.00, 269.00) Z = –1.814 0.070

Hemoglobin [g/dL], mean ±SD 13.05 ±2.32 13.19 ±2.23 12.86 ±2.41 t = 2.44 0.015

RDW [%], mean ±SD 14.38 ±1.87 14.23 ±1.73 14.58 ±2.02 t = –3.22 0.001

Billirubin [mg/dL], Me (Q1, Q3) 0.60 (0.40, 0.80) 0.50 (0.40, 0.70) 0.60 (0.40, 0.90) Z = 5.461 <0.001

SCR [mg/dL], Me (Q1, Q3) 0.97 (0.78, 1.27) 0.94 (0.76, 1.20) 1.00 (0.80, 1.40) Z = 3.655 <0.001

INR, Me (Q1, Q3) 1.06 (1.00, 1.20) 1.00 (1.00, 1.10) 1.10 (1.00, 1.24) Z = 7.382 <0.001

Albumin [g/dL], mean ±SD 3.47 ±0.61 3.56 ±0.58 3.35 ±0.63 t = 5.88 <0.001

BUN [mg/dL], Me (Q1, Q3) 18.00 (13.00, 25.00) 17.00 (13.00, 23.00) 19.00 (14.00, 28.00) Z = 3.859 <0.001

Glucose [mg/dL], Me (Q1, Q3) 128.00 (105.00, 161.00) 121.00 (102.00, 148.00) 138.00 (110.00, 178.00) Z = 6.165 <0.001

ALT [U/L], Me (Q1, Q3) 23.90 (17.00, 35.00) 24.00 (17.00, 34.00) 23.00 (17.00, 36.00) Z = 0.016 0.987

AST [U/L], Me (Q1, Q3) 24.00 (18.00, 34.00) 23.00 (18.00, 31.00) 25.00 (19.00, 41.00) Z = 5.088 <0.001

Sodium [mmol/L], mean ±SD 138.73 ±4.42 138.62 ±4.11 138.88 ±4.79 t = –1.01 0.313

Potassium [mmol/L], mean ±SD 4.03 ±0.57 4.00 ±0.51 4.06 ±0.64 t = –1.85 0.065

Chloride [mmol/L], mean ±SD 103.71 ±5.41 103.70 ±5.04 103.73 ±5.86 t = –0.11 0.916

Bicarbonate [mmol/L], mean ±SD 24.53 ±3.92 24.80 ±3.64 24.18 ±4.23 t = 2.75 0.006

eGFR [mL/min/1.7 3m2], Me (Q1, Q3) 77.28 (56.89, 93.57) 80.58 (61.31, 95.81) 71.75 (52.34, 91.22) Z = –4.525 <0.001

Status, n (%)
survival 1169 (92.78) 696 (97.48) 473 (86.63)

χ2 = 54.348 <0.001
dead 91 (7.22) 18 (2.52) 73 (13.37)

t – statistics for t-test; Z – statistics of Wilcoxon–Mann–Whitney test; χ2 – statistics for χ2 test. These tests were used to compare the differences 
in characteristics between patients with acute kidney injury (AKI) and those without AKI. SD – standard deviation; Me – median; Q1 – 1st quartile; 
Q3– 3rd quartile; AG – anion gap; ACAG – albumin corrected anion gap; BMI – body mass index; CICU – cardiac intensive care unit; NICU – neuro intensive 
care unit; SICU – surgical intensive care unit; SBP – systolic blood pressure; DBP – diastolic blood pressure; MAP – mean arterial pressure; WBC – white blood 
cell count; RDW – red cell volume distribution width; SCR – serum creatinine; INR – international normalized ratio; BUN – blood urea nitrogen; ALT – alanine 
aminotransferase; AST – aspartate aminotransferase; eGFR – estimated glomerular filtration rate.

Fig. 2. The receiver operating characteristic (ROC) curves of AG and ACAG 
for predicting the risk of AKI in AIS patients

AG – anion gap; ACAG – albumin corrected anion gap; AKI – acute kidney 
injury; AIS – acute ischemic stroke; AUC – area under the curve

Table 1. Characteristics of patients with acute ischemic stroke (AIS) – cont.
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Association of ACAG with AKI in AIS 
patients based on ischemic heart disease, 
diabetes and hypertension

Further analyses were conducted to explore this asso-
ciation in AIS patients with regard to different subgroups 
of ischemic heart disease, diabetes and hypertension pa-
tients (Fig. 3). The results showed that the high ACAG lev-
els were associated with the AKI risk in AIS patients with-
out ischemic heart disease (OR = 1.60, 95% CI: 1.19–2.15), 
diabetes (OR = 1.58, 95% CI: 1.19–2.10) and hypertension 
(OR = 1.69, 95% CI: 1.24–2.30).

Discussion

We  investigated the  effects of  AG and ACAG levels 
on AKI risk in AIS patients. Our findings showed that high 
AG and ACAG levels were associated with AKI risk in AIS 
patients. The performance of ACAG was superior to AG for 
predicting the risk of AKI. We also found that high levels 
of ACAG were associated with the AKI risk in AIS patients 
without ischemic heart disease, diabetes and hypertension.

The AG and ACAG are clinical indicators to evaluate 
acid-base imbalances, and high AG and ACAG levels in-
dicate the occurrence of metabolic acidosis.23,24 Previous 
studies have found that high levels of AG and ACAG were 

positively associated with poor outcomes in a variety of dis-
eases, including AKI and AIS.12,25–28 Jhou et al.12 reported 
that an elevated AG was associated with poor outcomes 
and a higher in-hospital mortality risk in patients with AIS. 
Cheng et al.25 found that an elevated AG was associated 
with increased short-term and long-term all-cause mortal-
ity in AKI patients. Zhao et al.28 reported that a high level 
of ACAG was associated with the AKI risk in patients who 
were admitted to the ICU. However, the association of AG 
and ACAG levels with AKI risk in AIS patients remains 
unclear. In our study, we found that an elevated AG and 
ACAG were associated with AKI risk in patients with AIS. 
Our findings regarding the relationship between AG and 
ACAG and the risk of AKI in AIS patients are consistent 
with previous studies on AKI risk. The receiver operat-
ing characteristic (ROC) curve showed that both AG and 
ACAG could predict the AKI risk in AIS patients, and 
the predictive performance of ACAG was superior to AG. 
As mentioned earlier, ACAG is a more accurate predictor 
of metabolic acidosis in critically ill patients with hypo-
albuminemia. Hu et al.24 reported the association of high 
ACAG levels with the risk of 1-year mortality in critically 
ill patients with sepsis, and the predictive performance 
of ACAG was superior to AG.

We further evaluated the relationship between ACAG 
levels and AKI risk in different populations. Our study 
indicated that a high level of ACAG was associated with 
AKI risks in AIS patients without ischemic heart disease, 
diabetes and hypertension. The high ACAG levels were 
not associated with an increased AKI risk in AIS patients 
with ischemic heart disease, diabetes and hypertension. 
This reason may be that the values of acid-base imbalance 
markers change with the progression of the disease. Evi-
dence suggests that ischemic heart disease, diabetes and 
hypertension can cause low serum albumin levels, hyper-
lactatemia and electrolyte disturbances, which may affect 
ACAG levels.29–33 Dinh et al.34 conducted a retrospective 
study that found ACAG to perform poorly in the diagnosis 
of hyperlactatemia.

The mechanism by which a high level of ACAG was as-
sociated with higher odds of AKI in patients with AIS may 
involve acid-base disorders. The kidneys are an important 
organ system for regulating acid-base balance, which mainly 

Table 2. Associations of AG and ACAG with the risk of AKI in AIS patients

Variables
Crude model Model 1 Model 2

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

AG
low-level Ref. – Ref. – Ref. –

high-level 1.75 (1.37–2.25) <0.001 1.57 (1.20–2.05) 0.001 1.73 (1.32–2.29) <0.001

ACAG
low-level Ref. – Ref. – – –

high-level 2.10 (1.65–2.68) <0.001 1.57 (1.21–2.04) 0.001 – –

OR – odd ratio; 95% CI – 95% confidence interval; AG – anion gap; ACAG – albumin corrected anion gap; AKI – acute kidney injury; AIS – acute ischemic 
stroke; AG levels (low-level (<12.15 mmol/L) and high-level (≥12.15 mmol/L)); ACAG levels (low-level (<15.075 mmol/L) and high-level (≥15.075 mmol/L)). 
Crude model – univariate model; Model 1 – adjusted for body mass index (BMI), ischemic heart disease, ventilation, white blood cells count (WBC), and 
platelets; Model 2 – adjusted for BMI, ischemic heart disease, ventilation, WBC, platelets, and albumin.

Table 3. The predictive performance of AG and ACAG for the AKI risk 
in patients with AIS

Variables AG ACAG

AUC (95% CI) 0.558 (0.533–0.583) 0.581 (0.556–0.607)

Accuracy (95% CI) 0.530 (0.502–0.558) 0.560 (0.532–0.587)

Specificity (95% CI) 0.352 (0.317–0.387) 0.417 (0.381–0.454)

Sensitivity (95% CI) 0.764 (0.728–0.799) 0.745 (0.709–0782)

PPV (95% CI) 0.474 (0.441–0.507) 0.495 (0.460–0.529)

NPV (95% CI) 0.661 (0.613–0.708) 0.682 (0.638–0726)

AG – anion gap; ACAG – albumin corrected anion gap; AKI – acute 
kidney injury; AIS – acute ischemic stroke; AUC – area under the curve; 
95% CI – 95% confidence interval; PPV – positive predictive value; 
NPV – negative predictive value.



Adv Clin Exp Med. 2025;34(3):351–359 357

promotes acid-base balance by maintaining bicarbonate ho-
meostasis and acid excretion.35 Acute kidney injury occurs 
in 9.62% of patients with ischemic stroke4,36; such patients 
are characterized by high SCR levels and kidney function 
impairments such as acid-base balance, electrolytes and 
fluids, and is associated with high mortality.37,38 In addition, 
acid-base disorders and altered electrolyte concentrations 
are early biochemical responses in AIS, leading to continu-
ous tissue oxidative damage and increased inflammation, 
further aggravating kidney injury and metabolic acidosis.8

Clinically, the ACAG level may be used as a potential 
prognostic indicator for the pre-bed management of AIS 
patients, which can help clinicians in the early identifica-
tion of AIS patients with a high risk for AKI. This may 
provide certain references for risk stratification manage-
ment and early intervention treatment of AIS patients.

Limitations

When interpreting our findings, it is important to consider 
the limitations of this retrospective cohort study. The data-
base did not record AIS infarct size. This study highlights 
the relationship between AG and ACAG at ICU admission 
and AKI risk in AIS patients. However, the AG and ACAG 
at different time points were not explored due to the lack 
of data. Moreover, the association between dynamic changes 

in AG and ACAG levels during ICU admission and the risk 
of AKI is still not clear. Future well-designed prospective 
studies should be conducted to confirm our findings.

Conclusions

Our results demonstrated that high levels of AG and 
ACAG were linked to higher odds of AKI in AIS patients. 
In AIS patients, ACAG levels are a better predictor of AKI 
risk than AG. Monitoring ACAG levels before bed can help 
clinicians identify individuals at risk for AKI and intervene 
with treatment early.
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Abstract
Background. Postoperative delirium (POD) is an acute mental disorder that occurs after surgery requiring 
general anesthesia. In animal studies, high-mobility group box 1 (HMGB1) plays a key role in mediating 
postoperative neuroinflammation and may have a direct impact on POD.

Objectives. The objective of this prospective observational study was to  investigate the serum levels 
of HMGB1 in elderly POD patients undergoing total hip arthroplasty.

Materials and methods. This prospective observational study included 287 elderly patients who under-
went total hip arthroplasty in our hospital from October 2019 to September 2022. Patients were assessed for 
the presence of POD using the Confusion Assessment Method (CAM) within 72 h of surgery. Serum HMGB1, 
interleukin (IL)-6, IL-1β, tumor necrosis factor alpha (TNF-α), and C-reactive protein (CRP) levels were measured 
using enzyme-linked immunosorbent assay (ELISA) before surgery, as well as at 24 h, 48 h and 72 h after 
surgery. Demographic and clinical data of all elderly patients were collected.

Results. The anesthesia time and surgical time in the POD group were significantly higher than those 
in the non-POD group. The serum levels of HMGB1, IL-6 and IL-1β in the POD group were significantly elevated 
compared to those in the non-POD group at all time points after surgery (p < 0.05). In addition, the serum 
levels of HMGB1 were positively correlated with TNF-α, IL-6 and IL-1β levels. HMGB1, IL-6 and IL-1β could be 
potential predictive biomarkers for the occurrence of POD in elderly patients undergoing total hip arthroplasty. 
Finally, we found that anesthesia time, surgical time, HMGB1, TNF-α, IL-6, and IL-1β were risk factors for POD 
in elderly patients undergoing total hip arthroplasty.

Conclusions. Serum HMGB1 levels were markedly elevated in elderly POD patients undergoing total hip 
arthroplasty. In addition, HMGB1 could serve as a potential predictive biomarker for POD in elderly patients 
undergoing total hip arthroplasty.

Key words: cytokines, prognosis, HMGB1, total hip arthroplasty, postoperative delirium
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Background

Postoperative delirium (POD) is an acute mental dis-
order that manifests as confusion, cognitive dysfunction 
and reduced attention following general anesthesia sur-
gery. It typically occurs within 24 to 72 h after surgery.1,2 
Elderly individuals, aged 65 years or older, are particularly 
susceptible to developing POD, with the risk increasing 
by 1.15 times for each additional year of age.3 Postoperative 
delirium is considered the most common surgical compli-
cation in elderly hip fracture patients, which significantly 
affects the postoperative recovery of patients and increases 
hospitalization time and costs.4,5 Therefore, there is a press-
ing need for early preventive strategies and comprehensive 
care for elderly patients at risk of developing POD.

Postoperative delirium is  associated with metabolic 
disorders, oxidative stress and inflammatory responses 
within the nervous system.6–8 High-mobility group box 1 
(HMGB1) is a DNA-binding protein that is highly abundant 
within the nuclei of eukaryotic cells and is involved in a va-
riety of physiopathological responses, including inflamma-
tion and oxidative stress.9,10 The activation of immune cells 
and subsequent inflammatory responses can be induced 
by HMGB1.11 Moreover, elevated levels of HMGB1 have 
been linked to poor prognoses in various inflammatory 
diseases and cancers.12,13 In addition, in animal studies, 
HMGB1 plays a key role in mediating postoperative neu-
roinflammation and may have a direct impact on POD.14 
However, there is a dearth of clinical research exploring 
the specific involvement of HMGB1 in the development 
of POD in elderly patients undergoing total hip arthroplasty.

Objectives

The objective of this prospective observational research 
was to investigate the serum levels of HMGB1 in elderly 
POD patients undergoing total hip arthroplasty. Our study 
aims to shed light on the clinical significance of HMGB1 
in elderly POD patients.

Methods

Patients

This prospective observational study included 287 elderly 
patients who underwent total hip arthroplasty in Hunan 
Provincial People’s Hospital (The First Affiliated Hospi-
tal of Hunan Normal University; Changsha, China) from 
October 2019 to September 2022. The inclusion criteria 
for the patients were: 1) age over 65; 2) American Society 
of Anesthesiologists (ASA) grade I–III) planned unilateral 
total hip arthroplasty under spinal anesthesia. The exclu-
sion criteria were: 1) patients with a Mini-Mental State 
Examination (MMSE) score ≤23 before surgery; 2) patients 

with a history of severe mental or neurological illness; 3) pa-
tients with severe infection, cardiac, hepatic, renal insuf-
ficiency, or malignancy; 4) patients with severe complica-
tions during or after surgery; and 5) patients treated with 
anti-inflammatory or  immunosuppressive drugs before 
surgery. All patients received anesthesia, total hip arthro-
plasty and postoperative care from the same team in our 
hospital. Patients were assessed for the presence of POD 
using the Confusion Assessment Method (CAM)15 within 
72 h of surgery. The CAM includes 4 aspects: 1) acute onset 
of cognitive changes, 2) inattention, 3) disorganized think-
ing, and 4) altered level of consciousness. If the patient dem-
onstrates a positive reaction to 1, 2 and either 3 or 4 during 
the assessment, they are considered to have delirium at that 
particular time point. For the POD diagnosis, the same an-
esthesiologist evaluated the participant twice daily on post-
operative days 1–3. This study received ethical approval 
from the ethics committee of Hunan Provincial People’s 
Hospital (The First Affiliated Hospital of Hunan Normal 
University; approval No. Scientific Research 2023-29). Writ-
ten informed consent was obtained from all participants.

Blood sampling measurement

Serum levels of HMGB1, interleukin (IL)-6, IL-1β, tu-
mor necrosis factor alpha (TNF-α), and C-reactive protein 
(CRP) were assessed using the enzyme-linked immuno-
sorbent assay (ELISA) method. Within 24 h of admission, 
fasting vena cava blood samples (5 mL) were collected 
from the patients for analysis and centrifuged at 2000 g for 
15  min and tested according to  a  commercially avail-
able kit (HMGB1 MBS3803280, IL-6 MBS175877, IL-1β 
MBS3803011, TNF-α MBS824943, and CRP MBS8123937; 
MyBioSource, San Diego, USA). The serum biomarker lev-
els were measured in all patients before surgery, as well 
as at 24 h, 48 h and 72 h after surgery.

Data collection and scale scoring

Before the operation, the clinical and demographic data 
of all elderly patients were collected, including age, gen-
der, body mass index (BMI), comorbidities (hypertension, 
diabetes, coronary heart disease), diastolic blood pressure 
(DBP), systolic blood pressure (SBP), and ASA classifica-
tion. In addition, we also recorded the surgical time, an-
esthesia time and intraoperative blood loss of all patients.

Statistical analyses

All statistical analyses were conducted using IBM SPSS 
v. 26.0 (IBM Corp., Armonk, USA). Normally distributed data 
were presented as means ± standard deviations (±SD), while 
non-normally distributed data were presented as medians 
(interquartile ranges (IQR)). To compare differences between 
the 2 study groups, the Mann–Whitney test, Student’s t-test 
or χ2 test was utilized. The probability of a type 1 error was 
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not controlled, and inferences about statistical significance 
may be unreliable. Pearson’s correlation analysis was em-
ployed to assess the relationship between serum biomark-
ers. Linear discriminant analysis (LDA) was used to classify 
whether elderly patients undergoing total hip arthroplasty 
would develop POD. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the predictive 
value of HMGB1 in POD. Additionally, we established bi-
nary logistic regression models to identify risk factors for 
POD. We conducted Box–Tidwell tests to assess the linear 
relationship between the predictor variables and the logit 
of the response variables. Furthermore, variance inflation 
factor (VIF) tests were performed to examine the presence 
of multicollinearity among variables. Additionally, Cook’s 
distance test has been utilized to identify any extreme outli-
ers. A p-value <0.05 was regarded as a significant difference.

Results

The clinical profiles of all enrolled 
individuals

Our prospective observational study included 287 elderly 
patients who underwent total hip arthroplasty surgery, 
and all patients were classified into a POD group (n = 83) 
or a non-POD group (n = 204) according to the CAM scale 
performed 72 h postoperatively. Compared to the non-POD 
group, the anesthesia time and surgical time in the POD 
group were remarkably increased (Table 1, p < 0.05). No 
significant differences were found between the 2 groups 
in terms of age, gender, BMI, SBP, DBP, comorbidities, ASA 
classification, and intraoperative blood loss.

Dynamic changes of HMGB1  
and cytokines in the postoperative

Subsequently, we examined the serum HMGB1, IL-6, 
IL-1β, CRP, and TNF-α levels of all study participants 
before surgery, as well as at 24, 48 and 72 h after surgery. 
According to Fig. 1, the serum HMGB1, IL-6, IL-1β, CRP, 
and TNF-α levels in elderly patients undergoing total 
hip arthroplasty were significantly elevated in the first 
24 h after surgery, followed by a gradual decline. The se-
rum levels of HMGB1 and IL-1β in the POD group were 
markedly elevated compared to those in the non-POD 
group at all time points after surgery (p < 0.05), although 
there were no significant differences in the serum lev-
els of  these biomarkers before surgery. Furthermore, 
we conducted Pearson’s correlation analysis on the se-
rum levels of HMGB1 and inflammatory factors 24 h af-
ter surgery and found that the  serum HMGB1 levels 
were positively correlated with IL-1β and IL-6 levels 
(Table 2, p < 0.05). This suggested an association be-
tween the patient’s serum IL-1β, IL-6 and HMGB1 levels 
at 24 h postoperatively.

Predictive value of HMGB1 for POD 
in elderly patients undergoing total hip 
arthroplasty

We performed LDA to classify whether elderly patients 
undergoing total hip arthroplasty would develop POD 
using significantly different serum cytokines (HMGB1, 
IL-6, IL-1β, and TNF-α) as independent variables. The re-
sults, as shown in Table 3, demonstrated that the LDA 
achieved a sensitivity of 75.9%, specificity of 79.9% and 

Table 1. Demographic and clinical data of all study participants

Variable POD group
(n = 83)

non-POD group
(n = 204) p-value

Age [years] 76 (12) 77 (12) 0.275

Sex, female (%) 45 (54.22) 117 (57.35) 0.679

BMI [kg/m2] 25.35 ±2.18 25.34 ±2.31 0.996

SBP [mm Hg] 123.03 ±13.60 120.68 ±14.41 0.204

DBP [mm Hg] 76.63 ±8.23 77.31 ±8.51 0.536

History of disease

Hypertension, n (%) 38 (45.78) 89 (43.63) 0.760

Diabetes, n (%) 15 (18.07) 31 (15.20) 0.586

Coronary heart disease, n (%) 19 (22.89) 33 (16.18) 0.231

ASA classification 2 (2) 2 (2) 0.991

Surgical time [min] 152.49 ±17.47 135.65 ±15.88 <0.001

Anesthesia time [min] 176.60 ±21.63 155.32 ±18.22 <0.001

Intraoperative blood loss [mL] 31.23 ±6.50 31.38 ±6.25 0.851

POD – postoperative delirium; BMI – body mass index; SBP – systolic blood pressure; DBP – diastolic blood pressure; ASA – American Society 
of Anesthesiologists. Continuous data presented non-normal distribution (age and ASA classification) were expressed as median (interquartile range (IQR)) and 
analyzed with Mann–Whitney U test. Continuous data presented normal distribution (BMI, SBP, DBP, surgical time, anesthesia time, and intraoperative blood loss) 
were expressed by mean ±standard deviation (±SD) and analyzed using Student’s t-test, while χ2 test was used for comparing rates (sex and history of disease).
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accuracy of 78.7% in the classification. To further evalu-
ate the classification performance of LDA for POD in el-
derly patients undergoing total hip arthroplasty and as-
sess the predictive value of HMGB1 and inflammatory 
factors for POD, we conducted a ROC curve analysis. 
The results showed that HMGB1, IL-6 and IL-1β could 
be potential predictive biomarkers for the occurrence 
of  POD in  elderly patients undergoing total hip ar-
throplasty, with HMGB1 showing a better diagnostic 
value (Fig. 2). The AUC of HMGB1 was 0.789, the cutoff 
value was 319.2 pg/mL, the sensitivity was 75.90%, and 
the specificity was 67.16%. This suggested that based 

on these cytokine levels, it might be possible to predict 
the occurrence of POD in elderly patients undergoing 
total hip arthroplasty.

Risk factors of POD in elderly patients 
undergoing total hip arthroplasty

We  conducted a  logistic regression analysis using 
the enter method to identify risk factors for POD in el-
derly patients undergoing total hip arthroplasty. We used 
2 models: Model 1 including demographic and clinical 
data (age, sex, BMI, SBP, DBP, ASA classification, surgery 

Fig. 1. Dynamic changes of all serum biomarkers during the postoperative 
period

HGMB1 – high mobility group box 1; IL – interleukin; CRP – C-reactive 
protein; TNF-α – tumor necrosis factor alpha; POD – postoperative 
delirium.
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Table 2. Correlation analysis among HMGB1, TNF-α, IL-6, IL-1β, and CRP

Variables HMGB1 CRP IL-6 IL-1β TNF-α

HMGB1
Pearson’s correlation 1 –0.001 0.136 0.221 0.089

p-value – 0.988 0.021 <0.001 0.132

CRP
Pearson’s correlation –0.001 1 0.066 0.060 0.090

p-value 0.988 – 0.267 0.315 0.129

IL-6
Pearson’s correlation 0.136 0.066 1 –0.003 0.026

p-value 0.021 0.267 – 0.956 0.656

IL-1β
Pearson’s correlation 0.221 0.060 –0.003 1 0.123

p-value <0.001 0.315 0.956 – 0.038

TNF-α
Pearson’s correlation 0.089 0.090 0.026 0.123 1

p-value 0.132 0.129 0.656 0.038 –

HMGB1 – high-mobility group box 1; IL – interleukin; TNF-α – tumor necrosis factor alpha; CRP-C –reactive protein. Pearson’s correlation analysis was 
employed to assess the relationship between serum biomarkers.

Fig. 2. ROC curves of HMGB1 in the occurrence of POD in elderly patients 
undergoing total hip arthroplasty

ROC – receiver operating characteristic; AUC – area under the ROC curve; 
95% CI – 95% confidence interval; HGMB1 – high mobility group box 1; 
IL – interleukin; CRP – C-reactive protein; TNF-α – tumor necrosis factor 
alpha; POD – postoperative delirium.
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time, anesthesia time, and intraoperative blood loss), with 
the results of the Hosmer–Lemeshow test (p = 0.100) and 
Nagelkerke R2 (0.435) showing a well goodness of fit. Model 2 
including cytokines (HMGB1, TNF-α, CRP, IL-6, and IL-1β), 
with the results of the Hosmer–Lemeshow test (p = 0.261), 
and Nagelkerke R2 (0.510) and showed a well goodness of fit. 
Both models satisfied the assumptions of logistic regres-
sion, including the presence of a linear relationship between 
the predictor variables and the logarithm of the response 
variables, the absence of multicollinearity among variables 
and the absence of extreme outliers. The results showed 
that anesthesia time, surgical time, HMGB1, IL-1β, IL-6, 
and TNF-α were risk factors for POD in elderly patients 
undergoing total hip arthroplasty (Table 4).

Discussion

The occurrence of POD has significant implications for 
patient outcomes and prognosis. In severe cases, it can 
even pose a life-threatening risk. As a result, experts in-
creasingly recommend the implementation of systematic 
interventions through various approaches to reduce the in-
cidence and duration of delirium. Therefore, predicting el-
derly patients who are at risk of developing POD in advance 
and intervening is of great significance.16,17 In this research, 
we investigated serum biomarkers for predicting POD and 

found that the serum level of HMGB1 24 h after surgery 
can be used to predict the occurrence of POD in elderly 
patients undergoing total hip arthroplasty.

Postoperative patients often experience a massive release 
of inflammatory mediators in the body, such as cytokines, 
inflammatory cells and immune cells, all of which can pass 
through the blood-brain barrier to trigger an inflamma-
tory response that causes toxic effects on neurons, resulting 
in the occurrence of POD.18,19 A growing body of research 
has demonstrated a strong association between the inflam-
matory state of patients after surgery and the development 
of POD. Zhang et al. showed that serum levels of IL-6, 
CRP and TNF-α in POD patients increased significantly 
early after surgery, and gradually decreased on the 3rd day 
after surgery, which is consistent with our research re-
sults.20 Other evidence also suggested that high preopera-
tive plasma IL-6 levels were significantly correlated with 
the onset of POD.21 In addition, a meta-analysis indicated 
that IL-6 appears to be a consistent predictor of delirium 
in surgical samples, while CRP cannot predict the occur-
rence of delirium in patients after surgery.22 Interestingly, 
another meta-analysis confirmed that early postoperative 
CRP levels in POD patients were substantially increased 
compared to non-POD patients and could predict the onset 
of POD. The results in Fig. 1 showed that postoperative 
serum IL-1β and IL-6 levels in POD patients were signifi-
cantly elevated compared to non-POD patients, with no 

Table 4. Logistic regression for POD in elderly patients undergoing total hip arthroplasty

Variables Wald OR 95% CI p-value

Age 0.957 1.023 0.977–1.071 0.328

Sex 0.386 1.230 0.640–2.361 0.535

BMI 0.174 1.031 0.893–1.190 0.677

SBP 1.286 0.987 0.964–1.010 0.257

DBP 0.244 1.009 0.972–1.048 0.621

ASA classification 0.119 1.073 0.718–1.605 0.731

Intraoperative blood loss 0.008 0.998 0.947–1.051 0.927

Anesthesia time 32.653 0.950 0.934–0.967 <0.001

Surgical time 30.787 0.942 0.922–0.962 <0.001

HMGB1 40.774 0.954 0.940–0.968 <0.001

CRP 1.467 0.999 0.996–1.001 0.266

IL-6 12.601 0.923 0.883–0.965 <0.001

IL-1β 12.130 0.964 0.944–0.984 <0.001

TNF-α 15.898 0.914 0.874–0.955 <0.001

POD – postoperative delirium; OR – odds ratio; 95% CI – 95% confidence interval; BMI – body mass index; SBP – systolic blood pressure; DBP – diastolic 
blood pressure; ASA – American Society of Anesthesiologists; HMGB1 – high-mobility group box 1; IL – interleukin; TNF-α – tumor necrosis factor alpha; 
CRP-C – reactive protein.

Table 3. Linear discriminant analysis for classify patients with postoperative delirium (POD)

Statistical method Accuracy (%) Error (%) Sensitivity (%) Specificity (%)

LDA 78.7 21.3 75.9 79.9

LDA – linear discriminant analysis.
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significant difference in CRP levels. The different results 
of these studies may be related to the age of the study par-
ticipants, sample size and the time of serum collection.

High-mobility group box 1 can activate inflammatory 
cells and promote the release of inflammatory mediators 
such as IL-6 and IL-1β by binding to Toll-like receptors 
(TLR) 2, 4 and 9.23 Additionally, HMGB1 can also activate 
the NF-κB signaling pathway, further promoting the oc-
currence and progression of inflammation.24 Therefore, 
we analyzed the correlation between serum HMGB1 and 
inflammatory factor levels in elderly patients undergoing 
total hip arthroplasty. The results in Table 2 showed that se-
rum HMGB1 levels were positively correlated with IL-6 and 
IL-1β, which is consistent with the results of Kim et al.,25 
Kamiya et al.26 and Huo et al.27 We further analyzed the dif-
ference in serum HMGB1 levels between POD patients and 
non-POD patients and found that serum HMGB1 levels 
were significantly elevated in POD patients (Fig. 1). This 
may be related to the upregulation of HMGB1, which can 
promote neuroinflammation and enhance cognitive im-
pairment in related brain diseases.28 In addition, as shown 
in Fig. 2, our study also revealed that HMGB1 can serve 
as a potential predictive biomarker for POD in elderly 
patients undergoing total hip arthroplasty, suggesting 
a potential underlying association between HMGB1 and 
the occurrence of POD. It has been reported that HMGB1 
disrupts the blood–brain barrier and releases pro-inflam-
matory cytokines, which in turn impairs synaptic plasticity 
and disrupts memory formation and maintenance, lead-
ing to postoperative cognitive dysfunction.29 Furthermore, 
evidence suggests that the inhibition of HMGB1-related 
signaling pathways can mediate hippocampal neuroin-
flammation and regulate M1/M2 polarization, thereby 
providing neuroprotective effects.30 These studies eluci-
date the specific mechanisms underlying the association 
between HMGB1 and POD. Additionally, in Table 4, logistic 
regression analysis demonstrated that increased postop-
erative serum HMGB1 levels are a risk factor for POD, 
implying that HMGB1 may serve as a novel therapeutic 
target for POD. This possibility has already been explored 
in animal studies, such as by Li et al., who showed that 
the downregulation of HMGB1 may activate new protec-
tive measures, preventing delayed neurocognitive recovery 
after challenges such as anesthesia and surgery.28 Other 
evidence indicates that HMGB1 mediates postoperative 
neuroinflammation and may have a direct impact on POD 
and cognitive dysfunction14 while inhibiting the HMGB1/
RAGE/TLR4 signaling pathway could emerge as a potential 
novel therapeutic approach for mitigating HMGB1-induced 
neuroinflammation, seizures and cognitive impairment.31

Limitations

This study has some limitations. First, the sample size 
was relatively small. Second, our analysis assessed only 

a  small number of  inflammatory factors, which may 
have excluded other potentially relevant variables. Third, 
the probability of type 1 errors was not controlled, and 
inferences about statistical significance may be unreliable. 
Lastly, the molecular mechanisms underlying the involve-
ment of HMGB1 in POD development remain unclear and 
warrant further investigation.

Conclusions

Our results suggested that the serum HMGB1 levels were 
markedly enhanced in elderly POD patients undergoing 
total hip arthroplasty. In addition, HMGB1 could serve 
as a potential predictive biomarker for POD in elderly pa-
tients undergoing total hip arthroplasty. This study may 
provide new targets and a comprehensive approach for 
treating elderly patients with POD.
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Abstract
Background. Non-secretory multiple myeloma (NSMM) accounts for approx. 2–3% of multiple myeloma 
(MM) cases. Due to the rare occurrence and ineligibility of patients with NSMM to participate in clinical trials, 
we have limited data on treatment efficacy and the clinical course in these patients. Most of the literature 
consists of case reports and small retrospective studies.

Objectives. The study aimed to analyze patient characteristics, prognostic factors and treatment outcomes 
in newly diagnosed (ND) NSMM.

Materials and methods. This is a multicenter, retrospective analysis of 43 patients with NSMM diagnosed 
between June 2010 and September 2021, conducted in 8 Polish hematology centers.

Results. The median overall survival (OS) was 103 months (95% confidence interval (95% CI): 20–72). 
The most common cause of death was MM disease progression. The overall response rate (ORR) was 84.6%; 
complete response (CR), very good partial response (VGPR), partial response (PR), and no response (NR) 
rates were 20.5%, 46.2%, 17.9%, and 15.4%, respectively. In multivariable analysis, factors contributing 
to worse OS included International Staging System stage 3 (ISS-3) (p = 0.0277), anemia (Hb <10 g/dL or >2 
below upper limit of normal value (ULN), p = 0.0270), renal insufficiency (RI, serum creatinine >2 mg/dL, 
p = 0.0476), and serum albumin <5.5 mg/L (0.0408).

Conclusions. Non-secretory multiple myeloma is a rare subtype of MM. This small study demonstrates 
that outcomes are comparable to secretory MM. However, the inclusion of this subset of patients in clinical 
trials is essential to assess prognosis, treatment efficacy and clinical outcomes.

Key words: clinical characteristics, non-secretory multiple myeloma, prognostic factors
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Background

Multiple myeloma (MM) is a bone marrow (BM) can-
cer characterized by uncontrolled proliferation of clonal 
plasmocytes (CP) in the BM, which, in most cases, pro-
duces a monoclonal (M) protein found in the serum and/
or urine.1 Approximately 2,600 new MM cases are diag-
nosed annually in Poland.2 The criteria for the diagnosis 
of MM include the presence of CP producing an M-protein 
and the presence of at least 1 indicator of organ damage 
defined by the acronym SLiM-CRAB (≥60% CPBM, se-
rum free light chain (sFLC) ratio ≥100 or <0.01, presence 
of 1 or more bone lesions on magnetic resonance imaging 
(MRI), hypercalcemia, renal insufficiency (RI), anemia, and 
bone lesions).3 In approx. 97–98% of patients with MM, 
an M-protein can be detected in the serum and urine using 
electrophoresis and immunofixation.3

On the other hand, in free light chain (FLC) MM, CP 
produce an M-protein consisting solely of the light chains 
of immunoglobulins.4 In the remaining 2–3% of MM, there 
is no detectable M-protein in the serum and/or Bence–
Jones proteins in the urine using electrophoresis or immu-
nofixation assays.5,6 This type of MM is generally defined 
as non-secretory (NS) MM.7,8

The  introduction of nephelometric testing to detect 
and measure sFLC concentrations in  clinical practice 
has changed the definition. About 3/4 of MMs identified 
as NSMM have elevated clonal FLC levels and an abnor-
mal FLC ratio; these cases are called oligosecretory MM 
(M-protein <10 g/L, Bence–Jones protein <200 mg/24 h 
and sFLC <100 mg/L).9 True NSMM, i.e., lack of M-pro-
tein synthesis, is found in approx. 2% of MM patients.10 
The pathophysiology of NSMM includes reduced M-pro-
tein synthesis, impaired secretion and rapid degradation 
of the M-protein intra- or extracellularly.7

Virtually all clinical trials exclude patients with NSMM 
from participation since the  trials require measurable 
parameters to determine therapy efficacy. Thus, we have 
limited data on the treatment efficacy and clinical course 
of NSMM.11–13 Most of the literature consists of case re-
ports and small retrospective studies.14–25

Objectives

Our study aimed to  analyze patient characteristics, 
prognostic factors and treatment of newly diagnosed (ND) 
NSMM.

Materials and methods

A multicenter retrospective study was conducted 
in 8 Polish hematology centers. Patients were identified 
through database searches at each study center. Each cen-
ter’s institutional review board approved the study fol-
lowing the ethical guidelines of the Declaration of Hel-
sinki. Patients with ND NSMM between June 2010 and 

September 2021 were included in the analysis. Non-secre-
tory multiple myeloma was defined by the International 
Myeloma Working Group (IMWG) as the absence of M-
protein in serum and urine using immunofixation test-
ing. According to the updated IMWG criteria for MM, 
a sFLC <100 mg/L with an abnormal sFLC ratio was de-
fined as “oligosecretory,” and “non-producing” was defined 
by a sFLC <100 mg/L with a normal sFLC ratio.26,27 Patients 
diagnosed with monoclonal gammopathy of undetermined 
significance (MGUS), asymptomatic MM and organ in-
volvement with light-chain amyloidosis (AL) were excluded 
from our analysis. Staging and response criteria utilized 
the IMWG definitions.4,28–30

Progression-free survival (PFS) was expressed in months 
and was defined as the time from diagnosis to disease pro-
gression, change of treatment or death. Overall survival 
(OS) was described in months as the time from diagnosis 
until death or last follow-up.

Statistical analyses

Continuous and categorical variables are presented using 
descriptive statistics. The Kaplan–Meier (K–M) method 
was used for survival analysis, and survival curves were 
generated.

The log-rank test was used to compare the differences 
between groups. The Cox proportional hazards regression 
method was applied for fitting univariable survival mod-
els, expressed as hazard ratios (HR) with 95% confidence 
intervals (95% CI). The Cox regression model was used 
to examine potential prognostic factors for ND NSMM. 
The univariable Cox regression and group comparisons 
using the log-rank test were conducted as separate analyses 
and do not constitute a family of hypotheses. Tests based 
on the Schoenfeld residuals were used to test the propor-
tional hazards assumptions in Cox regression assumptions 
(cox.zph function in survival package). The Cox regression 
assumptions were also verified by confirming the absence 
of correlation between predictors based on a correlation 
matrix. To assess the quality of the obtained regression 
models, parameters such as p-value and Nagelkerke R2 were 
used. All reported p-values were 2-sided and considered 
significant if they were less than 0.05. Variable selection 
for the multivariable Cox proportional hazards regression 
model was based on Akaike’s information criterion (AIC).

The following steps were applied to construct the mul-
tiple Cox regression model using AIC criteria:

•  a model that includes all considerable variables was 
created;

•  the dredge function in the MuMIn package was used 
to conduct a comprehensive analysis, considering all pos-
sible combinations of variables;

•  for each combination, the AIC criterion was calcu-
lated; and

•  the variables from models that achieved the lowest AIC 
values were selected for the multivariable model.
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Finally, a multivariable Cox regression model was built, 
and the results were interpreted, focusing on the statisti-
cal significance of independent variables, interpretability 
of parameters, and the sensibility of predictions in the con-
text of  the research problem and practical application 
of the model. The sFLC ratio variable was excluded from 
the analysis because the survival curves (normal com-
pared to abnormal sFLC ratio) crossed. Such a case sug-
gests complexity in interpreting the impact of that variable, 
and excluding it reduces the complexity of the required 
statistical analysis. The data used in the statistical analysis 
were complete, and there were no missing data in the data-
set, except for cytogenetic studies performed in only 56% 
of patients. This variable was not included in the selection 
variable procedures.

Statistical analysis and graphics were obtained using 
the software PQStat v. 1.8.4.140 (PQStat Software, Poznań, 
Poland) and a package dedicated to survival analysis. The soft-
ware R-studio v. 1.3.959 (http://www.R-exams.org) with dedi-
cated packages was used for variable selection for the multi-
variable analysis. 

