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Abstract
Endometrial cancer (EC) is the most common gynecological tumor in developed countries. Nowadays, 
molecular biomarkers have become increasingly important in the management of EC patients, helping 
in early detection, risk stratification, prognosis and response to the treatment, and qualification for novel 
immunotherapies, especially in EC patients with metastatic disease or recurrence. When EC tumor molecular 
profiling is combined with the standard histopathological features such as clinical stage, histologic grading 
and evaluation of lymphovascular space invasion, the final therapeutic outcome may bring benefits in terms 
of personalized and efficient management.

Key words: endometrial cancer, molecular markers, translational researches
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Background

Endometrial cancer (EC) is the most common gyneco-
logical tumor in developed countries, and the 4th most 
frequent malignancy in women, with 61,800 estimated new 
cases (7% incidence) and 12,160 deaths (4%) in the USA 
in 2019.1,2 Undoubtedly, the EC incidence has been rising 
together with the average age and obesity in these popula-
tions. This fact determines recent translational research 
effort for defining EC risk groups more precisely, including 
molecular characterization of tumor. Combining the stan-
dard approach, based mainly on histopathological features, 
with new molecular technologies of EC profiling translates 
this growing knowledge into novel diagnostic and thera-
peutic approach, resulting in well-tailored personalized 
management of this cancer.3,4

Endometrial cancer traditional  
and novel classification systems

For many years, the Bokhman classification of 2 types 
endometrial carcinomas based on clinical, endocrine and 
epidemiological features has been used.5 Type I tumors 
comprise majority of the cases (60–70%), with mostly en-
dometrioid histology, estrogen-dependent – with high sex 
hormones receptors expression and endometrial hyper-
plasia in the background, associated with obesity, diabe-
tes and reproductive dysfunctions, but on the other hand 
with predominant low-grade tumor, superficial myome-
trial invasion, low risk for lymph nodes metastases, and 
better prognosis in general. Type II tumors, usually serous 
carcinomas, are less common, arise in a non-estrogenic 
environment, and are associated with an atrophic endo-
metrium of older, postmenopausal and non-obese women 
without reproductive and metabolic disturbances. Such 
tumors mostly show high-grade differentiation with deep 
myometrial invasion, increased risk for lymphogenic 
spread and poor final outcome.6

Another traditional World Health Organization (WHO) 
classification of endometrial neoplasms, based on histo-
logical features, distinguishes among epithelial carcinomas 
endometrioid, serous, clear cell, mucinous, squamous cell, 
transitional cell, small cell, and undifferentiated tumors.7 
Most common endometrioid adenocarcinomas can be dif-
ferentiated into low-, intermediate- or high-grade tumors, 
whilst serous and clear cell cancers are aggressive and 
high-grade by definition.

The Bokhman and WHO classifications created the tem-
plate for an easy-to-use, dichotomous model, practical for 
diagnostic, therapeutic and research approach. However, 
the wide implementation of this traditional classification 
is imperfect and sometimes misleading as biological, ge-
netic and pathological features of endometrial carcinoma 
are complex and heterogeneous. There are not only over-
laps between type I and II tumors, but heterogeneity is also 

present within each of these types.6 Furthermore, this du-
alistic model has been established almost 40 years ago 
and epidemiological characteristics of women suffering 
from EC has changed since that time due to widespread 
obesity followed by diabetes, increased use of hormone-
replacement therapy, and many other multiple risk factors 
shared in both types.8 Most of high-grade endometrioid 
carcinomas exhibit clinical, histopathological and molecu-
lar patterns placing them close to type II cancers, includ-
ing no association with endometrial hyperplasia and poor 
outcome.8,9 By contrast, some serous carcinomas arise 
in the background of endometrial hyperplasia, and about 
20% of them lack deep myometrial infiltration.10 Besides, 
the Bokhman model does not encompass such high-grade 
tumors as carcinosarcomas and clear cell or undifferenti-
ated carcinomas, which are not so rare.6,11 Likewise, endo-
metrial cancer cases with predominant genetic predisposi-
tion, like Lynch syndrome, not associated with obesity and 
endometrial hyperplasia, have not been taken into account 
in this traditional classification.12

In recent years, next-generation sequencing (NGS) tech-
nology has changed the research approach from studying 
single genes or pathways into the insight of genome-wide 
genetic alterations in endometrial carcinomas.13 The Can-
cer Genome Atlas Research Network (TCGA) assessed 
a large group of common endometrial cancers (endometri-
oid, serous and mixed) with NGS tests of mutation load and 
copy-number aberrations combined with microsatellite in-
stability, reverse-phase protein array and DNA methylation 
analysis.14 The results allowed to categorize endometrial 
tumors into 4 genomic clusters: 1) POLE tumors with very 
high mutation rates (ultramutated) and hotspot mutations 
in the exonuclease domain of polymerase ε (POLE), few 
copy-number aberrations, mutations in PTEN, PIK3R1, 
PIK3CA, FBXW7, KRAS, and good prognosis; 2) a micro-
satellite-instable group (MSI; hypermutated) characterized 
by microsatellite instability due to MLH1 promoter meth-
ylation, high mutations rates, few copy-number aberra-
tions, and KRAS and PTEN mutations; 3) copy-number low 
cluster compromising endometrioid microsatellite-stable 
tumors grade 1 and 2, with low mutation rates but frequent 
CTNNB1 mutations; 4) copy-number high tumors (serous 
and some grade 3 endometrioid adenocarcinomas), char-
acterized by extensive copy-number aberrations and low 
mutation rates, frequent and recurrent TP53, FBXW7, and 
PPP2R1A mutations, seldom PTEN and KRAS mutations, 
and poor outcome.6,14 Only POLE hotspot mutations were 
unique for cluster 1, while other alterations and aberrations 
in studied genes and their pathways were expressed more 
or less in all 4 classes, overlapping themselves. The TCGA 
characterization of endometrial tumors 4 genomic classes 
in comparison with the traditional classification system 
of EC has been presented in Table 1.

This novel, molecular classification system of endo-
metrial cancer has a  great potential to  develop better 
prognostic accuracy and provide predictive information.6 
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The integration of genomic markers of an individual, en-
dometrial tumor with its clinicopathological features has 
become an important tool for clinical decision-making, 
especially in the context of escalation or de-escalation 
of  clinical management and introducing new targeted 
immunotherapies.

Clinical management 
recommendations for EC patients 
based on integrated traditional 
pathologic and novel molecular 
features

The results reported by TCGA were retrospectively con-
firmed by analyzing data from PORTEC-1 and PORTEC-2 
trials.15 Molecular subgroups were combined with other sig-
nificant EC biomarkers such as L1CAM, PTEN, β-catenin, 
ARID1a, estrogen and progesterone expression, and lym-
phovascular space invasion. Integration of prognostic mo-
lecular alterations with established clinicopathological 
factors resulted in a stronger model with improved risk 
prognostication in high–intermediate risk cohort stratified 
into 3 subgroups of 50% (favorable), 35% (intermediate) and 
15% (unfavorable) features. Another retrospective analysis 
(PORTEC-3 trial) of a cohort of high-risk EC patients ran-
domized for adjuvant chemoradiotherapy compared to ra-
diotherapy alone investigated the prognostic value of molec-
ular EC classification, concluding that incorporation of this 

classification into risk stratification is essential. Patients 
with p53abnormal (p53abn) mutation should be referred 
for adjuvant chemotherapy whilst high-risk POLE-mutated 
patients had much better outcome; therefore, de-escala-
tion of adjuvant treatment should be considered.16 While 
most EC cases can be classified based on a single TCGA 
classifier (POLE exonuclease domain mutations – POL-
Emut, MMR deficiency – MMRd, p53 abnormal – p53abn), 
a  small but clinically relevant group of  tumors harbor 
more than 1 molecular classifying feature and are referred 
to as ‘multiple-classifier’ ECs.17 This small population (3% 
of all ECs) consists of MMRd-p53abn, POLEmut-p53abn 
and MMRd-POLEmut-p53abn subgroups, and shows much 
better 5-year recurrence-free survival than single-classifier 
p53abn (94.1% compared to 70.8% for stage I), and thus 
could be de-escalated from the aggressive treatment, simi-
larly to the single-classifier POLEmut EC.

Based on these recent translational studies, the newest, 
5th edition of WHO classification of tumors of female geni-
tal tract has included molecular markers.18 Furthermore, 
the National Comprehensive Cancer Network (NCCN) in its 
newest edition of Clinical Practice Guidelines in Oncology 
(2022) recommends molecular analysis of the endome-
trial tumor that could have an impact on the management 
of metastatic and recurrent cases presenting mismatch re-
pair deficiency (dMMR/MSI-H tumors) regarding the ther-
apeutic use of efficient immunotherapy (checkpoint inhibi-
tors such as pembrolizumab, dostarlimab or nivolumab).19 
However, introducing molecular biomarkers into the clini-
cal practice may be difficult and depends on availability 
of resources and the multidisciplinary team of each hospital 

Table 1. Characteristics of the endometrial cancer genomic classification created using The Cancer Genome Atlas (TCGA) Network14 in comparison with 
the dualistic Bokhman classification5

Feature
TCGA genomic classification Bokhman’s classification

POLE 
(ultramutated)

MSI 
(hypermutated)

copy-number low 
(endometrioid)

copy-number high 
(serous-like) type I type II

Mutation rate very high high low low – –

Microsatellite 
instability

mixed MSI high, 
low, stable

MSI high MSI stable MSI stable 28–40% 0–2%

Copy-number 
aberrations

low low low high – –

Prevalent gene 
mutations

POLE (100%)
PTEN (94%)

PIK3CA (71%)
PIK3R1 (65%)
FBXW7 (82%)
ARID1A (76%)

KRAS (53%)
ARID5B (47%)

PTEN (88%)
RPL22 (37%)
KRAS (35%)

PIK3CA (54%)
PIK3R1 (40%)
ARID1A (37%)

PTEN (77%)
CTNNB1 (52%)
PIK3CA (53%)
PIK3R1 (33%)
ARID1A (42%)

TP53 (92%)
PPP2R1A (22%)
PIK3CA (47%)

PTEN (52–78%)
PIK3CA (36–52%)
PIK3R1 (21–43%)
KRAS (15–43%)

ARID1A (25–48%)
CTNNB1 (23–24%)

TP53 (60–91%)
HER2 (27–44%)

PIK3CA (24–42%)
PPP2R1A (15–43%)

Histological type endometrioid endometrioid endometrioid

serous, 
endometrioid, 

mixed serous and 
endometrioid

endometrioid serous

Grading mixed (G1–3) mixed (G1–3) low (G1–2) high (G3) low (G1–2) high (G3)

Prognosis good intermediate intermediate poor good poor

MSI – microsatellite instability; POLE – polymerase ε; G – grading.
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dealing with the endometrial cancer management. There-
fore, some immunohistochemical surrogates have been 
proposed to be combined with genomics and thus enable 
classifying each case into 1 from 4 clusters of the molecular 
classification.19,20 Such molecular and histologic evaluation 
algorithm of each endometrial cancer case has been intro-
duced in author’s institution since the beginning of 2022 
and is presented in Fig. 1.

The newest European Society of Gynecological Society/
European Society for Radiotherapy and Oncology/European 
Society of Pathology (ESGO/ESTRO/ESP) 2021 guidelines 
for the management of patients with EC recommend using 
molecular classification in EC patients to define a prognos-
tic risk group and to choose the best possible therapeutic 
strategy.21 These comprehensive guidelines are a very good 
example of decision-making for escalation or de-escalation 
management of endometrial cancer patients depending 
on the presence or absence of molecular biomarkers. For 
instance, stage I–II patients with pathogenic POLE muta-
tion may omit the adjuvant treatment. On the other hand, 
EC patients staged I–IVA with myometrial invasion and 
no residual disease but with p53abn mutation expressed 
should undergo external beam radiotherapy (EBRT) with 
concurrent and adjuvant chemotherapy.

To date, other sophisticated molecular studies in EC pa-
tients have been conducted in order to obtain better trans-
lational impact on clinical practice. Under the auspices 
of the National Cancer Institute’s Clinical Proteomic Tumor 
Analysis Consortium (CPTAC), multi-omic characteriza-
tion of EC samples and appropriate normal tissues from 
a prospective cohort of 95 EC patients were extensively stud-
ied. Integrated measurements of DNA, RNA, proteins, and 
post-translational modifications (phosphorylation and acet-
ylation) were used to identify novel regulatory relationships 

and potential pathways for identifying therapeutic targets. 
This analysis revealed possible new consequences of pertur-
bations to the p53 and Wnt/β-catenin pathways, identified 
a potential role for circRNAs in the epithelial–mesenchymal 
transition, and provided new information about proteomic 
markers of clinical and genomic tumor subgroups, including 
relationships to known druggable pathways.22

Another recent analysis used the  Immuno-oncology 
panel and the  Target 96 Oncology III panel to  detect 
92 specific cancer-related serum protein in early-stage 
EC cancer patients. The authors generated an algorithm 
based on multivariate logistic regression model that was 
able to discriminate early EC type I patients from controls 
with high specificity and sensitivity (83.7% and 97.6%, re-
spectively) thanks to the analysis of Gal-1, Gal-9, MMP7, 
COL9A1, and FASLG serum levels.23

Conclusions

The diagnostic and clinical landscape in EC has changed 
a lot in recent years. The translational studies on genomics 
and proteomics have a practical impact on management 
of this cancer. Novel molecular biomarkers are essential for 
stratifying the risk of each EC patient and creating a novel 
diagnostic tool for optimal therapeutic scenario and can-
cer surveillance regimens after the treatment completion. 
The use of new immunotherapies has been based on mo-
lecular-integrated risk profile to determine the treatment 
efficacy in patients with advanced and metastatic disease. 
However, further prospective studies are necessary to de-
velop complete and commonly used molecular profiling 
that should be useful for tailoring the best individual EC 
management.

Fig. 1. Combine, molecular and histological diagnostic 
algorithm of endometrial cancer patients stratifying them 
into 4 groups of the new molecular classification (based 
on National Comprehensive Cancer Network (NCCN) 2022 
guidelines)19

MSI – microsatellite instability; POLE – polymerase ε; 
IHC – immunohistochemistry; dMMR – mismatch repair 
deficient; pMMR – mismatch repair proficient.

1 step POLE next-generation sequencing

2 step

3 step p53 protein IHC

4 step

POLE hotspot 
mutation – YES

POLE hotspot 
mutation – NO

POLE

MSI-H

dMMR
– expression lost

pMMR 
– expression retained

copy-number low copy-number high

MSI next-generation
sequencing 

normal
or wild-type

aberrant
or mutant

MMR proteins IHC
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Abstract
Modern medicine is characterized by introducing new innovative medications specially designed after under-
standing the mechanisms of diseases. Such process revolutionized the management of many diseases, but 
is usually more relevant to secondary and tertiary care. However, in parallel, we are observing an emerging 
wave of new technologies, devices and applications with particular relevance to primary care and significant 
implications for rural and remote areas. The approval processes by regulatory authorities all around the world 
are more flexible and less demanding in comparison to the approval of new medications. This process may 
lead to innovative treatments where the balance between benefit and harm is not clear and well documented 
in the conventional way of prospective randomized clinical trials. On the other hand, these technologies are 
adopted by the patients, in the case of free-of-charge applications or “on the shelf” devices, or by authorities, 
for example in the case of remote and telemedicine consultations.

In such a way, disciplines that ignore these technologies or are too cautious and slow in adaptation can find 
themselves trailing behind. Family medicine and especially remote and rural medicine can benefit a lot. 
We should be on the frontline in the considerate adoption of relevant technologies, and in this way improve 
our patients’ health and keep family medicine attractive to the young generation of physicians. This editorial 
is aimed to serve as a window to this new era with the presentation of some of these technologies.

Key words: C-reactive protein, point-of-care ultrasound, point-of-care laboratory tests, medical applica-
tions, rural medicine
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Point of care ultrasound

Point of  care ultrasound (POCUS) is  an  example 
of a technology that had been adopted by other disci-
plines as complementary to or  replacing the physical 
examination. In a meta-analysis evaluating 34 studies, 
the overall pooled sensitivity for lung auscultation was 
37% and specificity was 89%. Likelihood ratios (LRs), 
and area under the curve (AUC) of auscultation for con-
gestive heart failure, pneumonia and obstructive lung 
diseases were low.1 The authors summarize “Lung aus-
cultation has a low sensitivity in different clinical settings 
and patient populations, thereby hampering its clinical 
utility. When better diagnostic modalities are available, 
they should replace lung auscultation. Only in resource-
limited settings, with a high prevalence of disease and 
in experienced hands, lung auscultation has still a role”. 
The editor of Chest had an opposite point of view and 
in an editorial, he answers the question (Should point-
of-care ultrasound examination be routine practice 
in  the  evaluation of  the  acutely breathless patient?) 
by a clear “No”.2 These 2 different points of view may 
represent different clinical scenarios, case-mix and inter-
pretations of the scientific evidence, but clearly represent 
the need to discuss the place of the stethoscope compared 
to POCUS in evaluating patients with respiratory symp-
toms in primary care.

Point-of-care ultrasound will not replace the specialist 
in imaging. It is complementary to the traditional physical 
examination and maybe even superior in specific cases. 
For example, in the case of hepatomegaly, we can better 
estimate its size and cause using POCUS. On suspicion 
of pneumonia, we can make the diagnosis faster and with-
out using radiation. Using POCUS will improve the diag-
nosis and may even save time during the visit.

In another systematic review, the authors evaluated 
the use of POCUS by family physicians.3 They included 
a total of 51 full-text articles. The POCUS was applied 
for a variety of purposes, with the majority of scans fo-
cused on abdominal and obstetric indications. Focused 
POCUS scans were reported to have higher diagnostic 
accuracy and be associated with less harm than more 
comprehensive scans or screening scans. In the cited sys-
tematic review, the length of a focused POCUS procedure 
and its accuracy had been evaluated – and for example, 
it would take 5–12 min to have an abdominal POCUS 
with a specificity of 99% and sensitivity of 82% while 
evaluating the kidneys.

In conclusion, POCUS has the potential to be an im-
portant tool for the family physician and may possibly 
reduce healthcare costs, especially in remote and rural 
areas. It is time for the wide implementation of POCUS 
in family medicine. The plan should be multidimensional, 
focusing on training, reimbursement, and continuouseval-
uation and research.

Point-of-care C-reactive 
protein test

Several systematic reviews evaluated the place of point-
of-care laboratory tests in  primary care.4–6 There are 
many such tests relevant in primary care. Their utilization 
is variable according to availability, costs, reimbursement 
plans, alternative traditional laboratory tests availability, 
the complexity of performance, and accuracy, among many 
other considerations. They may be especially useful in re-
mote and rural areas where the availability of laboratories 
is lower, and on-the-spot results may narrow the differen-
tial diagnosis and spare the need for referral to the emer-
gency room or other specialists that may request costly 
and complicated evacuation.

One such attractive test is the point-of-care C-reactive 
protein (CRP) test. C-reactive protein point-of-care testing 
(POCT) may reduce diagnostic uncertainty and enhance 
antibiotic stewardship. In primary care, respiratory tract 
infections (RTIs) are the most common reason for inap-
propriate antibiotic prescribing, which is a major driver 
for antibiotic resistance.

The impact of CRP-POCT on antibiotic prescribing for 
RTIs in primary care has been evaluated in a systematic 
review.7 Thirteen studies comprising 9844 participants 
met the  inclusion criteria. Meta-analyses showed that 
CRP-POCT significantly reduced immediate antibiotic 
prescribing at the index consultation compared with usual 
care (risk ratio (RR): 0.79, 95% confidence interval (95% CI): 
0.70–0.90, p = 0.0003, I2 = 76%) but not during 28-day fol-
low-up. The immediate effect was sustained at 12 months. 
In children, CRP-POCT reduced antibiotic prescribing 
when CRP (cutoff) guidance was provided. Meta-analyses 
showed significantly higher rates of re-consultation within 
30 days. Clinical recovery, resolution of symptoms and 
number of hospital admissions were not significantly dif-
ferent between CRP-POCT and usual care, which points 
to the safety of the test. The authors concluded that CRP-
POCT can reduce immediate antibiotic prescribing for 
RTIs in primary care (number needed to (NNT) for ben-
efit = 8) at the expense of increased re-consultations (NNT 
for harm = 27).

In conclusion, CRP-POCT is highly available at a reason-
able cost and should be adopted in primary care. Other 
useful tests that should be considered for widespread use 
are troponin, D-dimer and specific tests for various infec-
tious diseases (viral, bacterial and fungal).

Telemedicine 
and teleconsultations

A quick PubMed search will yield more than 50,000 
publications about telemedicine, and narrowing the search 
to primary care and family medicine will yield around 
10,000 papers. Further narrowing the search to rural and 
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remote settings will give us around 1000 publications, most 
of them from recent years, especially published during 
the COVID-19 pandemic.

Petrazzuoli et al. concluded that telemedicine can be used 
as an effective tool among disadvantaged populations and may 
reduce inequities, but care must be taken to avoid it as a tool 
to cut or replace services in rural and remote areas.8 This had 
been stated at the World Heath Organization (WHO) Europe 
70th Regional Meeting by World Organization of National 
Colleges, Academies and Academic Associations of Gen-
eral Practitioners/Family Physicians (WONCA) Europe 
and European Rural and Isolated Practitioners Association 
(EURIPA). It seems that phone consultations gained more 
popularity in Europe than video consultations.9 It is beyond 
the scope of this editorial to discuss the benefits, challenges 
and obstacles of telemedicine in remote and rural settings, 
and it is time to perform a systematic review and evaluation 
to give us insights into the post-pandemic era.

Software solutions for remote 
measurement of physiological 
parameters

In the past, we used laboratories to evaluate physiological 
parameters. But for decades we have been moving to por-
table devices that are easy to wear and use, and the evalu-
ations are been performed in ambulatory and primary 
care settings. A few examples are portable 24-hour blood 
pressure monitoring, loop recorders to detect rhythm ab-
normalities, and sleep tests for the diagnosis of sleep apnea, 
among many others.

New wereable devices can detect rhythm abnormali-
ties, and their accuracy had been evaluated in a systematic 
review.10 Nine observational studies (n = 1581) assessing 
the  sensitivity and specificity of wrist-worn wearables 
in detecting AF in patients with and without a history 
of AF were included. In patients with a history of AF, 
the overall sensitivity was high. Specificity significantly 
differed between the devices. Wrist-worn wearable devices 
demonstrate promising results in detecting AF in patients 
with paroxysmal AF. However, more rigorous prospective 
data are needed to understand the limitations of these 
devices in regard to varying specificities that may lead 
to unintended overdiagnosis and overtreatment.

Other wearable devices are used to measure steps, energy 
expenditure and heart rate, and their accuracy had been 
evaluated in 2 systematic reviews.11,12 They concluded that 
commercial wearable devices are accurate for measuring 
steps and heart rate in laboratory-based settings, but this 
varies by manufacturer and device type.11 However, none 
of the tested devices proved to be accurate in measuring 
energy expenditure.12

There are new and promising technologies that use artifi-
cial intelligence (AI)-powered, video-based, 100% software 

solution that easily integrates into any app or workflow 
to allow measurement of a wide range of physiologic pa-
rameters, using only the end user’s smartphone, tablet 
or laptop.13 With this technology, blood pressure, O2 satu-
ration, respiratory rate, and heart rate can be assessed. 
After regulatory approval, using these technologies can 
be easily applicable in remote and rural areas for distance 
monitoring of patients and in aiding the clinical decision-
making about treatment, management and referrals for 
emergency room or specialist consultation.

Conclusion

In this short editorial, I gave a few examples of new and 
innovative technologies that should be considered for 
widespread use in primary care and especially in remote 
and rural settings. Rural primary care should not take 
it as a threat, but rather as an opportunity to introduce 
advanced modalities of care without the need for second-
ary and tertiary expensive and hard-to-attend healthcare 
facilities. It can be used to empower family physicians 
and primary care providers and to reduce the inequity 
between the  peripheral and central areas all around 
Europe. Each of these new technologies deserves deep 
discussions and research about their utility and effec-
tiveness in primary care, as well as the ways to introduce 
them, teach the patients how to use them, and develop 
mechanisms of the reimbursement of the time and costs 
spent on the specific technology. However, these consid-
erations should not delay the implementation – other-
wise, the outlined solutions will be adopted, for example, 
as home-based tests with remote or application-derived 
interpretation, and such implementation will bypass 
the family physician.
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Abstract
Background. Depression is the most common mental disorder, affecting about 3.8% of the population 
worldwide. Clinical symptoms of depression include sadness, anxiety and frequent mood swings, among 
others. Selective serotonin reuptake inhibitors (SSRIs), psychotherapy and behavioral therapy are commonly 
used for the treatment of this condition. Since SSRIs are associated with various side effects, extract of St. 
John’s wort (SJW) has been suggested as an effective alternative. However, there are conflicting studies 
regarding its efficacy. Many studies have reported positive outcomes with low adverse effects, while others 
did not find it to be a suitable alternative.

Objectives. To analyze the available studies using SJW for depression therapy and to thoroughly evaluate 
its effectiveness compared to SSRIs and placebo.

Materials and methods. Relevant articles for our meta-analysis were found using Medline (via PubMed), 
Cinahl (via EBSCO), Scopus, and Web of Sciences databases. Studies were included as per the predefined 
Population, Intervention, Comparison, Outcomes and Study (PICOS) criteria. A demographic summary 
of the patients treated with either SJW, placebo or SSRIs was collected and Hamilton Depression Rating 
Scale (HAMD) scores were extracted. Risks of bias analysis, diagnostic odds ratio (OR), risk ratio (RR), and 
sensitivity calculation were evaluated using Revman software, and the publication bias was assessed using 
MedCalc software.

Results. Fourteen clinical trials with a total of 2270 depression patients were included in accordance with 
the inclusion criteria. All analyzed papers were published between 2000 and 2022. For patients treated with 
either SSRIs or SJW, a pooled OR of 2.44 with a 95% confidence interval (95% CI) of 1.33–4.45 was obtained. 
The data were heterogeneous, with a tau2 value of 0.54, χ2 value of 31.05, degrees of freedom (df) value of 7, 
I2 value of 77%, and an overall Z-value of 2.90 with p = 0.004.

Conclusions. Our research supports the use of SJW as it reduced the number of depressive patients and 
their HAMD scores while having fewer risks and side effects than conventional medications.

Key words: mental disorder, SSRIs, depression, randomized controlled trials, St. John’s wort
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Introduction

Technology is developing day by day as is the lifestyle. 
To keep pace with the ongoing developments, people are 
involved in a lot of activities, which in turn causes anxiety, 
stress and various mental disorders. Currently, depression 
is the most common mental illness worldwide in people 
of all age groups. The clinical symptoms associated with 
depression are frequent mood swings, persistent sadness, 
anxiety, low appetite, irritation, sleeplessness, and loss of in-
terest and pleasure in all activities, among others.1,2 Major 
depressive disorders arise due to frontal lobe dysfunction 
out of threat and fear,3,4 alterations in neuronal networks, 
and other cognitive impairments.5–9 Medications, psycho-
therapy and behavioral therapy are the main treatment 
strategies for treating depression. The primary medicines 
used to treat depression are selective serotonin reuptake 
inhibitors (SSRIs) such as fluoxetine, paroxetine, sertra-
line, etc., as shown in Fig. 1, which outlines depression, 
its causes and medications used. Along with these, other 
drugs such as serotonin-noradrenaline reuptake inhibitor 
– noradrenaline and specific serotonergic antidepressants 
(SNRI–NaSSA) – can be used. However, these medications 
are associated with various adverse side effects like diz-
ziness, indigestion, diarrhea, blurred vision, dry mouth, 
and others.10,11 Therefore, for the effective treatment of de-
pression with minimum side effects, various studies have 
reported the use of St. John’s wort (SJW) extract.

Perforate SJW, also known as Hypericum perforatum, 
is a flowering plant from the Hyperaciae family; its extract 
is used as a herbal remedy for various mental illnesses like 

mild to moderate depression, obsessive-compulsive disor-
der, insomnia, etc. It is also an antioxidant with marked anti-
viral and antibacterial properties. St. John’s wort is reported 
to reduce neuralgia, anxiety and stress by regulating neu-
rotransmitters like serotonin, gamma-aminobutyric acid 
(GABA), dopamine, and others in the brain. Therefore, it has 
been used in the treatment of many neurological issues.

Various research articles and randomized controlled tri-
als have reported SJW to effectively reduce the Hamilton 
Depression Rating Scale (HAMD) score and clinical symp-
toms in depressed patients.12–25 For example, in a meta-
analysis conducted by Linde and Mulrow, a total of 29 trials 
including 5489 patients were analyzed and the conclusion 
was that SJW is a safe medication for depression, superior 
when compared to existing SSRIs.26 Similarly, Apaydin 
et al.,27 Hübner and Kirste28 and Behnke et al.29 concluded 
that SJW used for depression is safe and more effective 
than placebo, with mild side effects.

However, the evidence regarding St. John’s wort efficacy 
for the treatment of depression with fewer adverse effects 
is still insufficient since many studies, like the case study 
by Ferrara et al.30 and Arold et al.,31 did not find it perfectly 
safe and reported risk associated with its use in the treat-
ment of depression. The contradictions regarding St. John’s 
wort’s safety and efficacy arise due to the limited amount 
of available case reports, use of unblinded assessments, 
and lack of refined analysis and evidence-level grade as-
sessment. Therefore, the present study analyzes existing 
studies related to the use of SJW for depression, and sum-
marizes the available literature in terms of efficacy and 
safety of SJW use to treat depression.