Results

Patient characteristics

Forty-three patients with an established diagnosis of ND 
NSMM were included in the analysis. The median fol-
low-up was 24 months (range: 1–137). The median age 
at NSMM diagnosis was 62 years (range: 41–80). Sixteen 
patients (37.2%) were ≥65 years old and 4 patients (9.3%) 
were older than 75  years. The  study included 25  men 
(58.1%). At diagnosis, the sFLC in 25 patients (58.1%) had 
a ratio <0.25 or >1.65, but all patients had an absolute 
sFLC <100 mg/L.

All patients were monitored using laboratory tests, sFLC 
assays, BM aspiration, and imaging.

Laboratory tests and sFLC determinations were per-
formed before the start of each chemotherapy cycle and every 
2 months (median; range: 1–3) after the end of treatment. De-
pending on the hematological center, BM aspiration in the as-
sessment of CP (multiparameter flow cytometry – MPF) 
was repeated every 3–6 months during and every 6 months 
after treatment. At the initial diagnosis, positron emission 
tomography/computed tomography (PET/CT) imaging was 
performed in 28 patients (65.1%), MRI in 6 patients (13.9%), 
whole-body low-dose computed tomography (WBLD-CT) 
in 5 patients (11.6%), and radiological imaging of the skeletal 
system in 4 patients (9.4%). After treatment ended, imaging 
studies were repeated every 6 months (median).

Using the  International Staging System (ISS), 11 pa-
tients (25.6%), 10 patients (23.2%) and 22 patients (51.2%) 
were diagnosed with stages ISS-1, ISS-2 and ISS-3 MM, 
respectively. Baseline cytogenetics by fluorescent in situ 
hybridization (FISH) was available in 24 patients (55.8%) 

with NSMM. High-risk cytogenetic abnormalities were 
found in 11 patients (45.8%) and the t(11;14) in 2 (8.3%) 
of the tested patients. Patient characteristics and clinical 
features are listed in Table 1.

Table 1. Baseline clinical characteristics of the patients with non-secretory 
multiple myeloma

Variable Value (n = 43)

Median age (min, max) [Q1, Q3] 62 (41, 80) [54.5, 66]

Age ≥65 years, n (%) 16 (37.2)

Male sex, n (%) 25 (58.1)

ISS stage, n (%)

ISS-1 11 (25.6)

ISS-2 10 (23.2)

ISS-3 22 (51.2)

Cytogenetics 24 (55.8)

High-risk cytogeneticsa, n (%) 11 (45.8)

t(11;14), n (%) 2 (8.3)

First-line chemotherapy, n (%)

Bort + IMiD-based 23 (53.5)

Bort-based 11 (25.6)

Thal-based 9 (20.9)

Autologous stem cell transplantation, n (%) 16 (37.2)

Dialysis, n (%) 4 (9.3)

Response after 1st-line therapyb, n (%)

ORR (≥PR) 33 (84.6)

≥VGPR 26 (66.7)

CR 8 (20.5)

VGPR 18 (46.2)

PR 7 (17.9)

SD 2 (5.1)

PD 4 (10.3)

Laboratory tests

CPBM ≥ 60%, n (%) 11 (25.6)

Abnormal sFLC ratio, n (%) 25 (58.1)

Serum Hb <10 g/dL or >2 below ULN, n (%) 21 (48.8)

Serum albumin <3.5 g/dL, n (%) 11 (25.6)

Serum creatinine >2.0 mg/dL, n (%) 9 (20.9)

Serum β2-microglobulin ≥5.5 mg/L, n (%) 18 (41.9)

Serum calcium >2.75 mmol/L, n (%) 10 (23.2)

Serum LDH >ULN, n (%) 32 (74.4)

Bone lesions presence, n (%) 39 (90.7)

Q1, Q3 – 1st and 3rd quartile; max – maximum; min – minimum; 
ASCT – autologous stem cell transplantation; Bort – bortezomib; 
CPBM – clonal plasmocytes infiltration in the bone marrow; 
IMiD – immunomodulatory drug; Hb – hemoglobin concentration; 
IMiD – immunomodulatory drug; ISS – International Staging 
System; LDH – lactate dehydrogenase; sFLC – serum free light chain; 
Thal – thalidomide; ULN – upper limit of normal value; VGPR – very good 
partial response; a defined as presence of t(4;14), t(14;16), t(14;20) or del17p 
in the absence of any trisomy; b response: ORR – overall response rate; 
CR – complete response; PR – partial response; VGPR – very good partial 
response; SD – stabile disease; PD – progression disease.

http://www.R-exams.org


G. Charliński et al. Prognostic factors in non-secretory MM372

NSMM treatment

Thirty-four patients (79.1%) received bortezomib (Bort)-
based therapy. Twenty-three (53.5%) patients received Bort 
in combination with an immunomodulatory drug (IMiD, 
thalidomide (Thal) – 21 patients, lenalidomide – 2 pa-
tients), and 11 patients (25.6%) were treated with Bort 
in combination with other drugs. Nine patients (20.9%) 
received Thal-based treatment. After induction therapy, 
16 (37.2%) patients received high-dose chemotherapy fol-
lowed by an autologous stem cell transplantation (ASCT). 
Maintenance therapy was not used after ASCT.

After 1st-line treatment, the ORR (≥PR) was 84.6%, while 
CR, VGPR, PR, and NR ratios were 20.5%, 46.2%, 17.9%, 
and 15.4%, respectively (Table 1). Complete response was 
achieved in 31.2% of patients treated with chemotherapy, 
followed by ASCT and in 11.1% of patients treated with 
chemotherapy only.

The median PFS was 16 months (95% CI: 9–34, Fig. 1A). 
Comparing patients treated with ASCT following induction 
therapy with patients not treated with ASCT, the median 
PFS was 34 months compared to 9 months, respectively 

(log-rank HR: 0.288, 95% CI: 0.137–0.606; p = 0.0034). Ad-
ditionally, we found a trend towards longer PFS in patients 
who achieved a greater PR after 1st-line treatment com-
pared to patients who did not; median PFS was 26 months 
compared to 4 months, respectively (log-rank HR: 0.263, 
95% CI: 0.074–0.928; p = 0.0004).

Twenty-two patients (51.2%) received 2nd-line therapy. 
Ten patients received Vd-based therapy, including 3 pa-
tients with Vd in combination with daratumumab (Dara-
Vd), 3 patients with doxorubicin (PAD) and 3 patients with 
Thal (VTd). Nine patients received Rd-based treatment, 
including 1 patient receiving Rd in combination with carfil-
zomib (KRd) and 1 patient in combination with ixazomib 
(Ixa-Rd). One patient was treated with Thal in combina-
tion with dex (Td), 1 patient with belantamab mafodotin 
and 1 patient with melflufen + dex. Six patients addition-
ally received an ASCT. The effectiveness of treatment was 
assessed in 18 patients. The ORR was 77.8%, while CR, 
VGPR, PR, and NR rates were 22.2%, 16.7%, 38.9%, and 
22.2%, respectively. The median PFS (PFS2) was 12 months 
(95% CI: 2–57).

Eight patients (18.6%) received 3rd-line therapy. Four pa-
tients received Vd-based therapy, including 3 who received 
Vd in combination with daratumumab (Dara-Vd), and 4 pa-
tients received Rd-based therapy, including 1 who received 
Rd in combination with carfilzomib (KRd). Due to the lim-
ited number of patients, the assessment of the effectiveness 
of 3rd-line treatment was not statistically analyzed.

Survival analyses and prognostic factors

The median OS for the entire group was 103 months 
(95% CI: 20–72, Fig. 1B). During the follow-up, 15 patients 
(34.9%) died. The most common cause of death was NSMM 
progression in 10 patients (66.7%), infection in 4 patients 
(26.6%), including COVID-19 disease in 1 patient, and a 2nd 
primary malignancy in 1 patient (6.7%).

Analyzing the effect of age on OS, a significant prolonga-
tion of OS was found in patients aged <65 years compared 
to ≥65 years; median OS, not achieved (NA) compared 
to 16 months, respectively (log-rank HR: 3.230; 95% CI: 
1.089–9.583; p = 0.0171).

A significant prolongation of OS was observed in pa-
tients with stages ISS-1 and ISS-2 compared to ISS-3, and 
the median was NA compared to 24 months (log-rank HR: 
4.394; 95% CI: 1.595–12.105; p = 0.0111). Patients with 
a CP infiltration of the BM (CPBM) <60% had a longer 
OS than patients with a CPBM ≥60%; the median OS was 
NA compared to 20 months (log-rank HR: 3.079; 95% CI: 
0.910–10.422; p = 0.0198). Other factors identified as having 
a significant impact on OS were anemia (Hb <10 g/dL or >2 
below the ULN, log-rank HR: 9.397; 95% CI: 3.357–26.305; 
p = 0.0002) and RI (serum creatinine >2 mg/dL, log-rank 
HR: 3.202; 95% CI: 0.838–12.230; p = 0.0180). There was 
a trend towards prolonged OS in patients with normal 
serum calcium (sCa) levels compared to hypercalcemia 

Fig. 1. The Kaplan–Meier curve for progression-free survival (A) and 
overall survival (B) in 43 patients with non-secretory multiple myeloma

A

B
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(log-rank HR: 2.575; 95% CI: 0.653–10.145; p = 0.0647). 
The K–M curves of selected baseline factors related to OS 
(age, ISS system, CPBM, anemia, and RI) are shown in Fig. 2.

In a univariable analysis of OS, age ≥65 years, CPBM 
≥60%, anemia, RI, serum albumin <3.5 g/dL, serum β2-
microglobulin ≥5.5 mg/L, and bone lytic lesions contrib-
uted to a worse OS (Table 2). In a multivariable analysis, 
ISS-3, anemia, RI, a serum albumin <3.5 g/dL, and a serum 
β2-microglobulin ≥5.5 mg/L contributed to a worse OS 
(Table 3).

Considering 1st-line chemotherapy, we found a trend for 
prolonged OS in patients treated with Bort + IMiD-based 
compared to Bort-based and Thal-based therapy; median 
OS was NA compared to 24 months, respectively (log-rank 
HR: 2.751; 95% CI: 1.004–7.576; p = 0.0578). Furthermore, 
we found a significantly longer OS in patients who re-
ceived ASCT after induction treatment. The median OS 
in the patients treated compared to untreated with ASCT 
groups was NA compared to 104 months (log-rank HR: 
0.225; 95% CI: 0.080–0.629; p = 0.0289). We found a sig-
nificantly longer OS in patients who achieved a greater 

PR compared to a lesser PR after 1st-line treatment with 
a median OS of NA compared to 4 months, respectively 
(log-rank HR: 0.184; 95% CI: 0.043–0.796; p = 0.0002). 
The K–M curves of selected factors related to 1st-line treat-
ment (type of 1st-line treatment, ASCT, the response after 
1st-line treatment) are presented in Fig. 3.

Discussion

Non-secretory multiple myeloma is  a  rare subtype 
of MM. Due to patients’ low incidence and ineligibility 
for clinical trials, this type of MM is not fully under-
stood. The lack of measurable M-protein probably delays 
the diagnosis of NSMM and makes it difficult to assess 
the effectiveness of treatment and disease recurrence.22 
Disease assessment requires either BM analysis and/or ra-
diographic imaging. Our multicenter retrospective study 
evaluated the clinical characteristics, prognostic factors, 
clinical outcomes, and OS in patients with NSMM. Due 
to the inability to compare our results with the results 

Fig. 2. The Kaplan–Meier overall survival curves in 43 patients with non-secretory multiple myeloma by age (A), clonal plasmocytes infiltration in the bone 
marrow (B), anemia (C), andrenal insufficieny (D)

A

B

C

D
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of clinical trials, we compared our results to available ob-
servational studies.

The median age at diagnosis in the general population 
of MM patients is 69 years.31 In comparison, the median 
age of Polish patients with NSMM was 62 years and was 
comparable to the results of other observational studies 
of patients with NSMM and with the results of an obser-
vational study of patients with MM from Central Europe, 

where the median age was 64 years old.8,20,32 At the time 
of  MM diagnosis, 2/5  of  patients were  >65  years and 
1/10 were over 75 years old. Although an age >65 affected 
OS in the univariable analysis, we did not find such a re-
lationship in the multivariable analysis.

New drugs (Thal, lenalidomide and Bort) were used 
as 1st-line therapy in all Polish patients. However, in stud-
ies by Chawla et al.,8 Sun et al.20 and Wålinder et al.,21 

Table 2. Univariable analyses for overall survival in patients with non-secretory multiple myeloma

Variable
Univariable analysis

variable 
β

lower 
95% CI

upper 
95% CI HR lower 

95% CI
upper 
95% CI

Nagelkerke 
R2 p-value

Age [years]
>65

1.181 0.144 2.217 3.265 1.155 9.181 0.2883 0.0256
<65

Gender
male

0.059 –0.976 1.094 1.061 0.376 2.987 0.0008 0.9112
female 

Cytogenetic risk
high-risk

0.646 –0.855 2.146 1.907 0.425 8.551 0.0982 0.3989
standard-risk

CPBM [%]
>60

1.146 0.119 2.172 3.144 1.126 8.776 0.2578 0.0287
<60

Hb [g/dL]
<10 or >2 below ULN

2.833 0.796 4.870 17.005 2.218 130.388 0.6458 0.0064
>10 or <2 below ULN

Serum albumin [g/dL]
<3.5

1.539 0.501 2.577 4.660 1.650 13.158 0.4133 0.0037
>3.5

Serum creatinine [mg/dL]
>2.0

1.173 0.135 2.210 3.231 1.145 9.121 0.2519 0.0267
<2.0

Serum β2-microglobulin [mg/L]
≥5.5

1.144 0.065 2.224 3.141 1.067 9.248 0.2670 0.0378
<5.5

Serum calcium [mmol/L]
>2.75

1.003 –0.116 2.121 2.726 0.891 8.341 0.1681 0.0789
≤2.75

LDH
>ULN

1.049 –0.519 2.618 2.856 0.595 13.712 0.1415 0.1897
≤ULN

Bone lytic lesions
yes

–1.590 –2.882 –0.298 0.204 0.056 0.742 0.2471 0.0158
no 

95% CI – 95% confidence interval; CPBM – clonal plasmocytes infiltration in the bone marrow; Hb – hemoglobin concentration; HR – hazard ratio; 
LDH – lactate dehydrogenase; ULN – upper limit of normal value.

Table 3. Multivariable analyses for overall survival in patients with non-secretory multiple myeloma

Variable 
Multivariable analysis

variable β lower 
95% CI

upper 
95% CI HR lower 

95% CI upper 95% CI p-value

ISS-3 0.830 0.091 1.569 2.293 1.095 4.801 0.0277

CPBM ≥60% 1.246 –0.401 2.893 3.476 0.669 18.050 0.1382

Hb <10 g/dL or >2 below ULN 2.395 0.272 4.518 10.965 1.312 91.635 0.0270

Serum albumin <3.5 g/dL 1.560 0.192 2.928 4.758 1.211 18.691 0.0254

Serum creatinine >2.0 mg/dL 1.516 0.016 3.016 0.048 1.016 20.417 0.0476

Serum β2-microglobulin ≥5.5 mg/L –2.152 –4.215 –0.090 0.116 0.015 0.914 0.0408

Serum calcium >2.75 mmol/L –0.388 –2.006 1.230 0.678 0.134 3.423 0.6384

Nagelkerke R2 = 0.244; p = 0.0003; 95% CI – 95% confidence interval; CPBM – clonal plasmocytes infiltration in the bone marrow; Hb – hemoglobin 
concentration; HR – hazard ratio; ISS – International Staging System; ULN – upper limit of normal value.
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treatment based on new drugs (Thal, lenalidomide and 
Bort) was used in 22%, 54% and 94% of patients, respec-
tively. In our population, 20.5% of patients achieved CR 
after 1st-line treatment, which is comparable to the re-
port by Wålinder et al.21 (26% of patients achieved CR) 
and lower than in the study by Chawla et al.8 and Sun 
et al.,20 where CR was achieved in 44% (patients treated 
with new drugs) and 65.8% of  patients, respectively. 
In a Chinese study,20 a higher CR rate did not improve 
survival, unlike the American8 and Swedish21 studies, 
which showed a trend toward better survival in patients 
who achieved CR.

The  use of  new drugs as  1st-line therapy, followed 
by ASCT, and the achievement of CR significantly pro-
longed the OS of patients with NSMM, similar to the trend 
observed in  the  general population of  MM patients.24 
We found a significant difference in OS in the group of pa-
tients who received ASCT compared to those who did not 
receive ASCT as 1st-line therapy. This result may be be-
cause all patients in the induction treatment were treated 
with new drugs. However, this requires further research.

In our group, the percentage of patients with ASCT after 
induction treatment was 37%, comparable to the Swedish 
study21 and higher than in American8 and Chinese stud-
ies,20 where ASCT was used in 18% and 27% of patients, 
respectively. In our study group, CR was achieved in 31.2% 
of patients with NSMM treated with ASCT. The Center 
for International Blood and Marrow Transplant Research 
showed that ASCT results are comparable in patients with 
NSMM and secretory MM.14 Comparing the effectiveness 
of ASCT treatment in patients with NSMM and secretory 
MM, Kumar et al. found similar 3-year OS and PFS rates 
of 66% compared to 61% (p = 0.26) and 40% compared 
to 33% (p = 0.05), respectively.14 Beneficial effects of ASCT 
in NSMM were also reported by Terpos et al.24 Therefore, 
it seems that patients with NSMM should receive an ASCT 
as the standard of care.

We found that 41.9% of patients had an average baseline 
sFLC ratio, and the median OS in this subgroup of patients 
was comparable to that of patients with an abnormal sFLC 
ratio. Our results are similar to those obtained by Sun 
et al.20 and Wålinder et al.,21 and opposite to those obtained 

A

B

C

Fig. 3. The Kaplan–Meier overall survival curves in 43 patients with 
non-secretory multiple myeloma by the type of 1st-line chemotherapy 
(A), the use of high-dose chemotherapy followed by autologous stem 
cell transplantation after induction treatment (B) and the response after 
1st-line treatment (C)
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by Chawla et al.8 In addition, we found that an abnormal 
baseline sFLC ratio was not an adverse prognostic factor 
and median OS was comparable in both subgroups.

At the time of diagnosis, we found anemia in 49% of pa-
tients, which is comparable to the results obtained by Sun 
et al.20 but higher than those reported by Wålinder et al.21 
and Migkou et al.,22 which were 35%, 21%, and 15% respec-
tively. We found that anemia at diagnosis is one of the es-
sential laboratory predictors of OS in both univariable 
and multivariable analyses. Anemia at diagnosis is one 
of  the most important prognostic factors affecting OS 
in the univariable and multivariable analyses. This may 
be explained by the finding that we found CPBM > 60% 
in a quarter of patients, indicative of  a higher disease 
burden.

Since sFLC levels were low in our study group by defini-
tion, RI (sCr >2 mg/dL) was found in only 21% of patients 
and probably was not associated with FLC-associated renal 
pathology. Wålinder et al.21 found RI in the unmeasur-
able, oligosecretory and NSMM groups to be 11%, 13% 
and 6% of patients, respectively. A similar incidence of RI 
(eGFR <30 mL/min) was found in the study by Migkou 
et al., 11% and 7%, respectively, in patients with oligosecre-
tory and SMM.22 The incidence of RI in the cited studies 
may be due to the definition of RI adopted in these studies 
and the coexistence of hypercalcemia.

Bone changes and hypercalcemia were found in 91% 
and 23% of Polish patients with NSMM, respectively. 
Wålinder et al. found bone lesions in 90% of patients, 
while hypercalcemia was found in only 10–12%.21 A simi-
lar incidence of bone lesions was observed in a study 
by Migkou et al., where bone lesions were found in 85% 
of patients with NSMM and 81% of patients with oli-
gosecretory MM, and their incidence was comparable 
to that of SMM (75%).22 The same study found hyper-
calcemia in 5% of patients with oligosecretory MM, 16% 
with NSMM and 17% with SMM.14 The slightly higher 
incidence of bone lesions and hypercalcemia in our study 
may be due to the severity of NSMM (51% of patients were 
diagnosed with NSMM at a clinical stage of ISS-3), more 
extensive infiltration of CPBM and perhaps a difference 
in NSMM biology.

Monitoring the effectiveness of NSMM treatment re-
mains a challenge for hematologists. Serial histopatho-
logical examinations combined with imaging are currently 
considered the “gold standard” for monitoring patients 
with NSMM.25 Bone marrow biopsies increase costs and 
patient discomfort. It should be remembered that cyto-
logical and histopathological examination of the BM re-
veals heterogeneous involvement of CPBM. For this rea-
son, it is recommended that MPF be performed to assess 
CPBM. This study is justified because minimal residual 
disease (MRD) is now recognized as an important prog-
nostic factor influencing the OS of MM patients. Further 
development of MPF techniques assessing circulating CP 

in the peripheral blood may contribute to further progress 
in the monitoring of NSMM. Mass spectrometry (MS) 
is another method that can be used to assess the effec-
tiveness of treatment in patients with NSMM. Detection 
of M-proteins using matrix-assisted laser desorption/ion-
ization-time-of-light (MALDI-TOF) MS may be an alterna-
tive to conventional immunofixation, especially in patients 
with NSMM. Further clinical studies using this method 
are undoubtedly needed.33

Due to the limited use of serum protein electrophoresis 
(SPEP), urine protein electrophoresis (UPEP) and FLC as-
says in patients with NSMM, it has a minimal application; 
for this reason, the use of MPF together with MRI and/or 
PET/CT is currently the optimal way to assess the re-
sponse to treatment in patients with NSMM.34,35 Although 
MRI is a susceptible method for detecting bone changes 
at the time of diagnosis of NSMM, due to the static image 
of bone changes in patients who have achieved MM remis-
sion, it is an insufficient method for detecting pathological 
changes.36,37 However, patients with NSMM whose lesions 
were detected on PET/CT at diagnosis should have the ex-
amination repeated at intervals depending on the duration 
of treatment cycles and clinical conditions. In aggressive 
forms of NSMM or lack of clinical indicators indicating 
response to  treatment, more frequent PET/CT follow-
up examinations are recommended. However, the slow 
course of NSMM and the reduction/resolution of clinical 
symptoms allow for fewer routine check-ups. In patients 
achieving long-term remission, the frequency of PET/CT 
depends on the depth of response obtained and the char-
acteristics of the patients before treatment. In patients 
in whom PET/CT cannot be performed, disease monitor-
ing is based on serial BM aspirations and biopsies of ex-
tramedullary lesions.

Due to the lack of guidelines for monitoring patients 
with NSMM, which may cause a delay in the diagnosis 
of disease relapse/progression, we propose introducing 
guidelines as part of the recommendations of the Polish 
Myeloma Group. Analyzing the results obtained during 
NSMM treatment, we  suggest performing laboratory 
tests assessing organ performance, known as CRAB, be-
fore each cycle of chemotherapy and BM biopsy with MPF 
evaluation every 3–6 months. We recommend repeating 
a WBLD-CT, MRI or PET/CT (depending on the test per-
formed at the time of diagnosis) of the entire body every 
3–6 months or more often, depending on the clinical situ-
ation. In patients who have achieved remission after treat-
ment or are undergoing maintenance treatment, we sug-
gest repeating laboratory tests assessing organ function 
(CRAB) every 2 months and BM biopsy with cytometric 
assessment and a WBLD-CT every 3–6 months or more 
often, depending on the clinical situation.38 In patients 
with oligosecretory MM, we suggest performing the sFLC 
assay repeatedly during treatment every 2 months or more 
often, depending on the clinical situation.
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Limitations

Certain limitations of our study should be considered. 
First, it is a retrospective study with a small number of pa-
tients analyzed. Second, the chemotherapy protocols used 
for 1st-line therapy were heterogeneous. In addition, cyto-
genetic studies were available on only a few patients. For 
this reason, we could not draw firm conclusions regarding 
the cytogenetic profile of NSMM. Another weakness of our 
study is selection bias, which we minimized by enrolling 
consecutive patients at each participating center. The rela-
tively long median OS in our population is probably due 
to  the  long follow-up period of  the  analyzed patients, 
the relatively young age (median 62 years) of the patients, 
the high percentage of ASCT recipients (37%), and bio-
logical factors, such as a lower risk of renal complications. 
Moreover, all patients, both in the 1st and subsequent lines 
of treatment, were treated with chemotherapy protocols 
based on new drugs (Bort, Thal and lenalidomide). Addi-
tionally, in the treatment of relapsed/refractory NSMM, 
45.5% of patients received chemotherapy based on daratu-
mumab (27.3% of patients) and 2nd-generation proteasome 
inhibitors (carfilzomib and ixazomib – 9.1% of patients), 
as well as with belantamab mafodotin and melphalan fluf-
enamide (9.1% of patients).

Conclusions

Our study showed that the most important prognostic 
factors with the most significant impact on OS in patients 
with NSMM, identified using multivariate Cox analysis, 
are ISS clinical stage, anemia and RI.

Non-secretory multiple myeloma makes up a small 
subset of MM patients. Extrapolating the statistical data 
to the number of reported cases of MM in Poland, ap-
prox. 50 new cases of NSMM should be expected annu-
ally. Undoubtedly, further research is needed to under-
stand the disease’s biology better and qualify patients 
with NSMM for randomized clinical trials to  assess 
the effectiveness of  treatment using modern diagnos-
tic methods (MS, MPF of CPBM, and CP circulating 
in  the peripheral blood) and to determine prognostic 
factors affecting OS.
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Abstract
Background. The Hand Function Scoring (HFS) system was created to assess the results of rehabilitation 
treatment after hand injuries. A perceived hand function improvement in patients who underwent carpal 
tunnel syndrome surgery prompted us to use the Watts HFS questionnaire in our study.

Objectives. The study aimed to: 1) translate and validate the new questionnaire into Polish; 2) analyze 
the usefulness of the scale in the pre- and post-operative assessment of patients with carpal tunnel syn-
drome; and 3) compare the results with other questionnaires recognized as the gold standard in carpal 
tunnel treatment evaluation.

Materials and methods. Patients with electromyographically confirmed carpal tunnel syndrome (n = 317) 
were enrolled in the study. Participants completed the HFS, Boston Carpal Tunnel Questionnaire (BCTQ), 
Michigan Hand Outcomes Questionnaire (MHQ), and the Quality-of-Life Scale (QoLS) on their first visit 
to our clinic. Two weeks later, 84 patients completed the same questionnaires again, and 6–12 months after 
the operation, we received 90 additional responses.

Results. The analysis showed that the HFS questionnaire met the validation criteria and had a strong cor-
relation with the BCTQ questionnaire for the Symptoms Severity Scale (SSS) (Rho = 0.70, p < 0.001) and 
the Functional Status Scale (FSS) (Rho = 0.89, p < 0.001).

Conclusions. The HFS questionnaire was successfully employed in the subjective assessment of carpal tun-
nel symptom syndrome severity and the analysis of treatment results, and would complement the clinical 
assessment of patients during treatment. The questionnaire could also be used in future scientific research.

Key words: quality of life, carpal tunnel syndrome, Hand Function Scoring (HFS) system, Boston Carpal 
Tunnel Questionnaire (BCTQ), Michigan Hand Outcomes Questionnaire (MHQ)
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Background

Carpal tunnel syndrome is a disease that significantly 
reduces the quality of  life (QoL),1,2 mostly due to pain, 
numbness and muscle weakness that consequently lead 
to difficulties with everyday activities.1

One of the critical elements of diagnostics is a thorough 
pre-operative assessment of the patient.2 The literature of-
ten confirms that, apart from the objective results of tests 
such as electromyography or ultrasound, understanding 
patient’s subjective opinions on their health is equally im-
portant.3,4 These opinions might be influenced by many 
factors that cannot be easily measured and quantified, 
such as  current mental state, motivation and involve-
ment in the treatment process, or socio-economic sta-
tus.3,5 Questionnaires, especially those tailored or adapted 
to a single disease, are the most useful methods of assess-
ing the disease severity subjectively experienced by pa-
tients and allow for the assessment of treatment progress 
via different methods.

The HFS questionnaire created by Watts et al. to as-
sess the results of rehabilitation after hand injury consists 
of 25 questions rated on a scale of 1 to 4 points. The re-
sult of the questionnaire is the sum of all points obtained, 
with 100 points signifying the worst possible impairment 
of hand function.4 The questionnaire was used to assess 
hand function after fractures of the distal end of the ra-
dius6 and showed a positive correlation with injury severity 
and the time needed to return to work.4,6,7 Another study 
found that it correlated with the Disabilities of the Arm, 
Shoulder and Hand (DASH) questionnaire (R = 0.903, 
p < 0.05),6 which has been consistently used to assess car-
pal tunnel syndrome.8,9 However, HFS alone has never 
been used to evaluate such patients. To this end, we aimed 
to simultaneously assess patients using the Michigan Hand 
Outcomes Questionnaire (MHQ), previously used in upper 
limb diseases, and the Boston Carpal Tunnel Question-
naire (BCTQ), adapted to assess carpal tunnel syndrome 
symptoms. In our opinion, introducing a new question-
naire for more extensively evaluating the ability to cope 
with everyday activities would complement the clinical 
evaluation of patients and help understand patient-per-
ceived disease severity.

Objectives

The study aimed to: 1) translate into Polish and validate 
the HFS questionnaire; 2) assess its usefulness in the evalu-
ation of surgical treatment progress in patients suffering 
from carpal tunnel syndrome; and 3) compare and analyze 
the obtained results with other questionnaires recognized 
as the gold standard in this disease.

Materials and methods

Study design, setting and eligibility criteria

The questionnaire was initially translated into Polish 
according to the scheme proposed by Beaton et al.,10 with 
340 patients treated in  the Trauma and Orthopaedics 
Clinical Department of the University Hospital in Cracow 
(Poland) between April 2019 and May 2021 qualified for 
the study. During the first visit to the clinic, patients were 
informed in detail about the study plan, completed a short 
personal questionnaire about gender, age, weight, height, 
and place of  residence, and provided signed informed 
consent to participate. When patients reported bilateral 
symptoms of carpal tunnel syndrome, the more affected 
limb was examined, and when the symptoms were simi-
larly severe, the dominant limb was examined. Afterward, 
patients completed the HFS, BCTQ, MHQ, and Quality-of-
Life Scale (QoLS) questionnaires. Two weeks later, patients 
completed the HFS questionnaire again before the surgery, 
with the next check-up taking place 6–12 months later. 
The median differences between measurements, along 
with their quartiles and minimum and maximum range, 
are presented in Fig. 1.

Study inclusion criteria were: 1) age between 18 and 
75 years; 2) a diagnosis of carpal tunnel syndrome con-
firmed with electrophysiological examination; 3) fluent 
Polish language; 4) a recommendation for carpal tunnel 
syndrome surgical treatment; 5) no other pre-existing neu-
rological, psychiatric or musculoskeletal disorders affect-
ing the upper limbs; and 6) no expected changes in carpal 
tunnel syndrome severity within 2 weeks. Exclusion crite-
ria included: 1) ongoing rehabilitation and 2) recent wrist 
injury. Based on this criteria, 23 patients were excluded 
from the study, with 317 taking part. Implementing such 
inclusion and exclusion criteria facilitated the selection 
of a more homogenous patient cohort, with this approach 
aiming to enhance the internal validity of the study by en-
suring a more uniform and representative group of indi-
viduals with the specified condition.

The Bioethics Comittee of the Jagiellonian University ap-
proved the study (approval No. 1072.6120.32.2018), which 
was conducted in line with the 1964 Helsinki Declaration 
and its subsequent amendments.11

Hand Function Scoring system

The HFS questionnaire contains 25 questions about 
difficulties in performing daily activities, some of which 
coincide with those included in the BCTQ questionnaire. 
The results ranged from 25 to 100 points, with higher 
scores indicating worse hand function.4
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Boston Carpal Tunnel Questionnaire

The BCTQ consists of several questions divided into 
2 parts, one assessing carpal tunnel syndrome symptom 
severity and the other evaluating its impact on daily func-
tioning. The final result is the mean score obtained from 
individual questions, with a lower score indicating a better 
subjective assessment of  limb functioning.12 The study 
used the Polish version of the questionnaire.2

Michigan Hand Outcomes Questionnaire

The MHQ is the only one that allows for simultaneous 
assessment of both upper limbs in terms of general func-
tioning, problems with performing daily activities, pain 
intensity, and a subjective assessment of the aesthetics and 
general satisfaction with hand functioning. The question-
naire was designed to assess many upper limb diseases,13 
with its usefulness in evaluating patients with carpal tunnel 
syndrome confirmed in multiple studies.14–16 The higher 
the final score, the better the limb function, except for pain 
assessment, where a lower score indicates less pain. The Pol-
ish version of the questionnaire was used in this study.15

Quality of Life Scale

The questionnaire proposed by Spitzer et al. in 1986 
assessed QoL. The tool is a simple questionnaire consist-
ing of 5 questions assessing the level of activity, daily life, 
health, support, and appearance.15,17 The Polish version 
of the questionnaire was used in this study.18

Statistical analyses

All calculations employed Statistica v. 13.3 software 
(StatSoft Inc., Tulsa, USA), with data analyzed for normal 
distribution and presented using the mean and standard 
deviation (±SD) if normally distributed and quartiles (Q1–
Q3) if the data failed the normality test. For correlations 
between variables, Pearson’s correlation was used when 
both quantitative variables were normally distributed, 
with Spearman’s rank order correlation used when this 
condition was not met. Correlations between pre- and 
post-surgery results were evaluated.

Analysis of differences between men and women was 
undertaken to assess if the results revealed factors that 
might influence the study outcomes. Student’s t-test for in-
dependent variables was employed if quantitative variables 
were normally distributed and there was homogeneity 
of variance (evaluated using the t-test for variance), while 
the Mann–Whitney U test was applied when a normal dis-
tribution was not met. Differences between pre- and post-
operative results were also analyzed using the Student’s 
t-test for normally distributed dependent variables and 
the Wilcoxon test for non-normal data. A p-value below 
0.05 was considered statistically significant.

Tests evaluating repeatability of measurements, internal 
consistency and analysis of measurement errors were used 
for reliability analysis. The repeatability of the measure-
ments was assessed using the interclass correlation coef-
ficient (ICC), a model of absolute agreement of two-way 
mixed effects. The value of this coefficient varies between 
0 and 1, with the expected value for this type of work being 

Fig. 1. Median differences in the Hand 
Function Scoring (HFS) system results 
between the 1st and 2nd measurements 
and the 2nd and 3rd measurements
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above 0.7. The 2nd method for assessing repeatability was 
Bland–Altman plots, in  which the  vertical axis shows 
the difference between the two HFS results and the hori-
zontal axis the average value of the 2 pre-operative mea-
surements, with a 2-week break in between. The graph 
shows the 95% confidence interval (95% CI) for mean mea-
surements defined as ±1.96 × SD.19

The analysis of  internal consistency employed Cron-
bach’s alpha parameters to evaluate whether individual 
questions correlated with each other. To assess measure-
ment errors, the standard error of measurement (SEM) 
coefficient was calculated according to  the  formula 
SEM = SD × √(1 − ICC), which indicates perfect question-
naire reliability when equal to 0. In addition, the minimum 
detectable change with a 95% CI was calculated according 
to the formula MDC95 = 1.96 × SEM × √2, which tells us 
what the minimum change in the questionnaire answers 
is to be considered correct and exclude measurement error.

Determining the validation criterion involved investi-
gating correlations between the HFS questionnaire and 
the current gold standard for carpal tunnel syndrome 
patient assessment (the BCTQ questionnaire)12 to calcu-
late the correlation coefficient.10 In addition, the analysis 
of marginal effects used the 15% criterion, meaning that 
the proportion of patients who achieved the maximum and 
minimum number of possible points should not exceed 
15% of the study group.20

Cohen’s standard mean response factor

SRM = (Mepreoperative – Mepostoperative)/SDof the mean difference

was used to analyze responsiveness to produce values 
above 0.8 (large), 0.5 (medium) and 0.3 (small).21

Study size

The sample size of 50 participants was determined with 
the intention of adequately powering the study to detect sig-
nificant HFS changes, the primary outcome measure of in-
terest. The sample size was calculated based on an Cron-
bach’s alpha level of 0.05, an absolute error rate of 5% and 
a presumed SD of 20 for the HFS scores. These parameters 
were chosen to ensure that the study would have sufficient 
statistical power to detect meaningful differences or cor-
relations in HFS scores before and after the intervention, 
allowing for robust and reliable conclusions.

Results

No significant differences were found between the origi-
nal and translated copies in  the  translation process. 
In the initial questionnaire comprehension analysis con-
ducted on  10  patients, no problems with understand-
ing questions were reported. The  final Polish version 
of the questionnaire was created (Supplementary Mate-
rial 1). Ultimately, 317 patients were enrolled in the study, 

with 84 answering the questionnaire again before surgical 
treatment and 90 responding 6–12 months after. All indi-
viduals who responded to the 2nd pre-operative question-
naire also provided responses post-operatively. However, 
due to missing data and an inability to calculate the ques-
tionnaire outcome, several individuals were excluded from 
the analysis of the 2nd pre-operative response.

Most patients were women (73.19%), the mean dura-
tion of symptoms was 22.77 ±25.31 months, and carpal 
tunnel syndrome was more common on the right side 
(53.00%). The mean age was 59.05 years (SD = ±14.24) for 
both men and women, while men were heavier (90.0 kg 
(Q1–Q3  =  80.0–98.0) compared to  70.0  kg (Q1–Q3 
= 62.0–80.0 kg)) and taller (175.0 cm (Q1–Q3 = 170.0–
179.0) compared to 163.0 cm (Q1–Q3 = 158.0–168.0 cm)) 
than women. The overall body mass index (BMI) was 
27.69  kg/m2, with men having a  higher median BMI 
(29.01 kg/m2, Q1–Q3 = 27.74–32.65 kg/m2) than women 
(26.36 kg/m2, Q1–Q3 = 23.23–29.64 kg/m2).

The mean pre-operative HFS value was 44.0 (Q1–Q3 
= 25.0–59.0), the 2nd was 49.0 (Q1–Q3 = 35.0–61.0) and 
the 3rd was 25.0 (Q1–Q3 = 25.0–26.0), while ICC = 0.909, 
Cronbach’s alpha = 0.95, SEM = 5.54, and MDC95 = 15.31. 
The  difference between pre- and post-operative mea-
surements for paired samples was statistically significant 
(p = 0.001). The median with quartiles of the BCTQ, MHQ 
and QoLS questionnaires are presented in Table 1. We did 
not observe ceiling or floor effects in our study.

The Bland–Altman analysis indicated that the agree-
ment limit for HFS was between −20.81 (95% CI = –24.41–
–17.22) and 16.69 (95% CI = 13.10–20.29). The  results 
of this analysis showed that there was high agreement 
between 2 measurements in a short interval, confirming 
good repeatability of the results.

The Polish version of the HSF correlated strongly with 
the symptom severity section of the BCTQ (Rho = 0.70, 

Table 1. Median scores with 1st quartile (Q1)–3rd quartile (Q3) for 
the 1st measurement in each questionnaire

Questionnaire Median Q1–Q3

MHQ OHF 50.00 25.00–75.00

MHQ ADL 68.21 30.71–100.00

MHQ Work 75.00 25.00–100.00

MHQ Pain 70.00 70.00–80.00

MHQ Aesthetic 100.00 81.25–100.00

MHQ Satisfaction 41.67 25.00–75.00

MHQ total 63.38 46.49–79.23

BCTQ SSS 3.00 2.09–4.00

BCTQ FSS 2.38 1.00–3.38

QoLS1 10.00 8.00–10.00

HFS – Hand Function Score; MHQ – Michigan Hand Outcome 
Questionnaire; OHF – Overall Hand Function; ADL – Activities of Daily 
Living; BCTQ – Boston Carpal Tunnel Questionnaire; SSS – Symptoms 
Severity Scale; FSS – Functional Severity Scale; QoLS – Quality of Life Scale.
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p < 0.001) and the BCTQ section evaluating upper limb 
function (Rho = 0.89, p < 0.001), meeting the validation 
condition. Moreover, the HSF questionnaire correlated 
strongly with the MHQ results (Rho= −0.85, p < 0.001), 
with the result being negative due to  the  inverse cal-
culation used. As expected, HFS correlated the most 
with the part evaluating hand function in everyday ac-
tivities (Rho = −0.92, p < 0.001). In addition, the HFS 
score moderately correlated with the QoL (Rho = −0.50, 
p < 0.001). Table 2 presents all HFS questionnaire cor-
relation results.