Fig. 1. Various medications used for 
depression
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Objectives

The goal of this study was to analyze the efficacy of SJW 
extract in depression compared to SSRIs in adults.

Materials and methods

We followed the normative recommendations in the guide-
lines of the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) with a registration 
No. XU#/IRB/2021/1125.

Search strategy

This meta-analysis is based on an extensive search in 
Medline (via PubMed), Cinahl (via EBSCO), Scopus, and 
Web of Science databases for relevant studies published 
between 2000 and 2022. The following keywords were used 
to search for relevant studies: depression, neurological 
disorder, neurotransmitters, SSRIs, randomized controlled 
trials, anxiety, and HAMD score. All the included articles 
were selected as required by the PRISMA guidelines and 
studies were selected randomly irrespective of language, 
publication status or type of study (prospective, retrospec-
tive, clinical trial). A demographic summary of the patients 
and event data was extracted from the included studies.

Two authors (XZ and HZ) independently scanned 
the relevant sources for related studies. Mainly full-text 
articles were collected, and abstracts were used only if they 
included sufficient information for the meta-analysis. Ob-
solete references were excluded and valuable studies were 
included according to the inclusion criteria. In addition, 2 
researchers (YW and CY) independently collected event 
data on useful variables.

Inclusion and exclusion criteria

We included studies that reported on the safety and 
efficacy of SJW in the treatment of adult patients with 
mild to moderate depression. Studies were selected from 
the year 2000 to 2022. Studies with insufficient data, re-
porting on the use of medications other than SSRIs and 
SJW, and published before 2000 were excluded.

Evaluation of the analytical standard

Two reviewers (XZ and HZ) independently evaluated 
the methodological validity of each included study and 
calculated the heterogeneity of the studies, while author 
CY was responsible for resolving any type of disagree-
ment between XZ and HZ. To  investigate the  hetero-
geneity, a Deek’s funnel plot, Cochran’s Q statistic and 
I2 index in random bivariate mode were calculated using 
RevMan software v. 5.0 (https://training.cochrane.org/
online-learning/core-software/revman/).

Sources of heterogeneity and risk  
of bias assessment

The heterogeneity sources investigated included the use 
of full-text publications compared to abstracts, varied age 
groups, different numbers of patients, variable durations 
of treatment, different scales of analysis, and comparison 
of SJW to placebo and different SSRI medicines.

The risk of bias assessment for the included studies was 
performed, and the corresponding risk of bias summary 
and graph were created using RevMan v. 5.0.32

Statistical analyses

The meta-analysis was performed using extracted data, 
and statistical parameters such as diagnostic odds ra-
tios (ORs), relative risks with a 95% confidence interval 
(95% CI), and sensitivities were calculated using the Man-
tel–Haenszel method with random bivariate effects using 
RevMan v. 5.0, along with their respective forest plots.33 
Meta-analyses were performed using a random-effects 
model (Mantel–Haenszel method), and the heterogeneity 
of the included studies was evaluated using a tau2 value, 
χ2 value, I2 value, and Z-value. A value of p < 0.05 was 
considered statistically significant. Diagnostic ORs were 
calculated using the DerSimonian–Laird technique. For 
this, a 2×2 table was made and a meta-analysis was per-
formed using RevMan software v. 5.0. A pooled diagnostic 
OR with a 95% CI was calculated and respective forest plots 
were created. The publication bias of the included studies 
was assessed using Begg’s and Egger’s tests,34 and a funnel 
plot was prepared by plotting the log risk ratio (RR) of each 
study against its standard error using MedCalc software 
v. 20.115 (MedCalc Software Ltd., Ostend, Belgium).

Results

Literature search results

We found a  total of 1135 studies through electronic 
searches of different databases. We excluded 148 studies 
after reading their titles and abstracts, leaving 987 records 
to be screened. Furthermore, due to invalid references and 
duplications, we excluded 881 studies, and included only 
106 studies for the final screening. Out of these, 75 studies 
were excluded based on our inclusion criteria, and the eli-
gibility of the remaining 31 was further assessed. The key 
reasons for exclusion included inadequate evidence and 
comparison criteria inappropriate to create 2×2 tables for 
review. The 14 studies that fulfilled the inclusion criteria 
(i.e., the use of SJW compared to SSRI) and were chosen 
for this meta-analysis are shown in Fig. 2.

The demographic details of  the  included studies are 
shown in Table 1. They include the author of the study, 
year of publication, duration of the study, total sample size, 

https://training.cochrane.org/online-learning/core-software/revman/
https://training.cochrane.org/online-learning/core-software/revman/
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type of SSRI drug used as the control, dose of the drugs 
used, age and gender of the patients, number of patients 
with positive outcomes, the initial HAMD score of pa-
tients, and the mean value and standard deviation (M ±SD) 
of improved HAMD scores, with their respective p-values 
for statistical significance.

Fourteen clinical trials with a total of 2270 patients suf-
fering from depression were included according to the in-
clusion criteria. The  included studies evaluated adult 
patients from different age groups who were randomly cho-
sen and treated with either a conventional SSRI like fluox-
etine and sertraline, or placebo, and SJW. In both cases, 
the number of patients with a reduction in their HAMD 
scores and a marked improvement in clinical symptoms 
were extracted as event data and analyzed statistically.

Risk of bias assessment

The risk of bias assessment for the included studies is re-
ported in Table 2. The risk of bias was low as evident from 
the corresponding risk of bias summary shown in Fig. 3 
and the risk of bias graph presented as Fig. 4.

Meta-analysis results

Results for improvement in HAMD score of patients 
using either SJW or placebo

The risk of publication bias in the included studies re-
lated to the treatment with either SJW or placebo was low, 
as shown in the funnel plot in Fig. 5. We obtained the value 
of p = 0.85 for Begg’s test and p = 0.68 for Egger’s test, 
which confirms a low risk of publication bias.

We calculated a pooled OR of 0.72 with a 95% CI of 0.64–
0.81, as shown in the forest plot in Fig. 6. The data were 
heterogeneous with a tau2 value of 0.36, a χ2 value of 17.93, 
a degrees of freedom (df) value of 5, an I2 value of 72%, and 
an overall Z-value of 2.60 with p = 0.009. We obtained 
a pooled RR of 0.46 with a 95% CI of 0.26–0.83, as shown 
in the forest plot in Fig. 7. The data were heterogeneous, 
with a χ2 value of 5.34, df value of 5, and an overall Z-value 
of 5.36 with p = 0.00001. All of these results were statisti-
cally significant with p < 0.05.

Fig. 2. Preferred Reporting Items 
for Systematic Reviews and 
Meta-Analyses (PRISMA) diagram 
of the study group
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Results for improvements in HAMD scores  
of patients using either SJW or SSRIs

The risk of publication bias in the included studies re-
lated to the treatment with either SJW or SSRIs was low, 
as shown in the funnel plot in Fig. 8. We obtained the value 
of p = 0.80 for Begg’s test and p = 0.76 for Egger’s test, which 
confirms a low risk of publication bias.

We calculated a pooled OR of 2.44 with a 95% CI of 1.33–
4.45, as shown in the forest plot in Fig. 9. The data were 
heterogeneous, with a tau2 value of 0.54, a χ2 value of 31.05, 
a df value of 7, an I2 value of 77%, and an overall Z-value 
of 2.90 with p = 0.004. We obtained a pooled RR of 1.39 
with a 95% CI of 1.09–1.76, as shown in the forest plot 
in Fig. 10. The data were heterogeneous with a tau2 value 
of 0.07, a χ2 value of 31.43, a df value of 7, an I2 value of 78%, Ta

bl
e 

2.
 R

isk
 a

ss
es

sm
en

t f
or

 in
cl

ud
ed

 s
tu

di
es

Q
ue

st
io

n

Bjerkenstedt et al. 
2005 [12]

Fava et al. 
2005 [13]

Van Gurp et al. 
2002 [14]

Hypericum Depression 
Trial (HTD) group 2002 

[15]

Kasper et al. 
2006 [16]

Lecrubier et al. 
2002 [17]

Moreno et al. 
2005 [18]

Ur-Rahman et al. 
2008 [19]

Sarris et al. 
2012 [20]

Seifritz et al. 
2016 [21]

Simeon et al. 
2005 [22]

Singer et al. 
2011 [23]

Szegedi et al. 
2005 [24]

Weber et al. 
2008 [25]

W
as

 a
 c

on
se

cu
tiv

e 
or

 ra
nd

om
 sa

m
pl

e 
of

 p
at

ie
nt

s e
nr

ol
le

d?
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y

D
id

 th
e 

st
ud

y 
av

oi
d 

in
ap

pr
op

ria
te

 e
xc

lu
sio

ns
?

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

D
id

 a
ll 

pa
tie

nt
s r

ec
ei

ve
 th

e 
sa

m
e 

re
fe

re
nc

e 
st

an
da

rd
?

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

W
er

e 
al

l p
at

ie
nt

s i
nc

lu
de

d 
in

 th
e 

an
al

ys
is?

N
N

N
N

N
N

N
N

N
N

N
N

N
N

W
as

 th
e 

sa
m

pl
e 

fra
m

e 
ap

pr
op

ria
te

 to
 a

dd
re

ss
 th

e 
ta

rg
et

 p
op

ul
at

io
n?

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

W
er

e 
st

ud
y 

pa
rt

ic
ip

an
ts

 sa
m

pl
ed

 in
 a

n 
ap

pr
op

ria
te

 w
ay

?
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y

W
er

e 
th

e 
st

ud
y 

su
bj

ec
ts

 a
nd

 th
e 

se
tt

in
g 

de
sc

rib
ed

 in
 d

et
ai

l?
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y

W
er

e 
va

lid
 m

et
ho

ds
 u

se
d 

fo
r t

he
 id

en
tif

ic
at

io
n 

of
 th

e 
co

nd
iti

on
? 

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

W
as

 th
e 

co
nd

iti
on

 m
ea

su
re

d 
in

 a
 st

an
da

rd
, r

el
ia

bl
e 

w
ay

 fo
r a

ll 
pa

rt
ic

ip
an

ts
? 

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

W
as

 th
er

e 
ap

pr
op

ria
te

 st
at

ist
ic

al
 a

na
ly

sis
? 

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Y
Y

Fig. 3. Risk of bias summary



Adv Clin Exp Med. 2023;32(2):151–161 157

Fig. 7. Forest plot of risk ratio (RR) of St. John’s wort (SJW) compared to placebo

Fig. 6. Forest plot of odds ratio (OR) of St. John’s wort (SJW) compared to placebo

Fig. 5. Funnel plot of St. John’s wort 
(SJW) compared to placebo

Fig. 4. Risk of bias graph
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and an overall Z-value of 2.70 with p = 0.007. All of these 
results were statistically significant with p < 0.05.

The statistical data are summarized in Table 3 and these 
results showed SJW to be more effective than placebo and 
conventional SSRIs, with statistically significant sensitivity 
of 80%. A greater number of patients with reduced HAMD 
scores was observed in both comparisons of SJW to placebo 
and SJW to SSRIs. This proves that SJW is a more effec-
tive and better alternative for the treatment of depression. 

Considering all of these statistically significant results with 
p < 0.05, this study supports the use of SJW in adults with 
mild to moderate depression.

Discussion

Depression is a mental disorder that arises from a hectic 
and stressful lifestyle. When a person finds themselves 

Fig. 10. Forest plot of risk ratio (RR) of St. John’s wort (SJW) compared to selective serotonin reuptake inhibitors (SSRIs)

Fig. 9. Forest plot of odds ratio (OR) of St. John’s wort (SJW) compared to selective serotonin reuptake inhibitors (SSRIs)

Fig. 8. Funnel plot of St. John’s 
wort (SJW) compared to selective 
serotonin reuptake inhibitors (SSRIs)
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lagging behind others, their mental well-being becomes 
disturbed and they persistently remain sad and stressed.35,36 
Depression has a significant impact on a patient’s social 
behavior and results in people separating themselves from 
society and indulging in bizarre thinking. If the problem 
escalates, it can lead to borderline personality disorder 
as well contemplating self-harm and suicide.37–40

For the treatment of mild to moderate depression, self-
care and psychological therapies are initially suggested. 
If the condition of the patient does not improve, medica-
tions may be used. For this purpose, SSRIs like fluoxetine, 
paroxetine and sertraline are generally used, but their util-
ity is limited by their adverse side effects such as dizziness, 
indigestion and diarrhea.41–45 Therefore, to achieve an ef-
fective treatment of depression with minimum side effects, 
various studies reported the use of SJW extract, which 
is a well-known herbal remedy for various mental illnesses. 
It selectively regulates neurotransmitters in the brain and 
is useful in the treatment of neurological issues.

Various studies, including Fava et  al.,13 Van Gurp 
et al.,14 Moreno et al.,18 and Singer et al.,23 reported that 
SJW can effectively reduce HAMD scores and clinical 
symptoms of depression. Linde and Mulrow performed 
a meta-analysis that included a total of 29 studies with 
5489 patients, and concluded that SJW is equally safe 
in depression patients as compared to existing SSRIs, 
and superior to SSRIs in terms of safety and minimal 
adverse effects. Similarly, Apaydin et  al.27 evaluated 
35 studies that included 6993 patients for the efficacy 
of SJW, Behnke et al.29 performed a double-blind random-
ized controlled trial with SJW, and Hübner and Kirste28 
studied the effect of SJW in 101 children under 12 years 
of age. All found SJW to be a safer and more effective 
medicine than placebo, with mild side effects. Simi-
larly to these studies, we also found a pooled OR of 2.44 

with a 95% CI of 1.33–4.45 for SSRIs compared to SJW, 
and a  pooled OR of  0.46 with a  95%  CI of  0.26–0.83 
for placebo compared to SJW. With these statistically 
significant (p < 0.05) results and a statistically signifi-
cant sensitivity of 80%, we recommend SJW as an ef-
ficient drug for adults with mild to moderate depression.

Unlike our results, case studies by Ferrara et al.30 and 
Arold et al.31 did not find SJW to be a perfectly safe and 
convincing alternative. They reported risks associated with 
its use, and suggested checking its dose and side effects 
more carefully before using it in the treatment of depres-
sion. Recent studies have reported that if depression occurs 
because of changes in neuronal networks or alterations 
in brain complexes, non-invasive brain surgery is a good 
treatment option instead of medications.46–50 Battaglia 
et al. also reported that understanding the psychophysiol-
ogy of fear can help in finding new insights for the char-
acterization of mental illnesses.51

Limitations

The limitation of the present study is the variability of con-
trol drugs used for the treatment of depression compared 
to SJW, which could have skewed our results. Similarly, 
the observation of HAMD score and clinical symptoms us-
ing different analytical tests performed by different persons 
also influences the risk of false negative results. Many stud-
ies failing to report on the comparable efficiency of SJW with 
conventional SSRI drugs may also affect the data to some 
extent. Data from other relevant studies showing the effi-
cacy of SJW compared to SSRIs could have included more 
results to suggest its use more precisely. Detailed data from 
the patient’s case history, physical examination and patho-
logical tests can further improve the results supporting SJW 
as an effective treatment for mild to moderate depression.

Table 3. Statistical summary of the included studies

Study, year, reference OR (95% CI) RR (95% CI) Sensitivity (%)

Lecrubier et al., 2002 [17] 0.68 (0.45–1.02) 0.82 (0.66–1.01) 84.5

Van Gurp et al., 2002 [14] 1.24 (0.50–3.05) 1.07 (0.80–1.44) 93.8

Hypericum Depression Trial (HTD) group 2002 [15] 1.07 (0.60–1.92) 1.02 (0.87–1.20) 96.5

Simeon et al., 2005 [22] 17.64 (4.44–70.07) 4.20 (1.87–9.44) 56.8

Moreno et al., 2005 [18] 2.17 (0.44–10.65) 1.78 (0.53–5.97) 66.7

Fava et al., 2005 [13] 0.40 (0.16–1.05) 0.53 (0.27–1.05) 68.0

Bjerkenstedt et al., 2005 [12] 0.93 (0.43–1.99) 0.95 (0.60–1.52) 95.7

Szegedi et al., 2005 [24] 1.57 (0.93–2.64) 1.18 (0.97–1.42) 92.5

Kasper et al., 2006 [16] 0.12 (0.05–0.27) 0.67 (0.57–0.77) 75.0

Weber et al., 2008 [25] 0.74 (0.25–2.17) 0.86 (0.49–1.50) 87.5

Ur-Rahman et al., 2008 [19] 0.42 (0.20–0.89) 0.66 (0.45–0.95) 74.5

Singer et al., 2011 [23] 1.16 (0.54–2.47) 1.08 (0.72–1.63) 92.9

Sarris et al., 2012 [20] 5.18 (2.84–9.46) 1.64 (1.36–1.98) 71.9

Seifritz et al., 2016 [21] 5.68 (1.92–16.80) 2.66 (1.38–5.13) 62.5

OR – odds ratio; 95% CI – 95% confidence interval; RR – risk ratio.
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Conclusions

The SSRIs are widely used for the  treatment of de-
pression and can significantly alleviate clinical symp-
toms and lower the HAMD score. However, due to their 
strong side effects, they are not recommended. Instead, 
the use of SJW is preferred as it is a cheap, readily avail-
able and effective treatment strategy for mild to mod-
erate depression, with mild side effects. Thus, based 
on the current meta-analysis and statistically significant 
results (p < 0.05), the use of SJW for depression in adults 
is strongly recommended.
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Abstract
Background. Temporal lobe epilepsy (TLE) is a complex neuropsychiatric illness that alters patient’s behavior 
and social well-being. Early and accurate diagnosis of TLE is a key factor in its treatment. Currently, magnetic 
resonance spectroscopy (MRS) is recommended due to its high sensitivity and specificity in the detection 
of seizures. However, some studies have reported on its limited role in lesion detection.

Objectives. The present meta-analysis aims to analyze different studies thoroughly and investigate the role 
of MRS in the detection of TLE.

Materials and methods. A systematic literature review was conducted using Medline (via PubMed), 
Cinahl (via EBSCO), Scopus, and Web of Sciences databases for case-control, retrospective and prospective 
studies regarding the use of MRS in detecting TLE. Studies were included using the Population, Intervention, 
Comparison, Outcomes and Study (PICOS) criteria and relevant event data were extracted. The risk of publica-
tion bias was analyzed using the Begg and Mazumdar test. A risk of bias assessment was conducted using 
RevMan software. The Mantel–Haenszel method was used to calculate the sensitivity, pooled odds ratio 
(OR), and risk ratio (RR), also using RevMan software.

Results. A total of 16 studies published between 2000 and 2022 were included, which encompassed a total 
of 645 patients. We obtained a high sensitivity of 84.8%, which shows a high efficiency of MRS, and a pooled 
OR value of 0.37 (95% confidence interval (95% CI): 0.14–0.97) with a tau2 value of 2.63, χ2 value of 84.99, 
degrees of freedom (df) value of 15, I2 value of 82%, Z-value of 2.03, and p < 0.05. The pooled RR was 0.82 
(95% CI: 0.69–0.97) with a tau2 value of 0.10, χ2 value of 122.11, df of 15, I2 value of 88%, Z-value of 2.25, 
and p < 0.05. These results were statistically significant for a low risk of publication bias.

Conclusions. The current meta-analysis highly recommends the use of MRS in the accurate detection 
of alterations seen in the brain in patients with TLE.

Key words: magnetic resonance spectroscopy (MRS), temporal lobe epilepsy (TLE), electroencephalography 
(EEG), magnetic resonance imaging (MRI)
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Background

A seizure is defined as a sudden, uncontrolled electrical 
disturbance in the brain that can alter feelings, behav-
ior, movements, and level of consciousness. According 
to the new 2017 International League Against Epilepsy 
(ILAE) Seizure Classification,1 a seizure originating in one 
hemisphere of the brain is classified as having a focal onset. 
If it appears simultaneously in both hemispheres, it is cate-
gorized as having a generalized onset. Two or more seizures 
within 24 h without an identifiable cause meet the criteria 
for epilepsy. Assuming that the patient is having epileptic 
seizures, the ILAE guidelines recommend the seizures be 
analyzed on 3 levels: level 1 – diagnosis of the seizure type; 
level 2 – diagnosis of epilepsy type (focal epilepsy, general-
ized epilepsy, or combined generalized and focal epilepsy); 
and level 3 – diagnosis of specific epilepsy syndromes. This 
new classification incorporates etiology of each stage and 
entails significant treatment implications.2

Temporal lobe epilepsy (TLE) is the most common form 
of localized or focal epilepsy, characterized by recurrent, 
unprovoked focal seizures originating in the temporal lobe 
of the brain. Due to this, patients have an altered sense 
of hearing, smell, taste, and touch, with a sudden sense 
of fear, panic, anxiety, confusion, and anger. Therefore, 
it  is  necessary to  recognize this problem early, before 
it can spread. This condition can be caused by an infec-
tion in the brain, traumatic brain injury, meningitis, stroke, 
cerebral tumors, and febrile seizures, among other causes. 
It is treated with medications, diet control, electrical brain 
stimulators, and surgery in extreme cases.3

For its diagnosis, magnetic resonance imaging (MRI), 
positron emission tomography (PET), electroencephalog-
raphy (EEG), and magnetic resonance spectroscopy (MRS) 
can be used. Clear imaging of suspected lesions is required 
for the accurate diagnosis and successful treatment of TLE. 
Among the various imaging techniques used for the detec-
tion of TLE, MRS is the most preferred technique owing 
to its high sensitivity (85–88%) and diagnostic accuracy. 
The MRS images can clearly demarcate the lateralization 
of TLE, mesial temporal sclerosis with hippocampal atro-
phy, and structural distortions. This technique can detect 
the dysfunction of neurons using the anatomic distribution 
of signals from metabolites like N-acetyl aspartate (NAA), 
creatine (Cr), phosphocreatine, and choline (Cho)-contain-
ing compounds. Among these, NAA is of major interest due 
to its neuronal distribution and the fact that any alteration 
or reduction in NAA signaling is indicative of TLE.4

Various studies have recommended its use in the detection 
of TLE – for example, papers by Someya et al.,5 Li et al.,6 Ma-
ton et al.,7 Lundbom et al.,8 and Doelken et al.9 These studies 
reported that MRS is effective in the identification of an epi-
leptic zone in epilepsy patients and has a high diagnostic 
accuracy. Mantoan et al. reported that a reduction in NAA 
levels on the contralateral side acts as a marker for the identifi-
cation of epileptogenicity in the contralateral mesial temporal 

structures.10 Similarly, Shen et al.11 and Azab et al.12 reported 
that MRS is very useful in the preoperative investigation of pa-
tients with TLE and can detect lateralization and bilateral 
abnormalities. Similarly, Aun et al. reported that MRS enables 
multiparametric mapping of TLE in less time and with a high 
sensitivity, and is a promising tool in evaluating patients with 
TLE.13 In a prospective study by Ercan et al.14 evaluating 
14 patients, and a multimodal imaging study by Voets et al.15 
evaluating 12 patients, MRS was reported to be the preferred 
tool for studying the lateralization of epileptogenic foci and 
evaluating patients preoperatively. Meanwhile, a study by Liao 
et al. reported that magnetic resonance (MR) fingerprinting 
is more sensitive and accurate compared to MRS in the de-
tection of temporal lobe seizures.16 In contrast, Saber et al.17 
and Ma et al.18 highly recommend the use of MRS in TLE. 
Essam-el-dein Mohamed et al. suggested its limited use and 
recommends the combination of pulsed arterial spin-labeling 
(PASL) MRI and proton magnetic resonance spectroscopy 
(1H-MRS) for the proper identification of epileptogenic zones 
in patients.19 Liu et al. conducted a retrospective study that 
highlights the diagnosing capacity of MRS and recommended 
it highly.20 Considering the contrasting data of MRS in the de-
tection and localization of TLE, the current meta-analysis 
aimed to statistically analyze the literature and predict di-
agnostic accuracy of MRS.

Objectives

This study aimed to investigate the role of MRS in the de-
tection of changes and abnormalities in the hippocampus 
and limbic system of patients with TLE.

Materials and methods

We followed the guidelines and normative recommen-
dations by Preferred Reporting Items for Systematic Re-
views and Meta-analyses (PRISMA; registration No. NU#/
IRB/2020/1022).

Search strategy

This meta-analysis is  based on  an  extensive search 
of the databases of Medline (via PubMed), Cinahl (via Eb-
sco), Scopus, and Web of Science between 2000 and 2022. 
The following keywords were used to search for relevant 
studies: “magnetic resonance spectroscopy”, “MRS”, “tem-
poral lobe epilepsy”, “TLE”, “electroencephalography”, 
“EEG”, “magnetic resonance imaging”, and “MRI”. The in-
cluded articles were selected using the PRISMA guidelines 
and randomly selected irrespective of the language, publi-
cation status, or type of study (prospective, retrospective, 
clinical trial). Demographic summary of the patients and 
event data of the included studies were collected and ana-
lyzed.5–20 Two of the authors (JF and XZ) separately scanned 
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relevant sources for related studies. Mainly full texts articles 
were collected; abstracts were used only if they provided 
sufficient information for the meta-analysis. Obsolete refer-
ences were excluded and useful studies were included if they 
met the inclusion criteria. Event data from useful variables 
were collected by 2 researchers (LC and SL) independently.

Inclusion and exclusion criteria

The studies included reported on the use of MRS as an ef-
fective imaging method for patients with TLE. Studies were 
selected from the years 2000 to 2022. In the current study, 
only full-text data were included, while studies with insuf-
ficient data, studies reporting the use of other imaging 
methods, and studies published before 2000 were excluded.

Evaluation of the analytical standard  
and source of heterogeneity

Two reviewers (JF and XZ) separately evaluated the meth-
odological validity of the included studies and calculated 
the heterogeneity for the included studies, while author SL 
was responsible for resolving any type of disagreement be-
tween JF and XZ. To investigate the heterogeneity, a Cochran’s 
Q test and I2 index were calculated with RevMan software v. 5 
(The Nordic Cochrane Center, The Cochrane Collaboration, 
Copenhagen, Denmark).21 The heterogeneity was investigated 
for the use of different study types (case-control, prospective 
and retrospective studies), age of patients, sex ratios, imaging 
instruments, and lab technicians’ performance.

Statistical analyses

For statistical analysis, a diagnostic odds ratio (OR) was 
calculated using the  DerSimonian–Laird technique.22 
To accomplish this, a 2×2 table was constructed using event 
data and the meta-analysis was performed using RevMan 
software. A pooled diagnostic OR with 95% confidence 
interval (95% CI) and a risk ratio (RR) with 95% CI was 
calculated using the Mantel–Haenszel test.23 Respective 
forest plots and the heterogeneity of the included studies 
(χ2 value, Q value, degrees of freedom (df) value, I2 value, 
and p-value) were evaluated with RevMan software. To as-
sess the efficiency, MRI sensitivities were also analyzed. 
A risk of bias summary was also performed using the Rev-
Man software, while a Deek’s funnel plot was created using 
MedCalc software v. 20.115 (MedCalc Software, Ostend, 
Belgium) to assess the risk of publication bias.24

Results

Literature search results

We  found a  total of  1128  studies through our elec-
tronic scans of different databases. Among these studies, 

135 studies were excluded after reading their titles and 
abstracts, leaving 993  records to  be screened. We  ex-
cluded additional 743 studies because of improper study 
design and duplicity reasons. This left 250 studies for fi-
nal screening. Out of the 250 studies, 209 studies were 
excluded because the did not fulfill the inclusion criteria, 
and thus 41 studies were eligible for further assessment. 
The key reasons for exclusion were inadequate evidence 
and comparison criteria inappropriate to create a 2×2 table 
for review. Finally, for this meta-analysis, 16 studies pub-
lished between the years 2000 to 2022 fulfilled the inclu-
sion criteria i.e., the use of MRS for the detection of TLE, 
as shown in Fig. 1.

The included studies encompassed a total of 645 epilep-
tic patients of different ages who were chosen randomly 
and scanned with MRS along with an EEG or MRI. The de-
mographic details of  the studies were included in  this 
meta-analysis and are shown in Table 1. The details col-
lected included the author of the study, publishing year, 
type of study, method of assessment, duration of the study, 
total sample size, age and gender of the patients, type of in-
struments used, total number of epileptic cases diagnosed, 
and total number of cases tested. Event data of these stud-
ies (including the number of total samples studied and 
epileptic cases diagnosed using MRS and EEG) were col-
lected and a meta-analysis was performed.

Results

The risk of bias for the included studies was assessed 
as shown in Table 2. The risk of bias is summarized in Fig. 2 
and a risk of bias graph is shown as Fig. 3.

The current meta-analysis had a low risk of publication 
bias, as apparent from the funnel plot (Fig. 4) and results 
of  the Egger’s and Begg and Mazumdar tests. The Eg-
ger’s regression test determines the degree of funnel plot 
asymmetry by measuring the intercept from the regression 
of the standard normal that deviates against the preci-
sion, while the Begg and Mazumdar rank correlation test 
explains the correlation between ranks of effect sizes and 
their variances. If p > 0.05, than the study has low risk 
of publication bias. The Begg’s test and Egger’s test values 
were considered significant and with low risk of publica-
tion bias if their p-value is greater than 0.05. Since we also 
achieved the p-values of Begg’s test and Egger’s test greater 
than 0.05 as p-value of 0.78 for the Begg’s test and 0.57 for 
the Egger’s test, respectively, this confirms that present 
study has low risk of publication bias.25

We  obtained a  sensitivity of  84.8%, which showed 
a high efficiency of MRI in detecting all the neurobio-
logical changes that occur during TLE. The OR of the in-
cluded studies was calculated using RevMan software and 
the Mantel–Haenszel test with random effects to assess 
the association between the exposure to MRS in epilep-
tic patients and its outcome in  the accurate detection 
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of unilateral or bilateral epilepsy in comparison to the stan-
dard method of EEG. A forest plot of the ORs and hetero-
geneity of data is presented in Fig. 5. We obtained a pooled 
OR value of 0.37 (95% CI: 0.14–0.97) with a tau2 value 

of 2.63, χ2 value of 84.99, degrees of freedom (df) value 
of 15, I2 value of 82%, Z-value of 2.03, and p < 0.05. The p-
value less than 0.05 confirms the statistical significance 
of present meta-analysis and indicates the use of MRS for 

Table 1. Demographic summary of included studies

Author, year, 
reference

Journal 
of publication

Study 
design

Study 
duration

Assess-
ment

Patient’s details
Instrument used Epilepsy 

presence

Results

num-
ber sex age MRS EEG

Someya 
et al., 2000 [5]

Seizure
case-control 

study
–

quanti-
tative

17
5 M
1 2F

24–40 
years

MRS (Gyroscan ACS2 
operated at 1.5 T (Philips 

Medical Systems, Amsterdam, 
the Netherlands)

EEG (Stellate Harmonie system; 
Stellate Systems, Westmount 

Canada)

total cases
epileptic

17
15

17
17

Li et al., 
2000 [6]

Epilepsia
case-control 

study
–

quanti-
tative

150
64 M
86 F

12–64 
years

MRS (Philips ACS I1 or 111 
combined imaging and 

spectroscopy system (1.5 T; 
Philips Medical System).

EEG (Stellate Harmonie system)

total cases
epileptic

150
120

150
117

Maton et al., 
2001 [7]

Epilepsia
case-control 

study
–

quanti-
tative

31
15 M
16 F

25–48 
years

MRS (Philips ACS I1 or 111 
combined imaging and 

spectroscopy system (1.5 T; 
Philips Medical Systems).

EEG (Stellate Harmonie system)

total cases
epileptic

31
19

31
20

Fig. 1. Preferred Reporting Items 
for Systematic Reviews and 
Meta-Analyses (PRISMA) diagram 
of the study
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Author, year, 
reference

Journal 
of publication

Study 
design

Study 
duration

Assess-
ment

Patient’s details
Instrument used Epilepsy 

presence

Results

num-
ber sex age MRS EEG

Lundbom 
et al., 2001 [8]

Epilepsia
case-control 

study
1 year

quanti-
tative

14
4 M
10 F

4–26 
years

MRS 1.5-T MR imager 
(Magnetom Vision; Siemens 

Healthcare, Erlangen, 
Germany) using a standard 

circularly polarized (CP) 
head coil

EEG (Stellate Harmonie system)

total cases
epileptic

14
14

14
10

Doelken 
et al., 2008 [9]

Seizure
case-control 

study
1–2 

weeks
quanti-
tative

23 –
19–62 
years

MRS (1.5 T Siemens Magnetom 
Sonata (Siemens Healthcare))
EEG (Glonner system (Munich, 

Germany).

total cases
epileptic

23
17

23
23

Mantoan 
et al., 
2009 [10]

Epilepsy and 
Behaviour

prospective 
study

1 year
quanti-
tative

29
10 M
19 W

20–61 
years

1.5-T equipment (Magnetom 
Sonata (Maestro Class), 

Siemens Healthcare)
32-channel EEG recording 

equipment (Ceegraph 
software; Biologic Systems 

Corp., Seyssinet-Pariset, France)

total cases
epileptic

29
10

29
29

Shen et al., 
2009 [11]

The Journal 
of International 

Medical 
Research

case-control 
study

–
quanti-
tative

38
21 M
17 F

13–62 
years

MRS Intera Achieva 3.0 T MRI 
system (Philips Medical 

Systems)
EEG (Stellate Harmonie system)

total cases
epileptic

38
30

38
25

Azab et al., 
2015 [12]

Italian Journal 
of Paediatrics

case-control 
study

3 years
quanti-
tative

40
22 M
18 F

14 years

MRS (1.5-Tesla MR units- 
Achiva; Philips Medical 

Systems)
EEG (Stellate Harmonie system)

total cases
epileptic

40
38

40
32

Aun et al., 
2016 [13]

The Egyptian 
Journal 

of Radiology 
and Nuclear 

Medicine

case-control 
study

2.5 years
quanti-
tative

30
16 M
14 F

17–47 
years

MRS (1.5 T super conducting 
system, Philips Achieva 

MRI machine)
EEG (Stellate Harmonie system)

total cases
epileptic

30
26

30
28

Ercan et al., 
2016 [14]

Disease 
Markers

prospective 
study

–
quanti-
tative

14
8 M
6 F

19–66 
years

MRS (1.5 T MR scanner (Philips 
Achieva; slew rate 40 mT/m)

EEG (Stellate Harmonie system)

total cases
epileptic

14
10

14
14

Voets et al., 
2017 [15]

Scientific 
Reports Nature

multimodal 
imaging 

study
–

quanti-
tative

12
3 M
9 F

19–57 
years

7 Tesla Siemens MRI system, 
using a 32-channel head coil

EEG (Stellate Harmonie system)

total cases
epileptic

12
5

12
12

Liao et al., 
2018 [16]

Neuroradiology
case-control 

study
8 

months
quanti-
tative

33
10 M
23 F

16–60 
years

MRS (3.0-T imager (Magnetom 
Prisma; Siemens Healthcare)

EEG (Stellate Harmonie system)

total cases
epileptic

33
32

33
23

Saber et al., 
2019 [17]

Al-Azhar 
Journal 

of Paediatrics

prospective 
study

2 years
quanti-
tative

50
29 M
21 F

3 
month– 
15 years

1.5 T super conducting system 
(Philips Achieve MRI machine) 

manufactured in 2009
EEG (Stellate Harmonie system)

total cases
epileptic

50
12

50
50

Ma et al., 
2019 [18]

European 
Neurology

retrospective 
study

4 years
quanti-
tative

115
59 M
56 F

2–62 
years

MRS (1.5 T super conducting 
system, Philips Achieva MRI 

machine)
EEG (Stellate Harmonie system)

total cases
epileptic

115
80

115
110

Essam-
el-dein 
Mohamed 
et al., 
2020 [19]

The Egyptian 
Journal 

of Radiology 
and Nuclear 

Medicine

case-control 
study

2 years
quanti-
tative

26
12 M
14 F

16–57 
years

1H-MRSI (Philips ACS I1 or 111 
combined imaging and 

spectroscopy system (1.5 T, 
Philips Medical Systems)

EEG (Stellate Harmonie system)

total cases
epileptic

26
21

26
19

Liu et al., 
2021 [20]

Quantitative 
Imaging 

in Medicine 
and Surgery

retrospective 
study

1–2 
weeks

quanti-
tative

23
15 M
14 F

8–80 
years

1.5T system (GE SIGNA HDe 
Medical System)

EEG (Stellate Harmonie system)

total cases
epileptic

23
9

23
23

MRI – magnetic resonance imaging; EEG – electroencephalography; M – male; F – female; MRS – magnetic resonance spectroscopy; 1H-MRSI – proton magnetic 
resonance spectroscopy imaging.

Table 1. Demographic summary of included studies – cont.
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detection of temporal lobe epilepsy. From forest plot also 
it is evident that results are in favor of MRS for detection 
of TLE as compared to EEG (Fig. 5).26 This proves that 
detecting epileptic regions is much more accurate with 
MRS compared to EEG, with the latter diagnosing spike 
or sharp waves in the tip or front part of the temporal lobe.

The RR of included studies was calculated using RevMan 
software and a respective forest plot is shown in Fig. 6. 
The pooled RR was 0.82 (95% CI: 0.69–0.97) with a tau2 
value of 0.10, χ2 value of 122.11, df value of 15, I2 value 
of 88%, Z-value of 2.25, and p < 0.05. The RR was less than 1, 
which indicates a low risk and suggests that the use of MRS 
in epilepsy detection is effective and safe.27 The heterogene-
ity value in our meta-analysis demonstrates the variations 
in study outcomes between the different studies selected for 
this meta-analysis; high heterogeneity shows that the cho-
sen study results were random and different.28 In our meta-
analysis results, we obtained high heterogeneity, which 
is confirmed by a high I2 index (above 80%) in both OR 
and RR. It shows the dispersion of effect sizes in this meta-
analysis.29 The Z-value shows the significant weighted av-
erage effect and is considered statistically significant with 
a p < 0.05.30 The p-value shows the probability of obtaining 
a significant observed effect. We also obtained high Z-value 
(>2) in both OR and RR calculations with p < 0.05, showing 
the statistical significance of our results.

These values suggest that a random sampling of data us-
ing categorical study variables and determining epileptic 
regions using EEG and MRS are comparable. The I2 values 
above 80% suggest that broad heterogeneity was observed 
in the studies. A high sensitivity value of 84.8% indicates that 
the use of MRS for TLE detection is justified as it is highly 
sensitive and can detect even minor changes in the different 
regions of temporal lobe. P-value <0.05 means all these val-
ues are statistically significant and reflect a high diagnostic 
accuracy of MRS in the detection of TLE.

Discussion

Temporal lobe epilepsy is  a  disease of  faulty neuro-
nal resonators and is the most common focal epilepsy, 
responsible for chronic neurological issues like mental 
confusion, mood swings and altered sensation, among 
other things.31 It  is caused by traumatic brain injuries, 
malformations in blood vessels of the brain, infections like 
encephalitis or meningitis, stroke, brain tumors, scarring 
(gliosis) in the hippocampus, or genetic syndromes.32,33 
Approximately 80% of  TLE cases develop in  or  near 
the area of the hippocampus known as the mesial (“near 
the middle”), while neocortical or  lateral TLE seizures 
start in the outer portion of the temporal lobe.34 In a study 

Table 2. Risk assessment for included studies
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Was a consecutive or random sample 
of patients enrolled?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Did the study avoid inappropriate 
exclusions?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Did all patients receive the same reference 
standard?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Were all patients included in the analysis? N N N N N N N N N N N N N N N N

Was the sample frame appropriate 
to address the target population?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Were study participants sampled 
in an appropriate way?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Were the study subjects and the setting 
described in detail?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Were valid methods used for 
the identification of the condition? 

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Was the condition measured in a standard, 
reliable way for all participants?

Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

Was there appropriate statistical analysis? Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
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by Navidhamidi et al., it was reported that limbic seizures 
begin in the mesial temporal lobe, and the hippocampal 
region shows a wide range of changes and epilepsy-related 
abnormalities in patients with temporal lobe epileptic sei-
zures.35 Epilepsy is one of the major reasons for paroxysmal 
alterations in the brain as it causes alterations in mem-
brane excitability and leads to overstimulation of neu-
rons.36 Garofalo et al.37 and Battaglia et al.38 discussed 
the neurobiological signs of epilepsy that help in the accu-
rate detection of TLE. Ahmed et al. reported that epilepsy 
symptoms are caused by co-occurring psychiatric disor-
ders and antiepileptic medicines are essential for diagnosis 
and treatment of this epileptic disorder.39 Tanaka et al. 
showed that disturbance in normal brain development 
during early life affects neuropsychiatric symptoms dur-
ing later life and can be a reason for epilepsy.40 Similarly, 
Battaglia et al. suggested that fear conditioning has a deep 
impact on the functioning of the central nervous system 
and is involved in the cardiac vagal dynamics observed 
in the psychophysiology of fear.41,42

Tanaka et al. reported that epilepsy along with neuro-
degenerative and immunological changes occur in tem-
poral epileptic disorders and are responsible for the in-
flammation in these areas.43 The high sensitivity of MRI 
help to accurately identify the  inflamed areas in TLE. 
Approximately 66% of seizure patients can be success-
fully treated with medications, while in cases of mesial 
TLE surgery is recommended.44 Borbély et al. evaluated 
the clinical impact of hybrid [18F]-FDG PET/MRI imaging 
on the detection of epilepsy in patients and reported its 
clinical significance.45

Zhao et al. mentioned in their review on TLE that it af-
fects primarily cognitive functions related to memory, 
language and social judgment, so it is essential to detect 
its occurrence and cause timely and accurately since this 
condition affects the mental well-being of a patient and 
can disturb their social life.46 Therefore, for diagnostic 
purposes, various imaging techniques like MRI, positron 
emission tomography (PET), EEG, computed tomography 
(CT) scan, and MRS are generally used.47,48 However, for 

Fig. 3. Risk of 
bias graph for 
the included 
studies

Fig. 2. Risk of bias summary for the studies included in the meta-analysis
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the accurate diagnosis of the cause and type of TLE, MRS 
is almost universally recommended on account of its high 
sensitivity, specificity and diagnostic accuracy.

For instance, Cendes et al.,49 Lee et al.50 and Wood 
et al.51 reported that neuroimaging of epilepsy is the best 
way to diagnose TLE by detecting different effects epi-
leptic seizures have on the temporal lobe. Similarly, Fan 
et al. reported that MRS is very useful in lateralizing and 
localizing the epileptogenic foci in TLE patients.52 In a ra-
diology article by Gaillard et al., it was shown that images 
obtained in different phases of TLE can act as markers 
for its detection using MRS.53 However, some studies, 

like Hellström et al.54 and Carne et al.,55 reported that 
MRS is useful in detecting TLE in selected cases, but 
not universally.

In the present study, we investigated the role of different 
diagnostic methods thoroughly, and similarly to the stud-
ies supporting MRS, we obtained a significant pooled OR 
value of 0.37 (95% CI: 0.14–0.97) with p < 0.05, which in-
dicates high efficiency of MRS in the detection of epileptic 
regions. The low pooled RR of 0.82 (95% CI: 0.69–0.97) with 
a p < 0.05 suggests that MRI is a low-risk imaging method 
for detection of temporal lobe epilepsy for patients of all 
age groups. On the basis of comparable determination rates 

Fig. 4. Funnel plot for publication 
bias

Fig. 5. Forest plot for diagnostic odds ratio (OR)
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of epileptic regions using MRS, similar to other neurodiag-
nostic techniques (EEG, MRI, etc.) and its high sensitivity, 
the use of MRS for detection of TLE is recommended.

Based on these statistically significant results and high 
sensitivity, specificity and diagnostic accuracy of  this 
method, this meta-analysis strongly recommends the use 
of MRS in detecting the cause of TLE.

Limitations

A limitation of the present study is the diversity of MRS 
instruments used, and the fact that the tests were per-
formed by  different radiographers, which influences 
the  risk of  false negative results. Many studies failed 
to report comparable diagnosis capability of MRI, EEG 
and PET, so assessing the comparable accuracy affects 
the data up to some extent. Data from other relevant stud-
ies showing the diagnostic accuracy of MRS in comparison 
to other diagnostic imaging methods were also included 
to signify the efficacy of MRS more clearly. Detailed data 
on a patient’s case history and physical examination and 
pathological tests results can further increase the diagnos-
tic accuracy rate of MRS in the prediction of TLE.

Conclusions

The  focal or generalized onset of  seizures can lead 
to TLE and altered behavior, sensations and social well-
being. To restore mental fitness, it is essential to identify 
the root cause of  the seizure in a timely and accurate 
manner. Generally, MRI, PET and EEG are common 

imaging techniques used for the  diagnosis of  altera-
tions in the membrane excitability in the hippocampus 
or the limbic system of the brain, and in the identification 
of the type of TLE. Still, among these methods, the high 
accuracy of seizure detection, high sensitivity towards 
any electrical stimulation and high specificity for the pre-
cise identification of epileptic zones of MRS make its use 
highly recommended. It is an effective imaging method 
for detecting the cause of TLE, and is preferred over other 
methods as it allows the accurate detection of epileptic 
zones and clearly identifies epilepsy as unilateral or bi-
lateral, with a focal or generalized onset. It is very useful 
as a scanning guide in epileptic surgeries and remark-
ably increases the effectiveness of  treatment. We per-
formed a meta-analysis of the related available literature 
on the use of MRS in detecting the cause of TLE. Based 
on the high sensitivity (84.8%) and high efficiency of MRS 
in detecting all neurobiological changes that occur dur-
ing TLE, and the statistically significant heterogeneity 
of our results, we recommend the use of MRS in deter-
mination of TLE.
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Abstract
Introduction. The kangaroo mother care (KMC) technique for preterm and low-birthweight (LBW) neo-
nates, which consists of skin-to-skin contact, is thought to have a beneficial impact on clinical outcomes. 
Hence, the current meta-analysis aims to evaluate the influence of KMC on neonatal mortality and length 
of hospitalization compared with conventional care.

Materials and methods. A systematic literature search of studies published between 1988 and 2021 found 
24 trials involving 19,980 participants, of which 10,354 received KMC and 9626 were controls under conven-
tional care. To measure the impact of applying KMC in preterm LBW neonates on mortality and the length 
of hospital stay, statistical analysis using dichotomous and continuous analysis methods was performed 
employing fixed and random models to calculate odds ratios (ORs) with 95% confidence intervals (95% CIs).

Results. Compared to the control group, the application of KMC in preterm LBW neonates resulted in signifi-
cantly lower mortality (OR: 0.65, 95% CI: 0.44–0.97, p = 0.03) in a short term (within 2 months, I2 = 71%) 
and long term (3–12 months) (OR: 0.72, 95% CI: 0.59–0.87, p = 0.0007, I2 = 0%), and had no significant 
impact on the length of hospital stay (OR: −1.43, 95% CI: −2.88–0.02, p = 0.05, I2 = 86%).

Conclusions. In comparison with the control group, the implementation of KMC in preterm LBW neonates 
resulted in significantly lower mortality but had no significant impact on the length of hospitalization. More 
studies are needed to confirm the current findings.

Key words: preterm neonates, hospital stay, mortality, kangaroo mother care
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Introduction

Millions of babies are born each year in high-risk condi-
tions around the world. According to the World Health Or-
ganization (WHO), these conditions include premature de-
liveries, newborns who are underweight for their gestational 
age (SGA), and newborns at risk of illnesses, death or devel-
opmental disabilities. Low-birthweight (LBW) newborns are 
born weighing less than 2500 g, while the term ‘prematurity’ 
is used if they are born before 37 weeks of gestation.1

Many procedures have been proven to reduce the bur-
den of newborn illnesses and mortality, and are referred 
to as conventional or modern neonatal care processes. 
It  is expensive and time-consuming to provide conven-
tional newborn care for LBW infants because it necessi-
tates the presence of qualified staff and long-term logistics. 
A baby’s ability to adapt to life outside the womb is com-
plex. In low-income countries, many LBW babies are ad-
mitted to hospitals each year because of a lack of financial 
and human resources dedicated to their care. A significant 
advance in their care would be made if the new interven-
tions for LBW newborns were found to lower neonatal 
morbidity and mortality, as well as related expenditures.

The majority of  infant deaths occur during the new-
born period. Death within the first 28 days of life is be-
lieved to have occurred in 2.5 million people last year. 
Most of these were LBW newborns, with 2/3 of them be-
ing premature. The Every Newborn Action Plan launched 
by the United Nations International Children’s Emergency 
Fund aims to reduce newborn mortality to 12 or below 
per 1000 live births and to provide kangaroo mother care 
(KMC) or other humanized care techniques to at least 75% 
of eligible children.2

The KMC is an effective and safe option for clinically 
stable infants, especially in developing nations in Africa 
and South Asia, where 12% and 60% of preterm infants 
are born, respectively.1,2

In Bogota, Colombia, in 1978, Rey and Martinez estab-
lished KMC to encourage the early discharge of LBW, pre-
term and SGA babies. Overcrowding, lack of equipment, ab-
sence of prepared specialists, and high cross-infection rates 
are some of the reasons for this concept.2 The KMC is a skin-
to-skin contact-based care method for LBW and/or preterm 
infants at birth that is structured and defined by a proto-
col. By transferring the ability and responsibility of being 
the primary caregivers of their newborns to the mothers 
and families, this program hopes to empower these moth-
ers and families to meet their babies’ physical and emotional 
needs. The KMC includes the following: skin-to-skin contact, 
breast-to-skin contact, early discharge from the hospital (ide-
ally), social support, and follow-up when it comes to prov-
ing the efficacy of KMC.3–5 Admision criteria for KMC 
units include the following; infants with low weight under 
2500 g, under 37 weeks gestational age, oxygen-dependent 
infants with oxygen saturation >90%, or those recieving na-
sal prongs. Studies and clinical trials evaluating KMC have 

several heterogeneity aspects such as weight of infants, which 
varied from <1500 g to 2500 g, time of KMC application, 
mode of application (continuous or intermittent), and length 
of the follow-up (1–12 months). A review of current evidence 
is needed to determine if KMC reduces LBW and preterm 
infants’ mortality and the length of their hospital stay.

Objectives

The current study aimed to assess and evaluate the im-
pact of applying the KMC technique in preterm LBW in-
fants care on clinical outcomes such as mortality rate and 
length of hospitalization.

Materials and methods

Study selection

The main goals of our meta-analysis were to evaluate 
the effect of KMC application in preterm neonates on neo-
natal mortality and length of hospitalization compared 
to controls. Mortality rates and hospital stays from published 
clinical trials were analyzed using statistical analysis tools 
such as frequency rate, odds ratio (OR), relative risk, or mean 
difference (MD) with a 95% confidence interval (95% CI).

Only papers in English were included. The criteria for 
the inclusion of articles in the current meta-analysis were 
not constrained by the size of the studies, while studies not 
describing practical interventions, such as letters to edi-
tors, and review articles were excluded from the study. 
The meta-analysis model is depicted in Fig. 1.

The effect of KMC in preterm LBW neonates on mortal-
ity and length of hospital stay was compared to controls 
by performing a sensitivity analysis for each subcategory.

The inclusion criteria were as follows: 1) Prospective, ran-
domized controlled trials and retrospective investigations 

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) diagram reflecting the mode of meta-analysis
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were all eligible to be included in the research; 2) Subjects 
of the studies included preterm/LBW neonates; 3) Inter-
ventions used were KMC compared to control receiving 
conventional care.

The exclusion criteria were as follows: 1) Trials that did 
not examine the influence of KMC on length of hospital 
stay or mortality in preterm neonates; 2) Studies lacking 
parameters such as weight of the neonates; 3) Studies that 
did not compare the impact of KMC on mortality or hos-
pital stay to conventional care.

Identification

A systematic deep literature search was accomplished 
using using PubMed, Embase and Cochrane Library. 
The  search was conducted among studies published 
between 1988 and 2021 using the keywords ‘kangaroo 
mother care’, ‘mortality’, ‘hospital stay’, and ‘preterm 
neonates’, as shown in Table 1. Studies were identified 
using PICOS framework as follows: P (population) – pre-
term/LBW neonates; I (intervention/exposure) – KMC; 
C (comparison): KMC compared to controls; O (outcome) 
– mortality and hospital stay; S  (study design) – ran-
domized clinical trials. To eliminate duplicates, the re-
search studies were grouped using EndNote software 
(Clarivate Analytics, London, UK). Furthermore, all title 
and abstract data were subjected to a thorough review 
to eliminate any information that did not include any risk 
variables or the influence of KMC on preterm neonates.

Screening

The subject-related and study data were collected using 
a standard format. The place of practice, first author’s sur-
name, subject’s weight, design of the study, demographic data, 
sample size, primary outcome evaluation, treatment mode, 
duration of the study, categories, methods of statistical analy-
sis, information source, and qualitative as well as quantitative 
evaluations were also collected using a traditional form.

Using the Cochrane Handbook for Systematic Reviews 
of  Interventions v. 5.1, the Risk of Bias Tool was used 
to evaluate the quality of each study’s methodology.6

Different levels of bias risk  
were used in the assessment

Three levels of bias risks were identified in the evaluation 
of the studies. When all quality criteria were met, the bias 
risk was judged low. When the criteria were not satisfied 
or only partially met, the risk was assessed as moderate. 
The risk was high in cases where all of the quality criteria 
were not met or included and when the paper also con-
tained inconsistencies.

Statistical analyses

Using the  random and fixed-effect model, the  OR 
with a  95% CI was calculated using a  dichotomous 
technique for mortality at 2 months and 12 months, and 

Fig. 2. A forest plot illustrating mortality rates after the application of kangaroo mother care (KMC) compared to controls in preterm neonates during 
the first 2 months of life

Table 1. Search strategy for each database

Database Search strategy

PubMed
#1: “kangaroo mother care” [MeSH terms] OR “mortality” [MeSH terms] OR “hospital stay” [all fields]
#2: “skin-to-skin contact” [MeSH terms] OR “preterm neonate” [all fields]
#3: #1 AND #2

Embase
#1: ‘kangaroo mother care’/exp OR hospital stay’/exp OR ‘skin-to-skin contact’/exp
#2: ‘preterm neonate’/exp OR ‘mortality’/exp
#3: #1 AND #2

Cochrane Library

#1:  (kangaroo mother care):ti,ab,kw OR (mortality):ti,ab,kw OR (hospital stay):ti,ab,kw (word variations 
have been searched)

#2: (skin-to-skin contact):ti,ab,kw OR (preterm neonate):ti,ab,kw (word variations have been searched)
#3: #1 AND #2
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a continuous technique for assessing the length of hospi-
tal stay. The I2 index ranged from 0% to 100%. The het-
erogeneity scale was 4-point – 0%, 25%, 50%, and 75% 
– indicating no, low, moderate, and high heterogeneity, 
respectively. If the I2 value was 50% or higher, the random 
effect was taken into account, whereas the possibility 
of using a fixed influence increased in cases where I2 was 
less than 50%. However, other parameters that indicate 
a high similarity between included studies should be 
checked to ensure the usefulness of this model. The risk 
of publication bias was assessed using Begg’s test in ad-
dition to visual evaluation of funnel plots. The p-values 
for the rank correlation and regression tests were gener-
ated using Jamovi v. 2.2.5 software (https://www.jamovi.
org/download.html). Subgroup analysis was conducted 
to obtain more specific results for articles with 1 or more 
outcomes and a high similarity between the  included 
articles. The statistical analysis was carried out using 
two-tailed p-values with Reviewer Manager v.  5.4.1 
(The Nordic Cochrane Centre, The Cochrane Collabo-
ration, Copenhagen, Denmark).

Results

Among the 1107 unique reports, the current meta-anal-
ysis included 24 studies published between 1988 and 2021 
(Table 2).7–30 The studies chosen for this meta-analysis 
included 19,980 participants in total, of which 10,354 re-
ceived KMC and 9626 were controls. The number of sub-
jects included in each study ranged from 28 to 8282.

All studies evaluated the effect of KMC in preterm and 
LBW neonates on mortality and length of hospital stay. 
A total of 14 research studies compared data stratified 
by mortality rate (Fig. 2,3), and also in 14 studies, the data 
were stratified by length of hospital stay (Fig. 4). As shown 
in Fig. 2–4, when compared to the control group, the use 
of KMC in preterm LBW neonates resulted in significantly 
lower mortality (OR: 0.65, 95% CI: 0.44–0.97), p < 0.05) 
in the short term (within 2 months, I2 = 71%) and long 
term (3–12 months, I2 = 0%, OR: 0.72, 95% CI: 0.59–0.87, 
p < 0.001), but had no significant impact on the length 
of hospital stay (OR: −1.43, 95% CI: −2.88–0.02, p = 0.05, 
I2 = 86%).

Fig. 3. A forest plot illustrating the mortality rate after the application of kangaroo mother care (KMC) compared to controls in preterm neonates during 
the 1st year of life

Fig. 4. A forest plot illustrating the length of hospital stay after the application of kangaroo mother care (KMC) compared to controls in preterm neonates

https://www.jamovi.org/download.html
https://www.jamovi.org/download.html
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Included studies did not report findings related to eth-
nicity and gender, hence these factors were not included 
in the current meta-analysis. Figure 5 depicts the possibil-
ity of bias in the included studies. We concluded that no 
study adequately covered all 7 domains. There was a wide 
range in quality between methods employed in the in-
cluded studies. Insufficient methodological tools were 
found In a study carried out by Lamy Filho et al.23 Bias was 

a problem in 2 studies because of the selective reporting 
of outcomes.16,29 We were unable to indentify clear find-
ings in the vast majority of categories listed in the Meth-
ods section in the study by Ali et al., such as the severity 
of disease, sepsis, diarrhea (which can lead to pneumonia), 
aspiration (which can cause pneumonia), increase in body 
weight, and the feelings of the mother.16 Primary outcomes 
such as neonatal mortality, weight, length, and head cir-
cumference at discharge and follow-up were also provided 
in that study; however, they were not sufficiently recorded. 
Some secondary outcomes specified in the Methods sec-
tion of the remaining 3 trials were either not published10 
or were mentioned but not adequately described.7,28 Block 
randomization was utilized in 1 study.16 Using block ran-
domization in an unblinded trial makes it possible to fore-
cast future assignments if the assignments are provided 
to participants after they have been recruited. This is es-
pecially true when blocks are of a set size.

Publication bias assessment

Publication bias was assessed for mortality and length 
of hospital stay. Regarding the length of hospital stay (Begg’s 
p = 0.09), publication bias was evident as the p-value was 
low compared to the other groups. Funnel plots showed 
evidence of bias for both length of hospital stay and mor-
tality at 2 months (Fig. 6B,C). On the other hand, no evi-
dence of publication bias was noted for mortality during 
the first 2 months using the Begg’s test (p = 0.72). Similarly, 
no evidence of publication bias was found for mortality 
at 12 months (Begg’s p = 0.77) as seen on visual inspection 
of the funnel plot (Fig. 6B)

Discussion

Our meta-analysis involved 24 studies with 19,980 par-
ticipants consisting of 10,354 patients receiving KMC 
and 9626 as controls.7–30 When compared to the control 
group, the application of KMC resulted in considerably 
lower mortality (p < 0.05 and p < 0.001 at 2 months and 
after 12 months, respectively). However, because some 
of the included studies had small sample sizes (7 studies 
had a sample size of less than 100 subjects), careful analy-
sis of the results is required, and the need for future trials 
to confirm these findings and assess the impact of KMC 
is obvious.