The standard Cohen’s d value for HFS was 0.69. Figure 1 
shows the median differences between the 1st and 2nd pre-
operative measurements and those recorded post-oper-
atively, both of which were statistically significant (pre-
surgery (T = 1131.00, Z = 2.03, p = 0.041) and post-surgery 
(T = 261.00, Z = 5.57, p < 0.001)).

Discussion

In this study, we translated the HFS questionnaire into 
Polish and validated it using a group of  carpal tunnel 
syndrome patients. The questionnaire’s high correlation 
with the BCTQ symptom severity scale (SSS) (Rho = 0.89) 
suggests it can be effectively used for the clinical assess-
ment of treatment results in such patients. Furthermore, 
Cronbach’s alpha coefficient of 0.95, a measure of the com-
pliance of answers given by patients to individual ques-
tions, demonstrates the high quality of the tool. Analysis 
of the original work by Watts et al. revealed the HFS to be 
of higher quality,4 though Cronbach’s alpha coefficient for 
the Polish version of the BCTQ and MHQ were at a similar 
level, with 0.906 for the BCTQ SSS, 0.924 for the BCTQ 
FSS,2 and individual MHQ subscales ranging from 0.79 

to 0.96.15 Therefore, the HFS questionnaire can be used 
to assess carpal tunnel syndrome patients.

Our institution mainly uses the BCTQ to assess patients 
with carpal tunnel syndrome. However, in our opinion, 
introducing a new questionnaire to more extensively assess 
coping with everyday activities would support the clinical 
evaluation of treatment effects. In addition, HFS allows for 
a more comprehensive comparison of treatment results 
between different research centers. As such, HFS could 
be employed in further scientific works.

The available evidence demonstrates that the HFS can 
assess patients with wrist fractures, and the results cor-
related with the time off work, with worse hand func-
tion causing more time off.5,6 The HFS authors then used 
the results to assess post-injury hand function improve-
ment after rehabilitation.4 These findings indicate that 
the HFS would be a useful tool for assessing carpal tunnel 
syndrome treatment effectiveness.

Our analysis showed that the HFS questionnaire cor-
related with the QoLS (Rho = −0.50, p < 0.001). There 
are only a few studies reporting the impact of carpal tun-
nel syndrome on  QoL using questionnaires evaluated 
in the current study, with 1 such study showing a correla-
tion between the BCTQ and the QoLS (r = 0.50, p < 0.05). 
This finding is similar to ours, though the correlation with 
the 36-item short-form survey (SF-36) was as high as 0.70.8 
In turn, the MHQ correlation with SF-36 was much lower, 
and in individual subscales of the SF-36, it ranged between 
r = 0.254 and r = 0.520.15

The strength of the current study lies within its prospec-
tive nature and the simultaneous analysis of comparisons 
between questionnaires used. In addition, the usefulness 
of the newly validated questionnaire in the assessment 
of patients with carpal tunnel syndrome was demonstrated.

Study limitations

Study limitations include its single-center nature, the in-
ability to eliminate patient selection bias, and the fact that 
participating patients did not fully or completely reflect 
the entire population of those suffering from carpal tun-
nel syndrome. Further research with more participants 
is needed to obtain a broader scope for using the question-
naires in patients with carpal tunnel syndrome.

Conclusions

The current work translated the HFS questionnaire into 
Polish and validated it. The results strongly correlate with 
the BCTQ questionnaire, meaning it can be used to assess 
patients with carpal tunnel syndrome throughout the treat-
ment process, allowing for a more extensive and subjective 
assessment of hand functioning during everyday activities. 
Furthermore, the HFS can compare therapy results be-
tween treatment centers and in future scientific research.

Table 2. Spearman’s correlations between the Hand Function Scoring (HFS) 
system questionnaire results and those used for comparison in the study

Questionnaires
HFS correlation

Rho p-value

MHQ OHF −0.77 <0.001

MHQ ADL −0.92 <0.001

MHQ Work −0.76 <0.001

MHQ Pain 0.53 <0.001

MHQ Aesthetic −0.38 0.001

MHQ Satisfaction −0.77 <0.001

MHQ total −0.85 <0.001

QoLS −0.50 <0.001

BCTQ SSS 0.70 <0.001

BCTQ FSS 0.89 <0.001

MHQ – Michigan Hand Outcome Questionnaire; OHF – Overall Hand 
Function; ADL – Activities of Daily Living; BCTQ – Boston Carpal Tunnel 
Questionnaire; SSS – Symptoms Severity Scale; FSS – Functional Severity 
Scale; QoLS – Quality of Life Scale.
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Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.10723897. The package includes 
the following files:

Supplementary Material 1. Polish version of the vali-
dated HFS system.

Supplementary Material 2. Results of the Shapiro–Wilk 
tests for the variables used in the research.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
on reasonable request.
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Abstract
Background. A Blauth IIIB hypoplastic thumb is a significant functional and cosmetic problem for the de-
veloping hand in children. The gold standard in treatment is amputation and index pollicization. Despite 
the good functional results, some parents do not consent to the operation, mainly for cosmetic reasons.

Objectives. The aim is to present a detailed description and features of the technique used in our department 
for stabilization of a hypoplastic thumb type Blauth IIIB with a non-vascularized proximal interphalangeal 
joint from the toe. This is the first description of this surgery for this kind of congenital defect, together 
with the largest group of patients analyzed compared to alternative techniques described in the literature.

Materials and methods. Sixteen patients were included in the analysis. The mean age was 3 years 
(standard deviation (SD) ±2). In most cases, it was a unilateral and isolated defect. We described the surgical 
technique and postoperative management in detail and assessed intraoperative factors such as donor selec-
tion, operative time, technical problems, stabilization time, complication rate, and reoperations. Appropriate 
statistics were performed.

Results. Most often, the graft was taken from the 3rd toe. The average operation time was 59 ±17.5 min. 
No technical problems were found during the surgery. The Kirschner wire was removed after an average 
of 6.5 weeks. The complication rate was 25%, which included the destabilization of Kirschner wires or graft 
non-union, but it decreased to 6% after reoperation. Five patients underwent tendon transfers.

Conclusions. The presented technique is based on principles such as vascularized metatarsophalangeal joint 
transplants. It may be an option for stabilizing a hypoplastic thumb if parents do not consent to pollicization. 
Having microsurgical skills is unnecessary. The operation and anesthesia times are significantly shorter, result-
ing in less burden on the child’s body. The study will continue assessing long-term postoperative functions 
and the comparison to pollicization.

Key words: proximal interphalangeal joint, thumb hypoplasia, Blauth IIIB, PIP joint transfer, thumb sta-
bilization
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Background

Congenital disabilities occur in approx. 1% of newborns, 
and 10% are associated with upper limb anomalies. Of all 
hand defects, only 11% relate to thumb hypoplasia or apla-
sia, which is part of radial longitudinal hand deficiency. 
It can occur as an isolated defect or be associated with 
such syndromes as Apert syndrome, Rubinstein syndrome, 
Holt–Oram syndrome, Fanconi anemia, VACTERL asso-
ciation, and congenital radial deficiency.1–3 The modified 
Blauth classification, based on the clinical picture and X-
ray images, describes the degree of thumb hypoplasia and 
helps to select an appropriate surgical treatment.4,5

Thumb aplasia or  hypoplasia significantly impairs 
the hand grip function and the proper physical and men-
tal development of the child.6 Surgical treatment can help 
to reduce the degree of disability, improve the child’s de-
velopment and reduce restrictions in everyday life. It is es-
sential to implement appropriate treatment early to prevent 
the formation of inappropriate grip patterns, which – when 
preserved in the cerebral cortex – can significantly hin-
der rehabilitation and subsequent grip development.6–8 
The choice of a surgical method depends on the degree 
of thumb hypoplasia and on cosmetic and ethical aspects, 
which increasingly influence the parents’ decisions.5,9–11

Grade IIIB thumb hypoplasia, according to the modified 
Blauth classification, is characterized by shortening and 
narrowing, flattening of the thumb’s commissure, under-
development of the thenar muscles, tendons of the flexor 
pollicis longus (FPL), extensor pollicis longus (EPL), ex-
tensor pollicis brevis (EPB), and abductor pollicis longus 
(APL), as well as proximal 2/3 of the first metacarpal and 
instability of the metacarpophalangeal and carpometa-
carpal joints. The gold standard of treatment is the am-
putation of  the  thumb and index finger pollicization. 
This operation is associated with good functional effects. 
The range of motion of the transferred finger is equivalent 
to 50% of an average thumb movement, while the force 
of the global and 2-point grip is equivalent to 63–67% and 
55–60% of a healthy hand force, respectively. Over 70% 
of patients are satisfied with the surgery results.2,12–15

Despite the treatment’s outcomes, some parents do not 
accept the amputation since it forms a 4-fingered hand. 

In the literature, few reconstructive surgeries are presented 
that are aimed at increasing the stability of the hypoplastic 
thumb, where hypermobility and instability are the leading 
causes of dysfunction. 9–11,16–23

Objectives

We want to present an alternative technique used for 
over 20  years in  the  authors’ workplace, partly based 
on principles described in the literature. It consists of sta-
bilizing the hypoplastic thumb with a non-vascularized 
proximal interphalangeal joint (PIP) graft from the toe 
to reconstruct the first carpometacarpal joint (CMC) and 
stabilize the thumb (Fig. 1). This technique can be supple-
mented with tendon or muscle transfers to improve ac-
tive movements of the thumb and add more stability, e.g., 
transfer of the superficial flexor tendon of the ring finger 
or a Huber transfer for thumb opponensplasty and an ex-
tensor indicis proprius tendon transfer for extension and 
radial abduction of the thumb.18,20

The article aims to present a detailed description of the tech-
nique and evaluates the technical aspects of the surgery. 
This is the first description of this surgery for this kind 
of congenital disability, together with the largest group 
of patients analyzed compared to alternative techniques.

Materials and methods

Study design

This is a retrospective study, assessing clinical data in-
cluded in the medical records from the hospital and out-
patient treatments, preseting also a detailed description 
of the surgical technique. The data were summarized, and 
basic statistical operations were performed.

Participants

With this technique, 16 patients were operated on (9 men 
and 7 women) in the years 2005–2022. The mean age at the op-
eration was 3 years. All patients underwent reconstructive 

Fig. 1. Schematic drawing 
showing stabilization 
of the hypoplastic thumb 
type Blauth IIIB using 
a non-vascularized proximal 
interphalangeal joint from 
the toe. A. Hypoplastic 
thumb type Blauth IIIB before 
the operation; B. Thumb 
after the procedure; 
transferred joint and K-wire 
are marked in red; C. Thumb 
after obtaining bone union 
of the graft
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surgery of a type IIIB hypoplastic thumb, consisting of its 
stabilization using a non-vascularized PIP joint graft from 
the foot. In 13 cases, it was unilateral, and in 10 cases, it was 
an isolated defect of the thumb; in 3 cases, it was a complex 
upper extremity defect like congenital radial deficiency, and 
in 4 patients, an additional diagnosis of Poland’s syndrome, 
congenital hearing loss, hydrocephalus, and an extra thumb 
or thumb aplasia in the contralateral hand was present.

Before the  operation, parents were presented with 
the possibility of performing index finger pollicization, 
which they disagreed with because of the adverse cosmetic 
effect of a 4-fingered hand (Table 1).

Nine right hands and 7 left hands were operated on. The do-
nor of the PIP joint was harvested from the right foot 11 times 
and the left foot 5 times, of which 63% (10/16) of grafts were 
taken from the same side as the operated hand. Most of-
ten, the graft was taken from the 3rd toe in 50% of cases, 
while in the remaining cases, the 4th and 2nd toes were used 
as the donor, 5 (31%) and 3 (19%) times, respectively.

Description of the operating technique

Four orthopedists performed all surgeries under the same 
operating room conditions. The  surgery was performed 
in a bloodless field with a tourniquet through a longitudinal 
dorsal radial incision at the base of the thumb. Visualiza-
tion of the first metacarpal bone was achieved. Exposure 
and release of its proximal part and preparation of the proxi-
mal stump to cancellous bone were performed to increase 
the chance of osseointegration with the graft. A space was pre-
pared for the graft from the base of the first metacarpal bone 
to the proximal shaft of the second metacarpal bone (Fig. 2).

Our preferred joint donor from the foot is the 3rd or 4th 
toe because their size resembles the CMC I joint. In our 

experience, its absence did not cause significant dysfunc-
tions of the foot, which does not prevent possible micro-
surgical transfers from the 2nd toe (Fig. 3).

A longitudinal dorsal incision of the toe is made above 
the PIP joint, next to the extensor tendon with its protec-
tion. Using a bone cutter, an osteotomy of the proximal 
and medial phalanges is performed to collect the joint graft 
with capsule and collateral ligaments. We harvest a graft 
length to fill the distance between the second metacarpal 
proximal metaphysis and the hypoplastic first metacarpal 
stump after maximum traction of the thumb, so that af-
ter the graft is introduced, there is compression between 
the bones, which increases the chance of osseointegration. 
We close the space with stitches. The toe is stabilized with 
a centrally inserted 1.0 or 0.8 mm Kirschner wire (Fig. 4). 

Through the PIP joint graft, one 1.0 mm Kirschner wire 
is inserted longitudinally (Fig. 5). We prepare a bed for 
the graft from the radial proximal 1/3 side of the second 
metacarpal bone shaft. The harvested joint is stabilized 
on the first metacarpal stump by inserting the Kirschner 
wire antegrade. Then, it is stabilized to the previously pre-
pared bed on the second metacarpal bone retrograde using 
the same axial wire to set the thumb at about 30° radial 
and palmar abduction (Fig. 6).

Additionally, 5 patients underwent tendon transfers to im-
prove the active movement of the thumb, like flexor digito-
rum superficialis tendon 3rd or 4th finger to flexor pollicis 
longus tendon, abductor digiti minimi tendon or flexor digi-
torum superficialis tendon 4th finger to thumb opposition, 
extensor carpi radialis longus and flexor digitorum super-
ficialis tendon 3rd finger on thumb’s proximal phalanx for 
metararpophalangeal joint extensor and flexon, and extensor 
indicis proprius tendon to extensor pollicis longus. To close 
the skin wound, an absorbable suture of 4-0 or 5-0 is used, 

Fig. 2. A. An incision on the dorsal-radial side of the base of the thumb; B. Exposure and release of the proximal part of the first metacarpal bone; 
C. Preparing a space for a proximal interphalangeal joint (PIP) joint graft

Table 1. Details of the patients

Number 
of patients Gender Mean age 

at the operation [years] Blauth classification Unilateral defect Complex defect

16
male – 9

female – 7
3 (SD ±2) III B – 16

yes – 13
no – 3

yes – 3
no – 10

SD – standard deviation.
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depending on the size of the thumb. We secure the operated 
area with a large amount of cotton wool dressing, which pro-
tects and keeps the thumb in a fixed position. Additionally, 
the operated thumb is secured with an above-elbow cast.

The first change of dressing is performed 2 weeks af-
ter the surgery. The wire is removed at 6–8 weeks after 
the evaluation of bone fusion using an X-ray.

Fig. 3. A. Dorsal skin incision and exposure 
of the proximal interphalangeal joint (PIP) joint; 
B. Schematic drawing showing the harvesting 
of the PIP joint from the foot (osteotomy marked 
with a dashed line)

Fig. 4. A. Harvesting of the proximal interphalangeal 
joint (PIP) joint from the foot using a bone 
cutter; B. The toe is stabilized with Kirschner wire 
1.0 or 0.8 mm inserted longitudinally

Fig. 5. A. The harvested proximal interphalangeal 
joint (PIP) joint graft with capsule and collateral 
ligaments is measured; B. One Kirschner wire 
(1.0 mm) is inserted centrally; C. Schematic drawing
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Results

No significant technical problems were found during sur-
gery in any patient. After surgery, the Kirschner wire was 
removed after an average of 6.5 weeks (Fig. 7,8). The average 
operation time was almost 1 h. The complication rate was 
25% (4 patients), and there were 2 cases of destabilization 
and earlier removal of Kirschner wires where, in 1 case, 
graft union was not achieved, and there were 2  cases 
of non-union of the graft to the 1st or 2nd metacarpal bones. 
For this reason, reoperation was performed in 3 cases, con-
sisting of only graft restabilization in 1 case, and in 2 cases, 
resection of the pseudoarthrosis, filling the defect with 
a bone graft and restabilization was required. After sur-
gery in these 3 patients, union was achieved in 2, while 
pseudoarthrosis persisted in 1 (Table 2).

Discussion

The  generally accepted gold standard of  treatment 
in type IIIB thumb hypoplasia, according to the modified 
Blauth classification, is amputation of the thumb and index 
finger pollicization.2

Some parents do not accept this treatment method, 
as  it  results in  an  unfavorable cosmetic appearance 

in the form of a 4-fingered hand. Therefore, surgical tech-
niques that preserve a hypoplastic thumb and improve 
thumb stability and function are being developed.

The main goal of reconstructive techniques described 
in the literature is to increase the stability of the hyper-
mobile thumb, i.e., vascularized/non-vascularized meta-
tarsophalangeal joint (MTP) transplant, free toe phalanx 
transplant, transfer of half the width or the entire meta-
tarsal bone, vascularized metatarsal bone transplant with 
a full-thickness skin graft, and a non-vascularized struc-
tural transplant from the iliac crest.9–11,14,17–19,23–28

Allogenic (vascularized/non-vascularized) transfer of all 
or part of the PIP joint from the foot is widely described 
in the literature, both in adults and children, as an alterna-
tive to arthrodesis or endoprosthesis of the joint. The main 
indication is a congenital/post-traumatic/post-infectious 
deformation of the PIP joint.29–31

Kuzu et al.30 presented the results of 7 adult patients after 
a transfer of a vascularized PIP II joint from the foot to im-
prove the range of motion of the PIP joint of the finger. 
At 1-year follow-up, there was an increase in the amplitude 
of passive movement from 5° to 53° and active movement 
from 2° to 43°.

Dautel29 presented the  results after reconstructing 
43 PIP joints in children and adults, with a 5-year fol-
low-up. The average amplitude of active movement was 

Fig. 6. A harvested joint graft is stabilized on the first metacarpal bone stump by inserting the Kirschner wire (A) and then into the previously prepared bed 
on the second metacarpal bone using the same axial K-wire (B); C. Schematic drawing

Table 2. Summary of data regarding surgical technique

Number 
of patients

Hand 
operated

Foot 
donor

PIP joint 
donor 
– toe

Average 
time 

of surgery

Technical 
problems during 

operation

Average time 
of Kirschner wire 

stabilization
Complication Reoperations Tendon 

transfer

16
right – 9
left – 7

right – 11
left – 5

2nd – 3
3rd – 8
4th – 5

59 min
(SD ±17.5)

none
6.5 weeks
(SD ±2.5)

4 cases* 3 cases* 5 cases*

* Details included in the text. SD – standard deviation; PIP – proximal interphalangeal joint.
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45°, with an average range of motion (ROM) of 34–79°. 
In 2 cases, the author observed total ankylosis of the trans-
planted joint.

Finding papers describing the use of the PIP joint to re-
construct a type IIIB hypoplastic thumb is difficult. Sev-
eral authors described using a vascularized MTP graft 
for reconstruction as an alternative to pollicization.14,18,25 
We used a non-vascularized PIP joint graft, most often 
from the 3rd toe, where, in our opinion, this joint has ad-
equate size to reconstruct the CMC I joint.

In cited works, the operation was performed on 9 pa-
tients with an  average age of  9, whereas in  our group 
of 16 patients, the average age was approx. 3 years. The par-
ents did not accept pollicization in younger patients like 
many of our older patient cases. In older patients,14 the sur-
gery was performed to improve the stability of the thumb 
without a prior proposal of pollicization. In all cited cases, 

appropriate tendon transfers were performed to recreate 
the active movements of the thumb during the same op-
eration25 or in the next stage.14,18 In this group of patients, 
just over 30% of cases had tendon transfers performed 
in the next stage of treatment. The parents of the remain-
ing patients were not willing to undergo further operations, 
or the patient did not seek further treatment.

All authors achieved better thumb stability after surgery; 
however, only 1 article18 described the ROM of the trans-
planted joint – 45° of radial and 75° of palmar adduction. 
In some patients, the force of the global grip was 3 times 
higher, and the key grip was 1.5 times lower compared 
to the patients after the pollicization.25 Another article 
described it as 40% of the global grip strength and 14% 
of the 2-point grip strength compared to the opposite, 
healthy hand.14 In 2 studies,18,25 all patients could grasp 
small and large objects using the operated thumb. Foucher 

Fig. 7. X-ray of one of the operated patients: hand in anterior-posterior (AP) position before (A), after the operation (B) and after 3 years (C)

Fig. 8. A 4-year-old boy with a type IIIB hypoplastic thumb, 3 years after proximal interphalangeal joint (PIP) joint transfer. There is a visible shortening 
of the thumb, with atrophy of the thenar muscles, which is in an intermediate position
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et al.14 stated that more than half of the patients could 
grasp small things using the thumb. However, in their daily 
activities, they used it only occasionally. Most of the pa-
tients were able to hold larger objects.

Unfortunately, the description of the technique and post-
operative procedures in the cited works is not detailed 
enough to allow them to be appropriately compared. Ad-
ditionally, those papers are based on a few clinical cases.

All cited works14,18,20,24,25 are based on a vascularized 
joint transplant compared to our technique, where we use 
a non-vascularized graft. This means that it is not nec-
essary to have highly specialized microsurgical skills. 
The  risk of  blood circulation disorders in  the  oper-
ated finger is significantly reduced, and the operating 
time is shortened from 6 h24 to less than 1 h on average. 
As a  result, the child’s anesthesia time is also signifi-
cantly shorter. The surgical approach of all authors, both 
on the foot (dorsal) and on the hand (dorsal-radial), was 
similar to our technique. We inserted the graft between 
the first and second metacarpal bone, as Foucher et al.14 
or Nishijima et al.20 described. At the same time, Matsu-
zaki et al.18 and Shibata et al.25 placed the graft between 
the first metacarpal bone and the wrist bones. All authors 
used Kirschner wires to stabilize the graft as we do, but 
differently. Three papers18,20,25 described 2 crossed wires, 
and 1 paper14 an axial wire that only stabilizes the graft. 
However, our technique involves an axial wire inserted 
from the distal phalanx to the second metacarpal bone. 
In our group, the Kirschner wire was removed after an av-
erage of 6.5 weeks, similar to the paper by Foucher at al.,14 
which kept the wire in place for 5 weeks.

No complications were presented in any of the cited 
studies; only Foucher et al.14 stated that all patients had 
graft ingrowth. In our work, 3 cases (19% of cases) were 
a  non-union of  the  graft, and 1  case has been linked 
to wire destabilization. After reoperation in these 3 pa-
tients, union was achieved in 2, while pseudoarthrosis 
persisted in 1.

Long-term follow-up and evaluation of the donor site 
in the foot should be considered because as Garagnani 
et al. described in their work, the harvest of bone from 
the toes causes consequences that can only be identi-
fied after long-term follow-up. This is very important 
because if  a  deformity can be identified, the  patients 
and their families should be informed about it before 
the operation.32

Limitations

The article presents a detailed description of the tech-
nique and an assessment of the technical aspects of the pro-
cedure. Despite the small group of patients who under-
went surgery, this is the largest group analyzed compared 
to alternative techniques described in the literature. Slight 
differences in technique may be present due to the fact 
that more than 1 orthopedist performed all the surgeries. 

However, they took place in the same operating room con-
ditions. It is necessary to continue research with long-term 
follow-up and functional assessment studies (both short-
term and long-term).

Conclusions

The presented technique of reconstruction of the IIIB 
hypoplastic thumb with a non-vascularized PIP joint from 
the foot is based on principles like those reported in the lit-
erature on vascularized MTP transplants. It may be con-
sidered as one of the options for stabilizing a hypoplastic 
thumb in patients whose parents do not consent to pol-
licization. The main difference in the technique is that 
having highly specialized microsurgical skills is unneces-
sary. Also, the operation time and, consequently, the anes-
thesia time is significantly shorter, resulting in less burden 
on the child’s body.

In the following research stage, it is necessary to exam-
ine the function of the hand after the operation described 
above. It will be valuable to compare the obtained results 
with patients after index pollicization as the gold standard 
for treating grade IIIB thumb hypoplasia.
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Abstract
Background. The coronavirus pandemic has become the most critical global health threat of this century and 
the greatest challenge to the human population. The search for simple and quick diagnostic methods enabling 
the identification of patients infected with the SARS-CoV-2 virus may be a valuable method to track infection.

Objectives. The aim of the study was the clinical and immunological characterization of patients by assessing 
the degrees of maturity of T lymphocytes from the 1st and 5th waves of coronavirus disease 2019 (COVID-19) 
in comparison to a healthy control group (HC).

Materials and methods. We determined leukocyte and T lymphocyte subpopulations (recent thymic 
emigrant (RTE), naïve, effector, central memory and effector memory) in patients from the 1st COVID-19 
wave (n = 23), the 5th COVID-19 wave (n = 38) and HC (n=20) using a panel of monoclonal antibodies 
using multiparameter flow cytometry.

Results. We observed a lower median proportion of lymphocytes and NK cells, and elevated percentage 
and number of neutrophils in patients from the 5th wave compared to the 1st. We found a reduced percent-
age of CD4+ effector memory cells in the 1st wave group compared to the 5th wave (14.1 vs 23.2, p < 0.05), 
and a higher percentage of RTE and naïve CD8+ cells in the 1st wave compared to the 5th wave (p < 0.05). 
The effector memory CD8+ cells were highest in the 5th wave compared to both 1st wave and HC patients 
(respectively, 35.1 vs 18.1 vs 19.3%, p < 0.05). The 5th wave group showed significantly more differences 
compared to HC.

Conclusions. Our results showed a clear increase of effector cells with a simultaneous decrease in virgin 
T cells in the 5th COVID-19 infection. Monitoring lymphocyte subsets during infection allows assessment 
of the patient’s immune status and of readiness of lymphocytes to respond to the immune response, and 
may be necessary to improve clinical outcomes.

Key words: flow cytometry, effector memory T cells, SARS-CoV-2, central memory T cells, COVID-19 waves
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Background

The principal and emerging new waves of coronavirus 
disease 2019 (COVID-19) are primarily due to altered virus 
variants that are rapidly spreading worldwide.1 They pro-
long the persistence of infections, causing losses in human 
health, life and the economy. The development of highly ef-
fective vaccines against severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) effectively reduces the risk 
of infection and disease development. Unfortunately, due 
to issues related to vaccine hesitancy, availability and dis-
tribution, COVID-19 cases cannot be entirely controlled.

The virus causing symptoms of COVID-19 is an envel-
oped, single-stranded RNA virus whose 5’ region is rich 
in open reading frames and encodes proteins necessary 
for viral replication. The 3’ region contains 5 structural 
proteins, namely the spike protein (S), membrane protein 
(M), nucleocapsid protein (N), envelope protein (E), and 
hemagglutinin-esterase protein (HE).2 It  is responsible 
for causing an infectious disease with the most common 
symptoms such as fever, dry cough and fatigue, shortness 
of breath, loss of taste or smell, and in the case of an acute 
course of the disease can even lead to death.3

The  COVID-19 pandemic began in  Wuhan, China, 
in early December 2019, then quickly spread to neigh-
boring countries and, in the following months, appeared 
in most nations around the world. In this regard, the World 
Health Organization (WHO) on March 11, 2020 recog-
nized the COVID-19 disease outbreak as a pandemic.4 
The first case of COVID-19 disease in Poland was detected 
on March 4, 2020, and as of December 2022, 6,351,408 
cases of  infection and 118,306 deaths have been con-
firmed.5 Waves are a distinctive feature of pandemics, 
with seasonal variability in environmental factors affecting 
their duration. The start and end of COVID-19 waves were 
determined based on the number of identified cases of in-
fection calculated based on the weekly incidence rate.6,7

The beginning of the 1st wave of COVID-19 in Poland was 
estimated on March 12, 2020, its duration was 109 days (un-
til June 28) and it differed from the following waves.8 In most 
people infected with the SARS-CoV-2 virus, the disease 
was mild, without symptoms of pneumonia and hypoxia, 
or in cases of moderate severity, with clinical manifestations 
of pneumonia, such as fever, cough and shortness of breath. 
Some infected patients developed severe or critical illness 
complicated by severe respiratory distress syndrome, sepsis 
or organ failure.9 The 1st COVID-19 wave in Poland did 
not reveal the exact severity of the epidemic, as diagnostics 
were carried out only in symptomatic cases. In subsequent 
waves, a lower percentage of patients required hospitaliza-
tion, they were younger and admitted to the ward for fewer 
days, with prolonged survival.10,11 However, during the 2nd 
wave, twice as many cases and deaths were observed in Po-
land.12 The availability of antigen and serological tests for 
large-scale use has contributed to this. It was found that 
the course of the disease in patients from the 3rd COIVID-10 

wave, infected with the transformed alpha (B.1.1.7) variant, 
was significantly more severe than in the previous ones.13,14 
The subsequent 4th wave, comprising the next variants 
of SARS-CoV-2-Delta (B.1.617.2), resulted in a more severe 
course of the disease, being the most dangerous and hav-
ing the worst results.15,16 However, differentiation of SARS-
CoV-2 viral variants was also not common in Poland.17 
Vaccination against COVID-19 was introduced at the end 
of December 2020, with initial availability for healthcare 
workers, elderly patients and persons with multiple comor-
bidities.18 Despite the subsequent widespread availability 
of vaccines, due to high uncertainty and skepticism about 
the preparations, only approx. 50% vaccination coverage 
in Poland population was recorded.19

During the formation of the 5th wave, the SARS-CoV-2 
transformed into BA.5 SARS-CoV-2 Omicron variant with 
higher infectivity but less virulence and a milder course 
of the disease with few clinical symptoms.20 In Poland, 
the 5th COVID-19 wave began in the winter of 2021. It was 
the shortest of all, lasting 90 days, with the number of in-
fected people being over 1.75 million.8

The 2 main pathways of immune response to pathogens 
are innate and acquired immunity. The innate immune 
response involves NK cells, complement and interferon 
components, and immunoglobulin A secreted in body flu-
ids.21 The acquired or adaptive immune response is trig-
gered by viral replication. Intracellular viral antigens are 
presented to CD8+ T cells in combination with MHC class 
I antigens, which in turn causes division and maturation 
of lymphocytes into both effector and memory cells. Con-
tact with a foreign antigen turns lymphocytes into effector 
and central memory cells.22 Effector T cells can directly 
kill virus-infected cells, while central memory cells can 
be activated after subsequent re-contact with the anti-
gen and become memory effector cells or central memory 
cells.23 The viral antigen-responsive CD8+ T cells play a key 
role by identifying and killing virus-infected cells. These 
T cells with cytotoxic properties are active for a short time, 
and, after the elimination of the virus hidden in host cells, 
quickly disappear. Long-lived memory T cells, which ac-
tivate very quickly after repeated contact with the virus, 
create a long-term immune response. Healthy people, not 
burdened with additional diseases, potentially destroy 
the virus after it enters their bodies and do not develop 
a targeted immune response.23

It is interesting to compare the immune status of pa-
tients from different waves of the epidemic. In particular, 
the evaluation of effector and memory cells may indicate 
the state of readiness of the patient’s immune response 
to virus infection. Very little is known about the impact 
of different lymphocyte subsets on the immune response 
of COVID-19 patients or its consequences. We examined 
immunological parameters by assessing the expression 
of cell surface markers in lymphocyte subsets using a flow 
cytometer. The contribution of T cells to the establishment 
of  long-lasting protective immunity against reinfection 
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in future epidemics is an important aspect of the T cell 
response that requires investigation. In addition, the re-
sults obtained from both groups of COVID-19 patients 
were compared to a healthy control (HC) group.

Objectives

This study aimed to examine the host cellular immune 
response, including memory and effector cell subsets, 
in COVID-19 patients admitted to the Department of In-
fectious Diseases and Allergology of the Military Insti-
tute of Medicine–National Research Institute in Warsaw 
in different waves of the pandemic in Poland. We focused 
on assessing T cell subpopulations that play a significant 
role in the antiviral response involving a specific immune 
reaction in people infected with the SARS-CoV-2 virus.

Materials and methods

Patients

The analyzed group was composed of Polish patients 
from 2 COVID-19 waves, the 1st wave of COVID-19 (tested 
from May 2020 to August 2020) and the 5th (December 
2021 to April 2022). According to the WHO guidelines, pa-
tients with SARS-CoV-2 underwent real-time polymerase 
chain reaction (PCR) tests from nasopharyngeal swab 
samples. Patients positive for SARS-CoV-2 were admitted 
to the Department of Infectious Diseases and Allergology 
at the Military Institute of Medicine (Warsaw, Poland).

Inclusion criteria were as follows: adults over 18 years of age 
with laboratory-confirmed SARS-CoV-2 infection, meeting 
criteria for hospital admission for COVID-19, with an oxy-
gen saturation of 94% or less. Additionally, based on oxygen 
demand, patients according to result on an ordinal scale 
were classified as: a hospitalized patient, not requiring sup-
plemental oxygen but requiring medical attention (score 4) 
or hospitalized requiring normal oxygen supplementation 
(score 5) or non-invasive ventilation with high flow oxygen 
equipment (rated 6). Patients with acute respiratory distress 
syndrome (ARDS) at baseline were excluded. This 8-point 
scale is based on WHO recommendations modified to fit 
the specificity of the Polish healthcare system.

For the final analysis, we did not include any asymp-
tomatic patients or those receiving corticosteroids, which 
may affect blood cell counts and possibly also lymphocyte 
subsets.

The  1st wave COVID-19 group consisted of  23  pa-
tients. There were 9 women and 14 men with a mean age 
of 55.9 ±18.2 years. The 5th COVID-19 wave group initially 
consisted of 66 patients, 37 women and 29 men, with a mean 
age of 68.5 ±18.3 years. From the 5th wave group, 7 vacci-
nated patients and 3 with previously confirmed SARS-CoV-2 
infection were excluded, as well as 4 patients with an acute 

course of the disease, with ARDS at baseline. Fourteen pa-
tients died. Ultimately, the 5th COVID-19 wave study group 
consisted of 38 patients, among whom were 20 women and 
18 men, aged 66.4 ±18.3 years. The exclusion of vaccinated 
patients and those previously infected with the SARS-Cov-2 
virus allowed the generation of the optimal group from 
the 5th wave, which did not demonstrate many differences 
compared to the group from the 1st wave. Of note, patients 
from the 1st wave and the 5th wave were different people.

The  treatment procedure was carried out according 
to current knowledge and recommendations of the Polish 
Society of Epidemiologists and Infectiologists.24 The mean 
hospitalization was 21.5 ±16 days. Clinical characteristics 
of all COVID-19 patients from both groups are presented 
in  Table 1. The  HC group consisted of  20  volunteers, 
18 women and 2 men, with an average age of 56 ±7.1 years.

The study was carried out by the Declaration of Hel-
sinki, and approved by the Ethics Committee of the Mili
tary Institute of Medicine (approval No. 47/WIM/2020 
dated September 16, 2020). Informed written consent for 
the study and publication of this work was obtained from 
all patients from whom samples were collected.

Materials

Peripheral blood (PB) samples were obtained from all 
COVID-19 patients within 24 h of admission and before 
antiviral and/or  immunosuppressive treatment. Whole 
PB samples were incubated with monoclonal antibodies 
for 20 min at room temperature. The antibodies used are 
shown in Table 2. After 2 washes, the cells were analyzed 
for 2 h, and at least 20,000 events were collected for each 
sample. Data were interpreted with Cytexpert and Kaluza C 
v. 1.1 software (Beckman Coulter, Brea, USA), and an In-
finicyt 1.8 Flow Cytometry (Cytognos, Salamanca, Spain).

The routine white blood cell count (WBC) analysis was 
performed on all patients using a Sysmex XN-1500 (Sysmex 
Corp., Kobe, Japan) hematological analyzer.

Flow cytometry analysis

Leukocyte and lymphocyte subpopulations were ana-
lyzed with multicolor flow cytometry with a monoclonal 
antibody panel using DxFLEX flow cytometry (Beck-
man Coulter). We reported the lymphocyte maturation 
for the CD4+ and CD8+ cells.19 The following maturation 
populations among CD4+ T cells and CD8+ T cells were 
analyzed: RTE, naïve, effector, effector memory, and cen-
tral memory cells. The phenotypes of the analyzed T cell 
subpopulations and all tested cells are presented in Table 2.

Statistical analyses

The analysis was performed using Statistica v. 12.0 soft-
ware (TIBCO Software, Palo Alto, USA). The Shapiro–
Wilk test was performed to evaluate assumptions regarding 
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normal distribution. The parameters compared did not 
meet the assumptions of normal distribution, so the non-
parametric Mann–Whitney U test was used to compare 
the 2 groups (Table 1). Among the tested parameters (for 
comparison 3 groups) in Table 3 and Table 4, lymphocytes 
(%), neutrophils (%) naïve CD4+, effector CD8+ (%) and 
effector memory CD8+ (%) met the assumptions of nor-
mality, and thus we checked the assumptions of homo-
geneity of variance (Brown–Forsyth test), which showed 
that the assumption of homogeneity of variance was not 
met. For these 2 parameters, Welch’s analysis of variance 
(ANOVA) test (with Welch’s correction) for independent 
variance estimation and Games–Howell post hoc tests 
were used. For other parameters where the assumption 
of normal distribution was not met, we used the non-
parametric Kruskal–Wallis test and Dunn’s post hoc test 
with Bonferroni correction. The results were expressed 
as means with SD or medians (Me) with interquartile 
range (Q1–Q3). Statistical significance was considered 
when p < 0.05. All analyses were performed in Prism v. 9 
(GraphPad Software, La Jolla, USA).

Results

Clinical characteristics of the patients

The characteristics of the studied population with CO-
VID-19 in different waves are provided in Table 1. There 
is a nonsignificant difference in the age of the patients, 
with those in the 5th COVID-19 wave being older than 
patients in the 1st COVID-19 wave (Mann–Whiteny U test, 

p = 0.040). The blood oxygen saturation value was similar 
in both waves (U-Mann–Whiteny test, p = 0.980). The per-
centage of symptoms, such as fever, cough and dyspnea, 
were similar in both groups. Patients in the 5th COVID-19 
wave had a higher percentage of conventional (passive) 
oxygen therapy than patients in the 1st COVID-19 wave, 
and acute respiratory failure requiring mechanical ventila-
tion was recorded in 2 patients from the 5th wave compared 
to 3 patients from the 1st wave. There were 14 deaths among 
patients from the 5th wave. However, after excluding vacci-
nated patients and patients with a severe course of disease, 
a uniform group of patients with mild disease severity was 
obtained. Finally, a higher percentage of comorbidities was 
found in patients from the 5th COVID-19 wave.

Basic leukocyte subpopulation

Differences between COVID-19 waves

We analyzed the leukocyte subset distribution in PB 
in different waves of COVID-19. Median values of the ab-
solute number and percentage of leukocytes and lympho-
cyte types are presented in Table 3. There was a  lower 
median proportion of lymphocytes and NK cells, and a sig-
nificantly higher median proportion and absolute number 
of neutrophils in patients in the 5th COVID-19 wave com-
pared to the 1st COVID-19 wave (Table 3).