The primary goal of the current study was to evaluate 
the impact of KMC in preterm and LBW neonates on mor-
tality during the first 2 months and long-term mortality 
(3–12 months) as well as the length of hospital stay.

In 8  studies reporting on mortality during the  first 
2 months of the neonate’s life, a significant (p < 0.05) de-
crease in mortality in the KMC group (OR: 0.65, 95 % CI: 
0.44–0.97, I2 = 71%) was recorded. In 7 studies reporting 
on mortality between 3 and 12 months of life, a greater 

Fig. 5. Risk of bias summary
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reduction in mortality (p < 0.001) was seen in the KMC 
group compared to controls (OR: 0.72, 95% CI: 0.59–0.87, 
I2 = 0%, Fig. 2,3). Regarding the length of hospital stay, 
there was no significant difference (p = 0.05) between 
both groups of neonates (OR: −1.43, 95% CI: −2.88–0.02, 
I2 = 86%; Fig. 4). Although the current meta-analysis found 
no significant impact of KMC on the length of hospital 
stay, additional studies are needed to more accurately 
evaluate this factor. No significant variations in death 
rates were found in regard to  the region of  the world, 
country and level of economic development. The reduc-
tion in newborn mortality rate was found to be a result 
of KMC use.

A modest reduction in neonatal morbidity, improved 
quality of mother-to-child bonding, and shorter hospital 
stay with lower expenses are all reasons for the use of KMC 
in LBW children. If a newborn care facility is unavailable, 
some researchers believe that KMC is the best alternative, 
and in overpopulated nurseries, the use of KMC could free 
up incubators for sicker infants.31

Six studies tested the  impact of KMC on the  length 
of hospital stay (n = 512) in LBW (<1501 g) neonates 

and found no significant difference (p > 0.05) between 
the KMC and the control group. This non-significant im-
pact could be due to the high heterogeneity of the stud-
ies (I2 = 86%). The KMC group had a  longer hospital 
stay according to Acharya et al.19 However, this could 
have been a result of the discharge criteria used in that 
study (weight >1600 g), as well as  the  fact that babies 
in the control group weighed more than those in the in-
tervention group. Studies with longer follow-up periods 
reported more significant findings reflecting the positive 
impact of using KMC. The KMC employed for more than 
6 h had no significant impact on the clinical status of in-
cluded subjects. In addition, KMC was linked to a sta-
tistically non-significant decrease in  the  probability 
of apnea compared to standard treatment. The number 
of subjects per study had a great impact on the conclu-
sion of 2  studies included in our review,25,26 and had 
more than a 50% impact on KMC use on mortality dur-
ing the 1st month after birth. Heterogeneity (I2 = 0) was 
absent when evaluating the impact of KMC compared 
to  the control group on mortality during the 1st year 
after birth.

Table 2. Characteristics of the studies selected for the meta-analysis

Study and reference Year Country Total KMC Control Weight

Whitelaw et al. [7] 1988 UK 71 35 36 <1500

Tessier et al. [8] 1998 Colombia 488 246 242 all infants

McMaster et al. [9] 2000 Papua New Guinea 109 41 68 <1500

Ramanathan et al. [10] 2001 India 28 14 14 <1500

Chwo et al. [11] 2002 Taiwan 34 17 17 all infants

Kadam et al. [12] 2005 India 89 44 45 <1800

Boo et al. [13] 2007 Malaysia 118 56 62 <1501

Gathwala et al. [14] 2008 India 100 50 50 ≤1800

Suman et al. [15] 2008 India 206 103 103 <2000

Ali et al. [16] 2009 India 114 58 56 ≤1800

Ghavane et al. [17] 2012 India 136 68 68 <1500

Mwendwa et al. [18] 2012 Kenya 157 81 76 ≤1750

Acharya et al. [19] 2014 Nepal 126 63 63 <2000

Lumbanraja et al. [20] 2016 Indonesia 40 20 20 <2500

Rahman et al. [21] 2017 Bangladesh 80 40 40 <1800

Rojas et al. [22] 2003 USA 60 33 27 ≤1500

Lamy Filho et al. [23] 2008 Brazil 987 619 368 <1750

Sloan et al. [24] 2008 Ecuador 4166 2045 2121 all infants

Mazumder et al. [25] 2019 India 8282 4423 3859 1500–2250

WHO Immediate
KMC Study Group [26]

2021
Ghana, India,

Malawi, Nigeria, Tanzania
3211 1609 1602 <1800

Cattaneo et al. [27] 1998 Ethiopia, Indonesia, Mexico 285 149 136 <2000

Charpak et al. [30] 2001 Colombia 695 350 345 <2000

Worku et al. [29] 2005 Ethiopia 123 62 61 <2000

Sloan et al. [28] 1994 Bangladesh 275 128 147 <2000

Total 19,980 10,354 9626 –

KMC – kangaroo mother care.
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Fig. 6. Funnel plot showing 
the publication bias of the included 
studies for mortality during the first 
2 months (A), 1st year (B) as well as for 
the length of hospital stay (C)
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Finally, the KMC technique has been shown to have a ben-
eficial impact on preterm/LBW neonates regarding clinical 
outcomes such as mortality rates, which were significantly 
lower than when conventional care technique was em-
ployed. However, no positive impact of KMC was observed 
on the length of hospitalization in preterm/LBW neonates.

Limitations

One of the drawbacks of the present study was that there 
were many biases as numerous papers were eliminated 
from the current meta-analysis because they did not match 
the inclusion criteria. Furthermore, there was some skep-
ticism about how to include ethnicity, economical level 
and gender of the neonates into this study. Because only 
data from prior studies were used, the analysis may have 
been skewed because of missing information. The meta-
analysis included 24 studies, 7 of which were small (under 
100 participants). The incomplete presentation of find-
ing in the included articles could be the source of bias 
in studies include in the present meta-analysis. In addition, 
the participants’ weight varied among different studies.

Conclusions

This meta-analysis showed that the KMC technique has 
been proven to have a beneficial impact on preterm/LBW 
neonates regarding clinical outcomes such as mortality 
rates, which were significantly lower than in neonates re-
ceiving conventional care. However, no positive impact 
of KMC was noted on the length of hospitalization. Ad-
ditionally, our meta-analysis was unable to demonstrate 
a  connection between the  results of  analyzed studies 
and population characteristics such as economic level 
of the country of residence, ethnicity and gender. Because 
of the small sample size in some of the studies, additional 
investigations are needed to validate these findings and 
increase confidence in the effects of KMC.
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Abstract
Background. Compared with coronary artery bypass grafting (CABG) under cardiopulmonary bypass, 
off-pump coronary artery bypass (OPCAB) is minimally invasive and reduces the risk of intraoperative blood 
transfusion and acute kidney injury. Nonetheless, OPCAB-related complications still pose a threat. Machine 
learning technology can analyze a large number of clinical data, establish risk prediction models and help 
clinicians make early and correct clinical decisions.

Objectives. Risk prediction models are available for mortality and morbidity after cardiac surgery, but they 
are not specific to OPCAB. This study aimed to develop a predictive model of severe complications after 
OPCAB, based on machine learning.

Materials and methods. Anesthesia records of OPCAB from the General Hospital of the Northern The-
ater Command (Shenyang, China) collected between January 1, 2019, and June 15, 2020, were analyzed. 
The endpoint of the study was the occurrence of serious complications after OPCAB (postoperative unplanned 
intra-aortic balloon pump, secondary surgery and death). The features entered into the models were as follows: 
intraoperative ventricular fibrillation, number of saphenous vein grafts, nerve block (NeB), venous oxygen 
saturation (SvO2), skin incision-bypass time, and hypertension. A total of 8 machine learning algorithms 
were tested: logistic regression analysis (LRA), k-nearest neighbor (KNN), naïve Bayes (NB), support vector 
machine (SVM), random forest (RF), extreme gradient boosting (XGBoost), light gradient boosting machine 
(LightGBM), and categorical features gradient boosting (CatBoost).

Results. Among the 506 patients found in the records, 27 met the endpoint. The highest area under 
the curve (AUC) value was achieved with the XGBoost model (AUC = 0.94), and the lowest with the SVM 
model (AUC = 0.75). The highest and lowest accuracy were observed with the XGBoost and NB models, 
respectively, while the highest and lowest precision were achieved using the SVM and NB models, respectively. 
Based on the receiver operating characteristic (ROC) curves, the XGBoost model was selected as the most 
useful in this study.

Conclusions. This study suggests using the XGBoost model to predict the risk of complications after OPCAB.

Key words: complications, machine learning, off-pump coronary artery bypass grafting, prediction model
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Background

Revascularization is  paramount to  the  management 
of acute coronary syndrome (ACS). It aims to  improve 
blood flow to the myocardium1 and is performed using 
percutaneous coronary intervention or coronary artery 
bypass graft (CABG).1–3 The latter can be performed ei-
ther off-pump (i.e., without the assistance of a heart-lung 
machine) or on-pump. On-pump CABG is associated with 
more severe surgical trauma, while off-pump coronary 
artery bypass (OPCAB) can reduce perioperative bleeding 
and allogeneic blood transfusions, as well as reduce the risk 
of acute kidney injury (AKI) in patients with kidney dys-
function.4 The OPCAB does not appear to increase 30-day 
mortality compared with on-pump CABG, but an extensive 
systematic review of observational studies suggested that 
OPCAB might reduce short-term mortality.5,6 Therefore, 
OPCAB is probably a good option for selected patients.7,8

There are still some risks related to the use of OPCAB,4,9,10 
including perioperative complications such as mortal-
ity, stroke, kidney failure, respiratory failure, and blood 
loss.11–13 Furthermore, OPCAB appears to be associated 
with higher 10-year rates of  incomplete revasculariza-
tion, repeat revascularization and mortality, compared 
with on-pump CABG.10 Additionally, OPCAB is associ-
ated with increased adverse events at 1 year and mortality 
at 5 years.14,15 Although OPCAB has a similar risk of myo-
cardial infarction compared to on-pump CABG, the data 
are inconsistent for the risk of stroke.5,6,16 A decreased left 
ventricular ejection fraction (LVEF) is observed in about 
22% of the patients after OPCAB and can compromise 
their short- and long-term outcomes.17–19

Some tools are available for estimating the risk of mor-
tality and morbidity after CABG. The Society of Thoracic 
Surgeons (STS) score can be used to determine the risk 
of  mortality and morbidity after cardiac surgery, but 
it is not specific to OPCAB.20 The European System for 
Cardiac Operative Risk Evaluation (EuroSCORE) can over-
estimate the risk of complications in the highest-risk and 
lowest-risk patients undergoing CABG,21 as well as in pa-
tients undergoing OPCAB.22 Other risk models are avail-
able but they are not specific to OPCAB.23–25

Machine learning algorithms can be used to analyze data 
and establish risk models more accurately than traditional 
statistical models.26,27 Indeed, machine learning has been 
used to create models that predict mortality after cardiac 
surgery,28–31 as well as estimate the length of hospital stay 
after CABG.32 Regardless, these models are still not specific 
to OPCAB.

Objectives

Using machine learning, this study aimed to  build 
a predictive model for the detection of early postopera-
tive serious complications after OPCAB. The results could 

provide reference data for optimizing the clinical pathway 
for OPCAB, and anesthesia strategy to maintain vital signs, 
regulate the circulation, balance myocardial oxygen supply 
and demand, and reduce complications.

Materials and methods

Study design

All data were taken from the Do-care anesthesia record 
system (v.  5.0, MEDICAL SYSTEM Co., Ltd., Suzhou, 
China). All records of OPCABs performed from January 1, 
2019, to June 15, 2020, at the 2nd Ward of the Department 
of Anesthesiology of the General Hospital of the North-
ern Theater Command (Shenyang, China) were included. 
At that hospital, OPCAB has been carried out for 20 years. 
In this study, 3 teams comprised of 15 surgeons were in-
volved, who all had the qualification of chief surgeon, with 
an annual operation volume of 300–450 cases per surgeon.

This study was approved by  the  Ethics Committee 
of the hospital (Approval No. k(2020)01). The requirement 
for individual informed consent was waived by the Com-
mittee due to the retrospective nature of this study.

Inclusion and exclusion criteria

All patients who underwent CABG were screened. 
The exclusion criteria were: 1) CABG under cardiopul-
monary bypass; 2) CABG combined with other surgical 
procedures; 3) cancellation of the operation; or 4) intraop-
erative change of the initial surgical plan (e.g., intraopera-
tive decision for valve replacement).

Data collection and definitions

Demographic data (sex, age and body mass index (BMI)), 
data on comorbidities and intraoperative parameters (heart 
rate (HR), mean arterial pressure (MAP), respiratory rate, 
and mixed venous oxygen saturation (SvO2)) were collected 
retrospectively. The SvO2 of the patients was continuously 
measured and recorded using a Swan–Ganz catheter (Ed-
ward Company, Irvine, USA) placed through the internal 
jugular vein.

The endpoint was the occurrence of serious complica-
tions after OPCAB, defined as postoperative unplanned 
intra-aortic balloon pump (IABP) assistance, secondary 
surgery (e.g., thoracotomy and repeat revascularization), 
intraoperative emergency conversion to on-pump CABG, 
and death. Revascularization was defined as revasculariza-
tion for acute graft failure during the same hospital stay 
and emergency revascularization for bleeding (i.e., hem-
orrhagic shock caused by bleeding from the anastomotic 
site of the transplanted blood vessel during postoperative 
hospitalization, with repeat revascularization after 2 emer-
gency operations). A patient in whom any of the above 
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events occurred after OPCAB and before discharge from 
the hospital was considered to have met the endpoint.

Feature selection and model evaluation

The core principle of model feature screening was based 
on the feature importance of the machine learning model, 
combined with Pearson’s correlation analysis and statisti-
cal analysis of the difference. The specific implementation 
was as follows:

1. Four algorithms with characteristically important pa-
rameters were selected: logical regression analysis (LRA), 
support vector machine (SVM), random forest (RF), and 
extreme gradient boosting (XGBoost).

2. The feature importance of the standard features was 
calculated and ranked based on the above 4 models.

3. The  top 10  features of  each model were selected 
as the feature groups (a total of 4 feature groups).

4. Pearson’s correlation analysis was carried out on 
the standard features, and the features with the top 10 cor-
relation coefficients were selected as the feature group.

5. The χ2 test was performed on the standard features, 
and the features with statistically significant differences 
(p < 0.05) were selected as the feature group.

6. All 6 feature groups were compared, and the features 
that appeared 4 times or more were selected as the main 
features.

7. Finally, Pearson’s correlation coefficient was used 
to distinguish the variables that might affect the endpoint.

After removing meaningless features (Supplementary 
Table  1), interpolating missing values (Supplementary 
Table 2), discretizing the numerical variables, and select-
ing the features, the remaining 6 features were entered into 
the model. The features were intraoperative ventricular 
fibrillation (VF), number of saphenous vein grafts (SVG), 
nerve block (NeB), mixed venous oxygen saturation, skin 
incision-bypass time (T1), and hypertension (HBP). Results 
of the tests used for feature selection are shown in Supple-
mentary File 1 and Supplementary Figure 3. Results of veri-
fying the assumptions for the application of the preferred 
tests are shown in Supplementary Tables 3–10.

“Simpleimputer” in the “sklearn” module was used for 
the interpolation of the missing data. Mean interpolation 
was used for numerical variables and mode interpola-
tion for binary and hierarchical variables. Meaningless 
features were first deleted, and the remaining features 
were interpolated one by one according to the character-
istics and distribution of each feature, rather than based 
on the 54 features.

All numerical features were discretized by segmenta-
tion of continuous numerical data into discrete intervals. 
The segmentation principle was based on equal frequency, 
equal distance or optimization methods. Data discretiza-
tion is also required by many algorithms, since discretiza-
tion can speed up model training and enhance the robust-
ness of the model by converting the continuous variables 

into category variables through discretization. In order 
to unify the characteristic segmentation of different di-
mensions, this study used the mean ±standard deviation 
(M ±SD) as the segmentation principle. Specifically, all 
values of the characteristic column were divided into 4 seg-
ments according to the nodes of M-1×SD or M or M+1×SD, 
and each segment was marked as 0, 1, 2, or 3. All features 
were defined as standard features after meaningless feature 
removal and numerical feature discretization.

Eight machine learning algorithms were tested in this 
study: LRA, k-nearest neighbor (KNN), naïve Bayes (NB), 
SVM, RF, XGBoost, light gradient boosting machine (Light-
GBM), and categorical features gradient boosting (Catboost).

Statistical analyses

Statistical analysis was performed using the SciPy v. 1.4.1 
scientific computing module within the Python 3.8 envi-
ronment (https://pypi.org/project/scipy/1.4.1/). Data were 
assessed for normality using the Shapiro–Wilk test. Con-
tinuous data conforming to a normal distribution were 
presented as M ±SD and analyzed using the independent 
samples t test. Those not conforming to a normal distribu-
tion were presented as median (range) and analyzed using 
the Mann–Whitney U test. Categorical data were presented 
as n (%) and analyzed using the χ2 test. Correlation analyses 
were performed using the Pearson’s analysis. Training and 
validation sets were divided using k-fold cross-validation. 
The k-fold module in sklearn (https://scikit-learn.org/stable/
modules/generated/sklearn.model_selection.KFold.html) 
was used to randomly divide the database into 5 equal and 
non-overlapping groups, and the proportion of negative and 
positive samples in each group was the same. Each time, 
4 groups were used as the training set, and 1 group was 
used as the validation set for model training verification. 
Precision, recall, F1-score (combining precision and recall 
into one metric by calculating the harmonic mean between 
those two33), and the area under the curve (AUC) were cal-
culated. The above process was performed 5 times to ensure 
that each group was used as the validation set. Each time, 
the model was retrained and validated to avoid overfit-
ting, and the average score of the 5 cross-validations was 
used as the final performance score of the model. The value 
of p < 0.05 was considered statistically significant.

Results

Patient selection

Figure 1 presents the patient selection process. Among 
the 11,495 patients included in the database, 1238 underwent 
CABG, and 506 from them were selected based on the eligi-
bility criteria. They were then divided into the training set 
(n = 405) and the validation set (n = 101). Table 1 presents 
the characteristics of the patients. Among the 506 patients 

https://scikit-learn.org/stable/modules/generated/sklearn.model_selection.KFold.html
https://scikit-learn.org/stable/modules/generated/sklearn.model_selection.KFold.html
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chosen, 27 met the endpoint (positive group), including 
postoperative emergency IABP assistance (n = 10), second-
ary surgery (n = 2), death without other outcomes (n = 3), 
postoperative emergency IABP assistance with secondary 
surgery (n = 2), death after postoperative emergency IABP 
(n = 6), death after secondary surgery (n = 2), and death 
after postoperative emergency IABP assistance and sec-
ondary surgery (n = 2). The in-hospital mortality rate was 
2.6% (13/506). Compared with the controls, the patients 
who met the endpoint had a lower LVEF (52 ±7% compared 
to 55 ±6%, p = 0.027), lower fractional shortening (26 ±5% 
compared to 28 ±4%, p = 0.013), worse New York Heart 
Association (NYHA) classification score (p = 0.041), lower 
frequency of preoperative diabetes mellitus (DM; 22% com-
pared to 46%, p = 0.016), lower intraoperative urine output 

(639 ±2512 mL compared to 771 ±426 mL, p = 0.018), shorter 
T1 (62.0 ±17.8 min compared to 69.3 ±18.7 min, p = 0.047), 
higher SvO2 values (74% compared to 53%, p = 0.036), and 
a smaller numbers of grafts (p < 0.001). Unilateral (left) 
internal mammary artery to the anterior descending artery 
anastomosis was performed in all patients. Radial arteries 
or other arteries were not used as graft vessels.

Feature selection

Figure 2 presents the feature selection process. From 
the initial 60 features, 6 were removed due to meaning-
lessness. After missing data imputation and discretization 
of the continuous variables, 54 clean features were tested, 
and 6 were retained (intraoperative VF, number of SVG, 
NeB, SvO2, T1, and HBP). The results of the correlation 
analysis of the 6 features are presented in Fig. 3.

Fig. 1. Screening process of the patients. The patients were selected from 
the off-pump coronary artery bypass (OPCAB) graft database of the General 
Hospital of the Northern Theater Command (Shenyang, China)

CABG – coronary artery bypass grafting.

Fig. 2. Feature selection process

OPCAB database

11,495 patients from
Do-care database

triage target
as ‘CABG’

1238 patients
excluded:

– planned on-pump
– non-isolated OPCAB
– critical data missed
– surgery cancelled
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modeling:
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for models

Fig. 3. Correlation analysis among the characteristic variables. 
Pearson’s correlation coefficient was used to distinguish 
the variables that might affect the endpoint. Finally, these 
6 variables were selected to be included in the final model 
after reordering

VF – ventricular fibrillation; NeB – nerve block; SvO2 – mixed 
venous oxygen saturation; T1 – skin incision-bypass time; HBP 
– high blood pressure; SVG − saphenous vein grafts.
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Algorithms

Prediction values for the 8 machine learning models are 
presented in Table 2. The highest AUC was achieved with 

the XGBoost model (AUC = 0.94) and the lowest AUC with 
the SVM model (AUC = 0.75). The highest and lowest ac-
curacy were observed with the XGBoost and NB models, 
respectively, while the highest and lowest precision were 

Table 1. Characteristics of the patients with and without serious complications after off-pump coronary artery bypass (OPCAB)

Characteristic
Patients with 

complications 
(n = 27)

Patients without 
complications 

(n = 479)
Test Test result p-value

Age [years], M ±SD 63.3 ±8.6 64.1 ±7.3 Student’s t 0.534 0.594

Males, n (%) 22 (81) 362 (76) χ2 0.440 0.507

BMI [kg/m2], M ±SD 23.9 ±2.6 24.7 ±3.0 Student’s t 1.295 0.196

LVD [mm], M ±SD 49.6 ±11.6 46.0 ±4.4 Student’s t −1.553 0.132

LVEF (%), M ±SD 52 ±7 55 ±6 Student’s t 2.337 0.027

FS (%), M ±SD 26 ±5 28 ±4 Student’s t 2.658 0.013

Emergency surgery, n (%) 0 (0) 22 (5) Fisher’s 0.427 0.513

NYHA

Wilcoxon rank sum 5961.0 0.041

I 0 (0) 5 (1)

II 24 (89) 454 (95)

III 3 (11) 18 (4)

IV 0 (0) 2 (0)

Preoperative comorbidities/risk factors, n (%)

HBP 14 (52) 330 (69) χ2 3.410 0.065

DM 6 (22) 220 (46) χ2 5.812 0.016

CVD 4 (15) 98 (20) χ2 0.216 0.642

AF 0 (0) 7 (1) Fisher’s 0.046 0.830

AMI 5 (19) 81 (17) χ2 0.047 0.829

PCI 6 (22) 80 (17) χ2 0.552 0.457

LM 9 (33) 114 (24) χ2 1.263 0.261

RCA 24 (89) 435 (91) χ2 0.000 0.996

Intraoperative parameters

HR 62 ±14 61 ±13 Student’s t −0.473 0.636

MAP [mm Hg], M ±SD 76 ±12 75 ±12 Student’s t −0.571 0.568

mPAP [mm Hg] 20 ±5 19 ±5 Student’s t −1.460 0.160

TP [°C], M ±SD 36.2 ±0.4 36.2 ±0.6 Student’s t −0.079 0.937

CI [L/min × m2], M ±SD 1.90 ±0.40 1.95 ±0.51 Student’s t 1.495 0.606

ACCT [min], M ±SD 13.9 ±5.8 15.9 ±6.3 Student’s t 1.649 0.100

Intraoperative transfusion [mL], M ±SD 1791 ±798 1652 ±671 Student’s t −1.037 0.300

Urine [mL], M ±SD 639 ±2512 771 ±426 Student’s t 2.473 0.018

T1 [min] 62.0 ±17.8 69.3 ±18.7 Student’s t 1.749 0.047

SvO2 < 75%, n (%) 20 (74) 256 (53) χ2 −0.079 0.036

SVG, n (%)

Wilcoxon rank sum 4301.0 <0.001

1 1 (4) 1 (0)

2 11 (41) 76 (16)

3 13 (48) 309 (64)

4 2 (7) 90 (19)

5 0 (0) 3 (1)

BMI − body mass index; LVD − left ventricular diameter; LVEF − left ventricular ejection fraction; FS − fractional shortening; NYHA − New York Heart 
Association; HBP − high blood pressure; DM − diabetes mellitus; CVD − cardiovascular disease; AF − atrial fibrillation; AMI − acute myocardial infarction; 
PCI − percutaneous coronary intervention; LM − left main artery; RCA – right coronary artery; HR − heart rate; MAP − mean arterial pressure; mPAP − mean 
pulmonary arterial pressure; TP − temperature; CI − cardiac index; ACCT − aortic cross-clamp time; SvO2 − mixed venous oxygen saturation; T1 − skin 
incision-bypass time; SVG − saphenous vein grafts; M ±SD − mean ± standard deviation.
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achieved using the SVM and NB models, respectively. Based 
on receiver operating characteristics (ROC) curve analysis, 
the XGBoost model was selected as the final model for 
the study (Fig. 4). Figure 5 shows the importance of the dif-
ferent variables when analyzed by the different models. 
Table 3 displays all of the variables evaluated in this study.

Discussion

Results suggest that it is possible to use machine learn-
ing algorithms to predict the risk of complications after 
OPCAB. The highest predictive value was achieved using 

the XGBoost model, based on VF, SVG, NeB, SvO2, T1, 
and HBP, as  revealed by  the AUC, which can be used 
as the main metric to determine the optimal classifier.34

Previous studies used machine learning to  predict 
the mortality and morbidity of cardiac surgery. In a study 
by Kartal, mortality risk was predicted using the EuroS-
CORE and the  C4.5 algorithm: both the  EuroSCORE 
and the C4.5 algorithm included age, serum creatinine, 
LVEF, and mean pulmonary hypertension (mPAP).28 They 
used their algorithm to develop a web application for risk 
prediction after cardiac surgery. Castela Forte et al. used 
machine learning to evaluate 88 perioperative variables 
in order to predict 5-year mortality after cardiac surgery; 

Table 2. Cross-validation comparison between models

Model Accuracy (95% CI) Precision (95% CI) Recall (95% CI) F1 (95% CI) AUC (95% CI)

LRA 0.81 (0.76–0.85) 0.89 (0.86–0.93) 0.70 (0.64–0.65) 0.76 (0.71–0.81) 0.80 (0.72–0.89)

KNN 0.81 (0.76–0.85) 0.86 (0.81–0.90) 0.74 (0.69–0.80) 0.79 (0.75–0.84) 0.80 (0.71–0.89)

NB 0.64 (0.58–0.70) 0.68 (0.62–0.74) 0.63 (0.57–0.68) 0.59 (0.53–0.65) 0.81 (0.72–0.89)

SVM 0.83 (0.79–0.88) 0.94 (0.91–0.97) 0.71 (0.65–0.76) 0.80 (0.75–0.85) 0.75 (0.65–0.85)

RF 0.84 (0.79–0.88) 0.92 (0.89–0.95) 0.75 (0.69–0.80) 0.82 (0.78–0.87) 0.92 (0.86–0.98)

XGBoost 0.84 (0.80–0.89) 0.92 (0.89–0.95) 0.75 (0.70–0.80) 0.83 (0.78–0.87) 0.94 (0.89–0.99)

LightGBM 0.82 (0.78–0.87) 0.87 (0.83–0.91) 0.77 (0.72–0.82) 0.81 (0.76–0.86) 0.92 (0.86–0.98)

CatBoost 0.84 (0.80–0.88) 0.92 (0.89–0.96) 0.75 (0.70–0.80) 0.83 (0.78–0.87) 0.89 (0.82–0.86)

AUC – area under the curve; 95% CI – 95% confidence interval; LRA – logistic regression analysis; KNN – k-nearest neighbor; NB – naïve Bayes; SVM – support 
vector machine; RF – random forest; XGBoost – extreme gradient boosting; LightGBM – light gradient boosting machine; CatBoost – categorical features 
gradient boosting. The F1-score combines precision and recall into one metric by calculating the harmonic mean between those two.35

Fig. 4. Receiver operating characteristic (ROC) curve of 2 types of machine learning models before and after data processing algorithm. 
A. LRA_KNN_NB_SVM before data processing; B. RF_XGBoost_LightGBM_CatBoost before data processing; C. LRA_KNN_NB_SVM after data processing; 
D. RF_XGBoost_LightGBM_CatBoost after data processing. The XGBoost was confirmed as the final model for this study

TPR – true positive rates; FPR – false positive rates; LRA – logistic regression analysis; KNN – k-nearest neighbor; NB – naïve Bayes; SVM – support vector machine; 
RF – random forest; XGBoost – extreme gradient boosting; LightGBM – light gradient boosting machine; CatBoost – categorical features gradient boosting.
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they observed that postoperative urea concentration, age 
and creatinine concentration, achieved the best predictive 
values across different cardiac surgery types.29 Kim et al. 
examined deep neural network, GBM and a generalized 
linear model to predict major adverse cardiovascular events 
1, 6 and 12 months after cardiac surgery, and achieved ac-
curacies >95%.30 Zhong et al. used deep learning to pre-
dict the risk of septic shock, thrombocytopenia and liver 
dysfunction after open-heart surgery.31 They examined 
the performance of XGBoost, RF, KNN and logistic regres-
sion, and showed that the XGBoost model achieved the best 
predictive value for complications. Alshakhs et al. used 
machine learning to determine the length of hospital stay 
after CABG, which might be considered a surrogate for  
the occurrence of postoperative complications.32 They also 
showed that an RF model including age, height, EuroSCORE 
II, and the use of IABP achieved the best predictive value.

In the present study, the Pearson’s correlation analysis 
was used to consider the importance of extracting features 
from different directions (machine learning direction and 
statistical direction) to make the screened features more 
convincing. The data indicated that VF, SVG, NeB, SvO2, 
T1, and HBP in  the XGBoost model achieved the best 
predictive value. The XGBoost is an advanced complex 
implementation of  gradient boosting algorithms.35,36 
It can handle both regularization and over/underfitting 
issues.35,36 The parameters selected by the user (i.e., the hy-
perparameters) usually have a strong effect on the perfor-
mance of a machine learning algorithm.37,38 Still, XGBoost 
can adapt to  the  selected hyperparameters to  achieve 
the best fitting,35,36,39 which explains its good performance 
in the present study.

Comparisons among studies are difficult. Indeed, vari-
ous studies have examined different machine learning 

Table 3. Features taken into account in this study

No. Name Abbreviation No. Name Abbreviation

1. gender / 29.* baseline mean arterial pressure MAP0

2.* age / 30. skin incision-bypass mean arterial pressure variables MAP1

3.* body mass index BMI 31. bypass-end mean arterial pressure variables MAP2

4. high blood pressure HBP 32.* baseline mean pulmonary arterial pressure mPAP0

5. diabetes mellitus DM 33.
skin incision-bypass mean pulmonary arterial pressure 

variables
mPAP1

6. cerebrovascular disease CVD 34. bypass-end mean pulmonary arterial pressure variables mPAP2

7. chronic renal failure CRF 35.* temperature TP

8. bronchial asthma BA 36. mixed venous oxygen saturation SvO2

9. hyperlipidemia HL 37.* cardiac index CI

10. chronic obstructive pulmonary disease COPD 38. mean pulmonary capillary wedge pressure mPCWP

11. atrial fibrillation AF 39. American Society of Anesthesiologists score ASA

12. acute myocardial infarction AMI 40. morphine /

13. percutaneous coronary intervention PCI 41. etomidate Etomi

14.
New York Heart Association 

classification score
NYHA 42. nerve block NeB

15. left main LM 43. skin-bypass single push vasoactive agents VD1

16. root cause analysis RCA 44. bypass-end single push vasoactive agents VD2

17.* left ventricle diameter LVD 45. internal mammary artery IMA

18.* left ventricular ejection fraction LVEF 46. radial artery RA

19.* fraction shortening FS 47. saphenous vein SV

20. thickened ventricular septum TVS 48.* aortic cross-clamp time ACCT

21. valvular heart disease VHD 49.* fluid intake FI

22. complete left bundle branch block CLBBB 50.* urine /

23. emergency surgery / 51. number of saphenous vein grafts SVG

24.* skin incision-bypass time T1 52. potassium supplement (intraoperative) PS

25.* operation time T2 53. calcium supplement (intraoperative) CS

26.* baseline heart rate HR0 54. on-pump coronary artery bypass ONCAB

27.
skin incision-bypass heart rate 

variability
HR1 55. ventricular fibrillation VF

28. bypass-end heart rate variability HR2 56. preventive intra-aortic balloon pump IABP_pre

* continuous variable.
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models based on  a  wide variety of  different variables. 
In addition, the endpoints and the definitions of com-
plications vary, and the study populations have included 
various types of surgery. In the present study, only patients 
who underwent OPCAB were included, and the endpoint 
was the occurrence of IABP assistance, secondary sur-
gery and death. Nonetheless, various studies have shown 
that the XGBoost model achieved good predictive value. 
Indeed, similar to above, Zhong et al. used the XGBoost 
model for predicting complications after open-heart sur-
gery.31 Kilic et  al. used the XGBoost model to predict 
the occurrence of operative mortality (AUC = 0.771), renal 
failure (AUC = 0.776), prolonged ventilation (AUC = 0.739), 
reoperation (AUC = 0.637), stroke (AUC = 0.684), and deep 
wound infection (AUC = 0.599) after aortic valve replace-
ment.40 Additionally, Lee et al. showed that the XGBoost 
model had the highest predictive power for AKI after car-
diac surgery.41

Apart from comparison with other deep learning mod-
els, the model established here should be compared with 
well-known and recognized models. Indeed, the EuroS-
CORE II and the original EuroSCORE have been used 
for decades to predict mortality risk after cardiac surgery 
and help improve patient outcomes.42,43 The STS score 
can also be used to determine the risk of CABG.20 How-
ever, both scores are not specific to OPCAB. Furthermore, 

the data used in the present study were taken directly from 
the anesthesia monitor system, and some components were 
not included in the EuroSCORE II and STS scores. Future 
studies should be set up to allow such direct comparisons 
using the same set of patients.

Patients who met the study endpoint had a low frequency 
of DM and high SvO2. Diabetes mellitus is  associated 
with poor outcomes after CABG or cardiac surgery.44–47 
On the other hand, poor outcomes after CABG have been 
associated with either high SvO2

48 or low SvO2.49 Consid-
ering the small number of patients who met the endpoint 
in the present study, no conclusion can be drawn on these 
points.

Limitations

This study has a number of limitations. The data were 
unbalanced, with the  proportion of  patients who met 
the complication endpoint being small. Although the cat-
egory imbalance was corrected at the data and algorithm 
levels, it inevitably affected the fitting degree of the model. 
Follow-up studies are required to optimize the algorithm 
based on category imbalance characteristics, in order to re-
duce the impact of category imbalance on the model per-
formance. Although the predictive factors selected in this 
study related to the endpoint as much as possible, some 

Fig. 5. The feature importance of different algorithms. A. Support vector machine (SVM); B. Logistic regression analysis (LRA); C. Random forest (RF); 
D. Extreme gradient boosting (XGBoost)
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predictive factors that had not been discovered or con-
firmed might have been omitted. In the future, more pre-
dictive factors could be added through an in-depth study 
of OPCAB-related risk factors to improve the performance 
of the model.

The  sample size of  this study was small, and it was 
a single-center retrospective study. The data were from 
a single center or a single physician team, which limited 
generalizability and probably introduced some bias caused 
by varying experience of the surgeons and anesthesiolo-
gists. Future studies should be extended to multiple cen-
ters. As a retrospective study, this investigation collected 
the data of all patients who met the criteria in our center 
during the study period. Relevant data from this period are 
relatively complete, and data quality cannot be guaranteed 
in earlier cases. After June 2020, the number of opera-
tions decreased due to the coronavirus pandemic, which 
might have led to bias. An independent validation dataset 
was also lacking. Therefore, the final model might have 
poor generalizability. Continuous iterations of the model, 
through large multicenter samples and prospective 
validation studies, should increase the generalizability 
of  the model. Since this study only predicted specific, 
not all complications of OPCAB surgery, its purpose was 
not to compare the performance of the final model with 
the EuroSCORE. Data were insufficient to allow sepa-
rate analyses of patients undergoing total artery bypass 
grafting.

Conclusions

This study verified the effectiveness of different ma-
chine learning models and provided suggestions for 
the  best mathematical model for predicting the  risk 
of complications after OPCAB. This knowledge could be 
used to continuously optimize the model and introduce 
it into the clinical medical electronic system, which would 
allow clinicians to use optimizing treatment strategies 
in real-time.

Data availability

The datasets used and/or analyzed during the current 
study are available from the corresponding author on rea-
sonable request.
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Abstract
Background. Serum beta-human chorionic gonadotropin (β-hCG) is an important biomarker for the detec-
tion of ectopic pregnancies (EPs). The β-hCG levels between days 1 and 4 after methotrexate (MTX) treatment 
as an indicator of the success of the MTX in EP have been the focus of research.

Objectives. To determine whether the change in the β-hCG levels at day 1 and 4 and pretreatment at 48-
hour increments can predict early treatment failure of single-dose MTX in EP.

Materials and methods. This was a retrospective study of 1120 EPs treated with a single dose of MTX. 
Treatment failure was defined as an obligation to proceed to surgery or the need for additional doses of MTX.

Results. A total 722 out of 1120 EPs had an increase in β-hCG on day 4 after MTX treatment. The logistic 
regression analysis indicated that 3 dependents were significantly associated with treatment failure: 1) a pre-
treatment 48-hour increase in β-hCG (odds ratio (OR): 1.249, 95% confidence interval (95% CI): 1.008–2.049, 
p < 0.001); 2) a change in β-hCG between day 1 and 4 (OR: 1.384, 95% CI: 1.097–2.198, p < 0.001); and 
3) a history of EP (OR: 1.208, 95% CI: 1.041– 2.011, p < 0.001). The optimal cutoff point for the prediction 
of treatment failure was an increase of more than 19% in the 48 h before the treatment, and an increase 
of more than 36% between day 1 and day 4 in β-hCG concentrations. Patients with an increase in β-hCG 
levels of less than 36% on day 4 experienced MTX treatment failure in 4.2% (n = 25), compared to 74.5% 
(n = 88) of the patients with an increase above 36%.

Conclusions. A serum β-hCG increase of more than 36% on day 4 after the administration of MTX alongside 
a more than 19% increase in β-hCG concentration 48 h before the MTX treatment may predict the early 
failure of medical treatment for an EP.

Key words: β-hCG, methotrexate, ectopic pregnancy
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Background

Ectopic pregnancy (EP) is a common acute gynecologi-
cal issue. Its incidence has increased significantly all over 
the world in recent years. Tubal pregnancies are approx. 2% 
of all pregnancies. An available treatment of non-ruptured 
tubal pregnancy used all over the world is a single dose 
of methotrexate (MTX). It was first identified for the treat-
ment of tubal pregnancies by Stovall et al.1 The tubal EP 
and MTX treatment protocol have attracted the attention 
of researchers in recent years.2–15 Jurkovic et al. followed 
up EP with low serum beta-human chorionic gonadotropin 
(β-hCG) levels (<1500 IU/L) and confirmed the diagnose 
of EP by ultrasonography. They administered a single-dose 
injection of MTX at 50 mg/m2 to the treatment group. 
In the group of patients who did not undergo a surgical 
protocol, a decrease in serum β-hCG to <20 IU/L or a nega-
tive pregnancy test was determined as a successful treat-
ment.2 It has been stated that the success rate of MTX may 
be more effective in subgroups with lower values of se-
rum β-hCG, especially below 2000 mUI/mL.14 In another 
study, it has been suggested that MTX treatment admin-
istered as a single dose had increased success rates in EP 
with lower serum β-hCG at the start of treatment. They 
reported that changes in serum β-hCG within the first 
4 days are important in determining the treatment proto-
col and efficacy. Similarly, if the serum β-hCG level is lower 
than 4% or increases in the first 4 days, an additional dose 
of MTX should be given on day 4.3,7 In a study in which 
EP was evaluated retrospectively, the success rate of MTX 
administered at a dose of 1 mg/kg intramuscularly was as-
sessed.4 Similar to our study, serum β-hCG levels on days 0, 
4 and 7 were evaluated after the administration of MTX, 
and it was suggested that differences in β-hCG levels be-
tween days 0 and 4 may serve as an early indicator for treat-
ment outcome.5 According to Hoyos et al., the morbidly 
obese were 5 times more likely to require an additional 
dose compared to non-morbidly obese.6 Helvacioglu and 
Doğan reported that MTX administered in 2 doses signifi-
cantly affected serum β-hCG levels and achieved success-
ful results.8 It has been reported that a positive response 
in patients who are adequately treated with MTX, together 
with the low and decreasing serum β-hCG levels, rarely 
results in ruptured EP,9 and it reminded again that it should 
not be overlooked in the surgical procedure.9 It was stated 
that in cases where ovulation is high and patients under-
went laparoscopic left salpingectomy, serum β-hCG should 
be followed up after the definitive treatment of tubal EP 
including surgical interventions.11 Lin and Hsieh found 
the initial serum β-hCG level to be 1,258 mIU/mL. They 
reported that they applied laparoscopic salpingectomy 
at the end because the increase continued and did not fall 
into the acceptable range after 1 month despite the 2nd and 
3rd doses of MTX given to the patients.10 Grigoriu et al. 
reported that right salpingectomy was performed after 
unsuccessful MTX treatment.14 Cohen et al. observed that 

women with an increase in serum β-hCG >69% within 
48 h prior to MTX had an 85% probability of tubal rupture, 
and that women with serum β-hCG elevation <20% had 
a lower absolute risk for tubal rupture.12 They also reported 
that medical treatment with a single dose of oral mifepris-
tone, as well as systemic multi-dose MTX with folinic acid 
were required when a living fetus and high serum β-hCG 
levels were present.13

The  success rates of  MTX treatment have been de-
termined to be between 52% and 96%, and the fertility 
rate with delivery after medical treatment for tubal EP 
is 67–80.7%. These rates are comparable to the success 
rates of surgical procedures.16–20 Serum β-hCG levels were 
measured on the 1st, 4th and 7th day after MTX treatment, 
and surgical intervention can be avoided when the levels 
decrease by more than 15% between the 4th and 7th day 
after a single dose of MTX.21 In recent years, researchers 
have observed a decrease in serum β-hCG levels between 
days 1 and 4 after MTX treatment in patients with EP, 
which significantly affects the success rates of treatment. 
The proper treatment protocol in a situation when serum 
β-hCG level rises on the 4th day is still being discussed 
among researchers.

This study aimed to comprehensively examine serum 
β-hCG level changes in the 48 h prior to the administra-
tion of MTX and changes between days 1 and 4 after MTX 
treatment to predict the early failure of MTX therapy.

Objectives

There are few studies reporting on  increased serum 
β-hCG levels between days 1 and 4. Instead, many inves-
tigators wait until the 7th day to determine the treatment 
approach, while we aimed to determine it on day 4.

Materials and methods

Trial design

This retrospective study was conducted on  patients 
in Shanghai First Birth and Infant Hospital, China, spe-
cifically women with EP who received 50 mg/m2 of MTX. 
The study obtained approval No. KS1959 from the Eth-
ics Committee of Shanghai First Maternity and Infant 
Hospital. The Chinese Clinical Trial Registry number 
is ChiCTR2000030658.

Follow-up and procedures for patients

We reviewed patient records from the period from Janu-
ary 1, 2003, to December 31, 2019, using the hospital phar-
macy MTX database. Ectopic pregnancy was diagnosed 
according to the standard criteria.21 In total, 1135 patients 
were admitted with the diagnosis of EP and received MTX 
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treatment. Serum β-hCG values were measured on the 1st, 
4th and 7th day in pregnant women administered MTX. 
Patients whose serum β-levels increased on day 4 were 
selected. An additional dose of MTX was given to the preg-
nant women when their serum β-hCG levels on the 7th day 
were less than 15% of the value measured between the 4th 
and 7th days. Study groups included a success group and 
a failure group, evaluated in terms of treatment outcomes. 
Successful treatment was defined as a decrease of more 
than 15% in serum β-hCG levels between the 4th and 7th day 
and no need for 2nd MTX treatment or surgery. Treatment 
failure was determined as the need for a 2nd MTX treat-
ment or surgery in patients with EP. The values for these 
patients were not included in the statistical analysis.

Inclusion criteria were pretreatment serum β-hCG con-
centration ≤2000 U/L, no cardiac problems, gestational sac 
width <4 cm, biochemical values within expected values, 
and no problems with blood circulation. Exclusion criteria 
were ruptured tubal duct, non-tubal EP, or surgical inter-
vention before the 4th day of MTX therapy. Methotrex-
ate was administered to patients who met the specified 
criteria.

The day on which 50 mg/m2 of MTX was administered 
was defined as the 1st day. Serum β-hCG levels were then 
measured on days 4 and 7. All eligible patients consented 
to receive MTX therapy. In cases where serum β-hCG lev-
els measured between days 4 and 7 decreased by >15%, 
serum β-hCG levels were not followed until negative val-
ues were detected. An additional dose of MTX was ad-
ministered if serum β-hCG levels decreased by <15% with 
a stable condition, as was a 3rd dose of MTX if the patient 
would like to receive the treatment once again. In this 
situation, the patients have the choice to decide whether 
get a 3rd dose or have the surgery, in case of no contrain-
dication of MTX therapy. Surgery was performed when 
levels decreased by <15%, there was an aggravated clinical 
syndrome or unstable condition, or the patient refused 
the 2nd dose of MTX. Additionally, during MTX treatment, 
we monitored the patients’ condition, including blood pres-
sure, pulse and vaginal bleeding. Furthermore, we advised 
the patients to abstain from sex during treatment.

Statistical analyses

Statistical analyses were performed using IBM SPSS v. 19 
(IBM Corp., Armonk, USA). The normal data distribution 
of continuous variables was verified with the Kolmogorov–
Smirnov test. The Student’s t-test was used to analyze 
continuous variables with a  normal distribution, and 
the results are presented as mean and standard deviation 
(M ±SD). When the data distribution was non-normal, 
the comparison was performed using the Mann–Whitney 
test. Categorical variables were compared using the χ2 test. 
In this study, we reported statistically significant posi-
tive and negative predictive values. The best cutoff value 
for changes in serum β-hCG levels between days 1 and 4 

was determined using the receiver operating characteris-
tic (ROC) curve method. When using the binary logistic 
regression model, the best model was built with the use 
of the Akaike information criterion (AIC), and the R-pack-
age “stats”, run in the R software v. 4.1.0 (R Core Team 
2021, R Foundation for Statistical Computing, Vienna, 
Austria). Significant features in  the  logistic regression 
model evaluating MTX treatment were the ratio of day 4 
to day 1 serum β-hCG levels, the ratio of day 1 to the day 
before the 48-hour treatment serum β-hCG levels, and 
day 1 serum β-hCG levels. The p-values <0.05 were con-
sidered statistically significant.

Results

A total of  1350  patients who received MTX treat-
ment for tubal EP at  the Shanghai First Birth and In-
fant Hospital Department between January 1, 2003, and 
December 31, 2019, were enrolled into the study. A total 
of 230 patients were excluded because they did not meet 
our criteria, of which 155 were due to suspected none-
tubal EP or pregnancy of unknown location (PUL), 20 due 
to loss to follow-up, 25 due to incomplete records, and 
30 due to abnormal blood circulation or surgery before 
the 4th day. The records of 1120 patients met the criteria 
for this study.

Baseline data

In total, 65% (722/1120) of patients had a serum β-hCG 
rise on day 4 and 35% (398/1120) had a drop on day 4 
(Fig. 1). In patients whose serum β-hCG levels increased 
on the 4th day after a single dose of MTX treatment, suc-
cessful results were obtained in 609 patients (84.3%) and 
treatment failure was observed in 113 patients (15.7%). 
An additional dose of MTX was administered as supple-
mental therapy to 91 patients (80.5%) who did not respond 
to  treatment. Twenty-two female patients (19.5%) who 
initially responded positively to MTX required surgical 
intervention. The main characteristics of the participants 
are presented in Table 1. There were no statistically signifi-
cant age-related differences between the evaluated groups, 
gravidity, parity, days since last menstrual period (LMP), 
ectopic size, history of cesarean section, history of EP, and 
initial progesterone values. Endometrial thickness [mm] 
was significantly higher in the failure group compared 
to the success group (6.69 (6.50–6.88) compared to 8.13 
(8.51–9.75); p = 0.000, Z = 7.952).

Evaluation of treatment results 
using serum β-hCG levels

Serum β-hCG levels on day 1 were 1075 (836–1252.5) 
mIU/mL in the success group compared to 1180 (986–
1484) mIU/mL in the failure group. The difference was 
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statistically significant (p < 0.001). This difference in se-
rum β-hCG values was also found on day 4 (p < 0.001) and 
day 7 (p < 0.001). The median 48-hour pretreatment incre-
ment in β-hCG levels was lower in the success group (10% 
compared to 21%, p = 0.001). The ratio between differences 
on days 1 and 4 and between days 4 and 7 was calculated 
for each group. When serum β-hCG levels were compared 
between days 1 and 4, an increase in serum β-hCG lev-
els was more pronounced in the failure group (p < 0.001). 
On the other hand, the decrease in serum β-hCG levels be-
tween days 4 and 7 was statistically significant in the suc-
cess group (p < 0.001). These data are shown in Table 2.

The best cutoff value for the rise in serum β-hCG levels 
from day 1 to day 4 was 36%. This cutoff value provided 
a sensitivity of 72.57%, a specificity of 86.86%, and the area 
under ROC curve (AUC) of 0.8083 (95% confidence interval 
(95% CI): 0.7480–8587). The most significant rate of in-
crease in serum β-hCG before 48 h of treatment was 19%. 
This cutoff value provided a sensitivity of 61.95%, a specific-
ity of 94.75% and an AUC of 0.7495 (95% CI: 0.6814–0.8177). 
The most significant cutoff value for the determined serum 
β-hCG value on day 1 was 18%. This cutoff value provided 
a sensitivity of 80.95%, a specificity of 93.98% and an AUC 
of 0.9182 (95% CI: 0.8540–0.9825) (Fig. 2).

Table 1. Baseline characteristics

Characteristics Success Failure p-value df t

Age [years] 29.06 ±4.69 29.65 ±3.12 0.199b 218 1.687

Weight (BMI) [kg/m2] 23.41 ±1.09 23.33 ±1.41 0.566b 137 −0.576

Gravidity, n 3.98 ±1.99 3.84 ±2.04 0.490a 720 −0.69

Parity, n 0.97 ±0.80 1.12 ±0.78 0.760a 720 1.776

Days since LMP 4.03 ±4.86 53.44 ±8.03 0.440b 126 −0.766

Progesterone value day 1 [ng/mL] 13.07 ±4.49 13.92 ±3.32 0.061b 169 1.909

Ectopic size [cm] 2.65 ±0.71 2.60 ±0.68 0.371a 720 −0.896

History of cesarean section, n 1.04 (0.97, 1.10) 1.05 (0.89, 1.21) 0.135c −1.495d

History of ectopic pregnancy, n 1.45 (1.36, 1.54) 1.88 (1.16, 1.99) 0.284c −1.071d

Endometrial thickness [mm] 6.69 (6.50, 6.88) 13 (8.51, 9.75) 0.000c 7.95c

a values are given as mean ± standard deviation (M ±SD), independent sample t-test for equal variance was used; b values are given as M ±SD, independent 
sample t-test for unequal variance was used; c values are given as the median (25th and 75th percentile (P25, P75)), Mann–Whitney U test was used; d Z-value; 
BMI – body mass index; LMP – last menstrual period; df – degrees of freedom.

Fig. 1. Patient flow diagram 
of methotrexate (MTX) treatment for tubal 
ectopic pregnancy (EP) based on day 1 
to day 4 serum beta-human chorionic 
gonadotropin (β-hCG) change

PUL – pregnancy of unknown location.

Final enrolled patients (n = 1120)

Excluded (n = 230)
– suspected none-tubal ectopic 
    pregnancy or PUL (n = 155)
– lost to follow-up (n = 20)
– incomplete records (n = 25)
– other records (n = 30)

Assessed for eligibility (n = 1350)

Rise in day 1/4 β-hCG (n = 722)

Treatment failure
(n = 56)

Drop in day 1/4 β-hCG (n = 398)

Treatment success
(n = 342)

Treatment success 
(n = 609)

Treatment failure
(n = 113)

Indication of failure
(n = 15)

Additional MTX injection 
for complete resolution 

(n = 91)

Adequate decrease but 
clinical deterioration

(n = 7)
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Evaluation of serum β-hCG levels after 
MTX treatment

Binary logistic regression was performed based on AIC 
using the R environment. The best logistic regression 
model of AIC was found to be 344.9. The important covari-
ates were the ratio of serum β-hCG levels on day 4 to day 1, 
the ratio of serum β-hCG levels on day 1 to 48-hour pre-
treatment, and day 1 serum β-hCG levels, the coefficients 
of which were 0.0941, 0.2003 and 0.0016, respectively. 
The odds ratios (ORs) (95% CIs) of these 3 covariates are 
shown in Fig. 3.

In the group of patients whose β-hCG levels increased 
by less than 36% in the first 4 days of MTX treatment, 
the failure rate was 4.2%, while the success rate was 95.8% 
(579/604). On the other hand, when serum β-hCG level 
increased by more than 36% in the first 4 days, the success 
rate was 25% and the failure rate was 75% (Table 3).

Discussion

Changes in serum β-hCG levels in the first 4 days af-
ter a single dose of MTX, along with the concomitant 

need for a 2nd dose of MTX, can help determine whether 
an emergency surgery is necessary. However, the question 
remains whether it is an efficient indicator. The purpose 
of our research was to identify the association between 
the changes in serum β-hCG levels in the first 4 days af-
ter a single dose of MTX and MTX treatment outcome. 
Recently, the role of day 4 serum β-hCG levels has become 
a topic of debate among researchers; however, there are 
only few studies on increased serum β-hCG levels on day 4. 
In clinic, the question whether the treatment was success-
ful after single-dose MTX when the day 4 serum β-hCG 
level increased was often discussed. Often, we could only 
wait for the assessment of serum β-hCG level on day 7. 
Based on the increase in serum β-hCG level on the 4th day, 
we aimed to investigate whether a surgical protocol could 
be applied. The percentage of serum β-hCG change dur-
ing the first 4 days was considered an important criterion 
for the need for additional doses of MTX. Akselim et al. 
determined the threshold value of percent serum β-hCG 
ratio during the first 4 days to be 4% (sensitivity 72.9%, 

Table 2. The relationship between serum β-hCG changes and MTX treatment results

Variable Success (n = 609) Failure (n = 113) Z-value p-value*

β-hCG1 1075 (836, 1252.5) 1180 (986, 1484) −5.939 0.000

β-hCG4 1225 (977, 1455.5) 1616 (1366.5, 1885.5) −9.887 0.000

β-hCG7 704 (498, 904) 1555.5 (1797, 2220.5) −14.583 0.000

Ratio β-hCG1-4 (100%)§ 24 (9, 26) 36 (22, 47) −5.008 0.000

Ratio β-hCG4-7 (100%)‡ 48 (40, 55) 26 (17, 37) −14.539 0.000

48-h pretreatment increment of β-hCG (100%) 9.8 (6.1, 16.6) 21.4 (9.6, 23.8) −17.897 0.000

* values are given as mean (25th and 75th percentile (P25, P75)), Mann–Whitney U test was used; § ratio of beta-human chorionic gonadotropin (β-hCG) 
levels to day 4 serum β-hCG level minus day 1 β-hCG level, divided by day 1 serum β-hCG level; ‡ ratio of β-hCG levels to day 4 serum β-hCG level minus 
day 7 β-hCG level, divided by day 4 serum β-hCG level; MTX – methotrexate.

Fig. 3. Multivariate binary logistic regression model performed using 
the R environment based on Akaike’s information criterion (AIC). The best 
model of AIC was 344.9. The statistically significant variables were the ratio 
of day 4 to day 1 serum beta-human chorionic gonadotropin (β-hCG) 
levels, the ratio of day 1 to 48-hour pretreatment serum β-hCG levels, and 
day 1 serum β-hCG levels

Fig. 2. Receiver operating characteristic (ROC) curves for the prediction 
of treatment failure of single-dose methotrexate (MTX) for tubal ectopic 
pregnancy (EP), showing the percentage change in day 1 to day 4, day 4 
to day 7, and the 48-hour pretreatment increase in serum beta-human 
chorionic gonadotropin (β-hCG) levels

AUC – area under ROC curve; 95% CI – 95% confidence interval.
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specificity 78.9%, positive predictive value 88.6%, and 
negative predictive value 56.6%).7 Some researchers found 
a transient increase in serum β-hCG levels of 26–60% due 
to a single dose of MTX.22–24 On the other hand, Helva-
cioglu and Doğan suggested that a 2-dose MTX protocol 
had a reasonable success rate on serum β-hCG levels.8 
In a study examining serum β-hCG, progesterone levels 
and patient characteristics, they observed that the success 
rates were similar in both groups. They achieved success 
with MTX in 83% of patients and with placebo in 76%, 
and found that this difference was not significant in their 
statistical analysis. They reported that the MTX treat-
ment was successful in 125 patients and unsuccessful in 37. 
When the serum β-hCG values measured on days 0, 4 
and 7 were compared in pairs, the difference was reported 
to be statistically significant (p < 0.001). The mean serum 
β-hCG value was 783.0 in the success group and 1802.0 
in the failure group (p < 0.001). However, they reported that 
the increase in serum β-hCG values during the first 4 days 
was 21.6% in the success group and 25.7% in the failure 
group (p < 0.001). This paper reported that MTX treatment 
was successful in 117 patients (73.6%) out of 159 women 
included in the study, while it was unsuccessful in 42 pa-
tients (26.4%). They observed that most of the patients 
(58.9%) had a tendency for decreased serum β-hCG values 
during the first 4 days, unlike the failure group, which 
had an increase in serum β-hCG values (76.2%). These 
researchers accepted a >18% decrease in serum β-hCG 
levels as an indicator of treatment success.8

Therefore, the key to this problem was the percentage 
of serum β-hCG change. In our study, 64.9% (737/1135) 
of patients had an increased serum β-hCG level in the first 
4 days, with an initial level of less than 2000 mIU/mL, and 
all patients were selected strictly according to the inclu-
sion criteria. However, treatment success was achieved 
in 82.6% (609/737) of these cases. Furthermore, in our study, 
the most influential covariates were 1) the ratio of day 4 
to day 1 serum β-hCG level and 2) the cutoff value of a 36% 

increase on day 4, which predicted treatment success with 
a sensitivity of 72.57%, a specificity of 86.86% and an AUC 
of 0.8083 (95% CI: 0.7480–8587). For this reason, increased 
serum β-hCG levels on  day  4 after the  administration 
of MTX cannot be considered a criterion for treatment 
failure. This success could be explained by the theory that 
the vast majority of trophoblastic cells died after MTX ther-
apy, released hCG, and then the MTX therapy failed. This 
was also demonstrated by our statistical data. Upon exceed-
ing the cutoff value of the percentage increase, the greater 
the percentage increase on day 4, the lower the prediction 
sensitivity. This was the answer we had been looking for.