Differences between COVID-19 and healthy control

Compared to the HC group, there were more signif-
icant differences with the 5th wave group compared to 

Table 1. Characteristics of the study population with COVID-19 in different waves

Patients' characteristics 1st COVID-19
n = 23

5th COVID-19
n = 38

p < 0.05
Mann–Whitney U test

Sex: F/M, n 9/14 20/18

Age (Me (Q1–Q3))
p-value (Shapiro–Wilk test)
SW-W value

60.0 (39.0–72.0)
p = 0.018

0.889

71 (52–78)
p = 0.043

0.940
p = 0.040

Clinical symptoms 
n (%)

fever 19 (82.6%) 30 (78.9%) p = 0.850

cough 16 (69.6%) 25 (65.8%) p = 0.876

dyspnea 14 (60.9%) 5 (13.2%) p = 0.239

Saturation (Me (Q1–Q3)
p-value (Shapiro–Wilk test)
SW–W value

91.0 ±7.5%
p = 0.125

0.871

91.9 ±4.6%
p = 0.043

0.940
p = 0.980

Conventional (passive) oxygen therapy 7 (30.4%) 29 (76.3%) p = 0.023

Mechanical ventilation therapy 3 (13.0%) 2 (5.3%) p = 0.987

Diseases 
comorbidities, n (%)

0 comorbidities 10 (43.5%) 5 (13.2%) p = 0.098

1 comorbidity 7 (30.4%) 15 (39.5%) p = 0.138

2 comorbidities 2 (8.7%) 10 (26.3%) p = 0.068

3 comorbidities 2 (8.7%) 5 (13.2%) p = 0.654

4 comorbidities 2 (8.7%) 3 (7.9%) p = 0.980

Me – median; SW–W – Shapiro–Wilk test value.
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the 1st wave group. Lymphopenia, including reduced ab-
solute numbers relative to healthy controls, was demon-
strated for both COVID-19 groups for T cells, CD4+ and 
CD8+ cells, and B cells and NK cells. A similar relationship 
was found for neutrophil and eosinophil numbers (Table 3). 
The HC group showed significantly higher percentages 
of lymphocytes, CD3+, both CD4+ and CD8+ T lympho-
cytes, B lymphocytes and basophils compared to patients 
from the 5th wave group (Table 3).

T cell maturation subpopulation

Differences between COVID-19 waves

There was a significantly higher median proportion 
of effector memory CD4+ cells in the 5th COVID-19 wave 
compared to the 1st (Table 4). We also observed a sig-
nificantly lower median proportion of RTE CD8+ cells 
in the 5th COVID-19 wave than in the 1st COVID-19 wave 

Table 2. List of analyzed cell subpopulations with phenotype and list of antibodies

Analyzed population Phenotype Antibody list Catalog No. Clone No.

Lymphocytes CD45+bright SSC-A+dim CD45-V500 655873 2D1

Lymphocytes T CD45+bright CD3+ CD45-V500
CD3-PerCP-Cy5.5

655873
332771

2D1
SK7

Lymphocytes T CD4+ CD45+bright CD3+ CD4+
CD45-V500

CD3-PerCP-Cy5.5 
CD4-FITC

655873
332771
345768

2D1
SK7
SK3

Lymphocytes T CD8+ CD45+bright CD3+ CD8+
CD45-V500

CD3-PerCP-Cy5.5
CD8-APC

655873
332771
345775

2D1
SK7
SK1

Lymphocytes B  CD45+bright CD19+ CD45-V500
CD19-PE-Cy7

655873
341113

2D1
SJ25C1

Lymphocytes NK CD45+bright CD16+ CD3– CD45-V500
CD16-APC-H7

655873
560195

2D1
3G8

Neutrophils CD45+ CD16+ SSC-A+ CD45-V500
CD16-APC-H7

655873
560195

2D1
3G8

Eosinophils CD45+bright SSC-A+ CD45-V500 655873 2D1

Basophils CD45+dim SSC-A+dim CD45-V500 655873 2D1

Monocytes CD45+ HLA-DR+ CD45-V500
HLA-DR-V450

655873
655874

2D1
L243

RTE CD45RA+ CD62L+ CD31+ CD3+ CD45+

CD45RA-APC
CD62L-PE

CD31-PerCP-Cy5.5
CD3-APC-H7
CD45-V500

550855
555544
566563
641415
655873

–
–

WM59
SK7
2D1

Naïve T cells CD45RA+ CD197+ CD3+ CD45+

CD45RA-APC
CD197-PerCP-Cy5.5

CD3-APC-H7
CD45-V500

550855
353220
641415
655873

–
G043H7

SK7
2D1

Effector T cells CD45RA+ CD197– CD3+ CD45+

CD45RA-APC
CD197-PerCP-Cy5.5

CD3-APC-H7
CD45-V500

550855
353220
641415
655873

–
G043H7

SK7
2D1

Central memory T cells CD45RO+ CD197+ CD3+ CD45+

CD45RO-PE-Cy7
CD197-PerCP-Cy5.5

CD3-APC-H7
CD45-V500

560608
353220
641415
655873

UCHL1
G043H7

SK7
2D1

Effector memory T cells CD45RO+ CD197– CD3+ CD45+

CD45RO-PE-Cy7
CD197-PerCP-Cy5.5

CD3-APC-H7
CD45-V500

560608
353220
641415
655873

UCHL1
G043H7

SK7
2D1

Th17 CD45RO+ CD196+ CD3+ CD4+ CD45+

CD45RO-PE-Cy7
CD197-PerCP-Cy5.5

CD3-APC-H7
CD-4 FITC

CD45-V500

560508
353220
641415
345768
655873

UVHL1
G043H7

SK7
SK3
2D1

RTE – recent thymic emigrants T cells.



Table 3. The median proportion of leukocytes subpopulation in peripheral blood (PB): lymphocytes, lymphocytes T (CD4+, CD8+), natural killer cells, 
granulocytes, eosinophils, basophils and monocytes in the 1st COVID-19 wave, the 5th COVID-19 wave and in healthy control

Leukocytes 
subpopulations

1st COVID-19 
wave

Me (Q1–Q3) or 
mean (SD)(1)

A (n = 23)

5th COVID-19 wave
Me (Q1–Q3) or

mean (SD)(1)

B (n = 38)

HC
Me (Q1–Q3) or

mean (SD)(1)

C (n = 20)

*p < 0.050
(1)Welch’s ANOVA test (with 

Welch’s correction) for 
independent variance estimation

(2)nonparametric Kruskal–Wallis

* p < 0.050
(1)Games–Howell 

post hoc
(2)Dunn’s post hoc 

test with Bonfferoni 
correction

Lymhocytes [%] (1)33.6 (18.8) (1)21.6 (12.8) (1)39.7 (10.6) p < 0.001(1)

A–B, B–C(1)

A–B; p = 0.015
A–C; p = 0.271
B–C; p < 0.001

Lymhocytes [k/µL] 1087 (817–2420) 1154 (905–1799) 2037 (1838–2934) p < 0.001(2)

A–C, B–C(2)

A–B; p = 1.000
A–C; p = 0.004
B–C; p < 0.001

Lymphocytes T CD3+ 
[%]

21.9 (13.8–37.5) 17.5 (10.3–22.5) 29.3 (24.0–37.2) p < 0.001(2)

B–C(2)

A–B; p = 0.154
A–C; p = 0.089
B–C; p < 0.001

Lymphocytes T CD3+ 
[k/µL]

805 (572–1891) 897 (729– 1369)
 1659 (1409–

2292)
p < 0.001(2)

A–C, B–C (2)

A–B; p = 1.000
A–C; p = 0.001
B–C; p < 0.001

Lymphocytes T CD3+ 
CD4+ [%]

12.3 (5.3–23.1) 9.3 (5.3–13.9) 18.6 (13.6–22.0) p < 0.001(2)

B–C(2)

A–B; p = 0.439
A–C; p = 0.073
B–C; p < 0.001

Lymphocytes T CD3+ 
CD4+ [k/µL]

526 (261–1035) 557 (450–796) 977 (756–1559) p < 0.001(2)

A–C, B–C(2)

A–B; p = 1.000
A–C; p = 0.003
B–C; p = 0.001

Lymphocytes T CD3+ 
CD8+ [%]

9.3 (3.6–12.6) 5.7 (3.1–8.1) 10.5 (7.8–13.2) p = 0.002(2)

B–C(2)

A–B; p = 0.125
A–C; p = 0.413
B–C; p < 0.001

Lymphocytes T CD3+ 
CD8+ [k/µL]

313 (160–847) 399 (206–552) 624 (456–790) p = 0.003(2)

A–C, B–C(2)

A–B; p = 1.00
A–C; p = 0.028
B–C; p = 0.003

Ratio CD4/CD8 1.6 (1.0–2.7) 1.7 (0.9–2.4) 1.8 (1.5–2.2) p = 0.863(2) –

Lymphocytes B CD19+ 
[%]

2.2 (1.4–5.1 2.1 (0.8–3.7) 3.9 (3.0–5.0) p = 0.004(2)

B–C(2)

A–B; p = 0.861
A–C; p = 0.116
B–C; p = 0.003

Lymphocytes B CD19+ 
[k/µL]

141 (77–191) 132 (58–257) 216 (190–284) p = 0.004(2)

A–C, B–C(2)

A–B; p = 1.000
A–C; p = 0.013
B–C; p = 0.007

Natural killer (NK) cells 
[%]

4.5 (1.5–9.1) 1.8 (0.4–3.5) 4.2 (2.8–7.0) p < 0.001(2)

A–B, A–C, B–C(2)

A–B; p = 0.003
A–C; p = 0.002
B–C; p = 0.002

Natural killer (NK) cells 
[k/µL]

184 (101–400) 116 (35–241) 245 (204–447) p = 0.001(2)

B–C(2)

A–B; p = 0.093
A–C; p = 0.531
B–C; p = 0.001

Neutrophils [%] (1)55.3 (22.0) (1)64.8 (15.8) (1)59.4 (21.2) *p < 0.001(1)

A–B(1)

A–B; p < 0.001
A–C; p = 0.756
B–C; p = 0.817

Neutrophils [k/µL] 2704 (1556–3937) 4203 (2581–6373) 3310 (2139–4338) p = 0.001(2)

A–B, A–C, B–C(2)

A–B; p < 0.001
A–C; p < 0.001
B–C; p < 0.001

Eosinophils [%] 1.1 (0.2–2.5) 1.1 (0.6–2.9) 1.8 (1.0–3.2) p = 0.210(2) –

Eosinophils [k/µL] 62 (8–109) 79 (29–171) 108 (66–197) p = 0.074(2) –
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Leukocytes 
subpopulations

1st COVID-19 
wave

Me (Q1–Q3) or 
mean (SD)(1)

A (n = 23)

5th COVID-19 wave
Me (Q1–Q3) or

mean (SD)(1)

B (n = 38)

HC
Me (Q1–Q3) or

mean (SD)(1)

C (n = 20)

*p < 0.050
(1)Welch’s ANOVA test (with 

Welch’s correction) for 
independent variance estimation

(2)nonparametric Kruskal–Wallis

* p < 0.050
(1)Games–Howell 

post hoc
(2)Dunn’s post hoc 

test with Bonfferoni 
correction

Basophils [%] 0.3 (0.0–0.7) 0.3 (0.0–0.5) 0.5 (0.4–0.7) p = 0.035(2)

B–C(2)

A–B; p = 0.980
A–C; p = 0.233
B–C; p = 0.032

Basophils [k/µL] 14 (0–27) 16 (0–32) 31 (25–45) p = 0.011(2)

A–B, A–C, B–C(2)

A–B; p = 0.027
A– C; p = 0.027
B–C; p = 0.021

Monocytes [%] 7.2 (5.8–10.9) 9.5 (6.7–13.2) 8.2 (6.7–9.6) p = 0.173(2) –

Monocytes [k/µL] 388 (249–615) 615 (417–831) 449 (395–562) p = 0.003(2)

A–B(2)

A–B; p = 0.002
A–C; p = 0.382
B–C; p = 0.355

HC – healthy control; Me – median. Data expressed as median (Q1–Q3). A * marked p < 0.05 statistically significant.

Table 3. The median proportion of leukocytes subpopulation in peripheral blood (PB): lymphocytes, lymphocytes T (CD4+, CD8+), natural killer cells, 
granulocytes, eosinophils, basophils and monocytes in the 1st COVID-19 wave, the 5th COVID-19 wave and in healthy control – cont.

Table 4. Differences in the median proportion of T lymphocyte cells in peripheral blood: recent thymic emigrants (RTE), naïve, effector, effector memory, 
central memory and Th17 cells between the 1st COVID-19 wave, the 5th COVID-19 wave and healthy control

Lymphocytes T 
subpopulations

1st COVID-19 wave
Me (Q1–Q3) or 

mean (SD)(1)

A (n = 23)

5th COVID-19 
wave

Me (Q1–Q3) or 
mean (SD) or 
mean (SD)(1)

B (n = 38)

HC
Me (Q1–Q3) or 

mean (SD)(1)

C (n = 20)

* p < 0.050
(1)Welch’s ANOVA test (with 

Welch’s correction) for 
independent variance estimation

(2)nonparametric Kruskal–Wallis

* p < 0.050
(1)Games–Howell 

post hoc
(2)Dunn’s post hoc 

test with Bonfferoni 
correction

RTE CD4+ 19.9 (5.8–30.3) 14.2 (9.4–23.6) 31.2 (26.3–37.6) p < 0.001(2)

A–C, B–C(2)

A–B; p = 0.792
A–C; p = 0.014
B–C; p < 0.001

Naïve CD4+ 41.4 (20.3)(1) 33.4 (16.9)(1) 50.0 (10.9)(1) p < 0.001(1)

B–C(1)

A–B; p = 0.365
A–C; p = 0.125
B–C; p = 0.005

Effector CD4+ 2.8 (1.2–6.4) 2.6 (1.0–4.4) 1.8 (1.1–3.4) p = 0.647(2) –

Effector memory CD4+ 14.1 (9.2–22.3) 23.2 (18.0–35.9) 12.5 (9.2–15.0) p < 0.001(2)

A–B, B–C(2)

A–B; p < 0.001
A–C; p = 1.000
B–C; p < 0.001

Central memory CD4+ 35.2 (26.3–46.5) 33.4 (28.1–43.1) 33.2 (27.2–40.3) p = 0.757(2) –

Th17 (among CD4+) 22.5 (15.5–29.1) 21.8 (16.2–31.3) 28.8 (25.0–34.9) p = 0.054(2) –

RTE CD8+ 28.1 (13.4–47.3) 11.7 (7.2–24.7) 39.5 (34.4–52.9) p < 0.001((2)

A–B, B–C(2)

A–B; p = 0.026
A–C; p = 0.073
B–C; p < 0.001

Naïve CD8+ 22.1 (10.5–40.5) 11.8 (7.0–21.3) 42.4 (35.5–59.7) p < 0.001(2)

A–B, A–C, B–C(2)

A–B; p = 0.027
A–C; p = 0.019
B–C; p < 0.001

Effector CD8+ 36.5 (23.2)(1) 39.8 (20.1)(1) 28.4 (11.8)(1) p = 0.145(1)  –

Effector memory CD8+ 20.8 (11.9)(1) 36.3 (12.9)(1) 19.6 (6.9)(1) p < 0.00(1)

A–B, B–C(1)

A–B; p < 0.001
A–C; p = 1.000
B–C; p < 0.001

Central memory CD8+ 9.5 (6.6–14.5) 6.1 (3.5–12.0) 7.8 (4.1–11.4) p = 0.242(2) –

RTE – recent thymic emigrants; HC – healthy control; Me – median. Data expressed as median (Q1–Q3). A * marked p < 0.05 statistically significant
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and naïve CD8+ cells in  the  5th COVID-19 wave than 
in the 1st COVID-19 wave (Table 4). When we analyzed 
the median proportion of effector memory CD8+ cells, 
we noticed a significantly higher proportion in the 5th CO-
VID-19 wave than in the 1st COVID-19 wave (Table 4). 
Moreover, there was a lower median proportion of cen-
tral memory CD8+ cells in the 5th COVID-19 wave than 
in the 1st COVID-19 wave (Fig. 1, Table 4). Sample flow 
cytometry graphs from a selected patient from the 1st CO-
VID-19 wave to a patient from the 5th COVID-19 wave for 
T cells maturation population: lymphocytes, lymphocytes 
T, CD4+, CD8+, naïve, effector, effector memory and cen-
tral memory, Th17 and RTE cells are presented in Fig. 2 
and Fig. 3.

Differences between COVID-19 and healthy control

Compared to the HC group, we found a significantly 
lower percentage of CD4+ RTE cells and CD8+ naïve cells 
in both groups of patients with COVID-19. Lower percent-
ages of CD4+ naïve cells, CD8+ RTE cells, and higher per-
centages of memory effector cells of both CD4+ and CD8+ 
were also found in 5th-wave patients relative to the HC 
group (Table 4, Fig. 1).

Discussion

Despite developed immunity and vaccinations show-
ing significant activity against various viral variants, 

Fig. 1. The differences in the median values of T CD4+ and CD8+ lymphocytes types: Recent thymic emigrants T cells (RTE), naïve T cells, effector T cells, 
central memory T cells, and effector memory T cells between the 1st COVID-19 wave, 5th COVID-19 wave and healthy control. Graphs show the median 
values (A * marked p < 0.05 statistically significant)
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SARS-COV-2 still causes significantly high mortality, 
especially in patients with many comorbidities.25 In our 
study, we  presented new results comparing the  clini-
cal and immunological features of the 2 extreme waves 
of COVID-19 cases in Poland. We showed in our work, 
for the first time, the full maturation profile of T lympho-
cytes, from naïve cells to memory cells of patients from 
2 distant waves of the COVID-19 pandemic in Poland. 
Our study provides characteristics of COVID-19 patients 
from the pandemic’s 1st and 5th waves through clinical 
description and evaluation of  leukocyte and main T-
cell subpopulations. Patients from both groups showed 
typical symptoms of COVID-19. The group of patients 
from the 5th wave was associated with an elevated num-
ber of comorbidities and the amount of oxygen therapy 
used. The differences between the waves in the clinical 
picture could be due to the development of other virus 
variants, large-scale vaccination and greater population 
immunity. In  the  5th  wave of  COVID-19, the  positive 
group consisted mainly of elderly, unvaccinated patients 
with comorbidities, due to the younger infected patients 
not requiring hospitalization. Only a  few studies have 
conducted comprehensive comparisons of hospitalized 
patients from different waves of COVID-19. According 
to some researchers, COVID-19 patients in the 1st wave 
had a more severe course of the disease than patients ad-
mitted in the 2nd wave, in which fewer patients received 
mechanical ventilation and experienced symptoms such 
as fever, cough and shortness of breath.26 Similarly, the re-
sults of studies conducted in Spain, Japan and Iran showed 
a milder course of the disease during the 2nd wave.10,27,28 
There are many plausible explanations for the milder 
course of the disease during subsequent waves of CO-
VID-19. The risk of  infection was higher at the begin-
ning of the pandemic, improved diagnostics and treatment 
could translate into the  condition of  hospitalized pa-
tients, and potential changes in the SARS-CoV-2 genome 
in subsequent waves could have an impact on the severity 
of the disease.26

It is known that lymphopenia is a characteristic feature 
in patients with COVID-19 and may be a basic, useful 
prognostic factor.29,30 Neutrophilia is also a characteris-
tic symptom of SARS-CoV-2 infection.31 In our research, 
lymphopenia and neutrophilia were significantly higher 
in the 5th wave, comparing both patients from the 1st wave 
group and the HC group. It is known that lymphopenia, el-
evated neutrophil-to-lymphocyte ratio, monocyte-to-lym-
phocyte ratio, and elevated cytokine levels are correlated 
with disease severity and poor prognosis.32,33 Charostad 
et al., comparing 5 waves of COVID-19, noticed the great-
est increase in the number of  leukocytes and the high-
est neutrophilia and lymphopenia in the 3rd wave, while 
the 1st wave had the least impact on these parameters.34 
Our data indicate that hematological parameters can serve 
as valuable predictive biomarkers for assessing disease sta-
tus and clinical outcomes in each wave of the COVID-19 

Fig. 2. Sample flow cytometry graphs from a selected patient from 
the 1st COVID-19 wave (A) and patient from the 5th COVID-19 wave (B) 
for lymphocytes, lymphocytes T, CD4+, CD8+ and T cells maturation 
population: naïve, effector, effector memory and central memory

SSC-A – side scatter area; RTE – recent thymic emigrants.
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pandemic and provide useful insight into the progression 
and prognosis of COVID-19 cases.

For a  better understanding of  the  immune mecha-
nisms occurring in the patients examined in this study, 
we analyzed the subpopulation of cells responsible for 
both the early and late immune response. Different types 
of pathogens require diverse types of  immune effector 
cells for control. Viral infections require control of CD4+ 

T cells, which induce B cells to produce high-affinity an-
tibodies that can neutralize the pathogen, and cytotoxic 
CD8+ T cells, which kill cells infected with the pathogen. 
The factor initiating the immune response is the recogni-
tion of antigens by lymphocytes, which, when stimulated, 
proliferate and mature into effector cells and memory 
cells. These cells are characterized by  heterogeneity 
in  terms of  surface receptor expression, function and 

Fig. 3. Sample flow cytometry graphs from a selected patient from the 1st COVID-19 wave and a patient from the 5th COVID-19 wave for lymphocytes, 
lymphocytes T, CD4+, CD8+, Th17 cells and recent thymic emigrant T cells (RTE)

SSC-A – side scatter area.
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location.35 It appears that memory T cells can reduce 
the severity of COVID-19 infection by triggering a protec-
tive immune response.

Differentiation of T cell populations into effector and 
memory subsets is one of the most fundamental aspects 
of T cell-dependent immunity. Thus, the balance between 
naïve and memory T cells is crucial to maintain an ef-
fective immune response.36 Very few reports were found 
comparing the composition of leukocyte and lymphocyte 
subsets from patients of different waves of the COVID-19 
pandemic.

We showed the highest percentage of CD8+ RTE cells 
and naïve CD8+ cells in the HC group, indicating a muted 
immune system compared to  the  COVID-19 groups. 
In comparison, the proportion of memory effector cells 
was the highest in the 5th wave group of patients both 
in the case of CD4+ and CD8+ lymphocytes. The pres-
ence of effector memory cells could indicate re-contact 
with the antigen and residual immunological memory. De-
spite the lack of vaccination and confirmed infections with 
the SARS-Cov-2 virus, most patients from the 5th wave 
seem to have had contact with the virus during the first 
4 waves of the pandemic.

The state of infection can also lead to the emergence 
of  an  adaptive immune response and the  formation 
of memory cells responsible for protective immunity. Over 
time, the likelihood of developing immunological memory 
increases with subsequent exposures to the virus, either 
through vaccination or direct contact.

Our previous research showed an increase of T cells with 
immunological memory in response to COVID-19 infec-
tion. Among CD8+ cells, effector cells were most abundant 
in COVID-19 patients. In contrast, we noted a significant 
growth in the proportion of CD4+ central memory cells 
relative to the HC group. Our results indicated the de-
velopment of  immunological memory in patients with 
COVID-19 infection, without any correlation to changes 
in the lungs.37,38 Netea and Li also showed more abundant 
effector and memory CD8+ cells in COVID-19 survivors 
compared to healthy volunteers, highlighting their role 
in antiviral immunity.39

There was no consensus on what mechanisms might 
cause disease progression or  inhibition. A significant 
body of literature has been published on the role of anti-
bodies in COVID-19 disease, and it has been shown that 
CD4+ T cell activity is necessary to produce antibod-
ies against SARS-CoV-2 infection.40 While controversy 
remains, it appears that the relief of COVID-19 symp-
toms is related to adaptive immunity and the production 
of memory cells. Peng et al. confirmed an association 
between the SARS-CoV-2-specific T cell response and 
recovery. The memory T cell response was shown to be 
greater in patients with severe disease than in those with 
mild COVID-19.41 Liao et al. suggested that adaptive 
T cell responses are likely protective during SARS-CoV-2 
infection.42 Scalia  et  al. observed a  decrease in  most 

lymphocyte subsets in mild and moderate stages, a de-
crease in NK cells and regulatory T cells in 2nd-wave 
patients, and a more significant number of  activated 
Th17 lymphocytes in all stages compared to the 1st wave. 
Less severe symptoms of SARS-CoV-2 infection were 
observed in 2nd-wave patients in advanced stages, while 
patients in the mild and moderate stages had a worse 
course compared to patients in the 1st wave. The authors 
suggested that in patients with mild COVID-19 at di-
agnosis, treatment with steroids and azithromycin ap-
peared to blunt the immune reaction against the virus.43 
Asghar et al. found that most levels of  inflammatory 
markers were lower in the 2nd wave, while the percentages 
of neutrophils and lymphocytes were higher compared 
to the 1st wave. Disease severity was also more predict-
able in the 2nd wave, which may be due to attenuation 
of  the  inflammatory response by  the  immediate use 
of  immunosuppressants, antibiotics, antiviral drugs, 
or anticoagulants, according to treatment recommenda-
tions that were not available during the 1st wave.44 More-
over, the course of the disease may depend on the adap-
tive immune response of  patients. T-cell immunity 
plays a crucial role in controlling SARS-CoV-2, and its 
importance may have been relatively underestimated 
until now.45 However, new data are emerging indicating 
that SARS-CoV-2-specific memory T cells are being pro-
duced. Long-term studies of patients who recovered from 
the closely related SARS virus (SARS-CoV-1) between 
2002 and 2004 found that anti-SARS T cells were long-
lived and remained nearly 2 decades later.46 Therefore, 
the characteristics of the immune response among popu-
lation groups may help develop personalized therapies 
for patients with severe disease.47 Knowledge of the im-
mune profile is also important for creating new vaccines 
against SARS-CoV-2, which should trigger the produc-
tion of memory T cells.46

We proposed that memory effector CD4+ and CD8+ cells 
represent a reliable measure of immune status that may 
be useful for assessing recent major waves of COVID-19. 
Additionally, the reduced proportion of central memory 
CD4+ cells, naive CD8+ cells and RTE CD8+ cells allowed 
for the distinguishing of patients in the last significant 
COVID-19 wave, which may indicate the direction of fur-
ther research and comprise the next stage of diagnostics. 
Regular monitoring of lymphocyte subsets during SARS-
Cov-2 infection will assess the patient’s immune status and 
lymphocyte readiness for an immune response and may 
be essential to improve clinical outcomes.

Limitations

Our study has limitations that may introduce some po-
tential bias. It was a study on a small group of patients, 
and data from a larger cohort of patients would be use-
ful to evaluate subsequent changes in immune responses 
following SARS-CoV-2 infection. However, our study 
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provided much new information about the host immune 
response in COVID-19 patients that SARS-CoV-2 may act 
on lymphocytes, especially T cells. There has been a lack 
of studies assessing the virus variant in individual waves 
of the pandemic. Patients from only 2 waves of the pan-
demic were compared, although 2 extreme waves were 
selected, the 1st and, so far, the last (the 5th).

Conclusions

In this work, we analyzed basal peripheral leukocytes 
and T cell subpopulations of the maturation process and 
differences between COVID-19 waves compared to healthy 
controls. The number of characteristic changes in the mat-
uration profile of T lymphocytes in the 5th wave group 
compared to the 1st wave group and the HC group indi-
cated the switching of cell functions to effectors, ready 
for the immune response, and indicated the differentia-
tion of the course of the disease depending on the wave 
of COVID-19.

Monitoring the memory cell population in healthy peo-
ple and people at risk is very important for proper preven-
tion or treatment. The characterization of T lymphocyte 
subpopulations allowed us to illustrate the phenomenon 
of  immunological memory and readiness to effectively 
eliminate the virus in patients with COVID-19. The pre-
sented results allowed us to emphasize to some extent 
the importance of immunological memory in these pa-
tients, but further detailed studies are necessary.
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Abstract
Background. In regenerative endodontic procedures (REPs), it  is crucial to find effective materials. This 
study introduces glycosaminoglycan (GAG) mimetic peptide amphiphile (PA, GAG-PA) and K-PA nanofibers, 
synthesized to emulate sulfated GAGs, aiming to enhance tissue repair within damaged pulp – an area where 
standardized protocols are currently lacking.

Objectives. The objective of this study was to investigate the regenerative potential of GAG-PA nanofibers 
in REP.

Materials and methods. Heparan sulfate mimicking PAs was designed to develop a bioactive nanofibrous 
supramolecular system. The cavities on the mesial surfaces of the first upper molars of 8 rats (4 rats in the study 
group and 4 in the control group) were prepared, and the pulps were perforated. Then, the material was 
applied onto the dental pulp, and the cavities were closed with a self-curing glass ionomer cement filling 
material. Physiological saline was used in the control group. Thirty days after application, the teeth were 
extracted, and the formation of regenerative tissue sections in the pulp was evaluated using hematoxylin 
and eosin (H&E) staining and Masson’s trichrome staining.

Results. After 30 days, H&E staining demonstrated robust tissue regeneration in the implanted region, with 
minimal neutrophil infiltration. Masson’s trichrome staining confirmed reparative dentin formation. Quantita-
tive analysis revealed a regeneration percentage of 85% in the study group, compared to 80% in the control 
group. Statistical analysis showed no significant difference in regeneration between the groups (p > 0.05).

Conclusions. Our comprehensive study, utilizing GAG-PA and K-PA nanofibers, demonstrated successful 
synthesis, characterization and formation of nanofiber networks. The in vivo experiment with rats exhibited 
substantial tissue regeneration with quantifiable results supporting the efficacy of the nanofiber approach. 
Statistical analysis confirmed the consistency between the study and control groups, emphasizing the po-
tential of these nanofibers in endodontic tissue regeneration applications.

Key words: regenerative endodontics, dental pulp, tissue scaffolds
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Background

The dental pulp is a vital soft connective tissue that has 
the remarkable ability to generate dentin in response to ex-
ternal stimuli. Furthermore, it plays a crucial role in main-
taining the biological and physiological vitality of dentin, 
thus contributing to dental homeostasis. Dental pulp in-
flammation, referred to as pulpitis, is an inflammatory 
dental condition characterized by the degradation of den-
tal pulp, leading to the eventual loss of its functionality. 
The entry of bacteria and their harmful components into 
the pulp triggers an inflammatory response within various 
host cells, such as dental pulp cells, macrophages and other 
immune cells.1 Nevertheless, these actions impede the in-
herent self-repair mechanism of the dental pulp, resulting 
in prolonged inflammation that is immensely destructive 
and can potentially lead to tissue necrosis.2 In the majority 
of cases, complete removal of the pulp tissue is performed 
during root canal treatment, even if a significant portion 
of the pulp remains healthy.3 Unfortunately, this proce-
dure leads to the loss of dentin, escalating the risk of tooth 
fractures and ultimately culminating in the extraction 
of the tooth. However, the possibility of extraction can 
be averted if the damaged pulp tissue can be regenerated.

Regenerative endodontic procedures (REP) have emerged 
as a viable option for addressing immature necrotic teeth 
with apical periodontitis, aiming to rejuvenate the ne-
crotic pulp and facilitate root development. The absence 
of a standardized protocol for this treatment method has 
led the American Association of Endodontists (AAE) and 
the European Society of Endodontology (ESE) to advo-
cate for a shared clinical guideline.4–6 Key distinctions 
in these procedures typically revolve around the applica-
tion of intracanal media, the method of inducing bleeding, 
the concentration of sodium hypochlorite, and the use 
of biological matrices.6 This collaborative guideline serves 
as a foundation, allowing flexibility in clinical approaches 
while maintaining a common framework for REP.

The utilization of stem cells and/or biomaterials for den-
tal pulp regeneration is regarded as a crucial approach 
to preserving tooth health. Before clinical implementation, 
it is essential to conduct animal studies to validate the bio-
availability, safety and effectiveness of novel treatment mo-
dalities involving stem cells or biomaterials in the context 
of dental pulp regeneration.7

Synthetic biomaterials that can mimic extracellular 
structures have proven to be invaluable for tissue engineer-
ing and regenerative medicine applications.8,9 Extracel-
lular matrix (ECM) mimetic materials can recognize and 
control cell movements and behavior, and 3-dimensional 
(3D) microenvironments created using such biomaterials 
enable stem cells to multiply and differentiate through 
tailored biological signs.10

The biomechanical properties of synthetic polymers are 
critical considerations in various biomedical applications, 
particularly in the field of tissue engineering. Engineered 

to mimic the structural characteristics of natural tissues, syn-
thetic polymers such as poly(lactic acid) (PLA), poly(glycolic 
acid) (PGA) and their copolymers like poly(lactic-co-gly-
colic acid) (PLGA) offer versatility in tailoring mechanical 
strength.11 Factors such as molecular weight, crystallinity 
and processing methods influence the biomechanical behav-
ior of these polymers. The mechanical strength of synthetic 
polymers is essential for providing structural support dur-
ing tissue regeneration.12 Additionally, the biodegradabil-
ity of these polymers, where controlled degradation over 
time matches tissue regeneration rates, is a crucial feature. 
The ability to fine-tune biomechanical properties makes 
synthetic polymers valuable in creating scaffolds and im-
plants that can integrate seamlessly with the biological sys-
tems they aim to support and regenerate.

In nature, proteins in the intercellular structure, known 
as collagen, are used by cells for mechanical support and 
attachment.13 The length of a collagen fibril, which con-
sists of aggregated polypeptides, is approx. 300 nm, and 
the diameter is approx. 1.5 nm. Cells can interact with 
collagen through integrin proteins, such as fibronectin 
and laminin, and move within the intercellular structure. 
Previous studies have shown that Arg-Gly-Asp-Ser (RGDS) 
on fibronectin and Ile-Lys-Val-Ala-Val peptide sequences 
on laminin form vital binding sites for cells to use these 
proteins.14–16 These short peptide sequences have thus 
been placed on many synthetic polymers, allowing cells 
to move in environments created by these polymers. How-
ever, in general, these polymers cannot naturally degrade 
and do not accurately portray biological signals.

Scaffolds, 3D frameworks designed to mimic the ECM, 
must possess specific biomechanical characteristics for 
successful integration with host tissues.17 Mechanical sup-
port is a key consideration, with properties such as com-
pressive strength, tensile strength and modulus of elastic-
ity crucial in maintaining structural integrity. Porosity and 
pore size are also vital factors, influencing nutrient and 
oxygen diffusion, as well as facilitating cell ingrowth.18 
Biocompatibility is essential to promote cell attachment, 
proliferation and differentiation, while the dynamic bal-
ance of degradation and remodeling ensures that the scaf-
fold degrades over time, synchronizing with the natural 
regeneration of the tissue. The ability to modulate these 
biomechanical properties makes scaffolds versatile tools 
in regenerative medicine, providing a customizable plat-
form for tissue repair and replacement.19

Ongoing research focuses on the development of syn-
thetic or natural scaffolds.20 Various alternative scaffolds 
employed for pulp regeneration, such as soluble collagen, 
absorbable gelatin sponge and platelet-rich plasma, have 
undergone examination in animal models.21–23 However, 
the histological findings from these studies consistently in-
dicate unsuccessful healing. Furthermore, a study assessing 
the regenerative potential of 2 lyophilized chitosan-based 
scaffolds (hyaluronic acid : chitosan and pectin : chitosan) 
reported unfavorable histological results.24 Up to now, 
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cross-linked collagen sponge scaffolds have been the sole 
scaffolds utilized, yielding more favorable outcomes.25

Composed of a network of blood vessels, nerves and 
fibrous tissues, dental pulp contributes to the mechani-
cal resilience of the tooth. Its ability to resist compressive 
forces is essential for protecting the underlying pulp tissue 
from external impacts and occlusal forces during biting 
and chewing.26 The elasticity of dental pulp allows it to ab-
sorb and distribute mechanical stresses, acting as a shock 
absorber and minimizing the risk of damage to the tooth. 
Additionally, the pulp’s regeneration plays a role in main-
taining tissue health and facilitating reparative processes. 
Understanding the biomechanical properties of dental 
pulp is essential for designing dental materials and proce-
dures that preserve pulp vitality while ensuring the overall 
mechanical stability of the tooth structure.27

The use of animal models in research on REP is necessary 
for several reasons. These models provide valuable insights 
into the efficacy, safety and mechanisms of regenerative ap-
proaches for pulp treatment. Animal models allow research-
ers to evaluate the potential of REP to promote pulp regen-
eration and repair. For example, studies in rats or dogs can 
assess the effectiveness of different scaffolds, growth factors 
or stem cell-based therapies in stimulating pulp regenera-
tion.28 Animal models help researchers investigate the long-
term outcomes of regenerative pulp therapies. By examining 
histological, radiographic and functional parameters, these 
models provide valuable data on the success of the treat-
ment and the quality of the regenerated pulp tissue.29 Ani-
mal models enable researchers to evaluate the safety and 
biocompatibility of regenerative materials and procedures 
used in pulp therapy. These models help identify potential 
adverse effects, such as inflammation, immunological reac-
tions or neoplastic transformations, which are critical before 
translating therapies to human clinical trials.30 Animal mod-
els provide a platform to study the underlying mechanisms 
involved in pulp regeneration. By analyzing the cellular and 
molecular events occurring during the regenerative process, 
researchers can gain a deeper understanding of the biologi-
cal pathways and factors influencing pulp tissue repair.31 
In summary, animal models are essential for evaluating 
the potential of REP, assessing treatment outcomes, ensuring 
safety and biocompatibility, and understanding the under-
lying mechanisms of pulp regeneration. These models play 
a crucial role in advancing REP and ultimately improving 
clinical treatments for dental pulp-related conditions.

In this study, an attempt was made to overcome some 
of the limitations associated with traditional scaffolds. 
Peptide nanofiber artificial scaffolds were introduced 
and evaluated as an alternative in an in vivo animal study. 
The  purpose was to  explore the  potential advantages 
of peptide nanofiber scaffolds as an innovative approach 
for pulp regeneration, acknowledging the ongoing need for 
advancements in this field. 

The hypothesis of this study posits that the application 
of glycosaminoglycan (GAG) mimetic peptide amphiphile 

(PA, GAG-PA) nanofibers as a bioactive nanofibrous su-
pramolecular system can promote pulp regeneration in rat 
molars with perforated pulps. Specifically, we hypothesize 
that the use of heparan sulfate mimicking PAs in the treat-
ment of pulpal injuries, when compared to a control group 
treated with physiological saline, will result in a statisti-
cally significant increase in the percentage of regeneration 
within the damaged pulp area. The evaluation of regenera-
tive tissue sections through hematoxylin and eosin (H&E) 
staining and Masson’s trichrome staining is  expected 
to reveal a measurable enhancement in reparative dentin 
formation in the study group. However, to establish statisti-
cal significance of these observed differences, it is further 
hypothesized that an increase in the number of animals 
in future studies will be necessary.

Objectives

The present study aimed to evaluate the effect of bioac-
tive peptide nanofibrous hydrogels, which can create an ar-
tificial 3D environment, on the differentiation of dental 
pulp stem cells into odontoblasts and vascular nerve cells 
for pulp regeneration in animal models.

Materials and methods

Materials

The acbr (Karlsruhe, Germany) or Nova-Biochem (Lon-
don, UK) supplied all the amino acids, such as lauric acid, 
4-(2’,4’-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy-
acetamido-norleucyl-MBHA resin (Rink amide MBHA 
resin), diisopropylethylamine (DIEA), and 2-(1H-benzo-
triazol-1-yl)-1,1,3,3 tetramethyluroniumhexafluorophos-
phate (HBTU). Thermo Fisher Scientific (Waltham, USA) 
and Sigma-Aldrich (Darmstadt, Germany) provided the re-
maining chemicals used in this study.

Synthesis, characterization and purification 
of peptide amphiphile molecules

The Lauryl-Val-Val-Ala-Gly-Lys-Am (K-PA) and Lauryl-
Val-Val-Ala-Gly-Glu-Gly-Asp (Lys-p-sulfobenzoate)-Ser-
Am (GAG-PA) peptides were synthesized using a previ-
ously published procedure.32 The Fmoc solid-phase peptide 
synthesis method was employed for their synthesis.

The synthesized peptide amphiphiles were subjected 
to liquid chromatography–mass spectrometry (LC–MS) 
analysis to determine their identity and purity. For LC–MS 
analysis, an Agilent 6530 Q-TOF instrument with an elec-
trospray ionization (ESI) source and either a Zorbax Ex-
tend-C18 2.1×50 mm column (Agilent, Santa Clara, USA) 
(for basic conditions) or a Zorbax SB-C8 4.6×100 mm 
column (for acidic conditions) was employed to obtain 
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mass spectra. The mobile phase consisted of a gradient 
of water (with 0.1% formic acid or 0.1% ammonium hy-
droxide (NH4OH) and acetonitrile (with 0.1% formic acid 
or 0.1% NH4OH).

To  purify the  peptides, an  Agilent preparative re-
verse-phase HPLC system with either a Zorbax Extend-
C18 21.2×150 mm column (for basic conditions) or a Zor-
bax SB-C8 21.2×150 mm column (for acidic conditions) was 
utilized. The mobile phase employed a gradient of water 
(with 0.1% trifluoroacetic acid (TFA) or 0.1% NH4OH) and 
acetonitrile (with 0.1% TFA or 0.1% NH4OH). For the K-PA 
peptide, a 0.1 M hydrochloric acid (HCl) solution was 
used to remove residual TFA, followed by lyophilization. 
The details can be found in Table 1.

Visualization of peptide amphiphile nanofiber network 
using scanning electron microscopy

The morphology of nanofiber networks formed by pep-
tide amphiphile molecules was examined using scanning 
electron microscopy (SEM) (FEI Quanta 200 FEG SEM; 
FEI Company, Hillsboro, USA). To  prepare the  sam-
ples, GAG-PA and K-PA solutions (10 mM) were mixed 
at a 1:3 ratio in a final volume of 60 µL on a silicon wafer, 
allowing for the stabilization of all net charges. After 15 min 
of gelation, the samples underwent sequential dehydra-
tion using ethanol concentrations of 20%, 40%, 60%, 80%, 
and 100% v/v. Subsequently, an Autosamdri-815B critical 
point dryer (Tousimis, Rockville, USA) was used for drying 
the samples. A thin coating of 4-nm gold-palladium (Au-Pd) 
was applied to the dried samples, and imaging was con-
ducted using an FEI Quanta 200 FEG SEM (FEI Company) 
operating in high vacuum mode with a 5 keV beam energy.

Characterization of nanofiber secondary structures 
through circular dichroism analysis

To  conduct circular dichroism (CD) measurements, 
samples were prepared by mixing 3×10–2 mM GAG-PA 

and 9×10–2 mM K-PA. The CD measurements were car-
ried out using a JASCO J815 CD spectrometer (JASCO, 
Tokyo, Japan) at room temperature (21–22°C), covering 
a wavelength range of 300–190 nm. The data interval 
and data pitch were set at 0.1 nm with a scanning speed 
of 100 nm/min. Each measurement was performed in trip-
licate. The digital integration time (DIT) for CD measure-
ments was set to 1 s, the bandwidth was set at 1 nm, and 
the sensitivity was set to the standard value.

Preparation of scaffolds

A bioactive nanofibrous supramolecular system was de-
veloped using peptide amphiphiles that mimic heparan 
sulfate (GAG-PAs) (Fig. 1,2). The GAG-PA and K-PA mol-
ecules were dissolved in double-distilled water (ddH2O) 
at a concentration of 10 mM and subjected to steriliza-
tion under UV light for 1 h. To stabilize all net charges, 
the samples were prepared by mixing GAG-PA and K-PA 
solutions at a volume ratio of 1:3.

Ethics statement

The Animal Research Ethics Committee of Gülhane 
Military Medical Academy (GMMA; Ankara, Turkey) ap
proved the clinical protocol on March 6, 2012, with refer
ence No. 187. The experimental animals were provided 
by the GMMA within the project number AR-2012/55.

Animal model

Animal pilot studies related to REP are generally con-
ducted on small animal models, and rats are commonly 
used. In this context, 8 female Sprague Dawley rats, weigh-
ing approx. 200 g each, were employed for the study when 
they reached 6 weeks of age. Our study was planned with 
8 rats as it is a preliminary investigation. These rats were 
housed under standard conditions, with a temperature 
of 23°C and a regular light/dark schedule, and provided 
with unrestricted access to food and water. The cages were 
equipped with appropriate bedding material for comfort, 
and regular cleaning was performed to maintain hygienic 
conditions. All necessary measures were taken to ensure 
the wellbeing and ethical treatment of the rats through-
out the experimental period. The overall health status 
of the rats used in the study was assessed through regular 
monitoring and evaluation, following established proto-
cols used in similar studies. The rats were observed daily 
for any signs of distress, abnormal behavior or physical 
abnormalities. Body weight measurements were recorded 
periodically to monitor their growth and overall condi-
tion. Additionally, clinical parameters such as coat appear-
ance, activity level and food and water intake were assessed 
to ensure their wellbeing. Any rats showing signs of illness 
or discomfort were promptly evaluated by a veterinarian, 
and appropriate measures were taken to address their 

Table 1. The statistical values related to the regenerated area and 
the mean color intensity

Statistics
Regenerated area Mean color intensity

serum gel serum gel

median 85.86 92.1 45.06 68.04

SD NaN 12.05 NaN 13.23

Minimum 85.86 71.43 45.06 54.79

Maximum 85.86 92.48 45.06 81.26

U 1 0

z –0.45 –1.34

asymptotic p 0.655 0.18

exact p 1 0.5

r 0.22 0.67

SD – standard deviation; NaN – not a number.
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health needs. An animal care technician provided daily 
care to the animals, maintained their living environment, 
and monitored their health and wellbeing.

Application procedure

To  induce a pulp defect, the  rats were administered 
intraperitoneal (ip.) injections of 2% xylazine and 10% 
ketamine for anesthesia. A total of 8 rats were included 
in  the  experiment and divided equally into 2  groups: 
a study group and a control group, with 4 rats assigned 
to each group. Gingival tissue and maxillary molars were 
disinfected using 2.5% hydrogen peroxide (LabChem, Ze-
lienople, USA), and the mesial surface of the molars was 
additionally disinfected with 2.5% sodium hypochlorite 
(Clinix, London, UK). Cavities were prepared on the mesial 

surfaces of the first upper molars in all 8 rats, and the pulps 
were perforated with the aid of a No.1/2 round bur (Meis-
inger, Neuss, Germany). Working length (WL), i.e., the size 
of the exposed region, was equal to the diameter of the bur 
(0.6 mm), determined with paper points. The exposed re-
gion underwent a thorough rinsing procedure utilizing 
a solution comprising 0.5% sodium hypochlorite (Clinix) 
and 15% ethylenediaminetetraacetic acid (EDTA; Saver, 
Tekirdag, Turkey). In the study group, peptide amphiphi-
les (PAs) were applied to the dental pulp, and the cavities 
were sealed with a self-curing glass ionomer cement filling 
material (Riva Self Cure; SDI Ltd., Bayswater, Australia). 
In the control group, physiological saline (Deva, Istanbul, 
Turkey) was injected into the created defect area. Thirty 
days afer application, the rats were euthanized by em-
ploying a  solution of  3% paraformaldehyde and 0.2% 

Fig. 1. A. Chemical composition of PA; B. Illustration depicting the self-assembly of PA molecules forming a cylindrical micelle. Chemical structures of (C) 
negatively charged GAG-PA and (D) K-PA

PA – peptide amphiphile; GAG-PA – glycosaminoglycan mimetic peptide amphiphile; K-PA – positively charged peptide amphiphile.

Fig. 2. A. SEM image of nanofibrous networks formed by GAG-PA/K-PA; B. CD spectra of GAG-PA

SEM – scanning electron microscope; GAG-PA – glycosaminoglycan mimetic peptide amphiphile; K-PA – positively charged peptide amphiphile; 
CD – circular dichroism.
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glutaraldehyde. The teeth were subsequently extracted 
through surgical means and immersed in a 3% parafor-
maldehyde solution for 24  h. Subsequently, the  tooth 
samples underwent demineralization using 10% EDTA 
and were sectioned with a Leica microtome (Leica Camera 
AG, Wetzlar, Germany) into 5-µm thick slices. The sec-
tions underwent deparaffinization using xylene, followed 
by rehydration through a sequence of ethanol solutions. Fi-
nally, the sections were stained with H&E. The slides were 
analyzed using the ImageJ software (National Institutes 
of Health (NIH), Bethesda, USA) at ×5 objective magnifi-
cation to calculate the percentage of pink area in defined 
sites for each sample.

For Masson’s trichrome staining, paraffin-embedded 
sections on slides were fixed in Bouin’s solution, a fixative 
commonly used to preserve tissue morphology. The slides 
were then subjected to a series of staining steps to vi-
sualize specific tissue components. Initially, the slides 
were incubated in Weigert’s iron hematoxylin solution, 
which selectively stained the nuclei of cells in a dark black 
color. Subsequently, the slides were exposed to Biebrich 
scarlet-acid fuchsin, resulting in the staining of collagen 
fibers in a vibrant red hue. Finally, aniline blue was ap-
plied to the slides, causing the collagen fibers to appear 
as a distinct blue color. Throughout the staining process, 
extensive washing steps were performed to ensure proper 
removal of excess dye and optimization of staining speci-
ficity. This staining protocol enabled the clear differ-
entiation of collagen fibers (blue) from the cell nuclei 
(black). In addition to H&E staining, Masson’s staining 
was performed to assess the presence of regenerative 
tissue sections within the pulp samples, providing valu-
able insights into the regenerative capacity of the treated 
tissues.

Statistical analyses

Statistical analyses were performed using IBM SPSS 
v. 24.0 (IBM Corp., Armonk, USA). The percentages of re-
generation and mean color intensity of regenerated areas 
in rats of the study and control groups were analyzed sta-
tistically using the Mann–Whitney U test. A p-value of less 
than 0.05 was deemed to be statistically significant.

Results

In this study, GAG-PA and K-PA molecules were synthe-
sized through solid-phase peptide synthesis to mimic sul-
fated GAGs and induce nanofiber formation. The GAG-PA 
was designed with functional groups such as sulfonate, 
hydroxyl and carboxylate to  mimic GAGs. The  K-PA, 
a positively charged molecule, was combined with GAG-
PA to  facilitate nanofiber formation through electro-
static interactions. The peptide amphiphiles that were 
synthesized underwent characterization through LC–MS 

analysis and subsequent purification using preparative 
HPLC. Scanning electron microscopy images revealed 
the formation of porous nanofiber networks when GAG-
PA and K-PA were mixed. Circular dichroism spectrum 
analysis indicated a predominant β-sheet secondary struc-
ture in the self-assembled peptide amphiphile nanofibers. 
To assess the regeneration of tissue sections in the dam-
aged pulp, H&E staining and Masson’s trichrome stain-
ing were performed. The degree of tissue regeneration 
in the affected area was evaluated using these staining 
techniques (Fig. 3).

We carefully adhered to the requirement of providing 
the average baseline characteristics of the animals (e.g., 
age, weight, gender, microbiological status) at the begin-
ning of the experiment. By diligently documenting these 
parameters, we ensured the  transparency and validity 
of our research findings. The age and weight information 
allowed us to assess any potential age-related or weight-
related effects on the outcomes of the experiment. We also 
recorded the gender of the animals to account for any gen-
der-specific variations or influences. Furthermore, includ-
ing the microbiological status provided crucial insights 
into the overall health and potential microbial factors 
that might impact the experimental results. All in all, our 
study respected and met the essential guideline of provid-
ing the average baseline characteristics of the animals, 
thereby contributing to the rigor and comprehensiveness 
of our research.

After 30 days, the implanted region demonstrated tissue 
regeneration that resembled pulp, characterized by the ab-
sence of noticeable neutrophil infiltration. The regenera-
tion percentage in the damaged area was evaluated using 
H&E staining (Fig. 4). Additionally, Masson’s trichrome 
staining confirmed the  formation of  reparative dentin 
(Fig. 5). These observations were made in both the study 
and control groups at the 30-day mark. However, statisti-
cal analysis revealed no significant difference between 
the 2 groups (p > 0.05). The statistical values and plots for 
the regenerated area and mean color intensity are provided 
in Table 1 and Fig. 6. Figure 6 presents the plots for the re-
generated area and mean color intensity. Plot A displays 
the bar plots representing the mean regenerated area (%) 
for the serum and gel groups, with error bars indicating 
the standard deviation (SD) of the mean. In Plot B, a box-
and-whisker plot shows the distribution of the regenerated 
area (%) for the serum and gel groups. For the serum group, 
the 1st quartile (Q1), the median and the 3rd quartile (Q3) 
were 85.86%. For the gel group, Q1 was 81.77%, the median 
was 92.10% and Q3 was 92.29%. Plot C features bar plots 
representing the mean color intensity (%) for the serum and 
gel groups, with error bars indicating the SD of the mean. 
Similarly, Plot D shows a box-and-whisker plot for the dis-
tribution of mean color intensity (%) for the serum and gel 
groups. For the serum group, Q1, the median and Q3 were 
45.06%. For the gel group, Q1, the median, and Q3 were 
61.42%, 68.04% and 74.65%, respectively. 
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Discussion

In this research, dynamic nanostructures were produced 
by utilizing hydrogen bonding between peptide sequences 
and utilized in the field of dental pulp tissue engineering 
for pulpotomized rat molars. Over 30 days, the previously 
pulpotomized area of the pulp was successfully replenished 
with regenerated tissue, demonstrating an absence of in-
flammation. These findings strongly suggest that hydrogel 
scaffolds incorporating GAG-PA nanofibers play a signifi-
cant role in promoting dental pulp regeneration.

In the present study, PA nanofibers were injected into 
the pulp tissue of rats, and regenerated tissue was observed 
in the pulpotomized region. Cordeiro et al.33 conducted 
a study wherein dental pulp stem cells were seeded onto poly 
L-lactide acid (PLLA) scaffolds positioned within the pulp-
chamber space of human tooth slices, which were subse-
quently implanted subcutaneously in mice. The resulting 
tissue exhibited a comparable architecture and cellularity 
to dental pulp tissue, although it did not fill the entire pulp 
space. Ito et al.7 presented a protocol for in vivo pulp tissue 
engineering in pulpotomized rat teeth involving rat bone 

marrow mesenchymal stem cells (RBMMSCs), preformed 
biodegradable scaffolds and hydrogels. Consistent with 
our findings, the implantation of RBMMSCs, along with 
preformed scaffolds and hydrogels, resulted in pulp tissue 
regeneration within pulpotomized pulp chambers in rats.

Previous studies have shown that nanostructures consist-
ing of certain peptides can be used for cell therapy.34–38 For 
example, when the RGDS signal in fibronectin binds cells 
in a network formed by nanostructures, the cells can live 
in the artificial matrix.39,40 This study was conducted in col-
laboration with the Ulusal Nanoteknoloji Araştırma Merkezi 
(UNAM)-National Nanotechnology Research Center (An-
kara, Turkey), which synthesizes these nanostructures.

Inflammation of dental pulp tissue with the progression 
of dental caries causes severe pain, which can be relieved 
by root canal treatment. Teeth that have undergone root 
canal treatment cannot renew themselves, and their life 
is shortened. Therefore, problems related to the dental pulp 
are important for endodontists and pedodontists. Pulp 
regeneration to revive dentine-producing odontoblasts and 
produce new capillaries and nerve cells can be an effective 
alternative method for endodontic therapies.

Fig. 3. Diagram of tissue regeneration evaluation after 30 days

GAG-PA – glycosaminoglycan mimetic peptide amphiphile; K-PA – positively charged peptide amphiphile; LC-MS – liquid chromatography–mass 
spectrometry; HPLC – high-performance liquid chromatography; SEM – scanning electron microscope; CD – circular dichroism; H&E – hematoxylin and eosin.
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Within the scope of tissue engineering studies, den-
tal pulp tissue production is of great importance in REP. 
We believe that the bioactive intercellular scaffold con-
sisting of peptides generated in this study, when applied 
together with growth factors, may induce dental tissue 
formation in the region where it is applied.

In  the  literature, favorable outcomes of  regenerative 
treatment procedures are frequently discussed. However, 
a systematic review conducted in 2022 revealed a lack of ro-
bust evidence supporting the effectiveness of regeneration 
procedures in necrotic immature teeth.17 The develop-
ment of a healthy dentin-pulp complex is not solely depen-
dent on the survival of stem cells from the apical papilla 
(SCAPs). It also requires the presence of epithelial cells 
derived from Hertwig’s epithelial root sheath (HERS) and 
their interaction with epithelial rests of Malassez (ERM). 
Hertwig’s epithelial root sheath functions as a barrier be-
tween dental follicles and dental papilla cells, and it has 
regulatory properties that determine the shape, number 

and dimensions of roots.6,41 Normal and healthy develop-
ment of the dentin-pulp complex necessitates the survival 
of HERS, ERM and SCAP. Therefore, defining regenera-
tion procedures is crucial. Additionally, in human and 
animal studies targeting endodontic regeneration, it is ac-
cepted that internal periodontal tissues regenerate more 
significantly than pulp tissue formation in root canals. 
This is attributed to the formation of bone-like tissue, peri-
odontal ligament and cementum in place of dentin walls, 
as reported in histological examinations.6,24

To  improve the effectiveness of biomaterials and re-
generative drugs in cell therapy, it  is necessary to sup-
port the vital activities of the cells in the early stages, and 
the biomaterial should later disappear through biologi-
cal destruction, preventing the development of natural 
tissue.42 The matrix consists of  synthetic biomaterials 
and provides mechanical support to  the cells and can 
carry proteins, biological signals, nutrients, and various 
genes, which increases its utility. In  previous studies, 

Fig. 4. Hematoxylin and eosin (H&E) staining. Hydrogel/serum was injected into the rat’s molar tooth, and the rat was sacrificed after 4 weeks of injection. 
A,B. Hydrogel injection; C,D. Serum injection

D – dentin; P – pulp; DS – defect site; Col – collagen; RD – reparative dentin; OD – odontoblasts.
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the development of multipurpose biomaterials with some 
programmable collectible molecules made it possible for 
cells to survive outside their natural environment in bioac-
tive matrices consisting of dynamic, natural and chemical 
intermediates.43 Intense efforts are being made in the field 
of tissue engineering and regenerative medicine to develop 
materials that contain peptide signals and can form com-
plex supramolecular nanostructures. Bioactive peptide 
sequences can be used to mimic the natural cell environ-
ment in the matrices of such molecules.44

Based on the results of our study, although no differ-
ence was observed between the control and study groups, 
we  believe a  significant difference could be observed 
with an increase in the number of samples. In addition, 
the regeneration without any inflammation in the samples 
in the study group was considered a success.

The biomechanical properties of dental pulp and scaf-
folds are integral considerations in  advancing regen-
erative dentistry and dental tissue engineering. Dental 
pulp, situated within the pulp chamber, exhibits essential 
characteristics such as compressive strength, crucial for 

withstanding occlusal forces during biting and chewing, 
and elasticity, which enables it to act as a shock absorber, 
protecting the underlying tissues.45 The vasculature within 
dental pulp contributes significantly to tissue vitality and 
regenerative potential. In  parallel, the  biomechanical 
properties of scaffolds play a pivotal role in dental tis-
sue engineering. Scaffolds must offer structural integrity 
to support tissue regeneration, be biocompatible to facili-
tate cell interactions, and possess controlled degradation 
characteristics to align with the pace of tissue healing.46 
Additionally, the design of scaffolds should include ap-
propriate porosity and permeability to allow for nutrient 
and oxygen diffusion, fostering cell ingrowth. Achieving 
a biomechanical match between scaffolds and native dental 
tissues is paramount for successful outcomes in regenera-
tive dentistry applications, ensuring optimal support for 
tissue regeneration and functional restoration.47

The materials developed in this study can be examined 
for therapeutic potential in humans. The injectable struc-
ture of the scaffold may be used for treating dental prob-
lems. Thus, further studies are needed for the development 

Fig. 5. Masson’s trichrome staining. Hydrogel/serum was injected into the rat’s molar tooth, and the rat was sacrificed after 4 weeks of injection. 
A,C. Collagen deposition and reparative dentin formation in the hydrogel group; B,D. Collagen organization and odontoblast alignment in the serum group

D – dentin; P – pulp; DP – damaged pulp; DS – defect site; Col – collagen; RD – reparative dentin; OD – odontoblasts.
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and production of biomaterials that have the characteris-
tics of controlled aggregation, the transmission of biologi-
cal signals to cells, imitation of the natural cell environ-
ment, and synergistic effects with biological factors.

Several studies have emphasized the benefits of using 
animal models in REP. Animal models allow for controlled 
experiments, providing insights into biological processes 
and potential therapeutic outcomes. For example, a study 
by Nakashima et al.43 highlighted the ability of an ani-
mal model to accurately simulate pulpal regeneration and 
evaluate the effectiveness of novel biomaterials. However, 
it is crucial to acknowledge the limitations associated with 
animal models. Variability in anatomy, physiology and im-
mune responses can exist between animals and humans, 
affecting the translatability of findings. Previous studies, 
such as Piglionico et al.,44 have emphasized the importance 
of considering these differences when interpreting results 
from animal studies and applying them to human REP.

Dental pulp regeneration is a dynamic process involving 
the proliferation and differentiation of various cell types, 
along with the deposition of extracellular matrix compo-
nents such as dentin. The 30-day experimental duration 
captured critical early events in the regenerative process, 

including the inflammatory response, cell migration and 
initial matrix deposition.45 This timeframe strikes a bal-
ance between obtaining meaningful data on the effective-
ness of GAG-PA nanofibers in guiding pulp regeneration 
and minimizing potential ethical concerns related to pro-
longed experimental periods for laboratory animals. While 
the study successfully observed reparative dentin formation, 
the acknowledgment of a lack of statistically significant dif-
ferences between the study and control groups suggests 
that a longer observation period or an increased number 
of animals may be necessary to capture more advanced 
stages of regeneration and detect significant treatment ef-
fects. The researchers chose a 30-day duration as an initial 
exploration, recognizing the potential for further investiga-
tions with refined methodologies and extended timelines 
to elucidate the full scope of the regenerative outcomes.

In this study, rat teeth were used due to their similarities 
to human teeth in terms of size, structure and biological 
properties. These similarities make rat teeth a valuable 
model for studying the efficacy and safety of biomateri-
als in REP. Also, rats are commonly used in scientific re-
search due to their abundance, ease of breeding and short 
reproductive cycle. Additionally, ethical considerations 

Fig. 6. Plots for the regenerated area and mean color intensity. The box represents the interquartile range (Q1 to Q3), the line inside the box indicates 
the median, and the whiskers extend to the minimum and maximum values excluding outliers. A. Bar plot representing the mean regenerated area (%) 
for serum and gel groups, with error bars indicating standard deviation (SD); B. Box-and-whisker plot showing the distribution of regenerated area (%) for 
serum and gel groups; C. Bar plot for mean color intensity (%) with error bars indicating SD; D. Box-and-whisker plot depicting the distribution of mean 
color intensity (%) for serum and gel groups, detailing interquartile range (IQR), median, and outlier data points
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come into play, as using rats as an alternative to human 
teeth helps minimize potential harm and discomfort 
to human subjects. Conducting experiments on rat teeth 
is relatively cost-effective and practical compared to using 
human teeth. Rat teeth can be obtained at a lower cost 
and in larger quantities, allowing for more extensive ex-
perimentation and analysis. Ethical guidelines and regula-
tions often require initial testing on animals before moving 
to human trials. By using rat teeth, researchers can comply 
with these regulations and gather essential preliminary 
data before considering human clinical trials.

To apply the results of this manuscript to humans, fur-
ther studies should be conducted on larger animal mod-
els that more closely resemble human dental anatomy and 
physiology. While the current study utilized rats, which are 
a common choice for initial investigations due to their ease 
of handling and cost-effectiveness, translating these find-
ings to the human context requires studies on larger animals 
with dental structures more akin to humans. Animal models 
such as non-human primates are often preferred for dental 
research because they share similarities in tooth structure, 
size and dental pulp characteristics with humans. Conduct-
ing studies on these larger animals would provide a more 
representative evaluation of the effectiveness of GAG-PA 
nanofibers in guiding pulp regeneration, helping to bridge 
the gap between preclinical experiments and potential hu-
man applications. Additionally, increasing the sample size 
and diversity in animal models can contribute to a more 
robust statistical analysis, addressing the observed limi-
tations in the current study and enhancing the reliability 
of the results for potential clinical relevance in humans.

The  clinical or  radiographic outcomes of  REP re-
main somewhat unpredictable. However, in vivo studies 
of scaffolds lead to clinical studies.20,25,41 The findings 
of our study will inform future research, which will aim 
to identify the relative efficacy of different scaffolds. Vari-
ous materials that will provide different functionalities 
to scaffolds continue to be produced. Examples include 
antimicrobial peptides (AMPs) such as LL37 peptides and 
various nanoscale scaffolds.46,48 However, AMPs have lim-
ited therapeutic effects due to their short residence time 
in the circulatory system and their sensitivity to prote-
ases. These limitations are major obstacles to the success 
of AMPs.46,47 In contrast, nanoscale scaffolds, hydrogels 
and various scaffolds can be added to AMP-based materi-
als to increase the therapeutic efficacy of the material.48 
It is possible that nanoscale scaffolds and antimicrobial 
proteins such as LL37 peptides may explain their activity 
on regeneration. Further pioneering studies similar to our 
study are needed to elucidate this issue.

Limitations

Our study encountered certain limitations, including 
the utilization of rat teeth instead of human teeth and 
the  relatively small sample size. Animal models serve 

as indispensable tools for researchers to attain a compre-
hensive understanding of diseases, advance the develop-
ment of effective treatments and explore innovative ideas, 
concepts and technologies. These animal models play a vi-
tal role in conferring scientific validity to their investiga-
tions. When evaluating various therapeutic approaches 
in  the domain of REP, reliable animal models simulat-
ing pulpal defects assume significant importance. While 
the structural and compositional differences between rat 
incisors and human teeth are considerable, the similarities 
in structural characteristics, such as the pulp chamber, pulp 
tissue, root, and apical delta with minor apical foramen, 
make rat and human molars more comparable. Further-
more, the use of rats in REP research proves advantageous 
due to the lower costs and efforts associated with housing, 
feeding, and care compared to larger animals. Additionally, 
most of the antibodies necessary for cellular and molecular 
biological techniques are specifically available for rats.

Conclusions

In this study, reparative dentin formation was observed 
in both groups, but without a significant difference be-
tween the  groups. To  obtain a  significant difference, 
the number of animals used must be increased. Moreover, 
the PA-based nanomaterials used in this study were non-
toxic to the dental tissue and were digested by the enzyme 
in dental tissue over time. Bioactive signals were presented 
to the sensing proteins effectively and functionally using 
the wide reaction surface features of the nanostructures. 
Our findings indicate that these biomaterials can be used 
to produce molecules for application in the regeneration 
of dental tissue and dental pulp, thus leading to improved 
quality of human life.
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Abstract
Background. Chronic soft tissue injury is characterized by sterile inflammation and pain. Gua sha with 
Masanggoubang oil (GSMO) treatment has been found to possess anti-inflammatory and analgesic effects.

Objectives. To explore the mechanism of GSMO in chronic soft tissue injuries.

Materials and methods. Fifty male rats were randomly divided into 5 groups (n = 10): 1) control group; 
2) chronic soft tissue injury model group; 3) GSMO group; 4) inunction with Masanggoubang oil (IMO) group; 
and 5) ua sha with tea oil (GSTO) group. The control group and model group received no treatment, while 
the GSTO group and GSMO group received gua sha therapy with tea oil or Masanggoubang oil on the injured 
sites. The rats in the IMO group were treated with Masanggoubang oil inunction on the injured sites once every 
other day, 4 times in total. All animals were sacrificed 48 h after the last treatment. Muscle tissue sections from 
the injured sites of the rats were stained with hematoxylin & eosin (H&E) staining to observe pathological 
changes. The protein levels of tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), interleukin 6 (IL-6), 
inducible nitric oxide synthase (iNOS), and β-endorphin (β-EP) in the rats’ skin, serum, and muscle were 
determined using enzyme-linked immunosorbent assay (ELISA).

Results. Gua sha with Masanggoubang oil treatment alleviated necrosis and the denaturation of muscle 
fibers at the injured sites, reduced connective tissue proliferation and scar tissue generation, downregulated 
the levels of TNF-α, IL-6 and iNOS in the skin and TNF-α, IL-1β, IL-6, and iNOS in the muscle and serum, and 
upregulated β-EP levels in the muscle.

Conclusions. Gua sha with Masanggoubang oil treatment significantly improved the inflammatory re-
sponse in rats with chronic soft tissue injury, which may be associated with a reduction of M1 macrophage 
polarization in the peripheral blood and local tissues. Additionally, the combination of gua sha therapy and 
Masanggoubang oil may have a synergistic effect in treating chronic soft tissue injuries.

Key words: gua sha with Masanggoubang oil, chronic soft tissue injury, M1 macrophage polarization, 
TNF-α, β-EP
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Background

Chronic soft tissue injuries involve microcirculatory 
disorders and sterile inflammation caused by prolonged 
chronic stress, characterized by swelling, pain, limb dys-
function, and even disability in severe cases. The inci-
dence reaches approx. 90% in adults,1 severely impacting 
the patient’s physical and mental health as well as their 
quality of  life.2 Due to its high incidence and difficulty 
in eradication, it is listed among the top 3 most challeng-
ing diseases by the World Health Organization (WHO).3 
The mechanisms of pain and limb dysfunction in chronic 
soft tissue injuries remain unclear, but modern medicine 
associates it with local microcirculatory disorders, com-
pression of nerve endings and inflammatory responses.4 
Recently, there has been a notable surge in attention to M1 
macrophage polarization concerning the inflammatory 
mechanisms of soft tissue injuries.5,6 M1 macrophages 
stimulate the inflammatory response through the release 
of pro-inflammatory cytokines, including interleukin 6 
(IL-6), interleukin 1β (IL-1β), tumor necrosis factor alpha 
(TNF-α), and inducible nitric oxide synthase (iNOS). This 
process heightens the sensitivity of the peripheral and cen-
tral nervous systems, ultimately leading to hyperalgesia.7,8 
Tumor necrosis factor alpha plays a pivotal role as an in-
flammatory mediator, instigating the release of a cascade 
of other pro-inflammatory cytokines, such as IL-1β and 
IL-6.9 The expression level of  iNOS in skeletal muscles 
correlates with the magnitude of inflammatory damage.10 
Beta-endorphin (β-EP), an  endogenous opioid peptide 
secreted by immune cells and exhibiting characteristic 
opioid-like effects, acts on opioid receptors in primary af-
ferent neurons, obstructing pain transmission and elicit-
ing an analgesic effect.11 Previous studies have identified 
potential correlations between levels of TNF-α, IL-6, IL-1β, 
iNOS, and β-EP and soft tissue injuries.11–13 Traditional 
Western medical approaches to chronic soft tissue injuries 
commonly involve a prescription for nonsteroidal anti-in-
flammatory drugs. Nevertheless, this therapeutic approach 
manifests obvious adverse effects, including hepatorenal 
damage and gastrointestinal reactions, while failing to im-
pede the progression of the disease.

In traditional Chinese medicine (TCM), chronic soft 
tissue injuries are considered tendon and muscle injuries 
resulting from qi (circulating life force) stagnation, blood 
stasis, and an obstruction of meridians (paths through 
which qi f lows). The  therapeutic strategy is  directed 
towards alleviating pain by promoting blood circula-
tion, resolving blood stasis and improving qi flow. Gua 
sha, a  TCM therapeutic modality extensively applied 
in Asia, demonstrates notable efficacy in the management 
of chronic pain. Its mechanism involves the stimulation 
of acupuncture points (acupoints) and meridians based 
on the meridians and acupoints theory. In the course 
of gua sha therapy, a tool such as a buffalo horn or coin 
is used to scrape the body’s surface, often in conjunction 

with massage oil or  water. This intentional scraping 
of  the  skin produces sha (therapeutic petechiae), en-
gendering new biological effects. Gua sha functions 
to stimulate meridians, promote blood circulation, re-
move blood stasis, balance yin and yang (complemen-
tary and at the same time opposing forces that interact 
to form a dynamic system), and regulate the intestines.14 
From an anatomical perspective, yin and yang are linked 
to various anatomical regions of the body. Specifically, yin 
is linked to the inferior portions of the body, including 
the pelvis and lower extremities, while yang is associated 
with the superior regions of the body, such as the up-
per extremities, head and neck, and the back. A previ-
ous study proposed that gua sha demonstrates its effects 
in stimulating cutaneous telangiectasia, activating the se-
rotonergic, noradrenergic and opioid systems,15 elevat-
ing 5-hydroxytryptamine, mast cells, CD4+, CD8+, and 
IL-6 levels in local skin tissues, and reducing IL-1, pros-
taglandin E2 and phospholipase A2 expression. These 
mechanisms collectively contribute to pain relief,16–20 
toxin elimination, heightened antioxidant activity, and 
upregulated immune functions involved in regulating 
the circulatory, nervous, immune, and other systems, 
notably the musculoskeletal system.21,22

Gua sha with Masanggoubang oil (GSMO) is a charac-
teristic external therapeutic technique within Chinese 
Miao medicine (a branch of TCM practiced by Miao eth-
nic group in China). This scraping medium is produced 
by blending Masanggoubang, a Miao herb derived from 
the root of Astilbe chinensis, with tea oil. Researchers have 
shown that Masanggoubang contains flavonoids, with As-
tilbe being the main component. These flavonoids exhibit 
anti-inflammatory, analgesic, circulatory, and deconges-
tant properties.23,24 A study has confirmed that Astilbe 
mediates anti-inflammatory functions by downregulat-
ing the expression of proteins such as nitric oxide (NO), 
prostaglandin E2, iNOS, and cyclooxygenase-2, along with 
modulating the mRNA expression of  IL-6 and TNF-α 
through its impact on the NF-κB pathway.25 Furthermore, 
studies published in 2020 have demonstrated that oral ad-
ministration of Astilbe improved inflammation and slowed 
down the progression of osteoarthritis in rats by regulat-
ing the NF-κB, PI3K/AKT and TLR4/MD-2 pathways.26–28 
Similarly, the external application of Masanggoubang has 
been found to improve clinical symptoms and enhance 
the quality of life in patients with knee osteoarthritis and 
rheumatic arthritis.29,30 Huang and Xia31 discovered that 
GSMO mitigated limitations in shoulder joint activity and 
deltoid muscle atrophy in patients recovering from cervical 
spine surgery. Another randomized, multicenter, parallel-
controlled clinical trial published in 2017 found that GSMO 
not only alleviated neck and shoulder pain but also im-
proved symptoms of upper limb numbness in patients with 
cervical spondylotic radiculopathy. Moreover, the efficacy 
of this intervention was observed to surpass that of gua 
sha with tea oil (GSTO).32 Furthermore, an independent 
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study in 2018 substantiated the differences in clinical ef-
fectiveness in patients with chronic soft tissue injuries 
when employing scraping with varying concentrations 
of Masanggoubang oil. This study shed light on the impact 
of the scraping medium on clinical outcomes.33 Addition-
ally, another study has reported that the external applica-
tion of Masanggoubang oil does not cause skin irritation 
or allergic reactions.34 This finding further reinforces 
the evidence of its efficacy and safety. However, the precise 
mechanisms underlying its action on chronic soft tissue 
injuries remain undetermined. Therefore, the objective 
of this study was to elucidate the effect and mechanism 
of GSMO therapy on chronic soft tissue injuries, ultimately 
aiming to advance its clinical application.

Objectives

Generally, chronic soft tissue injuries correlate with el-
evated levels of IL-1β, IL-6, TNF-α, and iNOS. Both gua sha 
and Masanggoubang have demonstrated anti-inflamma-
tory and analgesic effects. Consequently, we hypothesized 
that GSMO therapy holds the potential to mitigate chronic 
soft tissue injury by regulating the expression of inflam-
matory and pain-related cytokines. To investigate this, 
this study aimed to  identify the  potential mechanism 
of GSMO in rats with chronic soft tissue injuries by evalu-
ating the expression levels of TNF-α, IL-1β, IL-6, iNOS, 
and β-EP in skin, muscle and serum samples, along with 
a meticulous examination of histopathological changes 
in skin and muscle tissues.

Materials and methods

Animals

Fifty male Sprague Dawley rats, 8 weeks old and weigh-
ing 280 ±10 g, were included in this study. The rats were 
housed under standard laboratory conditions, with a tem-
perature maintained at 22 ±2°C and humidity ranging 
from 50% to 60%. A 12-h light/dark cycle was followed, 
and the rats were given unrestricted access to a standard 
diet (18% protein, 4% fat, 5% crude fiber, 7.6% amino acids, 
etc.) and water. All animal experiments followed the guide-
lines of the Ethics Committee for Animal Experiments 
of the Guizhou University of Traditional Chinese Medicine 
(Guiyang, China) (approval No. 20160003).

Chemicals, drugs, and instruments

High-dose Masanggoubang oil (Masanggoubang/tea oil: 
1.54 g/mL, homemade),33 urethane (Sinopharm Chemi-
cal Reagent Co., Ltd., Beijing, China), tea oil (Guizhou 
Malinghe Plant Oil Co., Ltd., Xingyi, China), a scrap-
ing board (Suzhou Medical Products Co., Ltd., Suzhou, 

China), distilled water, formalin solution (Shenzhen Xi-
gene Biotechnology Co., Ltd., Shenzhen, China), paraffin 
(Sinopharm Chemical Reagent Co., Ltd., Beijing, China), 
hematoxylin & eosin (H&E) staining kits, and 8% sodium 
sulfide hair remover (Guizhou Weiboxin Biotechnology 
Co., Ltd., Guiyang, China) were used in the experiments. 
Interleukin 1 beta, IL-6, TNF-α, iNOS, and β-EP enzyme-
linked immunosorbent assay (ELISA) kits were purchased 
from Wuhan Huamei Biospes Co. (Wuhan, China). Scales; 
a homemade fixator, syringes, latex gloves, a centrifuge, 
a  homogenizer, a  slicer, an  oven, and a  computerized 
image acquisition and analysis system (Olympus DP70 
(Olympus Corp., Tokyo, Japan) photographic system and 
Olympus BX51 microscope (Olympus Corp.) were also 
used in the experiments.

Modelling

Following a 1-week adaptation phase, a cohort of 50 rats 
was selected and divided into 5 different groups using 
the  random number table method. Each group con-
sisted of 10 rats and was designated as the control group, 
the model group, the GSMO group, the GSTO group, 
and the inunction with Masanggoubang oil (IMO) group. 
In the model group, the rats’ right hind thigh underwent 
initial hair removal, followed by mechanical modeling 
as per the methodology established by Kami et al.,35 which 
involves positioning the rats’ right hind limb in knee ex-
tension with the ankle maintained at 90° of dorsiflexion. 
Subsequently, trauma was induced by dropping a weight 
(335  g) on  the  gastrocnemius muscle from a  height 
of 80 cm. The weight carried 1.57 J of kinetic energy upon 
striking the muscle. The impact area was approx. 1 cm2, 
resulting in discernible swelling following 3 consecutive 
strikes. While scattered bleeding spots were observed, no 
lesions formed, and the rats displayed a noticeable limp. 
The model showed a success rate of 100% based on ana-
tomical and histological verification. In the absence of any 
intervention, the animals naturally progressed to develop 
a chronic soft tissue injury model after 2 weeks of normal 
feeding.

Treatment

The untreated control and model groups received no 
intervention. In the case of the remaining 3 groups, a des-
ignated individual immobilized the rats while a second 
person applied tea oil or Masanggoubang oil to the injured 
sites using a buffalo horn scraper. This procedure lasted 
5 min, performed at an approx. rate of 70 repetitions per 
min until the appearance of sha on the skin. This treat-
ment regimen was administered once every other day until 
sha disappeared, totaling 4 sessions. In the IMO group, 
1 person immobilized the rats while another applied Ma-
sanggoubang oil to the injured soft tissue once every other 
day, amounting to a total of 4 applications.
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Sample preparation

Tissue and serum cytokine sample preparation

Serum cytokine samples were prepared 48 h after the last 
treatment (until sha disappeared). To ensure consistency, 
all animals underwent a 12-h fasting period prior to an-
esthesia induction. For anesthesia, the rats were intra-
peritoneally (ip.) injected with 20% urethane at a dosage 
of 0.8 mL per 100 g of body weight. Subsequently, 5 mL 
of blood was collected from the abdominal aorta while 
the rats were under anesthesia. The collected samples were 
allowed to stand at room temperature for 1 h before being 
centrifuged at 3,500 rpm/min for 15 min. The supernatant 
was then collected and stored at –20°C for later use.

Muscle tissue samples were prepared 48 h after the last 
treatment (until sha disappeared). The rats were eutha-
nized by cervical dislocation, and local muscle tissues were 
isolated. Blood was rinsed with pre-cooled normal saline 
at 4°C, and the samples were blotted dry with filter paper. 
The tissues were weighed and homogenized to a concen-
tration of 10%. Subsequently, the homogenized samples 
were subjected to centrifugation at 5,000 rpm/min for 
10 min at 4°C. The resulting supernatant was collected 
and stored at –20°C for later use.

Histopathological section sample preparation

Forty-eight hours after the last treatment, all the rats 
were euthanized by the cervical dislocation method af-
ter the sha had faded. The local muscle tissues were then 
separated, fixed and individually preserved in a formalin 
solution.