Other studies have shown decreased serum β-hCG levels 
within the first 4 days after the MTX treatment, with suc-
cess rates ranging from 88% to 100%, which is consistent 
with our 84.82% success rate.22–24 Brunello et al. deter-
mined the threshold value for a decrease in serum β-hCG 
after the MTX treatment to be 10–22%, whereas in our 
study this rate was determined as 13%.25 The difference 
in cutoff values among these studies might be due to dif-
ferences between patients (especially between different 
ethnic groups), inclusion/exclusion criteria, or definition 
of the treatment success. However, some studies have sug-
gested that the lower the serum β-hCG level, the higher 
the probability of treatment success.26–28 In contrast, Gab-
bur et al. suggested that β-hCG levels on the 4th day could 
not be evaluated as an indicator of treatment success.29 
Similarly, Cohen et al. concluded that neither absolute 
serum β-hCG levels nor percent changes in serum β-hCG 
levels within the first 4 days could predict treatment suc-
cess after a single dose of MTX.30 In other studies, serum 
β-hCG values on day 4 and 7 were a better diagnostic 
criterion than the percentage decrease of serum β-hCG 
values between days 1 and 4. Çelik et al. reported that 
a decreased percentage between days 1 and 4 did not seem 
to be a better predictor than that between days 4 and 7.31 
Girija et al. reported that the MTX treatment could be 
successful not only in patients whose serum β-hCG levels 

Table 3. A cutoff value for increased serum beta-human chorionic gonadotropin (β-hCG) percentage of 36% on day 4 in predicting methotrexate (MTX) 
treatment outcome

Increased serum β-hCG percentage × MTX outcome Success Failure Total

Increased serum β-hCG 
below 36%

count, n 579 25 604

within increased percentage 95.90% 4.10% 100%

within MTX treatment outcome 95.10% 17.50% 89.20%

total 80.20% 3.50% 89.20%

Increased serum β-hCG 
above 36%

count, n 30 88 118

within increased percentage 25.40% 74.60% 100%

within MTX treatment outcome 4.90% 61.50% 10.70%

total 4.10% 12.20% 10.70%

Total

count, n 609 113 722

within increased percentage 84.30% 16.70% 100%

within MTX treatment outcome 100% 100% 100%

total 84.30% 16.70% 100%
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decreased on  the  4th  day, but also those whose serum 
β-hCG level increased on the 4th day. They observed that 
a >50% increase in serum β-hCG levels in the first 4 days 
significantly increased the risk of MTX treatment failure, 
as in our study.32 Although the sensitivity of the cutoff 
value for the rise in serum β-hCG levels from day 1 to day 4 
was higher in our study, we should not make a decision 
arbitrarily. We took the 48-hour pretreatment increase 
in  serum β-hCG into consideration. In  our research, 
the best cutoff value for the rise in the serum β-hCG levels 
48 h before treatment was 19%. This cutoff value provided 
a sensitivity of 61.95%, a specificity of 94.75% and an AUC 
of 0.7495 (95% CI: 0.6814–0.8177). The greater the increase 
48 h before treatment, the higher the specificity.

If we had applied the 36% threshold level of serum β-hCG 
increase on the 4th day after a single dose of MTX, all pa-
tients who exceeded the 36% would have undergone surgery. 
However, a total of 55 patients would had not been included 
and the correct protocol would had not been applied. Based 
on this statistically significant result, we are aware that 
the most appropriate treatment in patients with serum 
β-hCG levels below 36% is conservative care. However, when 
serum β-hCG levels rise above 36%, the decision for surgery 
cannot be made definitively. Once we meet these criteria, 
we must pay attention to the 48-hour pretreatment increase 
in serum β-hCG. If an increase of more than 19% in 48-hour 
pretreatment serum β-hCG occurs, the possibility of sur-
gery or a 2nd dose of MTX should be considered. By apply-
ing the increased serum β-hCG cutoff level, we were able 
to reduce the failure rate of patients with serum β-hCG 
levels that had an increase below 36% to 4.2%. However, 
we found in our study that 25.5% of patients with serum 
β-hCG levels above 36% were treated surgically and a single 
dose of MTX therapy was indeed successful. According 
to the results of our research, thanks to the increased se-
rum β-hCG levels on the 4th day after a single dose of MTX 
treatment, the patient’s anxiety can be minimized and un-
necessary surgeries reduced.

Limitations

The main limitations of our study are its retrospective 
nature and lack of case-control studies with a large number 
of patients for reference. It is obvious that there is a need 
for more comprehensive and prospective research on this 
population.

Conclusions

An increment of more than 19% in the 48 h before MTX 
treatment and an  increase of more than 36% between 
the day 1 and 4 β-hCG concentrations were found to be 
good predictors of treatment failure. We think that we ap-
plied the treatment in the most accurate way in the follow-
up evaluation after MTX treatment.
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Abstract
Background. Motion analysis systems have been widely used in orthopedics and rehabilitation for diag-
nostics, patient monitoring and outcome evaluation purposes. Since Microsoft Azure Kinect Developer Kit 
(DK) had been released, only a few studies were published concerning its usage. However, it has not been 
used for wrist motion assessments, even though the use of standardized examinations with known reliability, 
validity and responsiveness remains a constant challenge.

Objectives. This study aimed to examine the reliability of hand and forearm range of motion (ROM) mea-
surements recorded using new software utilizing the Microsoft Azure Kinect DK.

Materials and methods. Twenty-eight healthy males and 28 healthy females participated in measure-
ments of active ROM for wrist extension, wrist flexion, radial deviation, ulnar deviation, and forearm supination 
and pronation on 3 separate occasions. Sessions 1 and 2 were carried out on the same day with a 90-minute 
rest period between each session, while the 3rd session was conducted a week later. Data were recorded 
simultaneously in both limbs using a custom-made software developed by a software development company 
(Oleksy Medical & Sports Sciences, Łańcut, Poland) for the purposes of the present study using Microsoft 
Azure Kinect DK. The assessment of intra-day and inter-day reliability was based on intraclass correlation 
coefficient (ICC) calculations and interpreted based on commonly used guidelines.

Results. In the group of males, the lowest ICC was 0.846 for intra-day comparisons and 0.816 for inter-day 
analyses. In the female group, the lowest ICC for intra-day comparisons was 0.826 and exceeded 0.833 for 
inter-day comparisons.

Conclusions. The developed software using Microsoft Azure Kinect DK demonstrated high reliability 
in measuring wrist and forearm active ROM. These promising results support the use of Microsoft Azure 
Kinect DK in a clinical capacity as a potential hand assessment and rehabilitation tool.

Key words: rehabilitation, orthopedics, hand, patient monitoring, motion
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Background

Motion analysis systems have been widely used in or-
thopedics and rehabilitation for diagnostics, monitoring 
progress and evaluating outcomes. Optoelectronic motion 
capture systems based on markers have generally been con-
sidered the gold standard for motion analysis research.1–3 
One proposed alternative to optoelectronic systems is hu-
man motion analysis using wearable inertial sensors.4,5 Also, 
markerless motion capture systems have been validated and 
applied to functional diagnostics and rehabilitation.6–8

The common commercially available sensors used for 
markerless motion analysis are Leap Motion Controller 
(LMC; Leap Motion Inc., San Francisco, USA) and con-
secutive versions of Microsoft Kinect sensors (Kinect for 
Windows v. 1 (V1) and Kinect for Windows v. 2 (V2); Mi-
crosoft Corp., Redmond, USA).9,10 For center-based and 
home rehabilitation purposes, Nintendo Wii Mote, Wii 
Balance Board (Nintendo Inc., Redmond, USA) and Micro-
soft Kinect motion-sensing game controllers have gained 
popularity over the past years.11–14

Since Microsoft had released Azure Kinect Developer Kit 
(DK) in 2019, only a few studies were published concerning 
its usage. The literature describes its use in rehabilitation-
related purposes and hand gesture recognition.15–18 How-
ever, it has not been used for hand motion assessments, 
even though standardized examinations with known re-
liability, validity and responsiveness remain a constant 
challenge in physiotherapy.19 When evaluating the reli-
ability of a new testing method, it is primarily performed 
on healthy individuals to make sure that repeated trials 
on the same participants are reproducible.20

Objectives

This study aimed to evaluate the  reliability of wrist 
and forearm range of motion (ROM) measurements re-
corded using new software developed for Microsoft Azure 
Kinect DK.

Materials and methods

Study design

The test–retest reliability was employed to determine 
the variation in the ROM measurements assessed using 
custom-developed software and Microsoft Azure Kinect DK 
in the same participant under the same conditions. The de-
velopment of the software for the purposes of the present 
study was outsourced to a software development company 
(Oleksy Medical & Sports Sciences, Łańcut, Poland) that de-
signed it according to the predefined specification. The test–
retest design was chosen as it assumes that in a software 
reliability assessment the effect of an examiner is rather 

negligible. Therefore, levels of consistency were precisely 
noted between 2 measurements taken on the same day (in-
tra-day reliability) and 2 measurements taken on different 
days (inter-day reliability).

Setting

The present study was performed in 2020–2021 in an ac-
ademic setting. Each participant took part in 3 measure-
ment sessions. Sessions 1 and 2 were performed on the same 
day, separated by a 90-minute rest period. Session 3 was 
carried out exactly a week later. A flowchart of the study 
is presented in Fig. 1.

Participants

The first 28 male and 28 female students from the uni-
versity who volunteered to participate and met all the in-
clusion criteria comprised the study group. In all studied 
participants, an interview and physical examination were 
carried out to assess their general health and musculoskel-
etal system condition. The inclusion criteria encompassed 
a dominant right upper limb, lack of musculoskeletal dis-
orders and injuries to the upper limbs, cervical spine and 
thoracic spine, and no diagnosed general diseases. Upper 
limb dominancy was determined by asking the partici-
pants which hand they use to write. During the 1st session, 
all participants underwent body height and mass measure-
ments and their body mass index (BMI) was calculated.

Variables

The measured variable was a maximal value of wrist 
extension, wrist flexion, radial deviation, ulnar deviation, 

Fig. 1. Flowchart of the study



Adv Clin Exp Med. 2023;32(2):203–209 205

forearm supination, and forearm pronation. The results 
were expressed in degrees [°], and recorded separately for 
dominant and non-dominant upper limbs during 3 sepa-
rate measurement sessions.

Measurement

The variables mentioned above were obtained during 
the measurements of active wrist ROM. The measure-
ments were carried out on the wrists simultaneously and 
bilaterally. The 3 measurement sessions were performed 
by the same examiner who was trained and experienced 
in the use of the developed software. The examiner asked 
participants not to change their regular training regimens 
during the 8-day-long experiment. The sessions were con-
ducted at precisely the same time in the morning.

Data recorded by the developed software for the pres-
ent study using Microsoft Azure Kinect DK is presented 
in Fig. 2. Microsoft Azure Kinect DK is a device that uses 
infrared light to generate in-depth images that give a 3D rep-
resentation after a process called reconstruction. The cus-
tom application was written using a Unity-based engine. 
A custom plugin was created to include the Microsoft Soft-
ware Development Kit (SDK) for the Kinetic Azure device.

One Microsoft Azure Kinect DK was set up on the desk 
using a  frame that faced down to  the  desk, as  shown 
in Fig. 3. Metcalf et  al. previously suggested a  similar 
method.6 The participants sat by the desk with both arms 
close to their bodies. The elbows were flexed 90°. Their 
forearms were placed on the desk, parallel to one another.

For measuring wrist extension and flexion, the partici-
pants placed their forearms in a midline position, also 

called neutral or zero position. At first, the participants 
extended their wrists maximally, and their fingers were 
allowed to flex passively. Next, the participants returned 
to  the starting position and consecutively flexed their 
hands maximally.

The starting position for measuring radial and ulnar 
deviation was with the forearm in pronation and the hand 
in neutral. First, the participants performed maximal ra-
dial deviation. Then, from the starting position, they per-
formed maximal ulnar deviation.

The forearm was then placed in the midline position for 
measuring rotational movements. First, the participants 
rotated their forearms to maximum supination. Then, after 

Fig. 2. Front view (A), lateral view (B), top view 
(C), and general view (D) of Microsoft Azure 
Kinect DK

Fig. 3. The participant’s position during measurements of wrist and 
forearm range of motion simultaneously in both upper limbs using 
Microsoft Azure Kinect DK
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placing the forearm in a midline position, the participants 
rotated the forearm into maximum pronation.

Verbal commands were used during the assessment. 
The participant performed 3 repetitions of each move-
ment within the full ROM; however, the parameter taken 
for analysis was the  maximal value obtained during 
the 3 repetitions.

Bias

To  address a  potential source of  bias, the  reliability 
of wrist and forearm ROM measurements were recorded 
separately for males and females. Additionally, the statisti-
cian was blinded regarding the gender of the participants, 
as well to the type of the analysis (intra-day and inter-day 
reliability).

Study size

The  minimal sample size was determined using 
the method described by Bujang and Baharum.21 Two mea-
surements were performed for intra-day and 2 for inter-day 
reliability assessment purposes, with a statistical power 
of 80%, and a minimum intraclass correlation coefficient 
(ICC) of 0.50 required a minimal number of participants 
of 22. An additional 20% of participants were added in case 
of dropouts between the sessions, also according to the Bu-
jang and Baharum’s guidelines.21

Quantitative variables

The maximal values of wrist and forearm motion be-
tween sessions 1 and 2 were taken for comparative analy-
sis for the intra-day comparison. The results from the 1st 
and 3rd session were considered to determine inter-day 
reliability.

Statistical analyses

The statistical analysis was carried out using IBM SPSS 
Statistics Premium v. 28 (IBM Corp., Armonk, USA) and 
Microsoft Office Excel 365 Personal (Microsoft Corp.).

Calculation of the arithmetic mean (x) and standard de-
viation (SD) was performed for the participant’s age, body 
height, body mass, and BMI. Using the Shapiro–Wilk test, 
the data of  the maximal values of assessed movements, 
expressed in degrees [°], were found to be normally dis-
tributed. Two-way mixed effects, absolute agreement and 
single examiner/measurement form of the ICC, determined 
by McGraw and Wong, were used.22 According to guidelines 
by Koo and Li, the ICC interpretation was based on an es-
timated ICC 95% confidence interval (95% CI).23 The ICC 
values were also interpreted with reference to the criteria 
proposed by Cicchetti and Sparrow as follows: ICC < 0.40 
– poor; ICC = 0.40–0.59 – fair; ICC = 0.60–0.74 – good, 
and ICC ≥ 0.75 – excellent.24 One-way analysis of variance 
(ANOVA) and F tests were used for rating the significance 
of the ICC. A p-value <0.05 was considered statistically 
significant.

Results

As presented in Fig. 1, 28 males (age x = 22.32 ±0.99 years, 
body height x = 178.77 ±4.10 cm, body mass x = 76.36 ±3.86 kg, 
and BMI x  =  23.88  ±0.60  kg/m2) and 28  females (age 
x = 21.73 ±1.24 years, body height x = 169.36 ±5.06 cm, body 
mass x = 60.82 ±5.06 kg, and BMI x = 21.18 ±1.08 kg/m2) 
took part in 3 consecutive sessions. There were no drop-
outs from the study and no missing data to be addressed.

As presented in Table 1, in the group of males, the intra-
day reliability in the dominant and non-dominant limbs 
was rated good to excellent. The lower bound of ICC values 

Table 1. The intra-day test–retest reliability assessment results of the hand and wrist range of motion measurements recorded with the developed software 
and using Microsoft Azure Kinect DK

Measured 
motion Studied limb

Males Females

ICC (95% CI) F p-value ICC (95% CI) F p-value

Hand extension
dominant 0.846 (0.659–0.934) 13.232 ≤0.001 0.924 (0.827–0.968) 24.390 ≤0.001

non-dominant 0.871 (0.691–0.946) 16.910 ≤0.001 0.886 (0.749–0.951) 16.462 ≤0.001

Hand flexion
dominant 0.894 (0.701–0.959) 23.052 ≤0.001 0.863 (0.701–0.941) 13.312 ≤0.001

non-dominant 0.911 (0.607–0.971) 34.578 ≤0.001 0.826 (0.631–0.923) 10.593 ≤0.001

Hand radial 
deviation

dominant 0.902 (0.677–0.964) 27.208 ≤0.001 0.967 (0.922–0.986) 64.510 ≤0.001

non-dominant 0.959 (0.903–0.983) 45.193 ≤0.001 0.975 (0.942–0.990) 78.415 ≤0.001

Hand ulnar 
deviation

dominant 0.939 (0.860–0.974) 32.298 ≤0.001 0.853 (0.679–0.936) 13.399 ≤0.001

non-dominant 0.940 (0.862–0.975) 31.124 ≤0.001 0.852 (0.672–0.936) 13.749 ≤0.001

Forearm 
supination

dominant 0.977 (0.881–0.933) 140.812 ≤0.001 0.936 (0.824–0.975) 37.197 ≤0.001

non-dominant 0.988 (0.971–0.995) 162.303 ≤0.001 0.943 (0.869–0.976) 35.165 ≤0.001

Forearm 
pronation

dominant 0.944 (0.862–0.977) 39.247 ≤0.001 0.929 (0.762–0.974) 37.297 ≤0.001

non-dominant 0.908 (0.737–0.964) 26.597 ≤0.001 0.879 (0.735–0.948) 15.393 ≤0.001

F – F test value; ICC – intraclass correlation coefficient and 95% confidence interval (95% CI) of the ICC.
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was noted in wrist flexion of the non-dominant limb and 
exceeded 0.607. The highest upper bound of ICC values 
were observed in non-dominant limb forearm supina-
tion and exceeded 0.995. In the female group, the intra-
day reliability was good to excellent, with a lower bound 
of ICC of 0.631 for wrist flexion in the non-dominant limb 
and the upper bound of ICC of 0.990 for radial deviation 
in the non-dominant limb.

As presented in Table 2, the inter-day reliability was good 
to excellent in both males and females. For the male group, 
the lower bound was noted for ulnar deviation in the domi-
nant limb and exceeded 0.616. The upper bound exceeded 
0.988 and was reported in forearm supination of the dominant 
limb. In females, the lower bound of ICC was 0.642 for wrist 
flexion in the non-dominant limb. The upper bond of ICC was 
0.993 for ulnar deviation in the non-dominant limb.

Discussion

Our study determined that the new software utilizing 
Microsoft Azure Kinect DK demonstrates high reliability 
in measuring wrist movements in the sagittal and frontal 
planes and forearm rotational movements.

In motion analysis, the quality and quantitative param-
eters of movement can be distinguished. The most com-
mon quantitative parameters used in clinical rehabilita-
tion include biomechanical variables like postural angles, 
pressure distribution, moments, and forces produced 
by examined patients.5 Motion capture has been utilized 
in  numerous fields, including biomechanical analysis 
of clinical populations with hand and wrist dysfunctions. 
The so-called gold standard optoelectronic motion cap-
ture systems are based on camera tracking and data col-
lection on the position of retroreflective markers placed 

on the body of the examined patient. The positional data 
has been used to perform biomechanical analysis in static 
and dynamic conditions.1–3,25 However, marked motion 
capture systems have some limitations. They are expensive 
and few clinical centers can afford them. The placement 
of the markers on the hand is also challenging. Apart from 
the  fact that such measurements are time-consuming, 
there are patients with diseases in which the placement 
of markers can cause difficulties, such as in patients with 
complex regional pain syndrome (CRPS).26

Of course, there are some non-marker-based possibilities 
available to track wrist motion, like instrumented gloves. 
They are less expensive than marker-based systems and 
their usage is not limited to the laboratory setting.27,28 Al-
though the gloves come in different sizes, they cannot be 
perfectly adjusted to every patient, especially considering 
various deformities from hand diseases and injuries. More-
over, the gloves are in complete contact with the patient’s 
skin, which can influence the performed movement. There 
are also conditions where the contact of the glove with 
the patient’s skin is contraindicated.9

Another option for hand motion analysis is computer 
vision-based systems. An example of this system is Mono-
chrome Egocentric Articulated Hand-Tracking for Vir-
tual Reality (MEgATrack), which was introduced by Han 
et al.29 It should be noted that studies using this system are 
promising; however, there is still a need for its validation 
in clinical settings.

The  LMC, released in  2013, was supposed to  allow 
the analysis of hand motion at a  low cost.9 However, its 
utility was initially criticized because the area of motion 
tracking was relatively limited. Moreover, the examina-
tion capacity itself was also limited because a lot depended 
on the placement of the device.30 However, promising results 
appeared in studies by Houston et al., assessing an updated 

Table 2. The inter-day test–retest reliability assessment results of the hand and wrist range of motion measurements recorded with the developed software 
and using Microsoft Azure Kinect DK

Measured 
motion Studied limb

Males Females

ICC (95% CI) F p-value ICC (95% CI) F p-value

Hand extension
dominant 0.886 (0.741–0.951) 18.114 ≤0.001 0.879 (0.731–0.948) 16.575 ≤0.001

non-dominant 0.865 (0.706–0.941) 13.588 ≤0.001 0.907 (0.783–0.961) 22.687 ≤0.001

Hand flexion
dominant 0.910 (0.793–0.962) 22.671 ≤0.001 0.857 (0.688–0.938) 12.569 ≤0.001

non-dominant 0.871 (0.718–0.944) 8.843 ≤0.001 0.833 (0.642–0.927) 10.718 ≤0.001

Hand radial 
deviation

dominant 0.891 (0.727–0.955) 20.575 ≤0.001 0.964 (0.917–0.985) 53.734 ≤0.001

non-dominant 0.883 (0.743–0.949) 16.468 ≤0.001 0.917 (0.794–0.966) 26.799 ≤0.001

Hand ulnar 
deviation

dominant 0.945 (0.616–0.984) 68.422 ≤0.001 0.894 (0.686–0.960) 23.616 ≤0.001

non-dominant 0.863 (0.692–0.946) 17.476 ≤0.001 0.879 (0.900–0.993) 141.537 ≤0.001

Forearm 
supination

dominant 0.971 (0.926–0.988) 77.365 ≤0.001 0.935 (0.848–0.973) 31.920 ≤0.001

non-dominant 0.964 (0.912–0.985) 61.065 ≤0.001 0.942 (0.820–0.978) 43.472 ≤0.001

Forearm 
pronation

dominant 0.822 (0.624–0.922) 10.664 ≤0.001 0.893 (0.756–0.954) 19.241 ≤0.001

non-dominant 0.816 (0.602–0.920) 10.802 ≤0.001 0.851 (0.674–0.935) 11.896 ≤0.001

F – F test value; ICC – intraclass correlation coefficient and 95% confidence interval (95% CI) of the ICC.
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LMC released in 2018, that allowed for data capturing using 
multiple cameras in one setup.9

In 2010, Microsoft released Kinect V1 with an  inte-
grated RGB and infrared (IR) camera, primarily designed 
as a gaming controller for Xbox. The Kinect V1 allowed 
users to interact with games without a controller device.31 
Four years later, an improved version of the Kinect V1 
was launched; however, Microsoft halted the production 
of this device.32

Because the Microsoft Azure Kinect DK is a relatively 
new sensor option, the literature supporting its use for 
rehabilitation-related purposes is limited.15–18 In a study 
by Albert et al., a comparative analysis between the Micro-
soft Azure Kinect DK and Microsoft Kinect V2 was carried 
out by performing gait analysis on a treadmill. Additionally, 
a gold standard optoelectronic Vicon motion capturing sys-
tem was used. The study supported the usage of Microsoft 
Azure Kinect DK and Microsoft Kinect V2 for the analy-
sis of temporal gait parameters. However, the Microsoft 
Azure Kinect DK superiority in spatial gait parameters 
was highlighted.17 Also, Yeung et al. supported the use 
of Microsoft Azure Kinect DK for tracking gait patterns 
while walking on a treadmill, and compared the results 
to the Microsoft Kinect V2 and Orbbec Astra Pro v. 2.16 
Antico et al. examined the accuracy of Microsoft Azure 
Kinect DK in examining postural control and concluded 
it is a promising technique in the future of home rehabili-
tation.15 Apart from direct rehabilitation-based purposes, 
Lee et al. developed a real-time system using Microsoft 
Azure Kinect DK for gesture recognition.18

As presented above, some studies support the usage 
of Microsoft Azure Kinect DK for rehabilitation-related 
purposes; however, none of the authors reported reliabil-
ity measurements performed neither in different sessions 
on the same day nor in sessions performed on different 
days.15–17 Therefore, it is impossible to compare the results 
obtained in the present study to other studies. Also, all 
the mentioned studies had very small study groups com-
pared to this paper. Antico et al. conducted their study 
on 26 participants (18 males and 8 females), Yeung et al. 
on 10 healthy participants (2 females and 8 males), and 
Albert et al. on 5 participants,15–17 while Lee et al. assessed 
the defined features in a group of 10 people.18

As the present study supports the utility of Microsoft 
Azure Kinect DK for diagnostic and monitoring purposes, 
another interesting issue that might attract researchers’ at-
tention is the possibility of using it to assess the functional 
direction of wrist joint motion. It has been determined that 
most activities of daily life are performed using functional 
wrist oblique motion that occurs in the plane of the dart-
throwing motion (DTM), specifically from radial extension 
to ulnar flexion.33–38 So far, inertial measurement units, 
optoelectronics systems with reflective skin markers and 
standard goniometry have been used to measure the range 
of the DTM.33,39,40

Limitations

The main limitation of our study is that the accuracy 
of the Microsoft Azure Kinect DK has not been compared 
to  an  optoelectronic system or  other motion sensors. 
So far, the Microsoft Azure Kinect DK has been com-
pared to the Vicon 3D system and Microsoft Kinect V2 
in the context of treadmill walking by Albert et al.,17 and 
to the Vicon 3D system in the context of the assessment 
of postural control by Antico et al.15 Therefore, when us-
ing Microsoft Azure Kinect DK, raw data should not be 
compared to raw data recorded by another sensor until 
research on this topic is available.

As in our study, reliability tests are performed on healthy 
individuals. The next step should be to validate the wrist 
and forearm ROM measurements using Microsoft Azure 
Kinect DK on a group of patients with hand and wrist 
dysfunctions to confirm its clinical capacity as a hand as-
sessment device and hand therapy tool.

Conclusions

The developed software using Microsoft Azure Kinect 
DK demonstrated high reliability in measuring hand and 
forearm active ROM. The promising results support Mi-
crosoft Azure Kinect becoming a potential hand assess-
ment and rehabilitation tool. However, it should be con-
firmed in studies using a clinical population of patients 
with hand and wrist dysfunctions.
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Abstract
Background. The complex clinical status of modern day patients hospitalized due to acute heart failure 
(AHF) results from their advanced age, comorbidities, frailty, heart failure symptoms (including massive 
swelling of the lower limb), and dramatic reduction of exercise tolerance. Hence, there is a need to imple-
ment physiotherapeutic procedures as early as possible, aiming to both accelerate the restoration of clinical 
stabilization and prevent post-hospital disability.

Objectives. We investigated whether assisted lower limb exercises have an impact on perfusion and 
oxygenation in skeletal muscle and if they are feasible in patients with AHF.

Materials and methods. We examined 34 men (age: 66 ±11 years; left ventricular ejection fraction (LVEF): 
34 ±11%; clinical presentation: 31 wet-warm and 3 wet-cold). The intervention (carried out on the 2nd day 
of hospitalization) included: 1) a 3-minute rest period; 2) an exercise phase (45 repetitions of assisted flexion 
and extension of the lower limb; and 3) a 10-minute relaxation period. We analyzed blood pressure (BP), 
heart rate (HR), respiratory rate (RR), tissue oxygenation (reflected by oxygen saturation measured with 
a pulse oximeter), and changes in peripheral tissue perfusion (reflected by the tissue oxygenation index (TOI) 
measured with near-infrared spectroscopy (NIRS)).

Results. The hemodynamic parameters (both ∆HR and ∆systolic BP) and oxygen saturation did not change 
(all p > 0.05), whereas the RR declined (p < 0.001). The exercises improved venous outflow (reflected 
by decreased oxygenated, deoxygenated and total hemoglobin, all p < 0.05) and increased peripheral 
tissue perfusion, as reflected by the TOI (p < 0.05). The patients reported relief and lack of dyspnea during 
and after the assisted exercises.

Conclusions. The physiotherapeutic intervention improved both venous outflow and muscle oxygenation 
in men with AHF. The presented protocol was safe, feasible and well-tolerated, and resulted in relief for 
the patients. We believe that such procedures might be recommended for the initial period of rehabilitation 
in this challenging subgroup of patients.