Sample testing

Tumor necrosis factor alpha, IL-1β, IL-6, iNOS, and β-EP 
levels in the skin, muscle and serum samples were deter-
mined with ELISA according to the kits’ instructions.36,37

Paraffin-embedded tissue sections were prepared as fol-
lows. The muscle tissues were cut separately along the in-
jury site. They were then rinsed in saline solutions, dehy-
drated, embedded in paraffin, and sectioned. Subsequently, 
the sections were stained with H&E to generate pathologi-
cal sections for observing the pathological changes.

Statistical analyses

All data were analyzed using IBM SPSS Statistics 
for Windows v. 24 (IBM Corp., Armonk, USA). Due to 
the small number of observations in the group (n ≤ 10), 
the assumption of normality of distribution for paramet-
ric tests was not checked, and a nonparametric test was 
used. Results were expressed as median and quartiles. 
The Kruskal–Wallis test was used. The Mann–Whitney–
Wilcoxon U test for rank sums for independent samples 

was employed for post hoc comparisons of each group with 
the control group, and a post hoc Dunn’s test was used for 
comparisons of the individual groups. A significance level 
of α = 0.05 was adopted. A Bonferroni correction of mul-
tiple comparisons with a significance level of α = 0.01 was 
applied to the Kruskal–Wallis test and Man–Whitney–
Wilcoxon test for the rank sums of independent samples. 
No correction for multiple comparisons of significance 
level was applied to the post hoc Dunn’s test.

Results

All 50 rats were included in the analysis.

Histopathological findings

Histopathological findings in skin samples

The results of H&E staining showed that in the model 
group, the stratum corneum exhibited a strip-like and 
uniform distribution, with tightly arranged cells involved 
in the formation of the stratum corneum. In comparison 
to the model group, both the GSTO group and GSMO 
group showed a loosely arranged stratum corneum with 
increased intercellular spaces, indicating that the physi-
cal stimulation of gua sha enlarges the interstitial spaces 
in the skin tissue of the applied area (Fig. 1).

Histopathological findings of muscle samples

Hematoxylin and eosin staining also revealed that 
in the model group, the  local muscle tissues in the in-
jured area exhibited irregular cell arrangement, muscle 
fiber degeneration, necrosis, and dead muscle fibers, along 
with the proliferation of connective tissue. In compar-
ison to the model, IMO and GSTO groups, the patho-
logical changes in muscle tissues were less pronounced 
in the GSMO group, suggesting that GSMO significantly 
improves the degree of soft tissue damage (Fig. 2).

Levels of TNF-α, IL-1β, IL-6, iNOS,  
and β-EP in skin tissue

The  ELISA results indicated a  noteworthy elevation 
in skin levels of TNF-α (post hoc Dunn’s test: p < 0.001), 
IL-1β (post hoc Dunn’s test: p = 0.008), IL-6 (post hoc 
Dunn’s test: p = 0.001), and iNOS (post hoc Dunn’s test: 
p = 0.002) in the model group compared to the control 
group, but no statistically significant difference was ob-
served in the level of β-EP.

After treatment, a notable reduction in the levels of TNF-α 
(post hoc Dunn’s test: p < 0.001, p = 0.012, respectively), IL-6 
(post hoc Dunn’s test: p < 0.001, p = 0.005, respectively) and 
iNOS (post hoc Dunn’s test: p < 0.001, p = 0.024, respec-
tively) were observed in the skin tissues of the GSMO and 



Fig. 1. The results of hematoxylin & eosin (H&E) staining indicated that GSMO effectively improved the histological morphology of skin tissue in rats with 
chronic soft tissue injury (n = 6 per group)

GSMO – gua sha with Masanggoubang oil; GSTO – gua sha with tea oil; IMO – inunction with Masanggoubang oil.

Fig. 2. The results of hematoxylin & eosin (H&E) staining demonstrated that GSMO improved the histological morphology of muscle tissue in rats with 
chronic soft tissue injury (n = 6 per group)

GSMO – gua sha with Masanggoubang oil; GSTO – gua sha with tea oil; IMO – inunction with Masanggoubang oil.
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IMO groups compared to the model group. Conversely, no 
significant disparity was evident in the GSTO group. Addi-
tionally, the levels of TNF-α (post hoc Dunn’s test: p = 0.004) 
significantly decreased in the skin tissues of the GSMO 
group in comparison to the GSTO group, while no signifi-
cant variance was noted in the IMO group. Furthermore, 
these cytokine levels displayed no discernible differences 
between the GSMO and IMO groups. Moreover, in com-
parison to the control group, the GSMO group exhibited no 
significant differences in skin levels of TNF-α, IL-1β, IL-6, 
and iNOS. Similarly, the IMO group showed no significant 
differences in skin levels of TNF-α, IL-6 and iNOS when 
compared to the control group. Likewise, the GSTO group 
exhibited no significant differences in skin levels of IL-6 and 
iNOS in comparison to the control group (Table 1, Fig. 3).

Levels of TNF-α, IL-1β, IL-6, iNOS,  
and β-EP in muscle tissue

The  ELISA results revealed markedly higher levels 
of TNF-α (post hoc Dunn’s test: p < 0.001), IL-1β (post hoc 
Dunn’s test: p = 0.001), IL-6 (post hoc Dunn’s test: p = 0.001), 
and iNOS (post hoc Dunn’s test: p < 0.001) in the muscle 
tissues of the model group compared to the control group. 
Conversely, β-EP (post hoc Dunn’s test: p < 0.001) exhibited 
a significant decrease.

Following the intervention, the GSMO group demon-
strated a notable reduction in muscle levels of TNF-α 
(post hoc Dunn’s test: p < 0.001), IL-1β (post hoc Dunn’s 
test: p = 0.003), IL-6 (post hoc Dunn’s test: p = 0.013), 
and iNOS (post hoc Dunn’s test: p < 0.001) compared 
to the model group. Additionally, a significant increase 
in β-EP (post hoc Dunn’s test: p = 0.014) was observed. 
Conversely, the IMO group and GSTO groups did not ex-
hibit significant differences in muscle levels of TNF-α, 
IL-1β, IL-6, iNOS, and β-EP. Furthermore, comparing 
the  GSMO group to  the  GSTO group, significant dif-
ferences were observed in TNF-α (post hoc Dunn’s test: 
p = 0.002), IL-1β (post hoc Dunn’s test: p = 0.018) and 
β-EP (post hoc Dunn’s test: p = 0.018) levels. Similarly, 
the GSMO group revealed significant variances in TNF-α 
(post hoc Dunn’s test: p = 0.017), IL-1β (post hoc Dunn’s 
test: p = 0.034), iNOS (post hoc Dunn’s test: p = 0.040), 
and β-EP (post hoc Dunn’s test: p = 0.019) levels compared 
to the IMO group. Nevertheless, no significant differences 
were found in these cytokine levels between the GSTO and 
IMO groups. Furthermore, the GSMO group exhibited no 
significant differences in these cytokine levels compared 
to the control group (Table 2, Fig. 4A–E)

Levels of TNF-α, IL-1β, IL-6, iNOS, and β-EP in serum

The  ELISA results unveiled notably elevated lev-
els of IL-1β (post hoc Dunn’s test: p < 0.001) and iNOS 
(post hoc Dunn’s test: p = 0.003) in the serum of the model 
group compared to the control group.

After treatment, in comparison to the model group, 
the GSMO group demonstrated a significant decrease 
in serum levels of TNF-α (post hoc Dunn’s test: p = 0.019), 
IL-1β (post hoc Dunn’s test: p = 0.015), IL-6 (post hoc 
Dunn’s test: p  =  0.004), and iNOS (post  hoc Dunn’s 
test: p = 0.001). Additionally, both the IMO and GSTO 
groups exhibited a significant reduction in serum levels 
of iNOS (post hoc Dunn’s test: p = 0.003, p < 0.001, re-
spectively) when compared to the model group. When 
compared with the GSTO group, the GSMO group dem-
onstrated an  increased level of β-EP (post hoc Dunn’s 
test: p = 0.001). However, no significant differences were 
observed in  these cytokine levels between the  GSTO 
and IMO groups. Notably, the GSMO group displayed 
remarkable differences in  IL-6 (post hoc Dunn’s test: 
p = 0.002) and β-EP (post hoc Dunn’s test: p = 0.015) lev-
els compared to the IMO group. Furthermore, compared 
to the control group, a notable reduction in the  levels 
of IL-6 (post hoc Dunn’s test: p = 0.001) was observed 
in the serum of the GSMO group, while no significant dif-
ferences were observed in TNF-α, IL-1β, iNOS, and β-EP 
levels in the GSMO group when compared to the control 
group. Similarly, no significant differences in the levels 
of TNF-α, IL-6 and iNOS were observed in the serum 
of the IMO and GSTO groups compared to the control 
group (Table 3, Fig. 5A–E).

Discussion

Chronic soft tissue injuries refer to a traumatic syn-
drome in which soft tissues or skeletal muscles are sub-
jected to a direct or indirect force or prolonged chronic 
strain, characterized by aseptic inflammation and result-
ing in soft tissue spasms and scarring.2 Gua sha with Ma-
sanggoubang oil therapy is known as one of the distinctive 
external therapies in the traditional Miao medicine for its 
anti-inflammatory and analgesic effects.38 Its efficacy and 
safety in the treatment of chronic soft tissue injuries have 
been extensively confirmed.23,32,34 However, its underly-
ing mechanism of action remains unclear. Therefore, this 
study explores the therapeutic effects of GSMO on rats 
with chronic soft tissue injuries and identifies its potential 
mechanisms of action.

This study found that GSMO can alleviate soft tissue ne-
crosis, degeneration and scar tissue proliferation at the in-
jury site, mitigate inflammatory responses, downregulate 
TNF-α, IL-6 and iNOS levels in the skin tissues, as well 
as TNF-α, IL-1β, IL-6, and iNOS levels in muscle and se-
rum, and upregulate β-EP levels in the muscles of rats with 
chronic soft tissue injuries.

Chronic soft tissue injuries primarily manifest as inflam-
matory responses and pain. In recent years, there has been 
increasing attention on the role of M1 macrophage polar-
ization in inflammatory diseases.5,6 M1 macrophages pro-
mote inflammation by densely releasing pro-inflammatory 



Table 1. TNF-α, IL-1β, IL-6, iNOS, and β-EP skin levels in rats with chronic soft tissue injury (median (Q1–Q3))

Group TNF-α [pg/mL] IL-1β [pg/mL] IL-6 [pg/mL] iNOS [IU/mL] β-EP [pg/mL]

Control (n = 10)
26.72 

(18.38–37.74)
1045.52 

(788.74–1611.62)
1.76 

(1.39–3.41)
7.58 

(5.33–11.58)
29.98 

(21.90–44.74)

Model (n = 10)
100.91 

(79.37–147.45)$$$
3243.58 

(2233.56–11157.35)$$
6.59 

(5.05–7.27)$$
17.08 

(14.45–32.81)$$
20.70 

(13.56–42.41)

GSMO (n = 10)
21.08 

(16.10–31.82)***&&
2171.46 

(2012.14–2264.05)
1.45 

(0.72–2.63)***
6.82 

(4.01–10.56)***
25.02 

(17.33–43.02)

IMO (n = 10)
37.17 

(29.09–49.45)*
3480.24 

(2947.88–5542.41)$$
2.47 

(1.83–3.10)**
8.93 

(6.93–11.71)*
19.95 

(11.22–24.79)

GSTO (n = 10)
74.55 

(47.85–99.46)$
3871.68 

(2626.87–5476.69)$$
4.64 

(2.73–5.31)
10.20 

(8.93–14.49)
16.92 

(8.42–28.54)

H 32.33 23.09 27.04 21.86 7.40

df 4 4 4 4 4

p-value <0.001 <0.001 <0.001 <0.001 0.116

post hoc test 
p-values

control vs model <0.001 0.008 0.001 0.002 >0.999

control vs GSMO >0.999 >0.999 >0.999 >0.999 >0.999

control vs IMO >0.999 0.002 >0.999 >0.999 0.384

control vs GSTO 0.035 0.002 0.363 0.703 0.167

model vs GSMO <0.001 0.429 <0.001 <0.001 >0.999

model vs IMO 0.012 >0.999 0.005 0.024 >0.999

model vs GSTO >0.999 >0.999 0.582 0.592 >0.999

GSTO vs GSMO 0.004 0.154 0.083 0.261 >0.999

GSTO vs IMO 0.461 >0.999 >0.999 >0.999 >0.999

GSMO vs IMO >0.999 0.135 >0.999 >0.999 >0.999

$p < 0.05, $$p < 0.01, $$$p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.001, compared with the model group; &&p < 0.01, 
compared with the GSTO group. β-EP – β-endorphin; df – degrees of freedom; GSMO – gua sha with Masanggoubang oil; GSTO – gua sha with tea 
oil; H – the value of the test statistic for the Kruskal–Wallis test; IL-1β – interleukin 1β; IL-6 – interleukin 6; IMO – inunction with Masanggoubang oil; 
iNOS – inducible nitric oxide synthase; TNF-α – tumor necrosis factor alpha. Statistical analysis was performed using the Kruskal–Wallis test, which was 
preferably employed for the statistical analysis of TNF-α, IL-1β, IL-6, iNOS, and β-EP. The post hoc Dunn’s test was subsequently applied.

Fig. 3. Effects of GSMO on protein 
expression in the skin tissue of rats 
with chronic soft tissue injury. Levels 
of (A) TNF-α, (B) IL-1β, (C) IL-6, (D) iNOS, 
and (E) β-EP in skin tissue. Results are 
expressed as mean with 95% confidence 
intervals (95% CIs); * p < 0.05, ** p < 0.01, 
*** p < 0.001; (n = 10 per group)

β-EP – β-endorphin; IL-1β – interleukin 1β; 
IL-6 – interleukin 6; iNOS – inducible 
nitric oxide synthase; GSMO – gua sha 
with Masanggoubang oil; GSTO – gua 
sha with tea oil; IMO – inunction with 
Masanggoubang oil; TNF-α – tumor 
necrosis factor alpha.



Table 2. TNF-α, IL-1β, IL-6, iNOS, and β-EP muscle levels in rats with chronic soft tissue injury (median (Q1–Q3))

Group TNF-α [pg/mL] IL-1β [pg/mL] IL-6 [pg/mL] iNOS [IU/mL] β-EP [pg/mL]

Control (n = 10)
86.63 

(63.59–101.90)
615.94 

(540.36–708.99)
3.37 

(2.08–4.31)
5.34 

(5.05–5.82)
165.14 

(123.43–247.06)

Model (n = 10)
176.26 

(140.59–221.29)$$$
1530.93 

(976.65–1956.43)$$
6.88 

(4.92–9.94)$$
23.57 

(19.93–27.94)$$$
43.90 

(22.92–47.29)$$$

GSMO (n = 10)
85.42 

(66.84–90.46)***&&#
694.70 

(464.89–772.08)**&#
3.85 

(2.84–5.51)*
7.19 

(6.73–8.21)***#
77.60 

(72.29–126.84)*&#

IMO (n = 10)
142.00 

(116.19–162.83)$
1144.91 

(849.32–1522.11)$
6.14 

(4.04–8.57)$
18.62 

(14.64–21.98)$$$
38.41 

(31.50–47.40)$$$

GSTO (n = 10)
156.31 

(133.84–172.58)$$
1169.40 

(935.46–1436.34)$$
6.36 

(4.99–8.00)$$
11.68 

(9.66–13.99)$
35.59 

(23.64–53.33)$$$

H 33.18 28.42 23.36 40.30 35.14

df 4 4 4 4 4

p-value <0.001 <0.001 <0.001 <0.001 <0.001

Post hoc test 
p-values

control vs model <0.001 0.001 0.001 <0.001 <0.001

control vs GSMO >0.999 >0.999 >0.999 >0.999 >0.999

control vs IMO 0.038 0.011 0.043 <0.001 <0.001

control vs GSTO 0.004 0.006 0.009 0.012 <0.001

model vs GSMO <0.001 0.003 0.013 <0.001 0.014

model vs IMO >0.999 >0.999 >0.999 >0.999 >0.999

model vs GSTO >0.999 >0.999 >0.999 0.167 >0.999

GSTO vs GSMO 0.002 0.018 0.097 0.960 0.018

GSTO vs IMO >0.999 >0.999 >0.999 >0.999 >0.999

GSMO vs IMO 0.017 0.034 0.330 0.040 0.019

$ p < 0.05, $$p < 0.01, $$$p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.001, compared with the model group; &p < 0.05, 
&&p < 0.01, compared with the GSTO group; #p < 0.05, compared with the IMO group. β-EP – β-endorphin; df – degrees of freedom; GSMO – gua sha with 
Masanggoubang oil; GSTO – gua sha with tea oil; H – the value of the test statistic for the Kruskal–Wallis test; IL-1β – interleukin 1β; IL-6 – interleukin 6; 
IMO – inunction with Masanggoubang oil; iNOS – inducible nitric oxide synthase; TNF-α – tumor necrosis factor alpha. Statistical analysis was performed using 
the Kruskal–Wallis test, which was preferably employed for statistical analysis of TNF-α, IL-1β, IL-6, iNOS, and β-EP. The post hoc Dunn’s test was subsequently 
applied.

Fig. 4. Effects of GSMO on protein 
expression in the muscle tissue of rats 
with chronic soft tissue injury. Levels 
of (A) TNF-α, (B) IL-1β, (C) IL-6, (D) iNOS, 
and (E) β-EP in muscle tissue. Results are 
expressed as mean with 95% confidence 
intervals (95% CIs); * p < 0.05, ** p < 0.01, 
*** p < 0.001; (n = 10 per group)

β-EP – β-endorphin; IL-1β – interleukin 1β; 
IL-6 – interleukin 6; iNOS – inducible 
nitric oxide synthase; GSMO – gua sha 
with Masanggoubang oil; GSTO – gua 
sha with tea oil; IMO – inunction with 
Masanggoubang oil; TNF-α – tumor 
necrosisfactor alpha.



Table 3. TNF-α, IL-1β, IL-6, iNOS, and β-EP serum levels in rats with chronic soft tissue injury (median (Q1–Q3))

Group TNF-α [pg/mL] IL-1β [pg/mL] IL-6 [pg/ml] iNOS [IU/mL] β-EP [pg/mL]

Control (n = 10)
1.81 

(0.81–2.79)
56.86 

(51.90–62.46)
7.63 

(5.77–8.02)
0.14 

(0.06–0.25)
2196.08 

(2139.87–2250.16)

Model (n = 10)
2.73 

(2.39–3.00)
86.22 

(74.14–88.61)$$$
6.76 

(5.13–7.93)
1.36 

(1.22–1.57)$$
1996.75 

(1546.24–2139.77)

GSMO (n = 10)
1.28 

(0.73–1.68)*
65.17 

(59.95–72.19)*
4.38 

(3.12–4.78)$$**##
0.14 

(0.06–0.19)**
2183.28 

(2047.14–2226.38)&&#

IMO (n = 10)
1.87 

(0.85–3.57)
81.40 

(77.58–86.49)$$
6.46 

(6.14–8.55)
0.18 

(0.04–0.39)**
1336.49 

(638.66–1936.04)$$

GSTO (n = 10)
1.13 

(0.73–2.88)
82.74 

(80.69–84.42)$$$
6.26 

(5.13–7.16)
0.12 

(0.07–0.13)***
940.62 

(615.36–1720.98)$$$

H 10.59 32.20 20.52 24.29 29.92

df 4 4 4 4 4

p-value 0.032 <0.001 <0.001 <0.001 <0.001

Post hoc test 
p-values

control vs model 0.551 <0.001 >0.999 0.003 0.306

control vs GSMO >0.999 >0.999 0.001 >0.999 >0.999

control vs IMO >0.999 0.001 >0.999 >0.999 0.003

control vs GSTO >0.999 <0.001 >0.999 >0.999 <0.001

model vs GSMO 0.019 0.015 0.004 0.001 0.915

model vs IMO >0.999 >0.999 >0.999 0.003 >0.999

model vs GSTO 0.209 >0.999 >0.999 <0.001 0.223

GSTO vs. GSMO >0.999 0.052 0.056 >0.999 0.001

GSTO vs. IMO >0.999 >0.999 >0.999 >0.999 >0.999

GSMO vs. IMO >0.999 0.059 0.002 >0.999 0.015

$$p < 0.01, $$$p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, **p < 0.001, compared with the model group; &&p < 0.01, compared with 
the GSTO group; #p < 0.05, ##p < 0.01, compared with the IMO group. β-EP – β-endorphin; df – degrees of freedom; GSMO – gua sha with Masanggoubang 
oil; GSTO – gua sha with tea oil; H – the value of the test statistic for the Kruskal–Wallis test; IL-1β – interleukin 1β; IL-6 – interleukin 6; IMO – inunction with 
Masanggoubang oil; iNOS – inducible nitric oxide synthase; TNF-α – tumor necrosis factor alpha. Statistical analysis was performed using the Kruskal–Wallis 
test, which was preferably for the statistical analysis of TNF-α, IL-1β, IL-6, iNOS, and β-EP. The post hoc Dunn’s test was subsequently applied.

Fig. 5. Effects of GSMO on serum protein 
expression in rats with chronic soft tissue injury. 
Serum levels of (A) TNF-α, (B) IL-1β, (C) IL-6, 
(D) iNOS, and (E) β-EP. Results are expressed 
as mean with 95% confidence intervals (95% CIs); 
* p < 0.05, ** p < 0.01, *** p < 0.001; (n = 10 per 
group)

β-EP – β-endorphin; IL-1β – interleukin 1β; 
IL-6 – interleukin 6; iNOS – inducible nitric 
oxide synthase; GSMO – gua sha with 
Masanggoubang oil; GSTO – gua sha with tea 
oil; IMO – inunction with Masanggoubang oil; 
TNF-α – tumor necrosis factor alpha.
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factors such as IL-6, IL-1β and TNF-α. High expression 
of iNOS catalyzes the production of the neurotransmitter 
NO, thereby increasing the sensitivity of the peripheral 
and central nervous systems and inducing pain hypersen-
sitivity.7,8 Among these, TNF-α is an important mediator 
in the inflammatory response, inducing a cascade of IL-6 
and IL-1β release, thereby increasing inflammation.9 Si-
multaneously, a decrease in TNF-α is closely associated 
with the improvement of limb disabilities.20 Previous stud-
ies have found macrophage polarization to play a crucial 
role in suppressing soft tissue inflammation and promot-
ing tissue repair and regeneration.39,40 Yang et al.12 discov-
ered that gua sha therapy improves pain perception and 
the inflammatory response in chronic soft tissue injuries 
by downregulating the expression of TNF-α, IL-1β and 
IL-6 in the serum, which is consistent with our findings. 
Bai found that electroacupuncture alleviates inflammation 
in rats with myofascial injuries by downregulating iNOS 
levels.41 We observed that the levels of serum and muscle 
iNOS were downregulated in the GSMO group, which 
is consistent with the literature. Beta-EP is an important 
endogenous opioid neuropeptide that exerts powerful 
analgesic effects by inhibiting pain transmission path-
ways.42 Peripheral and central opioid receptors participate 
in the analgesic effects during the early stages of inflam-
mation.43 He and Zhou13 found that tuina (a hands-on body 
treatment that uses Chinese Daoist principles to bring 
the 8 principles of TCM into balance) massage alleviates 
pain symptoms by upregulating serum β-EP levels in pa-
tients with lumbar disc herniations. Our research shows 
that the GSMO group exhibited upregulated muscle β-EP 
levels, which may promote blood circulation in the body 
to facilitate the exchange of β-EP from serum to tissues 
and enhance local analgesic effects.44 This finding is con-
sistent with the literature.

Similarly, this study found that IMO and GSTO therapies 
also improved the inflammatory response to varying de-
grees in rats with chronic soft tissue injuries. Our experi-
mental results revealed decreased TNF-α, IL-6 and iNOS 
levels in the skin tissues at the injury site, as well as serum 
iNOS levels in the IMO group. In the GSTO group, the se-
rum iNOS levels also decreased. The observed improve-
ments in the IMO group can be attributed to the active 
ingredients in Masanggoubang oil penetrating the dermis 
of the damaged area and exerting anti-inflammatory ef-
fects to some extent.38 Gua sha with tea oil partially al-
leviated the inflammatory response in the injured soft 
tissues by improving local blood circulation and facilitating 
the metabolism of inflammatory factors.44

Furthermore, this study found that GSMO, IMO and 
GSTO therapies all improved the inflammatory response 
in rats with chronic soft tissue injuries to varying de-
grees. Among them, GSMO therapy was superior to IMO 
and GSTO therapies alone, revealing a synergistic effect 
of combining gua sha therapy and Masanggoubang oil. 
The  scraping medium was identified as  an  important 

factor influencing the efficacy of gua sha therapy. Com-
pared to  IMO, GSMO significantly improved muscle 
TNF-α, IL-1β, iNOS, and β-EP levels. This may be attrib-
uted to gua sha therapy’s ability to expand the interstitial 
space, facilitating the deep absorption of active ingredients 
from Masanggoubang oil into the muscle layer. Compared 
to GSTO, GSMO significantly improved skin TNF-α levels, 
muscle TNF-α, IL-1β and β-EP levels, as well as serum 
β-EP levels, possibly due to the combined effect of gua 
sha therapy and Masanggoubang oil, which may enhance 
the anti-inflammatory action and significantly improve 
soft tissue inflammation.

Limitations

We found that GSMO can upregulate muscle β-EP lev-
els in rats with chronic soft tissue injuries. Therefore, 
we speculate that GSMO may also alleviate pain in rats 
with chronic soft tissue injuries. However, we only tested 
1 pain factor, so further evaluation of  its analgesic ef-
fectiveness should include pain threshold measurement 
scores and other serum pain substances such as  sub-
stance P and neuropeptide Y.45,46 Additionally, the un-
derlying mechanisms of GSMO for chronic soft tissue 
injuries remain unclear. It would be beneficial to explore 
the relevant signaling pathways of scraping therapy using 
gene chip technology and further clarify its mechanism 
of action by combining immunological techniques and 
proteomics. Moreover, future studies should consider 
extending the observation period to investigate the long-
term effects of GSMO. Furthermore, conducting com-
parative efficacy studies between GSMO and prescription 
drugs would provide a comprehensive evaluation of  its 
therapeutic effects on chronic soft tissue injuries.

Conclusions

Our results indicate that GSMO can alleviate the inflam-
matory response in rats with chronic soft tissue injuries, 
which may be related to the inhibition of M1 macrophage 
polarization. Additionally, we  found that the  combi-
nation of gua sha therapy and Masanggoubang oil has 
a synergistic effect in treating chronic soft tissue inju-
ries. Therefore, this study may provide valuable insights 
into the clinical treatment of chronic soft tissue injuries. 
In summary, GSMO demonstrates a favorable therapeutic 
effect of chronic soft tissue injuries, significantly improv-
ing the inflammatory response in rats with chronic soft 
tissue injuries. The mechanism behind this improvement 
may be associated with the reduction of M1 macrophage 
polarization in the peripheral blood and local tissues. Gua 
sha with Masanggoubang oil shows promise as an effective 
method for the treatment of chronic soft tissue injuries, 
and our research provides scientific evidence supporting 
its use in this context.
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Abstract
Background. Accumulating evidence has supported the effect of antibody-dependent cellular phagocytosis 
(ADCP) on the tumor microenvironment (TME) and cancer therapy. However, an ADCP-based signature 
to predict the prognosis of gastric cancer (GC) has not been established.

Objectives. We aimed to develop an ADCP-based signature to improve the prognosis prediction of GC.

Materials and methods. Antibody-dependent cellular phagocytosis genes that exhibited a differential 
expression were characterized, followed by the construction and validation of the ADCP-based signature. 
The potential association between the ADCP-based signature and TME was explored, and the features 
of the signature genes were investigated. Finally, a predictive nomogram was established based on the ADCP-
based signature.

Results. Four ADCP-related genes, MKNK2, VCAN, LRAT, and GNGB, were identified to construct the ADCP-
based signature, and a high ADCP score predicted an unfavorable prognosis in GC patients (p < 0.05). 
The ADCP-based signature was significantly associated with immune cells, immune checkpoints and im-
mune signaling pathways (p < 0.05). Gastric cancer patients with high ADCP scores benefited less from 
immunotherapy compared to those with low ADCP scores. A nomogram including age, stage and risk score 
of the ADCP-based signature was constructed to predict the 1-, 3- and 5-year survival probabilities, with 
an area under the curve (AUC) of 0.669, 0.675 and 0.685, respectively.

Conclusions. The ADCP-based signature may serve as a new option for prognosis prediction and the per-
sonalized treatment of GC patients.

Key words: bioinformatics analysis, gastric cancer, tumor microenvironment, prognostic signature, antibody-
dependent cellular phagocytosis
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Background

Gastric cancer (GC) was the 5th most diagnosed cancer 
and the 4th most common cause of cancer death in 2020.1 
The incidence and mortality of GC have been reduced 
in recent years as a result of the prevention and treatment 
of Helicobacter pylori and Epstein–Barr virus (EBV) infec-
tions.2,3 However, the prognosis of GC patients continues 
to be unsatisfactory due to the impact of locally advanced 
and distant metastases.4,5

Immunotherapy is a promising treatment strategy, but 
only a fraction of GC patients benefit from it.6 Also, the im-
munosuppressive microenvironment of tumors severely re-
duces the effectiveness of immunotherapy. Therefore, there 
is a strong need for precise immunotherapy and accurate 
efficacy prediction using immune-based biomarkers.

Antibody-dependent cellular phagocytosis (ADCP) 
is  the mechanism that leads to  the  internalization and 
degradation of target cells through the activation of Fcγ 
receptors on the surface of macrophages to induce phagocy-
tosis.7 It has been shown that the ADCP process can influ-
ence the evolution of the tumor microenvironment (TME). 
A previous study has found that rituximab results in the up-
regulation of multiple Fcγ receptors on macrophages, which 
correlates with their phagocytic response.8 In addition, anti-
KIT antibodies have been observed to inhibit the growth 
of gastrointestinal stromal tumors by inducing the phago-
cytosis of macrophages.9 These studies suggest that ADCP 
may regulate the progression of different cancers. Hence, 
it is valuable to examine the role of ADCP-related genes 
in the progression of GC, as well as establish a relevant 
prognostic model for the treatment of GC.

In the present research, we conducted bioinformatics 
approaches to  construct and validate an  ADCP-based 
prognostic signature by employing The Cancer Genome 
Atlas (TCGA) database and the Gene Expression Omnibus 
(GEO) database. We further explored the role of the ADCP-
based signature in the immune microenvironment. Our 
study can effectively predict the prognosis of GC patients 
and may provide new perspectives for the treatment of GC.

Objectives

We aimed to develop a robust ADCP-based signature 
to improve the predicted prognosis of GC.

Methods

Data collection and processing

RNA-seq data and clinical information on TCGA-STAD 
were downloaded from the UCSC-Xena platform (https://
toil.xenahubs.net), which contained 32 normal tissue sam-
ples and 375 tumor tissue samples. The dataset GSE66229 

with 300  tumor tissue samples was downloaded from 
the GEO database for subsequent model validation analy-
sis. A total of 3,405 genes were obtained by downloading 
ADCP-related genes (Supplementary Table 1) from a study 
by Kamber et al.10 and matching them with the above ex-
pression profiles. Our workflow is presented in Fig. 1.

Protein–protein interaction network 
and functional enrichment analysis

The differential expression analysis of ADCP genes was 
carried out using the R package DESeq2 (v. 1.36.0, https://
www.bioconductor.org/packages/release/bioc/html/DE-
Seq2.html). A false discovery rate (FDR) less than 0.05 and 
a |log2FoldChange| >1 were selected as the threshold for 
screening differentially expressed genes. The interaction re-
lationship of the differentially expressed genes was analyzed 
using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (https://cn.string-db.org/) and 
imported into Cytoscape (v. 3.9.1) to map the protein-protein 
interaction (PPI) network. Gene Ontology (GO; http://www.
geneontology.org) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG; http://www.genome.ad.jp/kegg) functional 
enrichment analysis was conducted using the ClusterProfiler 
package (v. 4.4.4, https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html).11

Construction and verification  
of the ADCP-based signature

The 2 datasets from TCGA and GEO were log2-trans-
formed and normalized to obey the same distribution, 
thus eliminating the effect from different batches. Tumor 
samples from TCGA-STAD were segregated into a train-
ing set and a test set with a 6:4 random split. Samples 
with survival times less than 30 days were filtered, and 
a total of 342 tumor tissue samples were finally included. 
In the training set samples, the differentially expressed 
genes and the survival information of the samples were 
merged to identify genes strongly related to the overall 
prognosis for survival using univariate Cox regression 
analysis performed with the survival package (v. 3.4-0, 
https://github.com/therneau/survival).12 The genes were 
further screened using a 10-fold cross-validation analy-
sis using the executed least absolute shrinkage and selec-
tion operator  (LASSO) Cox regression model employing 
the glmnet package (v. 2.0-18, httRiskscore://cran.r-project.
org/web/packages/glmnet/index.html).13 Next, multivari-
able regression was conducted to further filter the genes. 
Relying on the gene regression prognostic coefficients and 
the expression levels of genes in the training set samples, 
a risk score model was developed; it was derived as follows: 

risk score = Σ (Expi × Coefi); 

Expi and Coefi represent the expression levels and LASSO 
regression coefficients of prognostic genes.

https://toil.xenahubs.net
https://toil.xenahubs.net
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://cn.string-db.org
http://www.geneontology.org
http://www.geneontology.org
http://www.genome.ad.jp/kegg
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/therneau/survival
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To inspect the correctness of the model, the risk score 
of each sample from the test set of TCGA and the external 
validation set of GEO was calculated using the same re-
gression coefficients according to the risk score calculation 
formula. The samples from the 2 aforementioned vali-
dation sets were differentiated based on the median risk 
score as the cutoff. The overall survival (OS) of each group 
was assessed using Kaplan–Meier curves. We then plot-
ted the 1-, 3- and 5-year receiver operating characteristic 
(ROC) curves using the R package survival ROC (v. 1.0.3, 
https://cran.rstudio.com/web/packages/survivalROC/in-
dex.html) and calculated the 1-, 3- and 5-year area under 
the curve (AUC) values, respectively.

Prognostic characterization of genes 
in the model and construction of ceRNA 
networks

We used the TCGA-STAD dataset for survival analysis 
of the ADCP-related genes in the signature. The multiMiR 
package was used to predict gene-associated microRNAs 
(miRNAs) in the model. Starbase was then used to predict 
lncRNAs that interact with miRNAs, and the CHEA3 da-
tabase (https://maayanlab.cloud/chea3) was used to predict 
transcription factors (TFs) of the model genes. All results 
were imported into Cytoscape (https://cytoscape.org) to con-
struct a competitive endogenous RNA (ceRNA) network.

Characteristics of the TME and GSEA 
in different subgroups

To  further examine the  immune microenvironment 
in high- and low-risk groups, Estimation of STromal and 
Immune cells in MAlignant Tumours using Expression data 
(ESTIMATE),14 Cell-type Identification by Estimating Rel-
ative Subsets of RNA Transcripts (CIBERSORT),15as well 
as single-sample gene set enrichment analysis (ssGSEA) 
algorithms were utilized to obtain TME scores and im-
mune cell scores. Moreover, we extracted immune gene-
related pathways through the immport database (https://
www.immport.org/home). To  assess immune pathway 
variations between high- and low-risk groups, the ssG-
SEA algorithm was used to calculate the immune pathway 
scores of cancer samples. We also captured expression 
data of human leukocyte antigen (HLA) family genes and 
immune checkpoint-associated genes to analyze their dif-
ferential expression in high- and low-risk groups. Gene 
Set Enrichment Analysis (GSEA) was performed using 
the ClusterProfiler package (v. 3.18.0)11 to observe signifi-
cant pathways enriched in the high- and low-risk groups.

Drug sensitivity and immunotherapy 
efficacy prediction

The sensitivity of patients to chemotherapeutic agents 
was evaluated using Genomics of Drug Sensitivity in Cancer 

Fig. 1. Study flowchart. Transcriptome data and clinical data were 
downloaded from TCGA and UCSC Xena. Differential expression 
analyses were conducted on ADCP-related genes. Protein–protein 
interaction network and functional enrichment analyses were 
performed on differentially expressed ADCP-related genes. Four key 
genes were identified using uni- and multivariable Cox regression 
as well as the LASSO method to construct an ADCP-based signature. 
The predictive performance of the ADCP-based signature was validated 
using GSE66229 from the GEO database. The immune-infiltrating cells, 
immune pathways and drug sensitivity were explored in risk subgroups 
defined by the ADCP-based signature

TCGA – The Cancer Genome Atlas; UCSC – University of California 
Santa Cruz; ADCP – antibody-dependent cellular phagocytosis; 
PPI – protein-protein interaction; LASSO – Least Absolute Shrinkage and 
Selection Operator; GEO – Gene Expression Omnibus; STAD – stomach 
adenocarcinoma; GO – Gene Ontology; KEGG – Kyoto Encyclopedia 
of Genes and Genomes; TME – tumor microenvironment; HLA – human 
leukocyte antigen; GSEA – Gene Set Enrichment Analysis; ssGSEA – single-
sample Gene Set Enrichment Analysis.

https://cran.rstudio.com/web/packages/survivalROC/index.html
https://cran.rstudio.com/web/packages/survivalROC/index.html
https://maayanlab.cloud/chea3
https://cytoscape.org
https://www.immport.org/home
https://www.immport.org/home
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(GDSC; https://www.cancerrxgene.org).16 The R software 
package pRRophetic (v. 0.5, https://github.com/paulgeeleher/ 
pRRophetic) was used to determine half-maximal inhibi-
tory concentrations (IC50). We evaluated the differential 
in drug sensitivity between high- and low-risk groups. 
The Tumor Immune Dysfunction and Exclusion (TIDE) 
method was used to predict the benefit of immune check-
point inhibitor (ICI) treatment in patients with GC.

Construction of nomogram

Clinical risk models were constructed using univariate 
and multivariate Cox regression analyses. Next, clinical 
risk values were calculated for all samples of TCGA-STAD. 
The prognosis was assessed using Kaplan–Meier curve 
analysis, and to test the clinical risk model, ROC curves 
were generated. The calibration curve analysis of the model 
was assessed using the R package rms (v. 6.3-0, https://
hbiostat.org/r/rms). Using the R package dcurves (v. 0.3.0, 
https://github.com/ddsjoberg/dcurves), decision curve 
analysis (DCA) decision curves were produced to evalu-
ate the clinical risk model.

Statistical analyses

All analyses were conducted in R v. 4.2.1 (R Founda-
tion for Statistical Computing, Vienna, Austria), and a p-
value of 0.05 or less was deemed statistically significant. 
Univariate and multivariate Cox regression analyses 
were performed to identify genes and clinical parameters 
significantly associated with the OS prognosis. Schoen-
feld residual plots (conducted by the ggcoxzph function 
of the survival R package) were used to assess the pro-
portional hazards assumption, which determines whether 
the effect of the variable on the hazard function is con-
stant over time. The log-rank test was used to compare 
the differences in survival distributions. A Wilcoxon test 
was used to compare the differences in medians between 
samples. The key R-script used in this study can be found 
in the Supplementary materials.

Results

Differentially expressed ADCP genes 
and their function in GC

The TCGA dataset was used to obtain the differential 
expression matrix of  GC, which was intersected with 
ADCP-related genes to obtain 531 differentially expressed 
ADCP-related genes (238 of them were upregulated and 
293 were downregulated, Fig. 2A, Supplementary Table 2). 
The most significantly up- and downregulated genes were 
plotted as a heat map (Fig. 2B), with a total of 20 included. 
These 531 differentially expressed ADCP-related genes 
were mapped into a PPI network (Fig. 2C, Supplementary 

Table 7) through the STRING database. Gene Ontology 
(Fig. 2D, Supplementary Table  3) and KEGG analysis 
(Fig. 2E, Supplementary Table 4) were used to explore 
the functions of the 531 genes. Functional investigation 
of differentially expressed ADCP-related genes revealed 
that they were involved in  the  p53 signaling pathway, 
PI3K/Akt signaling pathway, calcium signaling pathway, 
and platinum drug resistance (Fig. 2E), which suggested 
the possible role of ADCP genes in cancer progression 
and metastasis.

Development and validation  
of ADCP-based signature

Based on the above 531 differential genes, univariate Cox 
regression was applied using the TCGA-STAD training set 
to detect 7 prognosis genes (ADAMTS12, MKNK2, VCAN, 
MMP1, CLDN9, LRAT, and GNG8; Fig. 3A, Supplemen-
tary Table 5). The results of the proportional hazards as-
sumption can be found in Supplementary Fig. 1. To further 
screen the prognostic markers of GC, LASSO regression 
was employed to identify the prognostic genes acquired 
from the above univariate Cox regression. The optimal 
λ was obtained when the partial likelihood of deviance 
reached the minimum value (Fig. 3B,C). Four prognosis-
associated genes (MKNK2, VCAN, LRAT, and GNGB; 
Fig. 3D, Supplementary Table 6) were available to con-
struct ADCP-related gene signatures after performing 
multivariate Cox regression. Based on the median risk 
score, the samples from the training set were separated 
into a high-risk group (risk score >median risk score) and 
a low-risk group (risk score ≤median risk score). The ROC 
curve was plotted to display the 1-, 3- and 5-year AUC for 
the training set. Validation of the model was conducted 
in the TCGA test set and the GEO external validation set, 
indicating a good predictive performance of the model 
(Fig. 3E). The prognosis differed significantly between 
the 2 groups, with patients in the high-risk score group 
presenting a poorer prognosis. In the TCGA-STAD train-
ing cohort of 206 GC patients, those with high-risk scores 
(50%) had a shorter OS (p = 5e-07) than those with low-risk 
scores (50%). High-risk patients (52.941%) had a shorter 
OS than low-risk patients (47.059%) across all 136 GC pa-
tients in the TCGA-STAD test cohorts (p = 0.003; Fig. 3F). 
To  identify whether or not the ADCP-based signature 
was reliable, the accuracy of the ADCP-based signature 
was evaluated using the GEO external validation cohort, 
with a total of 300 GC patients participating in this study. 
As seen in Fig. 3F, high-risk patients (49%) had a shorter OS 
than the low-risk group (51%) (p = 5e-05). The prognostic 
information of the 4 genes in the signature was demon-
strated using a Kaplan–Meier curve, while 3 genes showed 
significant prognostic value in GC. Between the MKNK2 
subgroups, no OS differences were observed (log-rank test, 
p = 0.151, Fig. 4A). In the VCAN high-expression group, 
GC patients were found to have a lower survival probability 

https://www.cancerrxgene.org
https://github.com/paulgeeleher/pRRophetic
https://github.com/paulgeeleher/pRRophetic
https://hbiostat.org/r/rms
https://hbiostat.org/r/rms
https://github.com/ddsjoberg/dcurves
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(log-rank test, p = 0.027, Fig. 4B). Also, in the LRAT high-
expression group, GC patients had a significantly lower OS 
(log-rank test, p = 0.01, Fig. 4C). The high GNG8 expres-
sion group indicated a more favorable prognosis (log-rank 
test, p = 0.011, Fig. 4D). Based on the 4 genes, 61 miRNAs 
were predicted using multiR, and 52 lncRNAs were further 

predicted with starbase (http://starbase.sysu.edu.cn), fol-
lowed by the TFs of genes predicted with the CHEA3 da-
tabase, and the top 10 TFs of meanRank were selected. 
Genes, miRNAs, lncRNAs, TFs, and interactions between 
them were imported into Cytoscape to map the ceRNA-
TF network.

Fig. 2. Identification and characterization of differentially expressed ADCP-related genes. A. A volcano plot representing the 531 differentially expressed 
ADCP genes (238 of them were upregulated and 293 were downregulated) with a threshold of FDR less than 0.05 and a |log2FC| > 1; B. A heat map 
containing the 20 most significantly up-and downregulatedADCP genes between normal and tumor samples; C. The PPI network of 531 differentially 
expressed ADCP-related genes; D–E. GO (D) and KEGG (E) and analysis exploring the functions of the 531 genes

ADCP – antibody-dependent cellular phagocytosis; PPI – protein–protein interaction; FDR – false discovery rate; FC – fold change; GO – Gene Ontology; 
KEGG – Kyoto Encyclopedia of Genes and Genomes.

http://starbase.sysu.edu.cn
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Fig. 3. Construction and validation of an ADCP-based signature. A. Univariate Cox regression analysis identified 7 ADCP-related genes with prognostic value 
(ADAMTS12, MKNK2, VCAN, MMP1, CLDN9, LRAT, and GNG8); B. Selection of the tuning parameter (λ) in the least absolute shrinkage and selection operator 
(LASSO) regression with a 10-fold cross-validation as the minimum criteria; C. LASSO coefficient profiles for clinical features and 6 non-zero coefficients were 
selected; D. Four genes (MKNK2, VCAN, LRAT, and GNG8) were selected by multivariate Cox regression analysis; E. Receiver operating characteristic (ROC) 
curves to display the 1-, 3- and 5-year area under the curve (AUC) in the train cohort, test cohort and validation cohort; F. Survival differences between low- 
and high-risk groups in the training cohort (log-rank test, p = 5e-07), test cohort (log-rank test, p = 0.003) and validation cohort (log-rank test, p = 5e-05)

ADCP – antibody-dependent cellular phagocytosis; ADAMTS12 – a disintegrin and metalloproteinase with thrombospondin motifs 12; MKNK2 – threonine 
kinase 2/MAP kinase interacting serine; VCAN – versican; MMP1 – matrix metallopeptidase 1; CLDN9 – claudin 9; LRAT – lecithin retinol acyltransferase; 
GNG8 – G protein subunit gamma 8.
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ADCP-based signature in TME

To gain further insight into the involvement of ADCP-
based signature in TME, we used the CIBERSORT (Fig. 5A), 
ssGSEA (Fig. 5B) and ESTIMATE (Fig. 5C) algorithms to ex-
plore the immune infiltration in subgroups. A higher percent-
age of M2 macrophages was observed in the high-risk score 
group from the result of CIBERSORT, while T cells CD8+ 
accounted for a smaller percentage compared to the low-risk 

score group (Fig. 5A, Supplementary Table 8). The ssGSEA 
algorithm showed a higher percentage of regulatory T cells 
(Tregs), as well as a lower percentage of activated CD8+ T cells 
and activated B cells in the high-risk group (Fig. 5B, Supple-
mentary Table 9). The ESTIMATE algorithm also confirmed 
the differences in immune infiltration between the high- and 
low-risk groups (Fig. 5C). In the following work, we analyzed 
the connection between signature genes and immune cells. 
As shown in Fig. 5D, VCAN had a significant correlation 

Fig. 4. Survival estimation and PPI network of the signature genes. A–D. Survival differences between low- and high-expression groups of MKNK2 (A) 
(log-rank test, p = 0.151), VCAN (B) (log-rank test, p = 0.027), LRAT (C) (log-rank test, p = 0.011) and GNG8 (D) (log-rank test, p = 0.011); E. ceRNA-TF network 
based on the selected genes, miRNAs, lncRNAs, and transcription factors

PPI – protein–protein interaction; MKNK2 – threonine kinase 2/MAP kinase interacting serine; VCAN – versican; LRAT – lecithin retinol acyltransferase; 
GNG8 – G protein subunit gamma 8; ceRNA – competing endogenous ribonucleic acid; TF – transcription factors; miRNA – microRNA; lncRNA – long non-
coding ribonucleic acid.
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with M2 macrophages. GNG8 was positively correlated with 
Tregs and was negatively correlated with activated natural 
killer cells (Supplementary Table 10). Surprisingly, HLA gene 

expression and immune checkpoint gene expression varied 
significantly across the 2 risk groups (Fig. 5E,F, Supplemen-
tary Tables 11,12).

Fig. 5. Immune cell infiltration and immunomodulators of the ADCP-based signature. A,B. Differences in the abundance of immune cell infiltration 
in high- and low-risk groups using CIBERSORT (A) and ssGSEA (B) algorithms; C. Heat map of immune infiltration between high- and low-risk groups 
using the CIBERSORT and ESTIMATE algorithms; D. Heat map of the correlation between model genes and differential immune cells using CIBERSORT; 
E. Differences in the expression of HLA family genes between high- and low-risk groups; F. Differences in the expression of immune checkpoints between 
high- and low-risk groups

ADCP – antibody-dependent cellular phagocytosis; CIBERSORT – Cell-type Identification by Estimating Relative Subsets of RNA Transcripts; 
ESTIMATE – Estimation of STromal and Immune cells in MAlignant Tumours using Expression data; ssGSEA – single-sample Gene Set Enrichment Analysis; 
HLA – human leukocyte antigen.
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To further characterize the effect of the ADCP-based 
signature on the TME, we examined the variations of im-
mune pathways between the  subgroups. The  ssGSEA 
method was used to provide an estimated value for each 
cancer sample’s immune pathway, which is  presented 
in Fig. 6A and Supplementary Table 13. The association 
of 4 key genes in the signature with immune-related path-
ways was also explored (Fig. 6B, Supplementary Table 14). 
A comparative study of significantly enriched pathways 
between subgroups was accomplished using GSEA, and 
the 5 most strongly associated pathways were selected for 
presentation (Fig. 6C,D, Supplementary Table 15).

Drug sensitivity and immunotherapy 
efficacy prediction

As shown in Fig. 7A, patients with high-risk scores ex-
hibited a  higher TIDE scoring. Nine compounds with 
sensitization differences in the high- and low-risk groups 
were illustrated. In the high-risk group of ADCP-based 
signatures, the IC50 of GNF.2, Z.LLNle.CHO, AP.24534, 

imatinib, NSC.87877, NVP.TAE684, pazopanib, X17.AAG, 
and PHA.665752 were significantly lower when compared 
with the low-risk group (Fig. 7B).

Construction of nomogram

Univariate Cox analysis of the risk score and clinical pa-
rameters (age, gender, stage, and grade) demonstrated that 
age, stage, and risk scores could serve as prognostic factors 
for GC patients (Supplementary Fig. 2). With additional 
multivariate Cox regression analysis, a clinical risk model 
consisting of 3 independent prognostic factors: age, stage 
and risk score (Fig. 8A) was finally constructed as a no-
mogram (Fig. 8B). The Kaplan–Meier curve demonstrated 
that patients with high nomogram scores have a more un-
favorable prognosis (Fig. 8C; log-rank test, p = 1.77e-06). 
The AUC values for 1, 3 and 5 years shown in the ROC 
curves (Fig. 8D) were 0.669, 0.675 and 0.685, respectively. 
Calibration curves (Fig. 8E), as well as DCA curves (Fig. 8F), 
were evaluated for the nomogram, implying it has a good 
level of predictive accuracy.

Fig. 6. Immune pathways of the ADCP-based signature. A. Box plots presenting the differences in immune pathway enrichment scores between high- and 
low-risk groups using ssGSEA; B. Heat map of the correlation between model gene expression and immune pathways using ssGSEA; C,D. High- (C) and low-
risk (D) and groups significantly enriched in the different pathways using GSEA

ADCP – antibody-dependent cellular phagocytosis; ssGSEA – single-sample Gene Set Enrichment Analysis; GSEA – Gene Set Enrichment Analysis.
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Fig. 7. Analyses of drug sensitivity and immunotherapy responses between subgroups. A. The TIDE score was more enriched in the high-risk group; 
B. The pRRophetic algorithm showed 9 compounds that are more effective for high-risk patients

TIDE – Tumor Immune Dysfunction and Exclusion.
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Discussion

Due to the heterogeneity of GC, the survival durations 
among patients exhibits huge variation, which covers 
a range from 5 months to 10 years.17,18 Patients with early-
stage localized GC have a 5-year OS rate above 60%, while 
in those diagnosed with distant metastasis, it is lower than 
5%.19 Encouragingly, the exploration of reliable biomark-
ers through bioinformatics has demonstrated remarkable 
potential in clinical applications. It was recognized that 
prognostic signatures derived from multiple genes exhib-
ited a significant role in the survival prediction of malig-
nancies. We built an ADCP-based prognostic signature 
incorporating TCGA data and verified its practicability 
using the GEO dataset, as well as researching its charac-
teristics with TME. The signature correlates with multiple 

immune cells and immune checkpoints. Additionally, dif-
ferential drug sensitivities and immune efficacies were 
detected in the subgroups.

The 4 genes in the ADCP-based signature (MKNK2, 
VCAN, LRAT, and GNGB) have been reported in asso-
ciation with the progression of cancer. As  in previous 
studies, MKNK2 (threonine kinase 2/MAP kinase inter-
acting serine) has been considered an oncogene, which 
acts as a mediator of various cellular processes to pro-
mote the development of prostate cancer and gliomas.20,21 
Furthermore, it has been discovered that MKNK2 can be 
targeted by miR-125b, leading to the progression of breast 
cancer.22 A previous study also demonstrated that MKNK2 
contributes to  the  enhancement of  chemoresistance 
of ovarian cancer by inhibiting autophagy through miR-
125b.23 Versican (VCAN) accumulates in tumor cells and 

Fig. 8. Construction of nomogram. A. Multivariate Cox analysis revealed 3 independent prognostic factors (age, stage and risk score); B. A predictive 
nomogram based on age, stage and risk score; C. Overall survival estimation of nomogram score subgroups (log-rank test, p = 1.77e-06); D. ROC curves 
showed that the 1-, 3- and 5-year AUC reached 0.669, 0.675 and 0.685 in the TCGA train cohort, respectively; E. The 1-, 3- and 5-year calibration curves 
of the nomogram; F. The 1-, 3- and 5-year DCA decision curves of the nomogram.

ROC – receiver operating characteristic; AUC – area under the curve; TCGA – The Cancer Genome Atlas; DCA – decision curve analysis
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mesenchyme as a protein and is regulated by cytokines. 
In cancer research, it has been proven that VCAN is in-
volved in the progression of GC. Moreover, VCAN has 
been recognized as an independent prognostic predictor 
of GC.24 Lecithin retinol acyltransferase (LRAT) converts 
retinol to retinyl esters, regulating cell growth and differ-
entiation.25 Researchers have demonstrated a significant 
loss of LRAT expression in invasive bladder cancer, cor-
relating with an increasing tumor stage.26 G protein sub-
unit gamma 8 (GNG8) participates in chemokine signaling 
that controls leukocyte migration across the endothelium, 
which may have a potential implication for the TME.27

As  research on  the  TME deepens, the  development 
of new immunotherapy regimens targeting the TME is be-
coming a major field of interest for cancer treatment. Given 
that the characteristics of the TME can influence the ef-
ficacy of immunotherapy, we focused on the role of ADCP 
signatures in the TME. The high-risk group of ADCP 
signatures exhibited a lower probability of survival, result-
ing from the suppression of the TME. As an important 
component of  the TME, M2 macrophages can secrete 
undesirable cytokines, thus promoting tumor angiogen-
esis and tumor metastasis, which is detrimental to pa-
tient prognosis. A larger percentage of M2 macrophages 
was found in  the  high-risk group, while CD8 T  cells, 
the main contributor that kills tumor cells, displayed 
a significant proportional decline. Interestingly, there are 
differential infiltrations of Tregs between the high- and 
low-risk groups. Tregs are key immune cells with immu-
nosuppressive abilities in the TME, which exert effects 
through mechanisms such as secreting cytokines, limiting 
the activation of CD4+ helper T cells and CD8+ cytotoxic 
T  cells, and regulating antigen-presenting cell (APC) 
functions.28–33 This hinders GC patients from benefiting 
from ICI therapy. Targeting Tregs holds great potential for 
reshaping the GC immune microenvironment, enhancing 
anti-tumor immune responses and improving the OS rate 
of GC patients. This study stratified GC patients based 
on ADCP-related genes at the transcriptomic level and 
also stratified the abundance of Tregs. For GC patients 
with high Treg activity, traditional ICIs may not be suf-
ficient to fully activate anti-tumor immune responses. 
In this case, adopting additional strategies to inhibit Treg 
activities becomes an effective supplementary approach.

Our functional enrichment analysis further suggested 
that the ADCP model regulates the TME through mul-
tiple immune pathways and has a strong immune char-
acteristic. Considering high-risk patients may not benefit 
as much from immunotherapy, we screened for sensitive 
and effective compounds for high-risk patients and found 
that they are more sensitive to pazopanib and imatinib. 
Notably, imatinib and pazopanib are both tyrosine ki-
nase inhibitors. In addition to the 2 targeted drugs, some 
chemical drugs were also identified; however, most are 
limited to  cellular experiments. Moreover, traditional 
cancer chemotherapy based on chemical drugs is prone 

to drug resistance and toxic side effects. As an improved 
form of chemotherapy, metronomic chemotherapy involves 
administering low doses of drugs continuously without 
long breaks, which can help avoid these 2 drawbacks. More 
than 10 years ago, Chinese scholars demonstrated the ef-
ficacy and good tolerability of metronomic capecitabine 
for palliative treatment of advanced GC patients after 
fluoropyrimidine-based chemotherapy.34 Furthermore, 
the good tolerability and potential durable anti-tumor 
activity of metronomic capecitabine in patients with he-
patocellular carcinoma undergoing sorafenib treatment 
was also confirmed.35 Mechanistically, metronomic che-
motherapy works by inhibiting tumor angiogenesis and 
inducing immunogenic cell death (ICD), thereby regulating 
vascular–immune crosstalk.36 As a result, the combination 
of metronomic chemotherapy with ICIs has shown syner-
gistic therapeutic effects in preclinical and clinical studies. 
Especially for high-risk patients, the combination of both 
may be an effective approach. Unfortunately, metronomic 
chemotherapy is currently used as a palliative standard 
care tool. Utilizing bioinformatic methods to identify bio-
markers can benefit metronomic chemotherapy and may 
expand the role of metronomic chemotherapy in cancer 
therapy.

To  more accurately exploit the  predictive ability 
of the ADCP signature, we combined univariate and mul-
tivariate analysis with Cox regression and eventually con-
structed a nomogram selecting age, stage and risk scores. 
This nomogram visualized the logistic regression model 
to facilitate rapid clinical judgment on the prognosis of GC 
patients. The AUC curve demonstrated that the model 
predicted the prognosis of GC patients with reliable ac-
curacy. The calibration curve illustrates that the predicted 
probability of patient survival is in good agreement with 
the actual probability, and its clinical application can be 
attempted.

Limitations

Despite the fact that this research made some contribu-
tions, it did have several shortcomings. First, although 
our work evaluated high sample sizes of  GC cohorts 
to construct a well-validated prognostic signature, the use 
of diverse platforms might generate sampling bias, which 
may induce some ambiguity in the assessments of gene 
expression. Second, the underlying mechanisms by which 
the 4 genes (MKNK2, VCAN, LRAT, and GNGB) that were 
combined into the ADCP signature in our investigation 
contributed to  GC progression, and the  unfavorable 
outcome still remains unexplained; additional in-depth 
research into their biological functions might generate 
fresh targets and therapeutic strategies. Third, recog-
nizing that these cohorts are merely retrospective, more 
prospective clinical studies are necessary to confirm our 
results. In particular, future research needs to evaluate 
the predictive function of the ADCP signature throughout 
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both prognosis and the responsiveness to different kinds 
of treatment interventions. Finally, the accuracy of CIBER-
SORT and ssGSEA is  limited by the representativeness 
of the training data and the assumptions of the algorithms 
themselves, leading to biases in assessing the levels of im-
mune cell infiltration. These 2 algorithms mainly focus 
on the composition and proportion of immunocytes, with 
limited evaluation of their functional states. This calls 
for the adoption of more validated algorithms to analyze 
immunocytes and to compare algorithm performance 
through methods like cross-validation. Additionally, in-
tegrating multi-omics data, including gene expression, pro-
teomics and metabolomics data, is essential for inferring 
the functional states of immune cells.

Conclusions

We identified 4 prognosis-associated genes that were 
related to OS and the TME in GC by also constructing 
a model with strong predictive effects. To the best of our 
knowledge, this report is the first effort to develop a prog-
nostic signature of ADCP-related genes for GC. Our study 
offers a novel option for the diagnosis and prediction of GC 
and may contribute new biomarkers for the  treatment 
of GC.

Ethical approval

This article does not contain any studies with human 
participants or animals performed by any of the authors. 
Therefore, no ethical approval or consent was required. 
No administrative permission and/or licenses were ac-
quired for this study to access the original data used in this 
research.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.11065549. The package includes 
the following files:

Supplementary Fig. 1. Proportional hazards assump-
tion based on  Schoenfeld’s global and individual test. 
(A–D) The p-values of  the Schoenfeld’s global test are 
all greater than 0.05 in gene selection using univariate 
Cox regression (A) and multivariate Cox regression (B), 
selection of ADCP-based signature and clinical features 
using univariate cox regression (C), and multivariate Cox 
regression (D).

Supplementary Fig. 2. Selection of ADCP-based signature 
and clinical parameters using univariate Cox regression.

Supplementary Table 1. Antibody-dependent cellular 
phagocytosis-related genes.

Supplementary Table 2. 531 differentially expressed 
antibody-dependent cellular phagocytosis-related genes.

Supplementary Table 3. Results of GO.

Supplementary Table 4. Results of KEGG.
Supplementary Table 5. Selection of antibody-dependent 

cellular phagocytosis-related genes with prognostic value 
using univariate Cox regression analysis.

Supplementary Table 6. Selection of antibody-dependent 
cellular phagocytosis-related genes with prognostic value 
using multivariate Cox regression analysis.

Supplementary Table 7. Node information of protein-
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Abstract
This review examines recent progress in developing nanoscale drug delivery systems for biomedical appli-
cations. Key nanocarriers, including inorganic nanoparticles, dendrimers, protein nanoparticles, polymeric 
micelles, liposomes, carbon nanotubes (CNTs), quantum dots (QDs), and biopolymeric nanoparticles, were  
summarized. Compared with free drugs, the tunable physicochemical properties of these materials allow for 
the encapsulation of therapeutics and improved pharmacokinetics. However, limitations such as toxicity, poor 
biodegradability, lack of controlled release, and low encapsulation efficiency remain. Inorganic nanoparticles 
exhibit issues with accumulation and toxicity. Dendrimers require complex syntheses and demonstrations 
of long-term safety. Protein nanoparticles suffer from low drug loading and stability. Polymeric micelles 
have stability and tumor penetration limitations. Liposomes exhibit low encapsulation efficiency and rapid 
clearance. Carbon nanotubes demonstrate toxicity and poor aqueous solubility. Quantum dots contain heavy 
metals, leading to toxicity. Biopolymeric nanoparticles have low stability and control over release kinetics. 
Strategies such as surface engineering with polymers and ligands aim to enhance nanoparticle targeting 
and biocompatibility. The combination of nanostructures in hybrid systems aims to synergize benefits while 
mitigating individual limitations. Stimulus-responsive and multifunctional nanoparticles enable triggered 
release and imaging capabilities. Overall, continued research into novel bioinspired designs, smart respon-
siveness and hybrid approaches is critical to fully realize the clinical potential of engineered nanomedicines 
for advanced drug delivery applications.
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Introduction

Modern encapsulation methods demonstrate an advan-
tage over conventional methods of delivering biologically 
active substances to the target site.1 Nanostructures are 
materials with at least 1 dimension in the 1–100 nm range. 
Their small size imparts novel optical, electronic and 
chemical properties compared to those of bulk materials. 
This has generated great interest in using nanostructures 
for biomedical applications such as drug delivery, bioim-
aging and biosensing.2,3 However, the unique properties 
of nanostructures can also lead to toxicity, making it criti-
cal to consider both advantages and limitations during 
development.4,5

Nanocapsules (NCs) can target and enter select tissues 
at the molecular level. They provide a high absorption rate, 
increased cellular uptake, and precise and targeted deliv-
ery of substances to target cells without interacting with 
the environment.6 In addition, nanoencapsulation of drugs 
results in improved absorption of poorly soluble drugs, 

reduces drug toxicity and minimizes or suppresses resis-
tance resulting from physiological barriers in the body.7

Over the past few decades, nanostructures of various 
shapes and sizes have been developed for encapsulating many 
substances, including inorganic nanoparticles, dendrimers, 
protein nanoparticles, polymeric micelles, liposomes, carbon 
nanotubes (CNTs), quantum dots (QDs), and biopolymeric 
nanoparticles. Table 1 summarizes the advantages and dis-
advantages of these nanoparticles.8 Figure 1 summarizes 
main classes of nanoparticles and their properties.

The current solution to the  limitations of using each 
of these nanostructures individually is to use a combina-
tion of different nanostructures, resulting in a hybrid nano-
capsule.9,10 On the other hand, protein nanoparticles have 
attracted great interest in the field of nanotechnology due 
to their excellent biodegradability, low toxicity, water solu-
bility, and high similarity to the components of the extracel-
lular matrix.11,12 The surface of protein nanoparticles can be 
chemically functionalized by adding directing ligands, such 
as peptides, antibodies, vitamins, hormones, or enzymes. 

Table 1. Advantages and drawbacks of nanostructures8

Nanostructure Advantages Drawbacks

Inorganic 
nanoparticles

facile synthesis
easy surface functionalization

good stability
versatility

exceptional optical and electronic properties

nonbiodegradable
toxicity

coating required

Dendrimers

synthesis of well-defined structures
high chemical and biological stability

efficacy, purity and long shelf life
high surface area, loading capacity and targeting

biodegradable and biocompatible

complex synthetic route
low yield and difficulties in obtaining higher 

generations

Protein 
nanoparticles

low toxicity
biodegradability

good mechanical properties
versatility

chemical modifications of their surface are usually 
required to yield stimulus-responsive nanomedicines

low drug loading efficiency

Polymeric 
micelles

efficient carrier system for hydrophilic drugs
biodegradable and biocompatible

self-assembling
potential targeting

functional modification
low toxicity

short circulation times in blood-specific cytotoxicity
need of surface modifications

Liposomes
amphiphilic structures

easy surface functionalization
biocompatibility

conventional liposomes: instability
insufficient drug loading

faster drug release
shorter circulation times in blood

Carbon 
nanotubes

quasi-1D nanostructure
easy surface functionalization

exceptional surface area and cell membrane penetrability
efficient loading

remarkable optical and electronic properties

poor solubility in many solvents including water
low biodegradability

toxicity

Quantum dots 
good solubility in water after surface modification

strong fluorescence intensity

nonbiodegradable
cytotoxicity to lung cells

induction of oxidative stress

Biopolymeric 
nanoparticles

isolated from different natural resources (abundance)
excellent geometrical dimensions

high specific surface area
good mechanical and barrier properties

lack of toxicity
biodegradable and biocompatible

hydrophobic materials
poor encapsulation efficiency of medicines
resistance against enzymatic degradation
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These ligands accurately identify cells and tissues, promot-
ing and improving the targeting mechanism.13,14

Objectives

This review summarizes the current knowledge on ma-
jor nanostructure classes for biomedical applications and 
discusses their advantages and limitations for drug deliv-
ery, bioimaging and biosensing. We discuss key challenges 
related to toxicity, stability, pharmacokinetics, and accu-
mulation that need to be addressed to enable the clini-
cal translation of nanostructures. Our study highlights 
promising strategies for improving biocompatibility and 
innovative stimulus-responsive approaches that could op-
timize nanostructures for biomedicine.

Inorganic nanoparticles

Inorganic nanoparticles such as gold, iron oxide and silica 
nanoparticles have been widely studied for biomedical ap-
plications due to their unique properties and relative ease 
of synthesis.15 Gold nanoparticles exhibit strong surface plas-
mon resonance, allowing for enhanced contrast in imaging 
modalities such as computed tomography (CT), photoacous-
tic imaging and multiphoton microscopy.16 The inert nature 
of these materials also makes them useful for surface-en-
hanced Raman spectroscopy sensing.17 Iron oxide nanopar-
ticles demonstrate superparamagnetism, enabling their use 
as T2 contrast agents for magnetic resonance imaging (MRI) 
and magnetic particle imaging.18 Mesoporous silica nanopar-
ticles have high surface areas and pore volumes, permitting 
high payloads of imaging agents and therapeutics.19

However, toxicity concerns remain a significant barrier 
to the clinical translation of many nanomaterials.20 Fac-
tors influencing toxicity include composition, size, shape, 
surface charge, and coating.21 Inorganic nanoparticles tend 
to accumulate in organs such as the liver and spleen.22 Iron 
oxide nanomaterials could alter iron homeostasis.23 Silica 
nanoparticles have been associated with liver enzyme re-
lease.24 Strategies, such as surface coating with proteins 
or polymers (e.g., polyethylene glycol (PEG); PEGylation), 
are being explored to improve biocompatibility.25 The need 
for surface modification also complicates regulatory ap-
proval.26 There are still open questions regarding the long-
term safety, metabolism and excretion of nanoparticles.27 
Their non-biodegradable nature may lead to potential ac-
cumulation and unintended effects.28 Overall, a thorough 
evaluation of nanoparticle toxicity through both in vitro 
and in vivo studies across multiple models is necessary 
to enable successful clinical translation.29

Dendrimers

Dendrimers are highly branched polymeric nanostruc-
tures with definable compositions and monodisperse size 

distributions.30 Their stability, high loading capacity and 
modifiable surfaces are beneficial for drug and gene de-
livery.31,32 For example, polyamidoamine (PAMAM) den-
drimers have been extensively studied for use in siRNA 
and drug delivery due to their cationic surface charge, 
which allows electrostatic complexation with nucleic ac-
ids.33 Strategies such as PEGylation or acetylation have 
been used to reduce cytotoxicity.34 Drawbacks include 
complex syntheses, especially for higher generations, and 
the need to demonstrate long-term safety.35 Toxicity has 
been linked to cationic charge and immunostimulation, al-
though neutral and anionic dendrimers appear safer.36 Ad-
ditional studies focused on metabolism and excretion over 
months or years are still needed.37 Overall, dendrimers 
are a versatile platform that shows promise for drug and 
gene delivery, but further studies are needed to establish 
clinical translatability.38

Protein nanoparticles

Nanoparticles fabricated from proteins such as albu-
min have good biocompatibility and biodegradability.39 
As natural materials, they are generally nontoxic and do 
not elicit unwanted immunological responses.40 Albumin 
is particularly attractive due to the presence of numer-
ous functional groups, which enable modifications as well 
as high thermal and aqueous solution stability.41 Albumin 
nanoparticles can transport drugs via both encapsulation 
in the core and absorption on the surface.42 They have 
been applied for the delivery of anticancer compounds, 
including paclitaxel, doxorubicin and methotrexate.43–45

However, under physiological conditions, albumin un-
dergoes relatively rapid enzymatic degradation and break-
down, which can limit controlled drug release.46 There-
fore, it is important to modify the surface of these carriers 
to impart desired stimuli-responsive release properties.47 
For example, researchers have developed a new drug de-
livery system based on amine-functionalized mesopo-
rous silica (SBA-15) loaded with bovine serum albumin 
(BSA), which was subsequently coated with a thin layer 
of poly(acrylic acid) (PAA). It was found that BSA is re-
leased from such a system at a higher pH of 7.4 rather 
than at a lower pH of 1.2. This finding suggested that this 
approach may be useful for the release of protein or drugs 
in environments with higher pH values, such as the small 
intestine or colon.48 The proposed drug carrier utilizes 
electrostatic interactions between the protein and the silica 
nanoparticles and regulates drug release through changes 
in the pH of the environment. Therefore, these findings 
highlight the prospect of targeted delivery of protein drugs 
to specific organs of the gastrointestinal tract. Another 
strategy of targeted delivery is crosslinking albumin us-
ing aldehydes, which enhances its stability and allows for 
the conjugation of ligands recognized by cancer cells.49

For some hydrophobic drugs, a low loading efficiency 
of  less than 10% into albumin nanoparticles has been 
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demonstrated.50 This may require surface modification 
with amphiphilic substances or solvent saturation tech-
niques.51 Other limitations include a potentially overly 
slow release of active compounds, as well as difficulties 
with scalability and standardization of manufacturing 
processes.52

The main methods for preparing albumin nanoparticles 
include desolvation, self-assembly, thermal gelation, spray-
drying, emulsification, double emulsification, nanoparticle 
albumin-bound (Nab)-technology, and pH coacervation.51 
The resulting carriers differ in size, morphology and sur-
face properties depending on the production conditions. 
For example, high temperature and pH lead to the aggrega-
tion and formation of larger particles.50 In addition to al-
bumin, other proteins, such as gelatin, are used. Gelatin 
can ionize and form complexes with nucleic acids.52 How-
ever, the surface properties of these materials are inferior 
to those of albumin and their stability is lower.

Despite certain challenges, protein nanoparticles con-
stitute a promising therapeutic platform, and further re-
search into improving their pharmacokinetic and phar-
macodynamic properties is warranted.53 For instance, 
the  modification of  albumin with PEG can increase 
the plasma circulation time and tumor accumulation via 
the enhanced permeability and retention (EPR) effect.54 
Conjugation with targeting ligands enables active target-
ing of cancer cells.45 Novel approaches also include using 
albumin in hybrid nanostructures together with lipids, 

polymers, or CNTs.55 These systems combine the advan-
tages of different materials and may enhance therapeutic 
performance.

In summary, protein nanoparticles, especially albumin-
based nanoparticles, demonstrate several promising prop-
erties as anticancer drug carriers. One successful example 
of protein nanoparticles already used in clinical practice 
is  albumin-bound paclitaxel nanoparticles, which are 
sold under the name Abraxane®. This drug was obtained 
through high-pressure homogenization of a drug and bo-
vine albumin solution, resulting in nanoparticles approx. 
130 nm in size that are easy to administer intravenously. 
The production of Abraxane could be easily scaled up 
to an industrial level without loss of stability or therapeu-
tic activity. Therefore, methods such as simple pressure 
homogenization used in Abraxane constitute a promising 
strategy for the development of other albumin-based for-
mulations. Nevertheless, there is still a need to optimize 
advanced protein nanostructures in terms of pharmaco-
kinetic properties and drug release profiles.

Polymeric micelles

Polymeric micelles formed through the self-assembly 
of amphiphilic block copolymers have emerged as promis-
ing carriers for delivering hydrophobic drugs such as anti-
cancer agents.56 The core-shell nanostructure comprises 
an inner hydrophobic domain stabilized by a hydrophilic 

Fig. 1. Main classes of nanoparticles and their properties. The sizes given are the most common diameter ranges of these nanoparticles. However, these are 
approximate values because the dimensions of actual nanoparticles depend on many factors, such as the method of their synthesis or the materials used
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outer layer, allowing encapsulation of  water-insoluble 
drugs within the core. Polymeric micelles can enhance 
the solubility, bioavailability and tumor-targeting poten-
tial of hydrophobic therapeutics.57 Common polymers 
investigated include PEG, poly(epsilon-caprolactone) 
(PCL) and poly(lactic acid) (PLA) due to their biocom-
patibility and biodegradability. Polyethylene glycol results 
in an outer brush-like “stealth” layer that inhibits protein 
adsorption and opsonization, thereby increasing circula-
tion time.58

A key advantage of polymeric micelles is their ability 
to accumulate in tumors through the EPR effect from 
leaky tumor vasculature and poor lymphatic drainage.56 
Passive targeting of tumors has been demonstrated with 
various micelle formulations.59 Active targeting can 
also be achieved by attaching targeting ligands to rec-
ognize receptors overexpressed on cancer cells.6 How-
ever, limitations exist, such as a lack of adequate tumor 
penetration into poorly permeable tumors and toxicity 
concerns.60

Stability is a major issue affecting polymeric micelle 
drug carriers. Upon dilution, micelles can dissociate be-
low the critical micelle concentration, interact with cells/
proteins or undergo changes in temperature, pH or ionic 
strength.59 This can lead to premature drug release during 
circulation. Strategies to improve stability include core 
crosslinking, increasing polymer hydrophobicity, introduc-
ing hydrogen bonding, and shell crosslinking.61 Shell cross-
linking with disulfide bonds can provide redox-responsive 
release intracellularly.62

Controlling the rate of drug release remains a key chal-
lenge. Drug release from polymeric micelles relies on dif-
fusion and polymer erosion mechanisms. Diffusion-con-
trolled release can be too slow, while erosion-dominated 
release decreases control.62 Tuning polymer properties, 
such as molecular weight and copolymer block ratios, mod-
ulates degradation.61 The introduction of stimuli-respon-
sive components triggers release in response to changes 
in pH, temperature or enzymatic activity.63

Another major limitation is the systemic toxicity of poly-
mers and degradation products. Polymers need to be safely 
eliminated from the body. Polymer cytotoxicity has been 
associated with effects on membranes, protein binding, 
mitochondria, and the induction of apoptosis. Strategies 
to  reduce toxicity include utilizing biodegradable and 
biocompatible polymers, limiting molecular weights, and 
optimizing micelle stability to prevent premature release.64 
Extensive in vitro and in vivo testing is critical.65,66

While polymeric micelles offer versatility in  design 
and tunable properties for cancer therapy, key challenges 
in stability, drug release kinetics, tumor penetration, and 
toxicity must still be overcome for clinical translation.67,68 
Further optimization of polymeric micelle systems through 
novel bioinspired designs and stimulus-responsive ap-
proaches continues to be an active area of pharmaceuti-
cal research.69,70

Liposomes

Liposomes are biocompatible vesicles composed of phos-
pholipid bilayers that can encapsulate both hydrophilic and 
hydrophobic drugs.71 The tunable surface chemistry and 
composition of these materials make them versatile drug 
carriers.72,73 Conventional liposomes constructed from 
phospholipids such as phosphatidylcholine have been ex-
tensively investigated for the delivery of anticancer agents, 
antibiotics, peptides, proteins, and nucleic acids.74,75 Hydro-
phobic drugs can be incorporated into the lipid bilayer, while 
hydrophilic drugs can be entrapped in the aqueous core.76

However, conventional liposomes have significant limita-
tions, including poor stability, short circulation half-lives 
and low encapsulation efficiency. Liposomes are prone 
to aggregation, fusion, lipid oxidation, and enzymatic deg-
radation.77 Upon intravenous administration, liposomes are 
rapidly cleared by the mononuclear phagocyte system, lim-
iting bioavailability.78 Strategies to overcome these issues 
include the use of a cholesterol formulation to strengthen 
membranes, PEGylation to provide a steric barrier against 
opsonization, and charge modulation to increase stability.79

Another key challenge is the low encapsulation efficiency 
of conventional formulations for hydrophilic drugs. Re-
mote loading approaches have been developed to actively 
load preformed liposomes using an ionic or pH gradient. 
Active loading provides high-efficiency encapsulation but 
requires an optimized lipid composition and consideration 
of drug ionization. Alternative methods using new drug 
encapsulation methodologies, such as the use of genetically 
engineered elastin-like recombinamers and supercritical 
fluid techniques, could lead to more precise drug delivery 
systems.80

Controlling the release rate of encapsulated drugs also 
remains an issue. Conventional liposomes exhibit burst 
release and limited ability to provide sustained, localized 
delivery. Stimulus-responsive liposomes engineered to be 
thermosensitive, pH sensitive or degrade enzymatically 
allow for triggered release.78 Localized delivery can also 
be achieved using liposomes embedded within hydrogel 
matrices.81

Overall, liposomal drug carriers have progressed signifi-
cantly with innovations in formulation, stimulus respon-
siveness and surface functionality. However, the stability, 
encapsulation efficiency, sustained release, and therapeutic 
efficacy of these materials must continue to be enhanced 
for clinical translation.82 Further advances in liposome 
technology through multicomponent systems and syn-
ergistic delivery with external triggers show promise for 
cancer therapy.83

Carbon nanotubes

Carbon nanotubes have emerged as promising nano-
carriers for drug delivery due to their high aspect ratio, 
ultrahigh surface area and ability to penetrate cells. Both 
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single-walled CNTs (SWCNTs) and multi-walled CNTs 
(MWCNTs) have been explored for biomedical appli-
cations. The needle-like shape of these cells allows for 
the  piercing of  cell membranes, enabling penetration 
of the cytoplasm and nucleus.84 This approach facilitates 
the delivery of therapeutics such as small molecule che-
motherapeutics, proteins, peptides, and nucleic acids into 
hard-to-access cells. Carbon nanotubes also have a very 
high drug-loading capacity due to their extensive surface 
area. Drugs can be loaded inside CNTs, in the intersti-
tial spaces between nanotubes in  bundles or  attached 
to the external surface.85

However, concerns about CNT toxicity have hindered 
its clinical translation. Toxicity is influenced by structural 
factors such as length, diameter, surface chemistry, and 
degree of aggregation. Longer CNTs appear more toxic due 
to frustrating phagocytosis, where immune cells cannot 
fully engulf lengthy nanotubes.86 Chemical functionaliza-
tion of CNT surfaces with -COOH groups reduces toxic-
ity compared to that of pristine nanotubes.87 PEGylation 
is another strategy for decreasing immunogenicity and 
increasing biocompatibility. Carbon nanotubes have also 
demonstrated dose-dependent toxicity to  vital organs 
such as  the  lungs, liver and kidneys after intravenous 
administration.88

Another major limitation of CNTs is their non-biode-
gradable nature, which can lead to long-term accumulation 
in the body.89 To date, attempts have been made to develop 
biodegradable CNTs using techniques such as oxidation 
cutting, polymer coating and nucleic acid hybridization, 
but with only partial degradation.90 Carbon nanotube ag-
gregation and poor solubility in aqueous solutions also 
pose challenges.91 Ultrasonication and the use of surfac-
tants such as sodium dodecyl sulfate improve dispersibility 
but may inadvertently increase toxicity.89 An alternative 
method for dispersing CNTs is their noncovalent func-
tionalization with amphiphilic polymers or DNA; however, 
maintaining the stability of CNTs in a biological environ-
ment remains a challenge.92

A promising strategy to improve the biocompatibility 
and solubility of CNTs while decreasing their systemic 
toxicity is encapsulation of CNTs in micelles, liposomes 
or hydrogel particles.93 Although CNTs have great poten-
tial as nanocarriers for drugs, overcoming key limitations 
related to their toxicity, degradability and solubility is nec-
essary. Possible solutions include engineering new hybrid 
structures that combine CNTs with organic and polymeric 
materials. This approach allows the unique properties 
of CNTs to be exploited for drug delivery and release.94

Quantum dots

Quantum dots are semiconductor nanocrystals that 
possess unique optical properties derived from quantum 
confinement effects.95 By tuning the QD size and composi-
tion, the fluorescence emission can be precisely controlled 

from the visible to near-infrared range.96 This has enabled 
widespread exploration of QDs for biomedical imaging 
both in vitro and in vivo.97 Compared with organic dyes 
and fluorescent proteins, QDs have greater brightness, 
greater stability against photobleaching, and narrower 
emission spectra. These advantages have led to QD ap-
plications in immunofluorescence assays, targeted cancer 
cell imaging, lymph node mapping, and multifunctional 
nanoparticles.98

However, the toxicity of QDs remains a major concern 
hindering clinical translation. Most QDs contain heavy 
metal components such as cadmium that are known to be 
cytotoxic.99 Metal release through QD oxidation or degra-
dation is a primary toxicity mechanism.100 Quantum dots 
can also induce reactive oxygen species (ROS) formation, 
leading to oxidative stress and inflammation.101 Coating 
strategies using inert shells and polymers aim to prevent 
direct QD exposure, but stability and potential leaching 
issues persist. The coating thickness and charge affect 
cellular interactions and toxicity profiles. Furthermore, 
there are remaining questions regarding the long-term 
accumulation, metabolism and excretion of QDs in vivo.102

A key limitation of QDs is their non-biodegradable na-
ture. Attempts have been made to develop biodegradable 
QDs using less toxic elements such as indium, zinc and sili-
con.103 Combining QDs with organic polymers and biomol-
ecules is another approach to impart biodegradability.104 
However, maintaining the optical properties of QDs after 
biodegradation remains challenging. Engineering smaller 
QDs less than 5 nm in diameter may enable renal clearance 
and prevent bioaccumulation.105 However, ultrasmall QDs 
sacrifice brightness and tend to be less stable.