Key words: physiotherapy, heart failure, near-infrared spectroscopy, skeletal muscle oxygenation
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Background

Morbidity and mortality due to heart failure increase 
every year, affecting more than 10% of people over the age 
of 70.1 A fundamental aspect of heart failure is periods 
of  exacerbation, known as  cardiac decompensation 
or acute heart failure (AHF).2 Efficient therapeutic options 
for patients with AHF have been evolving over the last 2 de-
cades and have resulted in an extension of life expectancy 
and significant changes to their clinical profile compared 
to 20 years ago. Therefore, patients hospitalized for AHF 
are now older, have more comorbidities, such as frailty 
syndrome, and a worse prognosis.3–5

It  is  noteworthy that hospitalization of  patients due 
to AHF may have additional negative consequences, such 
as the so-called “post-hospital syndrome”, which is asso-
ciated with an increased risk of disability.6,7 Studies have 
demonstrated that up to 60% of AHF patients develop hos-
pital-acquired disability, which is associated with a worse 
clinical outcome.8

Hospitalization due to AHF is associated with extended 
time spent lying in bed, especially for patients who are 
unable to walk independently. As a result, some experi-
ence a new major physical disability following hospital 
discharge.9,10

The data suggest that exercise and early rehabilitation 
protocols applied during acute hospitalization may prevent 
functional and cognitive decline in older patients. Addi-
tionally, these treatments are associated with shorter hos-
pital stay and lower costs.11–13 It is very likely that physio-
therapeutic interventions implemented as early as possible 
during hospitalization due to AHF may mitigate these un-
favorable outcomes.10,14–16 However, cardiac physiotherapy 
implemented early in AHF has not been well established. 
It is generally accepted that such patients require special 
physiotherapeutic care.17,18

In AHF, the patient’s clinical picture can vary greatly. 
One major symptom is massive swelling of the lower limbs, 
which limits the patient’s mobility or even makes it impos-
sible to move, forcing the patient to remain in a lying or sit-
ting position. Additionally, AHF is associated with an in-
creased level of fatigue and dyspnea associated with fear 
of exacerbation of symptoms during physical exercise.18

Having these considerations in mind, we selected as-
sisted exercises for being investigated in this study. Impor-
tantly, there is currently no available literature describing 
the feasibility and effects of assisted exercises in patients 
in the acute stages of heart failure.

Objectives

The aim of this study was to evaluate the feasibility of as-
sisted lower limb exercises and to examine their impact 
on the levels of perfusion and oxygenation in the skeletal 
muscles of patients with AHF. We decided to analyze this 

at 3 levels: level related to the patient’s subjective percep-
tion, hemodynamic level (heart rate (HR) and blood pres-
sure (BP) response) and tissue level (i.e., tissue oxygenation).

Materials and methods

Study design and participants

The  study included patients with AHF. Acute heart 
failure was defined according to the current 2021 Euro-
pean Society of Cardiology (ESC) Guidelines2 as a rapid 
or gradual onset of symptoms and/or signs of heart failure 
requiring unplanned hospitalization of the patient. The use 
of an intravenous loop diuretic and/or vasodilator was not 
necessary to participate in this study.

This study was registered at Clinicaltrials.gov (ID No. 
NCT03102164). All study participants provided written 
informed consent to participate in the study.

Patients were excluded if they met any of the following 
exclusion criteria: acute coronary syndrome, bacterial infec-
tion, pre-existing chronic respiratory failure, need for inva-
sive mechanical ventilation, significant arrhythmia (arrhyth-
mia that was hemodynamically unstable and/or needed 
urgent targeted treatment) or conductivity disorders, ane-
mia (hemoglobin <9 g%), active neoplastic process, liver 
injury (aspartate aminotransferase (AST) or alanine ami-
notransferase (ALT) more than 3 times the reference level), 
or chronic kidney failure with creatinine clearance <30 mL/
min. Patients with acute deep vein thrombosis or significant 
orthopedic diseases of the lower limb were also excluded. 
Finally, patients with massive swelling and/or shortness 
of breath making it impossible to lie down were excluded.

Procedure and exercise settings

Patients were recruited into the study by doctors who 
exercised medical supervision of the rehabilitation pro-
cess. A total of 34 men with AHF participated in the study. 
The clinical characteristics of the study group are pre-
sented in Table 1.

The tests were carried out in the patient’s room at the car-
diology department on their 2nd day of hospitalization. No 
noninvasive ventilation was used during the study.

The study protocol was divided into 3 stages:
1) Recording of the resting parameters (3 min), during 

which the accuracy of measurement and recordings were 
simultaneously monitored.

2) Assisted exercise phase. Assisted exercise refers 
to exercise in which a physiotherapist alone facilitates 
the movement by relieving the exercised limb. The move-
ment is performed with a minimal use of the patient’s 
muscle strength.19 During this phase, the physiotherapist 
performed 45 repetitions of assisted exercise, involving 
flexion of the studied lower limb at the knee and hip joints. 
For the hip joint, the angle of flexion was in the 45–90° 



Adv Clin Exp Med. 2023;32(2):211–218 213

range, and the knee joint was expected to be at an obtuse 
angle of 90–100° (heel raised above the knee). The exercise 
duration was approx. 1.5 min.

3) Relaxation phase. Relaxation phase comprised of 
a 10-minute measurement. Care was taken to ensure 
the patient lay still during this time and does not make 
any movements.

Variables and data sources

The impact of the exercises on the following factors was 
assessed:

1) Subjective feelings of the patient. After the exercise, 
the patient was asked to provide information (feedback) 
as to whether the exercise: affected their discomfort lev-
els, tissue tension and lower limb pain (unchanged ↔/in-
creased ↑/decreased ↓); provoked or increased their feeling 
of breathlessness (yes/no).

2) Hemodynamic parameters. Each examination was 
conducted with supervision and monitoring of the fol-
lowing hemodynamic parameters: HR, BP and respiratory 
rate (RR).

3) Tissue oxygenation. In addition to standard saturation 
assessment measured with a pulse oximeter, near-infrared 
spectroscopy (NIRS) was used to assess tissue oxygenation. 
This was important considering the reduced peripheral per-
fusion and frequent swelling of the lower limbs experienced 
by patients with AHF. Near-infrared spectroscopy is a tool 
used for continuous noninvasive monitoring of changes 
in peripheral tissue perfusion.20 Near-infrared spectroscopy 
is based on the absorption of near-infrared photons by chro-
mophores (e.g., hemoglobin). Differences in the intensity 
of NIRS absorption by oxygenated and reduced hemoglobin 
were analyzed using algorithms based on the Beer–Lambert 
law. The NIRS light emitted by the sensor’s diode penetrated 
locally into the tissue underneath, and the hemoglobin level 
in the microcirculation was measured with 2 detectors.21–23 
The photosensor was placed on the subject’s quadriceps 
muscle, 1/3 of the way to the proximal lateral head. The dis-
tance between the sensors in the photosensor was 4 cm; 
thus, the sensor’s penetration depth was up to 4 cm. Com-
monly, NIRS is used to check the dynamic balance between 
the delivery and extraction of oxygen in the tissue during 
surgery or exercise.20 We used NIRS to assess leg muscle 
perfusion and to indirectly determine venous outflow dur-
ing the assisted exercises. The following parameters were 
measured and subsequently analyzed: tissue oxygenation 
index (TOI, i.e., the percentage ratio of oxygenated hemo-
globin to total hemoglobin) and changes in oxygenated he-
moglobin (ΔO2Hb), deoxygenated hemoglobin (ΔHHb) and 
total hemoglobin (Δtotal Hb).

The research was carried out as part of the Sonata 6 
UMO-2013/11/D/NZ7/00922 research grant awarded 
by the National Science Centre, Kraków, Poland. It was 
conducted in accordance with the Declaration of Helsinki 
and approved by the Bioethics Committee of Wroclaw 
Medical University, Poland (approval No. 204/2015).

Table 1. Clinical characteristics of the study group and the pharmacologi-
cal treatment used at the time of the inclusion in the study

Clinical variable Men with AHF (n = 34)

Age [years] 66 ±11

BMI [kg/m2] 29.7 ±6.4

AHF etiology, ischemic, n (%) 18 (53)

HFrEF, n (%) 23 (68)

HFmEF, n (%) 6 (18)

HFpEF, n (%) 5 (14)

LVEF [%] 33.8 ±11

LVEDD [%] 64 ±11.4

NYHA IV, n (%) 34 (100)

SBP [mm Hg] 128 ±21

SpO2 [%] 95 ±2

Hemoglobin [g/dL] 13.2 ±2

Creatinine [mg/dL] 1.5 ±0.8

NTproBNP [pg/mL] 6522 ±4750

PaO2 [mm Hg] 67 ±11

MR (n, %)

Mild 23 (68)

Moderate/severe 11 (32)

Hypertension, n (%) 20 (59)

Diabetes mellitus, n (%) 17 (50)

Chronic obstructive pulmonary disease, n (%) 6 (18)

ICD, n (%) 9 (27)

CRT-D, n (%) 5 (15)

CABG, n (%) 4 (12)

AF, n (%) 21 (62)

QRS > 120, n (%) 13 (38)

LBBB, n (%) 5 (15)

Clinical presentation (n, %)

Wet and warm 31 (91)

Wet and cold 3 (9)

Peripheral congestion 29 (85)

Pulmonary congestion 34 (100)

Pharmacological treatment (n, %)

ACE-I and/or ARB 29 (85)

β-blocker 34 (100)

Digoxin 3 (9)

Furosemide 34 (100)

Vasodilator 23 (68)

Dobutamine 1 (3)

Noradrenaline 0 (0)

BMI – body mass index; AHF – acute heart failure; HFrEF – heart failure with 
reduced ejection fraction; HFmEF – heart failure with mid-range ejection 
fraction; HFpEF – heart failure with preserved ejection fraction; LVEF – left 
ventricular ejection fraction; LVEDD – left ventricular end-diastolic diameter; 
NYHA – New York Heart Association; AS – aortic stenosis; SBP – systolic 
blood pressure; SpO2 – blood oxygen saturation; NTproBNP – N-terminal 
pro B-type natriuretic peptide; PaO2 – partial pressure of oxygen in arte-
rial blood; MR – mitral regurgitation; CRT-D – cardiac resynchronization 
therapy defibrillator; CABG – coronary artery bypass graft; AF – atrial 
fibrillation; LBBB – left bundle branch block; ACE-I – angiotensin-converting 
enzyme inhibitor; ARB – angiotensin receptor blockers; ICD – implantable 
cardioverter-defibrillator; QRS – QRS complex (Q wave R wave S wave).
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Statistical analyses

Continuous variables with normal distribution were 
described using mean  ±  standard deviation (M  ±SD). 
Variables with skewed distribution were described as me-
dians with upper and lower quartiles. Categorical vari-
ables were given as numbers and percentages. In the case 
of a nonparametric test for 2 trials of dependent variables, 
a Wilcoxon signed-rank test was used to analyze changes 
in the hemodynamic parameters before and after the exer-
cise. The differences between particular phases of exercise 
were analyzed using the Friedman’s analysis of variance 
(ANOVA) with determination of the Kendall’s compli-
ance factor. A value of p < 0.05 was considered statisti-
cally significant. Statistical analyses were performed using 
Statistica v. 12 (StatSoft, Tulsa, USA).

Results

The assisted exercises were well tolerated by the patients. 
After the series of 45 repetitions of the assisted exercise, BP 
and HR remained unchanged, while a decrease in RR was 
observed (Table 2). No adverse symptoms were reported 
during the exercises or directly after (Table 3).

The  exercises did not change the  saturation lev-
els (p  =  0.11); their value remained at  95% (93–96%). 
The percentage changes in selected oxygenation param-
eters of the quadriceps muscle during the various phases 
of testing are presented in the Figures. Figures 1–4 present 
the values of changes in the ∆O2Hb, ∆HHb, ∆total Hb, and 
TOI at the following test phases: at rest, during the assisted 

exercise, and after the 1st and 10th min of relaxation fol-
lowing exercise completion.

A decrease in the level of oxygenated hemoglobin was 
achieved as a result of the assisted exercises. In the 1st min-
ute of relaxation, an upward trend was observed, only to re-
turn to the resting value in the final phase (Fig. 1). A sig-
nificant decrease in the levels of deoxygenated hemoglobin 
and total hemoglobin was achieved as a result of the as-
sisted exercises. In the 1st minute of relaxation, an upward 
trend was observed, only to return to the resting value 
in the final phase (Fig. 2,3). After performing the assisted 
exercises, a slight increase in oxygenation in the quadri-
ceps muscle of the thigh was observed in the later phase 
of rest (p < 0.03) (Fig. 4).

Discussion

The increased frequency of peripheral swelling and rest-
ing dyspnea during a decompensated heart failure episode 
significantly limits the individual’s ability to independently 
perform basic activities. Consequently, the management 
of AHF by a physiotherapist remains an ongoing challenge.

This research demonstrated that the assisted exercises 
studied were safe and accepted by AHF patients. Also, no 
adverse symptoms were observed. The majority of patients 
reported relief due to reduced discomfort and lower tissue 
tension in the lower limb. We also observed a decrease 
in the oxygenated hemoglobin, deoxygenated hemoglobin 
and total hemoglobin levels, accompanied by a slight in-
crease in oxygenation in the quadriceps muscle of the thigh 
in the later phase of rest.

Table 2. Hemodynamic parameters before and after assisted exercise

Parameters Resting median (upper-lower quartile) After exercise median (upper-lower quartile) p-value

SBP [mm Hg] 117 (101–136) 115 (100–133) 0.068

DBP [mm Hg] 71 (65–80) 71 (63–80) 0.088

HR [beats/min] 88 (65–99) 86 (66–94) 0.82

RR [breaths/min] 22 (20–26) 20 (20–24) 0.0002

SBP – systolic blood pressure; DBP – diastolic blood pressure; HR – heart rate; RR – respiratory rate.

Table 3. Subjective feelings of increased breathlessness or discomfort in the lower limb following exercise

Subjective feelings 
of symptoms Answer Patients (n (%))

Increased feelings 
of breathlessness

yes
5 (15)

There was a slight difficulty at the beginning (breath holding or shallow breathing), which passed after a few 
repetitions and stabilized in the correct respiratory rhythm, coordinated with the movement of the lower limb

no 29 (85)

Discomfort, tissue 
tension or pain 
in the lower limb

unchanged
10 (29)

(6 of these patients had peripheral congestion)

increased 0

decreased
24 (71)

(23 of these patients had peripheral congestion)
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Most patients were of the warm-wet profile (i.e., with 
peripheral stagnation and lower limb swelling), which 
is a group of patients to which these exercises are dedicated.

Additionally, we showed that the assisted exercises ap-
plied in this study are safe because they do not adversely 
affect the hemodynamic parameters (no changes in HR 
and RR). Unfavorable tendencies of decreased systolic 
BP or HR changes were not observed; these have an ad-
verse impact on the prognosis in AHF.24,25 In evaluating 
the  supply and use of  oxygen by  the  skeletal muscles, 
we  used NIRS, whose suitability has previously been 
demonstrated.26–28 Near-infrared spectroscopy has com-
monly been used to evaluate the dynamic balance between 
the delivery and extraction of oxygen in the tissue during 
surgery or exercise.20,29

In a study by Belardinelli et al., changes in skeletal mus-
cle oxygen saturation were evaluated during incremental 
exercise, both in patients with chronic heart failure (CHF) 
and in healthy subjects. It was observed that patients with 
CHF had reduced muscle oxygenation during exercise 
at any level of intensity compared to the control group. 

Additionally, patients with CHF had earlier acceleration 
in muscle deoxygenation, indicating a premature onset 
of anaerobic metabolism.30,31 Although the abovemen-
tioned publications evaluated lower limb skeletal muscle 
oxygenation in patients with heart failure, several dispari-
ties prevent us from comparing them with our results. 
The study by Belardinelli et al. involved patients with sta-
ble heart failure (New York Heart Association (NYHA) 
class II), whereas our project included subjects with AHF 
(NYHA class IV). Moreover, the studies differ in the type 
of exercise analyzed: dynamic exercise with a constant 
or increasing workload of several minutes on an ergometer 
cannot be compared with assisted exercises performed 
in clinically unstable patients. Assisted exercises last ap-
prox. 2 min and are performed by a physiotherapist, with 
minimal work performed by the patient.30 We were un-
able to identify any studies in the available literature that 
had evaluated the impact of assisted exercises on the level 
of skeletal muscle oxygenation in patients with AHF. Thus, 
our results cannot be directly compared with the results 
of other studies.

Fig. 1. Changes in oxygenated hemoglobin levels at different phases 
of the test

Fig. 3. Changes in total hemoglobin levels at different phases of the test

Fig. 2. Changes in deoxygenated hemoglobin levels at different phases 
of the test

Fig. 4. Changes in tissue oxygenation index levels at different phases 
of the test
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The purpose of using NIRS in our study was not to as-
sess oxygen extraction and metabolism, but blood flow 
and fluid distribution in the venous circulation, as well 
as to evaluate perfusion changes in the lower limb muscles 
under the influence of elevation and assisted movement. 
The NIRS tissue oxygen saturation measurement is made 
on a mixture of both venous and arterial blood with a mean 
ratio of 70% venous to 30% arterial. It has been empirically 
determined that the same mean ratio of 70% venous to 30% 
arterial blood volume applies to the whole body.32 This 
suggests that increased venous outflow from the peripheral 
tissues leads to a reduction in peripheral stasis, which may 
contribute to relief of the right ventricle. We can also as-
sume that an increased venous outflow results in a better 
outflow of metabolites (such as H+, lactate, and prosta-
glandins PGE2 and PGF1), which may in turn positively 
affect a response from the ergoreceptors.33 In the patho-
genesis of heart failure symptoms, an increased response 
from the ergoreceptors is of major importance. It causes 
increased stimulation of the sympathetic nervous system, 
increased peripheral resistance, excessive ventilation, and 
increased dyspnea.34

In  our study, we  observed increased venous out-
flow as a result of the assisted exercises with elevation 
of the lower limbs taken into account; however, the ex-
ercises did not (as one might expected) increase dyspnea 
in patients. On  the contrary, the RR decreased. Based 
on these results, we can assume that the increased out-
flow of venous blood may contribute to an improvement 
in outflow of metabolites, reduction of  the ergoreflex, 
and, consequently, reduction of sympathetic activation 
and dyspnea.

Patients with CHF have a decreased functional efficiency 
due to age, comorbidities and skeletal muscle dysfunc-
tion.35–37 Additionally, frailty syndrome, a consequence 
of decompensation, hospitalization and bed rest, leads 
to a sharp worsening of functional deficits, disease progres-
sion and a poorer prognosis.4,5 In order to increase their 
chances of returning to baseline functional physical fitness 
or to minimize the deficits resulting from AHF, it is nec-
essary to start the rehabilitation as soon as possible.15,38

The assumption of our research was to commence physi-
cal exercises, making it the first step as an introduction 
to the rehabilitation program of patients who are weak 
and bed-bound, helping them regain independence and 
mobility. Providing a uniform rehabilitation program and 
simple recommendations during an AHF episode is not 
possible. This is due to the varied clinical picture and di-
verse decompensation etiologies of the underlying disease 
or comorbidities.5,39,40

Patients with AHF are often placed in intensive car-
diac supervision wards where their rehabilitation com-
mences; this resembles early mobilization of patients stay-
ing in the intensive care unit (ICU). It involves a gradual 
increase in functional activities, beginning with passive 
and active assisted exercises while the patient is  lying 

in bed, through active exercises in a sitting and standing 
position, progressing to walking in one spot, and then gait 
walking.16,41–43 Taking into account the absolute contrain-
dications to exercise, the physiotherapist should develop 
an individualized, monitored and supervised rehabilitation 
program.17,40,44

When choosing exercises for our research, the follow-
ing principle was adopted: the more severe the heart fail-
ure, the lower the intensity and duration of exercise, and 
the higher the exercise frequency. Assisted exercises have 
been included in the Polish “HF model” of cardiac reha-
bilitation of patients with AHF.40

In order to prevent progressive impairment of numer-
ous body functions, Massimo Piepoli, an expert on heart 
failure and then the Chairman of the European Guidelines 
on cardiovascular disease prevention in clinical practice, 
has been recommending early mobilization of patients 
for years. Following a period of  immediate threat and 
clinical instability, he encourages simple and slow move-
ments performed as soon as possible.17 Piepoli emphasizes 
the important role of early activation of patients after stable 
clinical AHF status has been achieved. Exercises should 
be individualized based on simple movements, engaging 
body weight only.17,37

Researchers have demonstrated the safety and efficacy 
of multidomain rehabilitation, which improves physical 
function and shortens rehospitalization. In their studies, 
they included independent and mobile patients who could 
walk at least 4 m at enrollment, were functionally inde-
pendent before admission and were expected to be dis-
charged from hospital.13,14 In the REHAB-HF project and 
in a multi-center study by Kitzman et al., the 30-minute 
rehabilitation sessions commenced in the hospital during 
AHF and continued at home and in the outpatient clinic 
for the next 12 weeks.14,45,46

Our research stems from practice and from the daily 
needs of those working with elderly patients with disabili-
ties who are bed-bound in hospital with severe disease 
symptoms. It was challenging to decide which exercises 
to start off with, and how to perform them or to estimate 
which groups of patients will benefit from them the most. 
In this project, we wanted to determine whether early ac-
tivation is safe, if it has a positive impact on the patient’s 
well-being, and, above all, whether it has an objective, mea-
surable impact on the oxidation of skeletal muscles during 
a decompensated heart failure stage.

During AHF, patients often experience massive swell-
ing associated with an increased tension of the skin in-
tegument of the entire lower limb, occasionally expand-
ing the skin pores through which serous fluid may seep 
out. These symptoms are often accompanied by pain and 
discomfort, which hinder or prevent independent, active 
movements of the lower limb. With these ailments and 
our own experiences in  mind, assisted exercises were 
selected. These types of exercises do not require effort 
from the patient or significant involvement of their own 
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muscles. Furthermore, during the early period of the dis-
ease, assisted exercises intend to gradually introduce other 
physiotherapeutic activities to the exercise therapy pro-
gram with greater patient involvement. The additional 
benefit of assisted exercises is the reduction of risks in-
volving thromboembolism and the reduction or prevention 
of edema.47,48 Peripheral edema of the lower extremities 
occurs in more than 50% of patients with stable heart fail-
ure and in about 75% of patients with decompensated heart 
failure.49,50 The role of assisted exercises was to enhance 
flow in the venous vascular bed by raising the heel and as-
sisting the outflow of accumulated fluid, which can reduce 
stasis of the peripheral circulation.

When assessing oxygenation of the quadriceps muscle 
as a reaction to the exercises and in the rest phase 10 min 
after the end of the exercise, we observed a slight increase 
in the TOI. This is certainly a beneficial effect that re-
quires further in-depth research. We presume that the im-
provement in venous outflow contributed to an increase 
in the arteriovenous difference and increased blood flow 
and oxygenation throughout the muscles.

The assisted lower limb movements also helped reduce 
the pain connected with swelling, making it more pleas-
ant for the patient. This result may have been attained 
because the fluid pressure exerted on the peripheral tis-
sue was reduced. This was reflected in the feeling of re-
duced discomfort due to the relieved skin tension reported 
by the patients. This may have the added benefit of reduc-
ing reluctance to exercise. The beneficial effects of early 
activation of the patient as a way of preventing intensi-
fication of the symptoms of FS, post-hospital syndrome 
or rehospitalization should not be underestimated.

Limitations

Our research is not free from limitations, and this needs 
to be acknowledged. First, the study included a relatively 
small number of patients. This is due to the unique nature 
of our study population, which is comprised of elderly 
patients with many different chronic conditions. Due 
to the small study group, we decided not to include both 
genders to avoid heterogeneity within our sample, which 
could introduce another limitation. However, we felt that 
gender diversity was particularly important in the con-
text of our study in  terms of  the effects of hormones 
on muscle tissue and, moreover, significant differences 
in muscle mass, strength and endurance. Another limita-
tion is the lack of a control group. It is due to the fact that, 
at this stage of the research, we focused on the effects 
of exercise on hemodynamic parameters and muscle oxy-
genation, while the observed changes and their dynam-
ics were compared to resting values. The methods used 
for diagnosis and assessment of pulmonary congestion 
have had limited accuracy and reliability. We endeavor 
to eliminate these limitations by continuing this research 
in the future.

Conclusions

We have demonstrated that assisted exercises of the lower 
limb are safe because they do not burden the circulatory 
system. This is because they did not cause changes in BP, 
HR and oxygen saturation or increase dyspnea; therefore, 
they can be performed during the initial rehabilitation 
period of male patients hospitalized for AHF. Furthermore, 
the presented data suggest that such physiotherapeutic 
interventions are beneficial, particularly in patients with 
peripheral congestion and lower limb edema, as they im-
prove venous outflow and muscle oxygenation. Finally, 
assisted exercises helped reduce the severe and uncomfort-
able symptoms of AHF, such as feelings of tension and pain 
in the lower extremities, that limit the patient’s mobility.
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Abstract
Background. Ferroptosis is a type of iron-dependent programmed cell death. The inhibition of ferroptosis 
has been reported to alleviate myocardial ischemia/reperfusion injury (IRI). However, it is unknown whether 
this protective effect occurs in the ischemia or reperfusion phase. Sestrin 1 (Sesn1) possesses remarkable 
cytoprotective functions to diverse cellular stresses. However, whether Sesn1 is involved in the regulatory 
process of ferroptosis during myocardial IRI is unknown.

Objectives. This study aimed to simulate an acute myocardial infarction (AMI) that occurs in rats within 
6 h, verify the occurrence and effects of ferroptosis in the phases of ischemia and reperfusion, and further 
explore the relationship between ferroptosis, IRI and Sesn1.

Materials and methods. The hearts of Sprague Dawley (SD) rats undergoing ischemia for varying lengths 
of time or having undergone ischemia followed by varying lengths of reperfusion were examined. The occur-
rence of ferroptosis was verified by detecting changes in ferroptosis biomarkers. In addition, ferrstatin-1 (Fer-1) 
was administered to demonstrate the effect of ferroptosis in myocardial IRI and to detect changes in Sesn1.

Results. The results showed that the myocardial damage was more severe with more prolonged myocardial 
ischemia. There were no significant changes in ferroptosis biomarkers in cardiac tissues during the ischemia 
phase, the levels of iron and malondialdehyde (MDA) were elevated, and the expression of glutathione 
peroxidase 4 (GPX4) and ferritin heavy chain 1 (FTH1) were decreased after myocardial IRI. Compared 
to the ischemia/reperfusion (I/R) group, the treatment with Fer-1 before reperfusion can attenuate myocardial 
IRI, reverse the decrease in GPX4 and FTH1 expression, and decrease the rise in iron content and MDA. In ad-
dition, we found that the expression of Sesn1 was reduced in hearts that suffered IRI; however, the treatment 
with Fer-1 can reverse this situation.

Conclusions. Ferroptosis occurred during the myocardial reperfusion phase but not ischemia. The inhibition 
of ferroptosis exerted beneficial effects on myocardial IRI, providing a theoretical basis for targeted therapy 
in patients with AMI. Sestrin 1, regulated by ferroptosis, may play an important role in myocardial IRI.

Key words: ferroptosis, myocardial IRI, Fer-1, Sesn1
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Background

Acute myocardial infarction (AMI) has become one 
of  the  most dangerous diseases worldwide. The  high 
medical costs and complications severely affect the qual-
ity of life. Currently, reperfusion strategies, such as percu-
taneous coronary intervention (PCI), are recommended 
as the optimal treatment for AMI.1 The treatment within 
the first 6 h is considered optimal. With the development 
of interventional therapy and the rise in people’s aware-
ness, the treatment rate of patients with AMI within 6 h has 
improved, meaning that patients are receiving timely treat-
ment. However, the consequent reperfusion will likely pre-
cipitate paradoxical cardiomyocyte dysfunction, namely 
ischemia/reperfusion injuries (IRIs). Studies in  animal 
models of AMI suggested that lethal reperfusion injury 
accounted for up to 50% of the final size of the myocardial 
infarct.2 Several preventive strategies have been proposed 
in these models to ameliorate reperfusion injuries. However, 
the results were disappointing. Over the past decade, re-
searchers have proposed that many mechanisms contribute 
to IRI, such as calcium overload, oxidative stress, inflamma-
tion, and energy metabolism disorders, ultimately leading 
to myocardial cell death.3

Previously, apoptosis and necrosis were considered 
the  main types of  cardiomyocyte death. Apoptosis 
is a form of programmed cell death, while necrosis is a form 
of an accidental and uncontrolled pathological cell death. 
Recently, studies have demonstrated that necrosis can be 
regulated by different signaling pathways, namely regu-
lated cell death (RCD).4,5 According to the recommenda-
tions of the 2018 Nomenclature Committee on Cell Death 
(NCCD), RCD can take various forms, such as necrotic 
apoptosis, pyroptosis and ferroptosis, among others.6 
Ferroptosis is a relatively recently defined form of iron-
dependent programmed cell death, first proposed by Dixon 
et al. in 2012.7 According to the existing literature, ferrop-
tosis is characterized by 2 aspects that distinguish it from 
apoptosis, necroptosis and autophagy. Regarding cell mor-
phology, ferroptosis reduces cell mitochondria, increases 
mitochondrial membrane density and decreases mito-
chondrial cristae. Regarding cell composition, ferroptosis 
results in lipid peroxidation and the accumulation of reac-
tive oxygen species (ROS). Iron is an essential mineral in-
volved in different biological processes within organisms. 
Iron metabolism disorders participate in the pathological 
processes associated with many diseases, including type 2 
diabetes, obesity, nonalcoholic fatty liver disease, and car-
diovascular disease.8–10 Ferroptosis leads to lipid peroxi-
dation and high levels of ROS. Oxidative stress was one 
of the mechanisms involved in myocardial injury. There-
fore, we wanted to elucidate whether ferroptosis was in-
volved in myocardial ischemia and/or reperfusion injuries.