The solubility and dispersion of QDs in biological envi-
ronments also require optimization. Quantum dot surface 
modification with hydrophilic ligands, polymers, silica 
shells, and amphiphilic coatings enhances water solubil-
ity.106 Conjugation to proteins, peptides and DNA improves 
colloidal stability and biocompatibility.107 Incorporating 
QDs into larger nanocarriers such as liposomes may help 
overcome limitations related to their toxicity and solubil-
ity.108 However, maintenance of fluorescence and preven-
tion of leaching needs to be demonstrated.

Overall, despite their advantageous optical properties, 
QDs still have significant unresolved issues associated with 
the toxicity of heavy metals they contain, lack of biode-
gradability, oxidative effects, and colloidal stability. Before 
fully harnessing their potential in biomedicine, advanced 
engineering approaches are necessary to address these key 
challenges.99,109

Biopolymeric nanoparticles

Nanoparticles fabricated from natural biopolymers have 
attracted increasing interest as drug delivery systems due 
to their biocompatibility, biodegradability and abundance 
in nature. Chitosan, alginate, gelatin, and albumin are 
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among the most extensively explored materials.110 Chito-
san is derived from chitin found in crustacean shells and 
has mucoadhesive properties useful for mucosal delivery.111 
The alginate obtained from seaweed contains carboxyl 
groups that enable crosslinking for hydrogel particle forma-
tion.112 Gelatin is derived from collagen and has excellent 
cell adhesion potential and low antigenicity. The serum 
albumin concentration is known to be derived from serum 
and has versatile drug-binding abilities.113 These biopoly-
mers are generally regarded as safe and have low toxicity.

However, biopolymeric nanoparticles, especially those 
containing hydrophobic drugs, have limitations, including 
poor encapsulation efficiency.110 The porous structures 
of these materials allow rapid diffusion and burst release 
of payloads. Chemical or ionic crosslinking is often re-
quired to reinforce structures, control swelling and en-
able sustained release.114 However, excessive crosslinking 
can improperly retard drug release. Biopolymers also tend 
to have low stability against enzymatic degradation, lim-
iting their circulation time. Shell hardening techniques 
such as polyelectrolyte coating provide some protection.115

Another challenge is scaling up biopolymeric nanoparti-
cle production while maintaining consistent physicochem-
ical properties between batches. Variables such as polymer 
source, purification methods and crosslinking affect re-
producibility.110 The storage stability over the shelf life also 
needs to be demonstrated. Sterilization methods can im-
pact drug release characteristics and particle integrity.116

Furthermore, compared with synthetic polymers, most 
biopolymers lack functional groups for facile surface modi-
fication and ligand conjugation. This restricts opportuni-
ties for active targeting. The intrinsic immunogenicity 
of some biopolymers, such as chitosan, may also cause 
concerns.117

In summary, biopolymeric nanoparticles offer the ad-
vantages of biocompatibility, sustainability and tunable 
properties that provide versatility in drug delivery design. 
However, continued research to improve the encapsulation 
efficiency, colloidal and enzymatic stability, scale-up pro-
cesses, and reproducible manufacturing is needed to fully 
harness the potential of these materials.

Limitations

While this review provides a broad overview of nano-
structures for biomedical applications, it  has certain 
limitations that should be acknowledged. First, the focus 
was on summarizing key nanostructure classes without 
comprehensive coverage of  all existing and emerging 
nanostructures. However, certain novel systems, such 
as protein-polymer hybrids, DNA origami and lipid-poly-
mer assemblies, have not been discussed in depth. Sec-
ond, the review was limited to nanostructures for drug 
delivery, bioimaging and biosensing, while excluding other 
biomedical areas such as tissue engineering, biomarkers 
and nanostructured surfaces. Furthermore, only selected 

key references were cited for each nanostructure type 
and application due to space constraints. The examples 
highlighted specific advantages and challenges but did 
not capture all ongoing research or clinical developments 
related to nanostructures.

Conclusions

Nanotechnology has enabled the engineering of nanopar-
ticles with tremendous potential for targeted drug deliv-
ery and controlled release. Key advancements have been 
made in the field of inorganic nanoparticles, dendrimers, 
protein nanoparticles, polymeric micelles, liposomes, 
CNTs, QDs, and biopolymeric nanoparticles. Each plat-
form offers unique advantages but also limitations that 
must be mitigated. Surface modification strategies, includ-
ing PEGylation and ligand bioconjugation, can enhance 
nanoparticle biocompatibility, stability and active targeting 
abilities. Stimulus-responsive engineered nanoparticles 
enable triggered release in response to tumor microenvi-
ronment cues. The combination of nanostructures in mul-
tifunctional hybrid systems aims to synergize benefits 
while compensating for individual drawbacks. However, 
issues related to scale-up manufacturing, storage stability, 
pharmacokinetics, tumor penetration, and clinical tox-
icity remain barriers to translation. Overall, continued 
interdisciplinary research across chemistry, materials sci-
ence, biology, and medicine focused on bioinspired designs, 
multifunctionality and novel responsiveness mechanisms 
is critical to fully realize the clinical potential of engineered 
nanoparticles for advanced drug delivery.
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Abstract
Guillain–Barré syndrome (GBS) is an autoimmune polyradiculoneuropathy with diverse clinical subtypes, 
characterized by rapidly evolving motor weakness, sensory disturbances and areflexia. The global prevalence 
of GBS has been steadily increasing, with regional disparities. Mortality rates vary but remain elevated in pa-
tients requiring mechanical ventilation. This systematic review aimed to evaluate the predictive risk factors 
for the severity of the disease and poor short- and long-term outcomes of GBS. The literature search was 
conducted using the PubMed database by 2 independently working researchers. After a screening process 
of studies published before November 2023, a total of 109 articles were selected. Original articles, systematic 
and narrative reviews, meta-analyses, and editorials were selected based on their clinical relevance. The exclu-
sion criteria included patients under 18 years of age, pregnant women and articles in languages other than 
English and Polish. Long-lasting GBS complications included pain, fatigue and persistent neurological deficits, 
affecting patients for years after recovery. Identifying the appropriate therapeutic methods, risk factors and 
prognoses of GBS at an early stage is crucial. Various risk factors for death and poor functional outcomes 
were found, regarding patient characteristics, the clinical course of GBS, laboratory and neurographic results, 
as well as treatment methods.

Key words: treatment outcome, risk factors, prognosis, Guillain–Barré syndrome
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Introduction

Guillain–Barré syndrome (GBS) is an autoimmune in-
flammatory polyradiculoneuropathy affecting peripheral 
nerves.1 It is characterized by rapidly evolving ascending 
motor weakness, areflexia and sensory disturbances that 
develop within 4 weeks.2 Guillain–Barré syndrome often 
follows infections, but it  can also occur after vaccina-
tions, surgeries or during pregnancy.3 The main variants 
of GBS include acute inflammatory demyelinating poly-
radiculoneuropathy (AIDP), acute motor axonal neuropa-
thy (AMAN), acute motor and sensory axonal neuropathy 
(AMSAN), and Miller–Fisher syndrome (MFS).2 Acute in-
flammatory demyelinating polyradiculoneuropathy mani-
fests as a sensorimotor form that can co-occur with cranial 
nerve deficits and autonomic dysfunction. Acute motor 
axonal neuropathy is a pure motor form in which the cra-
nial nerves are intact. Acute motor and sensory axonal 
neuropathy (AMSAN) is a condition that shares similarities 
with the AMAN pattern, but it additionally affects sen-
sory nerves.4 Miller–Fisher syndrome is less common and 
is characterized by ataxia, ophthalmoplegia and areflexia.5

The age-standardized prevalence of GBS is the highest 
in high-income Asia Pacific and North American coun-
tries, especially Japan and Singapore. East Asia and Ocea-
nia have the lowest GBS prevalence rates.6 The AIDP type 
is significantly more common in Europe and North Amer-
ica, while AMAN occurs more frequently in East Asia.5

The prevalence of GBS has continued to increase glob-
ally over the years. In 1990, the global prevalence per 
100,000 persons was 3.6%, and in 2019 it reached 9.5%.6 
In a 2009 study, the global incidence of GBS was estimated 
between 1.1 and 1.8  cases per 100,000  persons/year.7 
In the recent 2021 meta-analysis, the incidence of GBS 
among the cohort studies was higher and varied from 0.30 
to 6.08 cases per 100,000 persons and 0.42 to 6.58 cases 
per 100,000  person-years.8 Guillain–Barré syndrome 
is slightly more frequent in men than in women and its 
incidence tends to increase with age.9

The mortality rates of GBS vary significantly between 
studies and range between 1–18%.10–12 They remain higher 
(12–20%) in patients requiring endotracheal intubation 
and mechanical ventilation (MV).13,14

Guillain–Barré syndrome is associated with long-lasting 
complications, such as pain, fatigue, disability, and im-
paired psychosocial functioning.15 Persistence of moder-
ate-to-severe pain was reported in different studies after 
1 or 2 years in over 1/3 of patients.16,17 Patients, after re-
covering from GBS, still report neurological deficits. Many 
studies described deficits in ambulation and sensation oc-
curring 1 year after illness onset.18,19 Motor and sensory 
disturbances were reported quite commonly even 10 years 
later.20 In a study by Durand et al., after 6 months, almost 
1/3 of patients had a disability grade ≥2 (Plasma Exchange/
Sandoglobulin Guillain–Barré Syndrome Trial Group, 
1998: 0 = healthy, no signs or symptoms of Guillain–Barré 

syndrome; 1 = minor symptoms or signs and able to run; 
2 = able to walk 5 m across an open space without as-
sistance; 3 = able to walk 5 m across an open space with 
the help of 1 person and waist-level walking-frame, stick, 
or sticks; 4 = chairbound/bedbound: unable to walk as in 3; 
5 = requiring assisted ventilation (for at least part of day 
or night); 6 = dead).21 In another study, at 3–5 years af-
ter GBS onset, 20% of patients had a disability grade of 2 
and 10% had a disability grade of 3.22 In a recent long-
term study, approx. 10% of patients exhibited disability 
by the end of the study period. Of these, 5% demonstrated 
moderate disability, while 5.2% exhibited severe disability.23

The outcomes of GBS differ between the GBS subtypes. 
A study by Zhang et al. found that the prognosis of AMAN 
patients was poorer than that of AIDP patients,24 which 
was confirmed in a 2020 study where AMAN was found 
to be an  independent predictor of an unfavorable out-
come.25 A recent 2022 study reported worse outcomes 
in patients with AMAN and AMSAN compared to those 
with AIDP.26 Patients with MFS usually have a good nat-
ural recovery, and almost no residual deficits were left 
at follow-up, regardless of the treatment.27

The  pathophysiology of  GBS is  based on  the  phe-
nomenon of molecular mimicry. Depending on the site 
on the nerve cell where the antibody attack occurs, GBS 
assumes a specific clinical form. The autoimmune process 
is usually initiated by an infection. Figure 1 shows these 
processes in a clinical form.

The figures were drawn with Procreate v. 5.3.3 (Savage 
Interactive, Hobart, Australia). Parts of  the Fig. 1 were 
made using pictures from Servier Medical Art, which 
is  licensed under a Creative Commons Attribution 3.0 
Unported License (https://creativecommons.org/licenses/
by/3.0/). The diagnosis and management of GBS should 
be based on guidelines published in 2023 by van Doorn 
et al.28 The diagnosis is established regarding the patient’s 
history and neurological, electrophysiological and cerebro-
spinal fluid (CSF) examinations. An alternative diagnosis 
for the weakness must be excluded.29,30 Guillain–Barré syn-
drome should be taken into account in patients who have 
rapidly progressive symmetric motor weakness of the legs 
and/or arms in the absence of other apparent causes, espe-
cially if there is a history of recent diarrhea or respiratory 
infection.28 Patients with the classic sensorimotor form 
present with distal paresthesias or sensory loss, ascend-
ing weakness, and a loss of reflexes. Symptoms develop 
within no more than 4 weeks and in most patients within 
2 weeks.28,30,31 Cerebrospinal fluid analysis is valuable and 
usually shows an elevated protein level and a normal cell 
count, known as albuminocytologic dissociation.32 In stan-
dard conduction velocity tests, prolongation of distal laten-
cies, slowing of conduction velocities mostly in motor fibers, 
and prolongation or absence of F-waves are observed.33

Electrodiagnostic studies are also helpful in differentiat-
ing between the 4 subtypes of classical GBS: AIDP, AMAN, 
AMSAN, and MFS.34 The  criterion for the  diagnosis 
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of AIDP is the electrophysiological confirmation of a de-
crease in the conduction velocity of 2 or more motor nerves, 
suggesting an immune-mediated demyelinating process in-
volving the membrane of Schwann cells or myelin.35 Acute 
motor axonal neuropathy is distinguished from AIDP due 
to the occurrence of axonal involvement without demyelin-
ation. The diagnosis of AMAN is based on the finding of re-
versible conduction failure due to axonal conduction block 
at the nodes of Ranvier or the motor nerve terminal without 
axonal degeneration or extensive axonal degeneration.28 
There are also rarer types of GBS, such as AMSAN and 
MFS. The first of them concerns changes, the basis of which 
lies in the axonal degeneration of both motor and sensory 
fibers. The latter is characterized by a characteristic triad 
of clinical symptoms, which includes ophthalmoplegia, 
ataxia and areflexia, which is closely related to the presence 
of specific antibodies against ganglioside GQ1b.36

It is currently believed that the best effects in GBS therapy 
are achieved through the use of intravenous immunoglobu-
lin (IVIG) 0.4 g/kg within 2 weeks of the onset of symptoms 
for 5 days.37 Good results are also achieved by performing 
plasmapheresis in the amount of 4–6 treatments. The key 
variable influencing the effectiveness of therapy is the time 
of initiation of therapy, which should be started as soon 
as possible, up to 12 h after the onset of symptoms.38

Objectives

This study aimed to undertake a new review of the up-
to-date literature concerning the risk factors regarding 
patient characteristics, the course of GBS, and laboratory 
and neurographic test results. The efficacy of the possible 
treatments was also discussed.

Materials and methods

A review of scientific articles published in the PubMed 
database between 1981 and 2023 was performed. Data were 
collected in September 2023 by 2 independently working 
researchers. The following filters were used in the PubMed 
database: ((GBS) OR (Guillain–Barré syndrome)) AND 
(long-term) AND ((disability) OR (outcomes) OR (mortal-
ity)), ((GBS) AND (risk factors)) and ((GBS) AND (predic-
tors)) for a total of 1,384 results. Of these, 944 articles were 
removed after reviewing the title or abstract, since they 
were unrelated to the topic of the research. The exclusion 
criteria were patients under 18 years of age and pregnant 
women. Conference abstracts and articles in languages 
other than English and Polish were excluded as well. Ul-
timately, 73 articles were qualified for analysis. Addition-
ally, 36 papers were used that did not appear in the auto-
matic search but were considered relevant. The summary 
of  the  results for unfavorable outcomes is  provided 
in Table 1. The summary of the studies mentioned in this 
review is provided in Table 2.39–92 Figure 2 depicts the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) chart of evaluated studies. All figures 
and tables were prepared manually Servier Medical Art 
and Procreate software.

Risk factors: Patient characteristics

Risk factors for death regarding patient characteristics 
are older age and pre-existing comorbidities, such as or-
gan dysfunction (including cardiac and pulmonary dis-
ease), diabetes mellitus and coronary artery disease.39–41 
In a study by Dhar et al., advanced age was the strongest 
predictor of poor outcomes.40,42 Van den Berg et al. found 

Fig. 1. Pathomechanism of GBS subtypes
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that 73% of the deceased patients had a history of pulmo-
nary or cardiac disease.43 This is consistent with other 
studies, in which mortality was significantly associated 
with underlying cardiopulmonary diseases.13,44 A recent 
2022 study found a correlation between dyslipidemia and 
the severity of GBS.45 Furthermore, the recent history 
of surgery is associated with an unfavorable short-term 
prognosis and disease severity.41

Risk factors: Clinical course of the disease

Several risk factors for death and poor functional out-
come regarding the clinical course of GBS were found, 
including the severity of weakness at entry, MV, delay from 
onset of weakness to entry, voiding difficulties, and time 
to peak disability.43,46,47,93 The time between onset of dis-
ease and death is highly variable. In a study by van den 
Berg et al., the median time was 76 days (ranging from 23–
152 days). Sixty-seven percent of patients died in the re-
covery phase, 20% in the acute progressive phase and 13% 
during the plateau phase.43 The severity of the disease 
is usually assessed using the Medical Research Council 
(MRC) sum score or GBS disability score.94,95 In a recent 
2023 study, the best predictor of clinical rating scores 
using the  Hughes Disability Scale (HDS) and Overall 
Neuropathy Limitation Scale (ONLS) was a low MRCSS 
on the 10th day of treatment.48 A study of Bangladeshi 
patients revealed that MV and the absence of ventilator 
support when it was required were risk factors for death. 
The unavailability of MV for patients with acute respira-
tory failure was identified as the most important risk fac-
tor that accounted for 20% of deaths.49 The need for MV 
is correlated with longer hospital stay and and reduced 
rate of recovery up to 1 year after the onset of disease.50 

Table 1. Overview of prognostic factors for death and disability 
in Guillain–Barré syndrome

Type Prognostic factor

Demographic

older age
pre-existing comorbidity: pulmonary disease, cardiac 

disease, dyslipidemia, diabetes
recent history of surgery

Clinical

higher severity of weakness at entry
mechanical ventilation
lack of mechanical ventilation when needed
increased delay from onset of weakness to entry
voiding difficulty
longer time to peak disability
autonomic dysfunction
bulbar nerve involvement
papilledema
neck flexor weakness
the type of the antecedent disorder: gastroenteritis
pulmonary infection
long duration stay in hospital
chief complaint: weakness

Laboratory

presence of anti-GD1a/GD1b and/or anti-GD1b/
GT1b antibodies

hyponatremia
low serum albumin levels
higher neutrophil/lymphocyte ratio (NLR) and 

elevated C-reactive protein (CRP)
elevated protein levels
elevated neurofilament light protein (NFL)
lower folate levels
higher fasting blood glucose (FPG) levels
increased cerebrospinal fluid total protein (CSF-TP)
higher protein-to-albumin ratio (CAR)
elevated CRP

Neurographic

markedly attenuated compound muscle action 
potentials inexcitable motor nerves

denervation changes
lack of electrical activity in the quadriceps femoris 

muscle on the 10th day
lower deltoid muscle strength
decreased intraepidermal nerve fiber density (IENFD)

Fig. 2. Identification of studies via database and registers

Unique references included in the study (without duplicates): 
(n = 1,483) 

((GBS) OR (Guillain–Barré syndrome)) AND (long-term) 
AND ((disability) OR (outcomes) OR (mortality)) 
(1981–2023 in English): n = 275 

(GBS)AND (predictors) (1985–2023 in English): n = 235 
(GBS)AND (risk factors) (1981–2023 in English): n = 973

Duplicate records removed 
(n = 99) 

Records marked as ineligible 
(n = 944) 

Reports assessed for eligibility 
(n = 1,384) 

Studies included in review 
(n = 73)

Additionally included articles 
(n = 36) 
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Table 2. A summary of the studies mentioned in a review

Author Year 
of study

Number 
of patients Type of study Estimated factor

Shangab et al.39 2020 82 GBS patients retrospective study
older age, requirement for MV, axonal type of nerve injury, severity 

of weakness at entry

Dhar et al.40 2008 77 GBS patients retrospective study advanced age, prolonged MV, ICU complications (mostly pneumonia)

Wen et al.41 2021 155 GBS patients retrospective study
recent history of surgery, older age, cranial nerve impairment, elevated 

levels of liver enzymes, lower MRC score, requirement for MV, pneumonia

Zhang et al.42 2017 535 GBS patients retrospective study older age, lower MRC score at nadir

van den Berg et al.43 2013 527 GBS patients prospective study
older age, severity of weakness at entry, requirement for MV, delay from 

onset of weakness to entry, longer time to peak disability

Serrano and 
Rabinstein44 2010

85 patients 
admitted 

to the intensive 
care unit 

with acute 
neuromuscular 

respiratory failure

retrospective study older age, longer MV, longer ICU stay

Ding et al.45 2022
147 GBS patients 
and 153 healthy 

individuals
case–control study dyslipidemia

González-Suárez et al.46 2013 106 GBS cases retrospective study
older age, severe deficits at onset, injured cranial nerves, requiring MV, 

axonal lesion patterns

Park et al.47 2016 47 GBS patients retrospective study older age, severity at admission, voiding difficulty, MV

Khedr et al.48 2023 62 GBS patients prospective study
older age, the presence of an antecedent event particularly diarrhea, low 
MRC score at the 10th day, elevated CRP, hyponatremia, cytoalbuminous 

dissociation

Ishaque et al.49 2017 407 GBS patients prospective study
lack of MV when it was required, autonomic dysfunction, bulbar nerve 

involvement, MV, longer progressive phase

Shangab and 
Al-Kaylani50 2021 82 GBS patients retrospective study need for MV

Verma et al.51 2013 90 GBS patients prospective study
autonomic dysfunction, neck flexor weakness, MV requirement, lower 

MRC score on admission, axonal pattern on electrophysiological 
assessment

Paul et al.52 2012 138 GBS patients
retrospective and 
prospective study

presence of bulbar weakness

Beghi et al.53 1996 297 GBS patients
multicentre 

prospective study
older age, antecedent gastroenteritis, electrophysiological signs 

of axonopathy, latency to nadir

Walgaard et al.54 2011 397 GBS patients prospective study older age, preceding diarrhea, low MRC score at admission and at 1 week

Kobori et al.55 2017
4,132 GBS 
patients

retrospective study coexisting cytomegalovirus, herpes simplex virus infections on admission

Di et al.56 2023 62 GBS patients retrospective study pneumonia, hyponatremia, hypoalbuminemia

Nasiri et al.57 2018 57 GBS patients retrospective study autonomic dysfunction

Alloush et al.58 2019 20 GBS patients
analytical 

observational study
need for MV, longer stay at the hospital

Wang et al.59 2017 523 GBS patients retrospective study chief complaint of weakness

Kaida et al.60 2007 234 GBS patients retrospective study ganglioside complexes (GSCs)

Lardone et al.61 2010 34 GBS patients prospective study specificity of anti-GM1 antibodies

Koga et al.62 2003 134 GBS patients retrospective study IgG1 and IgG3 subclass of anti-GM1 antibody

Bech et al.63 1997 17 GBS patients prospective study IgM anti-GM1 antibodies

Wu et al.64 2012
1,590 GBS 
patients

meta-analysis TNF-α 308A allele

Safa et al.65 2020 669 GBS patients literature review a.o. TNF-α 308A allele

Tunç66 2019 81 GBS patients retrospective study
decreased albumin and sodium levels, increased CSF protein levels, 

higher age, elevated NLR, higher CRP levels

Sipilä et al.67 2017 69 GBS patients retrospective study low plasma sodium level

Saifudheen et al.68 2011 50 GBS patients retrospective study age >50, ventilatory support, hyponatremia, and bulbar weakness
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The probability of developing respiratory insufficiency 
within the 1st week can be assessed with the Erasmus 
GBS Respiratory Insufficiency Score (EGRIS).96 It employs 
time between the onset of weakness and admission, fa-
cial and/or bulbar weakness, and MRC scores to divide 
patients into 3 groups according to their risk. In 2023, 
Luijten et al. published a modified EGRIS, which requires 
less information for a prediction, can be used at multiple 
time points, and is used in less severe cases.97 The inability 
to walk unaided at 4 and 26 weeks in GBS patients can 
be predicted using the modified Erasmus GBS Outcome 
Score (mEGOS).98

Autonomic dysfunction, bulbar nerve involvement, pap-
illedema, and neck flexor weakness have also been identi-
fied as factors associated with adverse outcomes in GBS 
patients.48,49,51 Bulbar palsy and neck flexor weakness are 
often correlated with respiratory compromise and the need 
for MV.51,52 Durand et al. reported that bulbar palsy was 

present in 38% of ventilated patients and in 10% of non-
ventilated patients,21 while Paul et al. found bulbar involve-
ment in 92.5% of ventilated patients compared to 28.2% 
of non-ventilated patients.52

The Italian Guillain–Barré Study Group observed that 
the type of antecedent disorder influenced the chances 
of clinical recovery. Patients who experienced gastroen-
teritis prior to the onset of symptoms took the longest 
time to achieve clinical recovery, with an average dura-
tion of 292 days, whereas those with an upper respiratory 
infection averaged 193 days, and patients with influenza 
took an average of 123 days to recover.53 This was later 
confirmed in studies by van Koningsveld et al., Walgaard 
et al. and Khedr et al., in which preceding diarrhea was 
an unfavorable factor for recovery at 3 and 6 months.48,54,99 
Moreover, coexisting cytomegalovirus (CMV) and herpes 
simplex virus (HSV) infections on admission may correlate 
with a higher risk of respiratory failure.55

Author Year 
of study

Number 
of patients Type of study Estimated factor

Wang et al.69 2015 55 GBS patients prospective study hyponatremia

Rumalla et al.70 2017
54,778 GBS 

patients
multicentre 

retrospective study
hyponatremia

Ozdemir71 2016 62 GBS patients retrospective study albumin levels, NLR and PLR

Jahan et al.72 2023 140 GBS patients prospective study elevated NLR

Sun et al.73 2023 136 GBS patients retrospective study elevated NLR

Ning et al.74 2021 426 GBS patients retrospective study NLR and PLR

Ning et al.75 2021 200 GBS patients retrospective study CAR and CRP levels

Sahin et al.76 2017 24 GBS patients retrospective study CSF protein level; NLR

Gonzalez-Quevedo 
et al.77 2009 53 GBS patients prospective study B-CSFB dysfunction

Bourque et al.78 2020 173 GBS patients retrospective study CSF-TP values

Bae et al.79 2016 85 GBS patients prospective study chronic inflammation and nerve ischaemia in diabetes mellitus

Wang et al.80 2015 304 GBS patients prospective study higher level of fasting plasma glucose (FPG)

Peric et al.81 2017 257 GBS patients retrospective study presence of diabetes mellitus independently of age

Gao et al.82 2018 112 GBS patients retrospective study serum folate levels

Petzold et al.83 2006 23 GBS patients prospective study high CSF NfH levels

Axelsson et al.84 2018 18 GBS patients pilot study high NFL in CSF

Martín-Aguilar et al.85 2020
98 + 24 samples 
of GBS patients 

prospective study increased sNfL levels

López-Hernández et al.86 2022 153 GBS patients
ambispective 
cohort study

deltoid muscle strength

Sundar et al.87 2005 46 GBS patients retrospective study abnormal H reflex and F waves

Miller et al.88 1988 60 GBS patients prospective study mean compound muscle action potential amplitude

Ruts et al.89 2012 32 GBS patients prospective study intraepidermal nerve fiber density (IENFD)

Grimm et al.90 2016 27 GBS patients prospective study
ultrasonographic detection of cervical spinal nerve and vagus nerve 

enlargement

França et al.91 2005 18 GBS patients retrospective study elderly age is associated with complications after plasmapheresis

Wang et al.92 2017 186 GBS patients retrospective study no correlation between treatment options and long-term improvement

MRC – Medical Research Council; MV – mechanical ventilation; NLR – neutrophil-to-lymphocyte ratio; PLR – platelet-to-lymphocyte ratio; CAR – C-reactive 
protein-to-albumin ratio; CRP – C-reactive protein; CSF – cerebrospinal fluid; NLR – neutrophil/lymphocyte ratio; CSF-TP – CSF total protein; B-CSFB – blood-
CSF barrier; CSF NfH – cerebrospinal fluid neurofilament; NLP – neurofilament light protein; sNfL – serum neurofilament light chain.

Table 2. A summary of the studies mentioned in a review – cont.
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The study by Dhar et al. stated that for the occurrence 
of severe complications, the risk difference did not reach 
statistical significance in terms of final recovery. However, 
serious ICU complications were associated with a longer 
time to recover.40 A recent 2023 study found that pulmo-
nary infections can be used as an independent predictor 
for a poor early prognosis in patients with GBS.56

A prolonged hospital stay was found to be significantly 
associated with a poorer prognosis. This may be attributed 
to the higher incidence of complications commonly associ-
ated with prolonged hospital stays, including pneumonia, 
sepsis and respiratory distress syndrome (RDS).58,58

Wang et al. found that the chief complaints of GBS pa-
tients could be clinic predictors of disease severity, the need 
for MV and short-term outcomes. Patients presenting with 
weakness as a main complaint were more likely to experi-
ence a severe disease progression and have a worse short-
term outcome, while a chief complaint of numbness and 
cranial nerve involvement was a promising predictor.59

In  a  study conducted by  Lopez–Hernandez et  al., 
the AMAN subtype was found to be a predictor of worse 
short-term outcomes.25

Risk factors: Laboratory tests

For the clinician, the most important factor is the sus-
ceptibility of  the  GBS variant to  standard treatment 
regimens. A  direct predictor of  therapeutic problems 
is the need for MV. Patients who showed the presence 
of anti-GD1a/GD1b and/or anti-GD1b/GT1b antibodies 
were most likely to have GBS with impaired spontane-
ous breathing.60 The presence of antibodies against gan-
glioside complexes (GSCs) also determines the occurrence 
of symptoms such as ophthalmoplegia and lower cranial 
nerve deficits.60 Gangliosides such as GD1a may interact 
with GM1 in cell membranes to regulate the binding and 
biological activity of some anti-GM1 antibodies. However, 
studies have shown that the high specificity of anti-GM1 
antibodies in GBS is a factor defining the disease severity.61 
It is worth paying attention to the presence of anti-GM1 
antibodies (immunoglobulin g; IgG) in patients with GBS 
due to the selection of treatment. Intravenous immuno-
globulins have been proven to be more effective than plas-
mapheresis in patients with these antibodies.62 Studies also 
show that monitoring anti-GM1 IgM levels can predict 
clinical status and recovery in patients with GBS.63

Despite the relatively small number of available studies, 
it should be remembered that the presence of the tumor 
necrosis factor alpha (TNF-α) 308A allele may be a mod-
erate risk factor for GBS.64 Additionally, it has been noted 
that GBS patients show abnormal expression of immune-
related genes. Identification of GBS risk alleles may help 
identify risk groups, avoid triggers and design personalized 
therapeutic approaches.65

Moreover, researchers are using serum C3 comple-
ment levels as a biomarker in GBS. Higher C3 levels are 

associated with longer hospitalizations and more frequent 
treatment-related fluctuations. These patients also pre-
sented lower MRCSS and higher GBS disability scores (GB-
SDS). The clinical severity of GBS occurs with longitudinal 
change in C3 levels.100

Other important parameters that will indicate difficul-
ties in treatment are sodium, albumin, neutrophil/lym-
phocyte ratio (NLR), C-reactive protein (CRP), and protein 
concentrations in the CSF.48,66 Hyponatremia occurs dur-
ing more severe GBS episodes but is not directly correlated 
with or directly specific to them. Its occurrence is probably 
related to the disturbance of body homeostasis.66–68 How-
ever, analyses have proven a relationship between the re-
sults of the HDS and the ONLS and sodium concentra-
tions in patients with a poor prognosis.48,67,69 Sodium levels 
should be monitored, especially in patients with other risk 
factors, as they can directly affect outcomes.70

Low serum albumin levels accompanied more severe 
forms of GBS. Researchers believe that their level is a pro-
tective factor. Serum albumin plays a strong antioxidant 
role by  inhibiting free hydroxyl radicals that are pro-
duced in the process of inflammation, demyelination and 
axonal damage. Therefore, it was found to be beneficial 
to administer human albumin in patients with GBS and 
hypoalbuminemia.55,66

Neutrophil/lymphocyte ratio and CPR are considered 
non-specific parameters of blood tests. However, they can 
confirm the diagnosis, and at the end of the 1st month 
of  the disease, their levels have a prognostic value for 
a more severe course.66,71,72 Neutrophil/lymphocyte ratio 
can be considered an independent risk factor for GBS.73,74

According to studies, a CRP >5 and protein-to-albu-
min ratio (CAR) >0.21 are independently associated with 
the occurrence of respiratory failure in patients with GBS, 
while a CRP >5 and CAR >0.19 predict poorer short-term 
outcomes in patients with GBS. The researchers suggest 
measuring the CAR on admission as it may be a better pre-
dictor of complications such as risk of respiratory failture 
than only CRP results.75

Elevated protein levels in the CSF are detected during 
inflammation of the nervous system. It has been noted 
that the lower the protein values at the beginning of a GBS 
episode, the better the prognosis.76 High values may indi-
cate destruction of the blood–nerve barrier.77 It has been 
observed that there are higher absolute values of CSF total 
protein (CSF-TP) in classic sensorimotor GBS and local 
GBS compared to MFS and motor GBS. However, due 
to the weak correlation of CSF-TP and disability in GBS, 
it cannot be used as a factor for the modification of treat-
ment plans.78

Diabetes exacerbates the clinical and electrophysiologi-
cal symptoms of GBS and affects long-term disability due 
to the presence of chronic low-grade inflammation (el-
evated inflammatory markers: CRP, TNF-α and interleu-
kin 6; IL-6).79 Higher fasting blood glucose (FPG) levels 
on admission were associated with a poorer short-term 
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prognosis as measured using the MRCSSs and GBS disabil-
ity scale at discharge. However, the development of disabil-
ity is not related to blood HbA1c or CSF glucose concen-
trations.80 Additionally, some diabetic patients may have 
pre-existing nerve damage, which exacerbates the reduced 
rate of nerve regeneration. It is also noted that patients with 
GBS and diabetes are more likely to develop the axonal 
form of the disease, and the electrophysiological changes 
in these patients are more pronounced.81

A significant relationship was demonstrated between 
folate deficiency at the time of admission and the dura-
tion of GBS progression. The exact role is unclear, but 
it is known that folate is essential for peripheral nerves, 
and its deficiency is  associated with axonal sensory 
polyneuropathy.82

Long-term symptoms of GBS are caused by axonal dam-
age. The presence of elevated levels of neurofilaments 
(NfH), a biomarker indicative of axonal damage, has been 
demonstrated to possess prognostic value in the context 
of  GBS. Additionally, CSF NfH levels correlated with 
F  scores and MRCSSs. These were higher in  patients 
with neurophysiological features of axonal degeneration. 
The cutoff point for poorer motor and functional outcomes 
was defined as >0.73 ng/mL of NfH in the CSF.83 Addi-
tionally, research shows that neurofilament light protein 
(NFL) should be included as an early indicator of patients 
requiring extensive medical and rehabilitation interven-
tions for the long term. Patients who are severely disabled 
at the onset of GBS but have low concentrations of NFL 
in their CSF are considered to have a significantly greater 
chance of recovery.84,85

Risk factors: Neurographic tests

Neurophysiological tests can be successfully used to es-
tablish the initial diagnosis. Attempts to use them to de-
termine the prognosis raises many doubts. There is no 
shortage of voices claiming that the lack of electrical ex-
citability of the motor nerves and the lack of electrical 
activity in the quadriceps femoris muscle on the 10th day 
after the onset of the disease are independent factors for 
a more severe course and more difficult treatment.101 How-
ever, more recent studies have shown that the diagnostic 
value of neurophysiological methods increases in propor-
tion to the time since the onset of the disease.102 Besides 
the quadriceps femoris muscle, deltoid muscle strength 
may also have a predictive value.86

Studies show that patients with markedly attenuated 
compound muscle action potentials (CMAPs), inexcit-
able motor nerves, and denervation changes on electro-
myography will be required to undergo MV. Nevertheless, 
the most prevalent abnormalities observed in both patients 
requiring and not requiring ventilation are abnormal H re-
flexes and F waves.87,88

Another predictive factor was found to be the intraepi-
dermal nerve fiber density (IENFD), which correlates 

(decreases early and stays low for a long time) with pain 
intensity in the acute phase and may predict long-term dis-
ability.89 In USG, there can be detected vagus nerve or cer-
vical spinal nerve hypertrophy and regression of these 
changes within 6 months indicates a better prognosis.90

Risk factors: Treatment course

In the treatment of GBS, it is important to use IVIGs 
or plasmapheresis, which, according to researchers, maxi-
mizes survival potential.103,104 There are also no significant 
differences between the use of plasma exchange and IVIG. 
Nevertheless, control using the ONLS indicates the advan-
tage of treatment with IVIG.48,91 Long-standing improve-
ments may not be directly related to IVIG treatment but 
are caused by self-limitations. Despite this, studies prove 
that this treatment had a long-term effect on both mild 
and moderate-to-severe GBS.92 It also does not seem that 
more intensive treatment has a significant impact on im-
provement in patients with advanced degrees of disability. 
Studies have shown that patients unable to walk on their 
own did not show improvement after an additional course 
of immunotherapy.105

Limitations

This systematic review has several limitations. First, only 
articles in English and Polish were included. No searches 
were made for scientific reports in other languages. Fur-
thermore, the simultaneous appearance of some condi-
tions or diagnostic test results and GBS episodes can be co-
incidental. Moreover, the heterogeneity of patients makes 
it difficult to combine and interpret the results, limiting 
conclusions. It was not possible to fully verify this data due 
to insufficient information about the patients.

Conclusions

This review of the literature focused on identifying prog-
nostic factors associated with a worse outcome in patients 
with GBS. Scales to identify patients at high risk of mortal-
ity have also been developed to assess the course of GBS. 
Knowledge of these prognostic factors may, in the future, 
make it possible to modify the current treatment regimens 
for these patients.
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