Sestrin 1 (Sesn1) belongs to the sestrin family, a group 
of  highly conserved, stress-induced proteins that 

participate in various pathophysiological processes.11–15 
The p53 tumor suppressor protein induces the produc-
tion of sestrins. Their effects are associated with their 
antioxidant defense ability and regulation of intracellular 
signaling pathways, such as double direction regulating and 
controlling of the target of rapamycin kinase complexes 
1 and 2 (mTORC1 and mTORC2), regulating autophagy, 
and activating the AMP-activated protein kinase (AMPK) 
pathway.16,17 Furthermore, because of their high sensitivity 
to stress, sestrins can quickly respond to various damages, 
protecting the organism from stress. Recently, studies have 
reported Sesn1 to play a significant role in cardiovascular 
and cerebrovascular diseases by reducing neuronal injury 
caused by oxygen-glucose deprivation/reoxygenation in vi-
tro and doxorubicin cardiotoxicity in vivo.14,18 However, 
whether Sesn1 alleviated myocardial IRI was unknown. 
In addition, Sesn1 was regulated by p53, a key gene in fer-
roptosis.19,20 Therefore, we suspected Sesn1 to play a crucial 
cytoprotective role in ferroptosis involving myocardial IRI.

Although some studies have indicated that ferroptosis 
is  involved in myocardial injury caused by AMI, we do 
not know whether it plays a role in the ischemia phase 
or the reperfusion phase. Furthermore, extensive studies 
have verified the role of Sesn1 in cell survival and oxidative 
stress under various conditions, but little is known about 
whether Sesn1 is involved in ferroptosis regulating myo-
cardial IRI. Therefore, experimental research is required 
to clarify this matter.

Objectives

This study aimed to simulate clinical AMI occurring 
within 6 h in rats, investigate the differences in ferropto-
sis between the phases of ischemia and reperfusion, and 
further explore the relationship between ferroptosis, IRI 
and Sesn1.

Materials and methods

Animals

Adult male Sprague Dawley (SD) rats of specific pathogen-
free (SPF) grade (250–280 g) were provided by the Animal 
Laboratory Center, Guangxi Medical University, Nanning, 
China. The rats were raised by professional breeders and 
their living environment was strictly controlled. The rats 
were adaptively fed for 3–5  days before the  operation. 
The Institutional Animal Care and Research Ethics Com-
mittee of Guangxi Medical University approved the plan 
for the animal experiment (approval No. 2022-KY-E-(227)). 
All procedures complied with the regulations specified 
by the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals.



Adv Clin Exp Med. 2023;32(2):219–231 221

Ischemia/reperfusion injury model

The rats were anesthetized by intraperitoneal sodium 
pentobarbital (40 mg/kg) injection and fixed on the op-
erating table in the supine position. They were intubated 
through the larynx, and the endotracheal tube was con-
nected to an animal ventilator to assist breathing. The mode 
of the ventilator was 80 bpm in respiratory rate, 20 mL/kg 
in tidal volume, and a respiratory ratio of 1:1.5. The myocar-
dial infarction model was created by ligating the left anterior 
descending coronary artery (LAD) with a 6-0 silk suture.

The first part of the experiments was to confirm whether 
ferroptosis was involved in ischemia-induced myocardial 
injury. To simulate clinical AMI presenting within 6 h, 
the animals were randomly divided into 4 groups (n = 6 
per group), including sham group (only threading without 
ligation), ischemia 2-hour group, ischemia 4-hour group, 
and ischemia 6-hour group. After the operation was fin-
ished, blood was collected and centrifuged, and serum was 
taken for the detection of creatine kinase-MB (CK-MB) and 
malondialdehyde (MDA). In addition, the myocardium was 
removed from the rats to measure the expression of gluta-
thione peroxidase 4 (GPX4), ferritin heavy chain 1 (FTH1) 
and iron content.

The purpose of  the 2nd part of  the experiments was 
to  observe the  occurrence and changes of  ferroptosis 
in hearts of rats undergoing different reperfusion periods 
after suffering ischemia. Ninety rats were randomly di-
vided into 3 clusters (n = 30 per cluster), and each cluster 
was subsequently divided into 5 groups (n = 6 per group). 
In briefly, the 1st cluster included the sham group, the isch-
emia 2-hour plus reperfusion groups (reperfusion 3-hour 
(R3h) group, reperfusion 6-hour (R6h) group, reperfusion 
12-hour (R12h) group, and reperfusion 24-hour (R24h) 
group); the 2nd cluster was divided into the sham group 
and ischemia 4-hour plus reperfusion groups (R3h group, 
R6h group, R12h group, and R24h group); the 3rd cluster 
consisted of the sham group and the ischemia 6-hour plus 
reperfusion groups (R3h group, R6h group, R12h group, 
and R24h group). After 2 h, 4 h or 6 h of myocardial isch-
emia, the ligation wires were loosened and reperfusion was 
performed for another 3 h, 6 h, 12 h, or 24 h, respectively. 
When the experiment was over, serum and myocardial 
tissue were saved to detect the indexes of CK-MB, MDA, 
GPX4, and FTH1, as well as iron content. The time points 
of 2 h of ischemia plus 12 h of reperfusion were selected 
for the 3rd part of the experiments.

The 3rd part of the experiments evaluated the effects 
of ferroptosis on myocardial IRI. The time points of 2 h 
of  ischemia plus 12  h of  reperfusion were selected for 
the 3rd part of the experiments. It was a new cluster consist-
ing of 3 groups (the sham group, the ischemia/reperfusion 
(I/R) group and the + Fer-1 group). Rats were treated with 
Fer-1 (3 mg/kg, intraperitoneal injection) before reperfu-
sion. Finally, the serum of the rats was taken for CK-MB 
and MDA detection, and the myocardium was removed 

to measure the expression of GPX4, FTH1 and Sesn1 as well 
as iron content, to calculate the myocardial infarction area, 
and to detect the histopathological injury. The morpho-
logical changes of the mitochondria in each group were 
observed using transmission electron microscope (TEM).

Measurements of serum biochemistry  
and iron content

Creatine kinase-MB is a creatine kinase isoenzyme found 
primarily in heart tissue. An  increase in CK-MB indi-
cates myocardial cell injury or necrosis. Malondialdehyde 
is the stable metabolite of lipid peroxidation products that 
indirectly reflects the degree of myocardial cell damage. 
Iron content is a common biomarker of ferroptosis. The se-
rum MDA level in the myocardial tissues was measured 
using an MDA assay (No. A003-1; Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China), serum CK-MB level 
was measured using a CK-MB assay (No. C060; Changchun 
Huili Biotech Co., Ltd., Changchun, China) and iron con-
tent was measured using a iron content assay (Solarbio, Bei-
jing, China), all according to manufacturers’ instructions.

Histological observation

Hematoxylin and eosin (H&E) staining detected histo-
pathological injury to the myocardium. After the heart 
was isolated, the tissue was fixed, embedded, sliced, de-
waxed, and stained. The sections were then observed un-
der a light microscope (Olympus BX53F; Olympus Corp., 
Tokyo, Japan).

Infarct area assessment

The  assessment of  the  infarct area directly revealed 
the death of cardiomyocytes. The myocardial infarction 
area was calculated by staining the heart slice with 2% 
2,3,5-triphenyltetrazolium chloride (TTC; Solarbio), ac-
cording to the manufacturer’s instructions. The judgment 
criteria were that the normal tissue remained red and the in-
farct area was pale. The infarct area of the processed cardiac 
tissue section was calculated and analyzed using ImageJ 
software (National Institutes of Health, Bethesda, USA). 
The infarct area was expressed as the ratio of the infarction 
area to the total myocardial area.

Western blot

Both GPX4 and FTH1 are well-recognized biomark-
ers of ferroptosis. Focusing on Sesn1 was one of the key 
objectives during the 3rd experiment. Therefore, western 
blot was used to detect the difference of GPX4, FTH1 and 
Sesn1 protein levels among groups. It was carried out us-
ing the standard protocol. First, the myocardial tissue was 
lysed with radioimmunoprecipitation assay (RIPA) buffer 
containing protease inhibitors (Solarbio). Next, the total 
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protein concentration was determined using the  BCA 
protein assay kit (Beyotime, Nanjing, China) and the su-
pernatant from centrifugation. Next, an equal quantity 
of protein samples was used to perform electrophoresis 
(10% or 7.5% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE)), membrane transfer (0.22 µm 
polyvinylidene difluoride (PVDF) membranes), blocking 
(5% skim milk), and incubation with primary antibodies, 
such as GPX4 (No. 67763-1-Ig; Proteintech, Rosemont, 
USA), FTH1 (No. A19544; Abclonal, Woburn, USA) and 
Sesn1 (No. ab134091; Abcam, Cambridge, UK), in a 4°C 
refrigerator overnight, and was finally treated with sec-
ondary antibodies (No. SA5-35521 and No. SA5-35571; 
Invitrogen, Waltham, USA). The endogenous control was 
α-tubulin (No. 66031-1-Ig; Proteintech). The results were 
visualized and analyzed using ImageJ software. The results 
of the targeting proteins were normalized against control, 
and the results were expressed as a fold of the control.

Quantitative real-time polymerase  
chain reaction assay

Quantitative real-time polymerase chain reaction assay 
(qRT-PCR) was carried out to detect the gene expression 
of GPX4, FTH1 and Sesn1 according to the standard proto-
col. The TriZol reagent (No. 9108; TaKaRa Bio Inc., Kusatsu, 
Japan) was used to collect the total RNA. The cDNA was syn-
thesized from 1 µg of total RNA using MonScriptTM RTIII 
All-in-one Mix Kit (No. MR05101; Monad Biotech, Wuhan, 
China), according to the manufacturer’s protocol. Subse-
quently, qRT-PCR was performed using the MonAmpTM 
SYBR Green qPCR Mix Kit (No. MQ10301S; Monad Bio-
tech) on Applied Biosystems 7500 Real-Time PCR Sys-
tems (Thermo Fisher Scientific, Waltham, USA). The to-
tal reaction volume was 20 µL per well. The amplification 
protocol comprised of the following PCR cycles: a single 
cycle of 30 s at 95°C, 40 cycles of 10 s at 95°C, a single cycle 
of 30 s at 60°C, and a final cycle of 15 s at 95°C. The expres-
sion levels of β-actin normalized the threshold cycle values 
for target genes. The relative gene expression data were 
calculated using the 2−ΔΔCT method. The primers (Sangon 
Biotech, Shanghai China) were as follows:

1. β-actin: forward (5’ > 3’) TGTCACCAAACTGGGAC-
GATA; reverse (5’ > 3’) GGGGTGTTGAAGGTCTCAAA.

2. GPX4: forward (5’ > 3’) GATACGCCGAGTGTGGTTT; 
reverse (5’ > 3’) CTTGGGCTGGACTTTCATC.

3. FTH1: forward (5’ > 3’) GCCAAATACTTTCTCCAT-
CAA; reverse (5’ > 3’) TCATCACGGTCAGGTTTCT.

4. Sesn1: forward (5’ > 3’) ACCTCGTGACCCTGACTTT; 
reverse (5’ > 3’) GCTCATTTACCCCAAACCT.

TEM observation

The mitochondrial reduction is one of the characteris-
tics of ferroptosis. Therefore, TEM was selected to observe 
the morphological changes of the myocardial mitochondria. 

At the end of the experiment, the rats were euthanized 
by excessive anesthesia, and their hearts were removed. 
Then, a 1-mm3 piece was cut from the cardiac apex and fixed 
in an electron microscope fixative solution. After prepar-
ing the specimens, the samples were observed and imaged 
with a TEM system (model HT7800; Hitachi, Tokyo, Japan).

Statistical analyses

The IBM SPSS v. 23.0 software (IBM Corp., Armonk, 
USA) was used to perform statistical analysis. Intergroup 
data having independent, normal distribution and variance 
homogeneity were analyzed using one-way analysis of vari-
ance (ANOVA), followed by Tukey’s honestly significant 
difference (HSD) test. If the data did not meet these con-
ditions, the differences between groups were determined 
using the nonparametric Kruskal–Wallis test, followed 
by Dunn’s post hoc test. If the data had normal distribution 
and homogeneity of variance, independent sample t-tests 
were performed between the groups. A p-value <0.05 in-
dicated statistical significance.

Results

Ferroptosis did not occur during 
myocardial ischemia in rats

To verify whether ferroptosis was involved in myocardial 
ischemia injuries, rat hearts were subjected to ischemia for 
2 h, 4 h and 6 h, respectively. Ischemia led to myocardial in-
jury in rats and such injury was aggravated by prolonged pe-
riods of ischemia, manifested as a gradual increase in CK-MB 
(p < 0.001; Fig. 1A). These results suggested that the myo-
cardial ischemia injury model was established successfully. 
Although ferroptosis was iron-dependent, there were no 
differences in iron content in myocardial tissues between 
the sham group and ischemia groups (sham group compared 
to ischemia 2-hour group: p = 0.992; compared to ischemia 
4-hour group: p = 0.427; compared to ischemia 6-hour group: 
p = 0.834; Fig. 1B). Similarly, compared with the sham group, 
the concentration lipid peroxidation product, MDA, was not 
significantly higher in the ischemia groups (sham group com-
pared to ischemia 2-hour group: p = 0.083; compared to isch-
emia 4-hour group: p = 0.756; compared to ischemia 6-hour 
group: p = 0.085; Fig. 1B). There were no significant changes 
in protein expression of GPX4 and FTH1, well-recognized 
biomarkers of  ferroptosis, between the sham group and 
ischemia groups (GPX4: sham group compared to ischemia 
2-hour group: p = 0.808; compared to ischemia 4-hour group: 
p = 0.894; compared to ischemia 6-hour group: p = 0.994; 
FTH1: sham group compared to ischemia 2-hour group: 
p = 0.957; compared to ischemia 4-hour group: p = 0.979; 
compared to ischemia 6-hour group: p = 0.988; Fig. 1C,D). 
Based on the above evidence, we concluded that ferroptosis 
did not occur during myocardial ischemia.
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Ferroptosis participated in myocardial IRI

This part of the research aimed to observe the changes 
of ferroptosis in the hearts of rats that underwent ischemia 
for different times (2 h, 4 h and 6 h) and different reperfu-
sion periods (R3 h, R6 h, R12 h, and R24 h). In the ischemia 
2-hour plus reperfusion groups, CK-MB level (Fig. 2A) 
increased in the reperfusion groups (compared to the sham 
group: p < 0.001), and peaked at R12h (compared to R3h: 
p < 0.001; compared to R6h: p = 0.008; compared to R24h: 
p < 0.001). As illustrated in Fig. 2B, there was a signifi-
cant difference in MDA level between the sham group and 

reperfusion groups (compared to the sham group: for R3h 
p = 0.006, for R6h, R12h and R24h p < 0.001). The peak 
formed at R12h (compared to the R3h: p = 0.049; compared 
to R6h: p = 0.421; compared to R24h: p = 0.538). The iron 
content (Fig. 2B) was significantly different between 
the sham group and the reperfusion groups (p < 0.001) 
and there were no statistical differences between reperfu-
sion groups. In addition, as shown in Fig. 2C,D, the protein 
levels of GPX4 and FTH1 decreased in the reperfusion 
groups; the decreases began 3 h after myocardial reperfu-
sion (compared to sham group: p < 0.001). There was no 
significant difference in GPX4 protein level along with 

Fig. 1. No significant changes were observed regarding ferroptosis biomarkers in rat hearts subjected to ischemia. A. Creatine kinase-MB (CK-MB) levels 
in different ischemia groups; B. Malondialdehyde (MDA) and iron content in different groups; C,D. The protein expression of glutathione peroxidase 4 (GPX4) 
and ferritin heavy chain 1 (FTH1) measured using western blot. Data are presented using the mean (n = 5 or 6 per group) and one-way analysis of variance 
(ANOVA) followed by Tukey’s honest significant difference (HSD) test

#### p < 0.0001 when compared to the sham group; **** p < 0.0001 when compared to other ischemia groups.
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myocardial reperfusion prolongation. An upward trend 
of FTH1 could be observed at R3h (R3h compared to R12h: 
p = 0.025; R3h compared to R24h: p = 0.003).

As demonstrated in Fig. 3A, in the ischemia 4-hour plus 
reperfusion groups, CK-MB level increased in the reperfu-
sion groups (compared to sham group: p < 0.001) and peaked 
at R12h (compared to R3h and R6h: p < 0.001; compared 
to R24h: p = 0.172). Compared to the sham group, both MDA 
level and iron content (Fig. 3B) increased in the reperfusion 
groups (MDA: for R12h p = 0.008, for R24h p = 0.022; iron 
content: for R3h, R6h R12h, and R24h p < 0.001). There were 
no statistical differences between the reperfusion groups. 
Compared to the sham group, the protein levels of GPX4 
and FTH1 (Fig. 3C,D) decreased significantly, which began 
at R3h (for GPX4: p = 0.023, for FTH1: p < 0.001). No sig-
nificant differences in GPX4 and FTH1 were found between 
the reperfusion groups.

In the ischemia 6-hour plus reperfusion groups, compared 
with the sham group, CK-MB level (Fig. 4A) also increased 
in the reperfusion groups (p < 0.001) and peaked at R24h 
(compared to R3h and R6h: p < 0.001; compared to R12h: 
p = 0.004). As shown in Fig. 4B, an upward trend of MDA 
level can be observed among the sham group and reperfusion 
groups (compared to the sham group: for R3h p = 0.12, for R6h 
p = 0.048, for R12h p = 0.005, for R24h p < 0.001). However, 
there were no statistical differences between the reperfu-
sion groups. Compared to the sham group, the iron content 
(Fig. 4B) increased in reperfusion groups (for R3h: p = 0.001; for 
R6h, R12h and R24h: p < 0.001) and peaked at R6h (compared 
to R3h: p < 0.001; compared to R12h and R24h: p = 1.000). 
There were significant differences in the protein expression 
of GPX4 and FTH1 (Fig. 4C,D) between the sham group and 
reperfusion groups. The decrease of GPX4 and FTH1 be-
gan at R6h (p < 0.001). There was no significant difference 

Fig. 2. Ferroptosis occurred in rat hearts subjected to ischemia for 2 h plus reperfusion. A. Creatine kinase-MB (CK-MB) levels in different groups; 
B. Malondialdehyde (MDA) and iron content in different groups. C,D. The protein expression of glutathione peroxidase 4 (GPX4) and ferritin heavy chain 1 
(FTH1) measured using western blot. Data are presented using the mean (n = 6 per group) and one-way analysis of variance (ANOVA) followed by Tukey’s 
honest significant difference (HSD) test

# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 when compared to sham; * p < 0.05, ** p < 0.01, **** p < 0.0001 when compared to other reperfusion 
groups.
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in GPX4 along with myocardial reperfusion prolongation. 
An upward trend of FTH1 was observed in the R6h group 
(R6h compared to R12h: p = 0.015; R6h compared to R24h: 
p < 0.001; R12h compared to R24h: p < 0.001).

Administration of Fer-1 alleviated 
myocardial IRI in rats

The Fer-1, a ferroptosis inhibitor, was intraperitoneally 
injected into rats before reperfusion to evaluate the con-
tribution of  ferroptosis to  myocardial IRI. Compared 
to the I/R group, Fer-1 significantly reduced myocardial 
IRI in the +Fer-1 group. The rise of serum CK-MB activ-
ity reversed (p < 0.001; Fig. 5A), the area of myocardial 
infarction decreased (p = 0.008; Fig. 5B,C) and the injury 
of myocardial pathological tissue was alleviated (Fig. 5D). 
The results verified that inhibition of ferroptosis played 
a therapeutic role in myocardial IRI.

Treatment with Fer-1 alleviated myocardial 
IRI in an iron-dependent manner and 
influenced the expression of Sesn1

The levels of MDA, iron content, GPX4, FTH1, Sesn1, 
and mitochondrial ultrastructure in the myocardium were 
all measured simultaneously to detect the effects of Fer-1. 
Compared to the sham group, MDA level and iron content 
(Fig. 6A) increased in the I/R group (for MDA: p < 0.001; 
for iron content: p = 0.004). The increased effect of MDA 
induced by I/R can be significantly blocked by Fer-1 (for 
I/R group compared to +Fer-1 group: p = 0.008); however, 
Fer-1 had no effect on the iron content (for I/R group com-
pared to +Fer-1 group: p = 0.589). As shown in Fig. 6B, 
the transcription level of GPX4, FTH1 and Sesn1 decreased 
in the I/R group (compared to the sham group: for GPX4 
p < 0.001, for FTH1 p = 0.001 and for Sesn1 p < 0.001); in ad-
dition, treating with Fer-1 can reduce the decline of Sesn1, 

Fig. 3. Ferroptosis occurred in rat hearts subjected to ischemia for 4 h plus reperfusion. A. Creatine kinase-MB (CK-MB) levels in different groups; 
B. Malondialdehyde (MDA) and iron content in different groups. C,D. The protein expression of glutathione peroxidase 4 (GPX4) and ferritin heavy chain 1 
(FTH1) measured using western blot. Data are presented using the mean (n = 6 per group) and one-way analysis of variance (ANOVA) followed by Tukey’s 
honest significant difference (HSD) test

# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 when compared to sham; **** p < 0.0001 when compared to other reperfusion groups.
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but not GPX4 and FTH1 (I/R group compared to +Fer-1 
group: for GPX4 p = 0.142, for FTH1 p = 0.557 and for Sesn1 
p = 0.025). The trends for GPX4, FTH1 and Sesn1 protein 
expression levels were consistent with the transcription 
levels. As demonstrated in Fig. 6C–E, owing to the oc-
currence of  ferroptosis during myocardial I/R in  rats, 
the protein expression level of GPX4, FTH1 and Sesn1 de-
creased (compared to the sham group: p < 0.001); however, 
this influence can be reversed by Fer-1 (I/R group com-
pared to +Fer-1 group: for GPX4 and FTH1 p < 0.001, for 
Sesn1 p = 0.017). In addition, characteristic mitochondrial 
changes, such as smaller mitochondria, increased mem-
brane density and decreased or fractured cristae, occurred 
in the I/R group due to ferroptosis. At the same time, Fer-1 
alleviated these mitochondrial changes (Fig. 6F). In sum-
mary, the treatment with Fer-1 can alleviate myocardial IRI 
in an iron-dependent manner. Sestrin 1 was differentially 
expressed in ferroptosis involving myocardial IRI model.

Discussion

In  this research, our primary objective was to  ex-
plore whether ferroptosis is  involved in myocardial IRI 
in vivo. Our findings were as follows: 1) Ferroptosis was 
not observed in rat hearts that underwent ischemia from 
2 h to 6 h, although the ischemic injury worsened with pro-
longed ischemia. 2) Ferroptosis occurred in rat hearts that 
suffered ischemia for 2 h, 4 h or 6 h plus reperfusion from 
3 h to 24 h, and the duration of ischemia determined the ap-
pearance time of ferroptosis during myocardial reperfu-
sion. 3) The administration of Fer-1 significantly attenuated 
myocardial IRI by inhibiting ferroptosis. 4) Treating rats 
with Fer-1 reversed the decrease in the expression of Sesn1 
caused by myocardial IRI. This study demonstrated the role 
ferroptosis plays in the ischemic and reperfusion phases 
of myocardial IRI. In addition, this study proposed that 
Sesn1 was associated with ferroptosis in myocardial IRI.

Fig. 4. Ferroptosis occurred in rat hearts subjected to ischemia for 6 h plus reperfusion. A. Creatine kinase-MB (CK-MB) levels in different groups; 
B. Malondialdehyde (MDA) and iron content in different groups; C,D. The protein expression of glutathione peroxidase 4 (GPX4) and ferritin heavy chain 1 
(FTH1) measured using western blot. Data are presented using the mean (n = 6 per group) and one-way analysis of variance (ANOVA) followed by Tukey’s 
honest significant difference (HSD) test

# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 when compared to the sham group; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 when compared 
to other reperfusion groups.
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It  is without a doubt that ischemia can lead to myo-
cardial injury, and the  fact that reperfusion causes in-
jury cannot be ignored. The study was initially designed 
based on the following considerations: in clinical prac-
tice, it can be observed that some patients refuse PCI for 
personal reasons or are not suitable candidates for PCI. 
In these cases, limited effects of other treatment result 
in permanent myocardial injury. On the other hand, with 

growing awareness of AMI, more patients see a doctor 
in time to open the infarct-related arteries. However, fur-
ther aggravation of myocardial injury occurs following 
reperfusion. Although many studies have tried to explain 
the mechanisms of myocardial ischemia injury and reper-
fusion injury, the difference between them has not been 
fully clarified, and the effects of clinical therapies have been 
disappointing. The current research hotspot, ferroptosis, 

Fig. 5. The inhibition of ferroptosis alleviated myocardial ischemia/reperfusion injury (IRI). A. Creatine kinase-MB (CK-MB) levels in different groups. Data 
are presented using the mean (n = 6 per group) and one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test; 
B,C. Myocardial infarction size detected using 2,3,5-triphenyltetrazolium chloride (TTC) in different groups. Data are presented using the mean (n = 5 
per group) and independent sample t-tests; D. Histopathological images of different groups

#### p < 0.0001 when compared to sham group; ** p < 0.01, **** p < 0.0001 in the ischemia/reperfusion (I/R) group when compared to +Fer-1 group.  
Fer-1 – ferrstatin-1.
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Fig. 6. Changes in ferroptosis biomarkers in rat hearts after treatment with Fer-1. A. Malondialdehyde (MDA) and iron content in different groups. The data 
on MDA levels are presented using the mean (n = 6 per group) and one-way analysis of variance (ANOVA) followed by Tukey’s honest significant difference 
(HSD) test. The data of iron content are presented using the median (n = 6 per group), and nonparametric Kruskal–Wallis test followed by Dunn’s post 
hoc test; B. The transcriptional expression levels of glutathione peroxidase 4 (GPX4), ferritin heavy chain 1 (FTH1) and Sestrin 1 (Sesn1) in cardiac tissue 
in different groups. The data of GPX4 and FTH1 are presented using the median (n = 6 per group) and nonparametric Kruskal–Wallis test followed by Dunn’s 
post hoc test. The data of Sesn1 is presented using the mean (n = 5 per group) and one-way ANOVA followed by Tukey’s HSD test; C–E. The protein 
expression of GPX4, FTH1 and Sesn1 in cardiac tissue in different groups. Data are presented using the mean (n = 5 or 6 per group) and one-way ANOVA 
followed by Tukey’s HSD testing; F. The changes in the mitochondria of myocardial tissue were observed using transmission electron microscope (TEM) 
in different groups

# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 when compared to the sham group; * p < 0.05, ** p < 0.01, *** p < 0.001 in the ischemia/reperfusion (I/R) 
group when compared to +Fer-1 group. Fer-1 – ferrstatin-1.



Adv Clin Exp Med. 2023;32(2):219–231 229

has aroused our interest to contribute to the distinction 
between myocardial ischemia injury and reperfusion in-
jury, laying a basis for precision medicine.

Next, we would like to discuss ischemic time and why 
we chose persistent ischemia for 2 h, 4 h and 6 h. At pres-
ent, the ligation of the LAD is a mature model of AMI 
in animals.21 According to most studies, the  ischemic 
time of AMI models is  less than 1 h. The rodent heart 
is  in  a  state of  reversible injury when the  myocardial 
ischemia time is too short and will not cause apparent 
infarction. However, once the ischemia time is too long, 
transmural infarction occurs, which can induce the death 
of model animals during the experiment. In the pre-exper-
iment phase, we found that rats can tolerate myocardial 
ischemia well. The longest ischemia time was 1 week, and 
still the mortality of these rats was low. It was found that 
ferroptosis occurred distinctly in rats after 1 h of myocar-
dial ischemia followed by reperfusion. However, no dif-
ferences were observed in iron and MDA content between 
the reperfusion and ischemia groups, except for a visible, 
increasing trend in the reperfusion group.22 The research-
ers explained that ferroptosis might occur slightly in rats 
with cardiac ischemia. Since the time of myocardial isch-
emia they chose was less than 1 h, we wondered whether 
the apparent ferroptosis could be observed by prolonging 
the time of ischemia.

On the other hand, the optimum treatment time for 
myocardial reperfusion is within 6 h. Therefore, this study 
aimed to simulate clinical AMI within 6 h using a rat 
model. Significant differences exist between humans and 
animals. Although we do not know the ideal treatment 
time of AMI in rats, our purpose was to explore whether 
ferroptosis was involved in myocardial injury resulting 
from ischemia within or beyond the treatment time win-
dow or from reperfusion, which would contribute to pre-
cision medicine and save the damaged cardiomyocytes 
to the greatest extent. Therefore, we designed 3 time points 
(2 h, 4 h and 6 h) to dynamically observe the change during 
myocardial infarction. In the 2nd experiment, 4 reperfu-
sion subgroups according to the reperfusion time (R3h, 
R6h, R12h, and R24h) were constructed. Our design aimed 
to observe the changes in ferroptosis during the extension 
of reperfusion.

Iron participates in various metabolic processes, such 
as electron transport, DNA synthesis and oxygen trans-
port. Several studies have shown ferroptosis to be an im-
portant form of cell death in cardiomyocytes.23–25 Evi-
dence demonstrates that ferroptosis occurs primarily due 
to the lethal accumulation of lipid peroxidation products, 
which are iron-dependent due to glutathione (GSH) de-
pletion or inhibition of system Xc− (a cystine/glutamate 
antiporter system).26 Several vital metabolic pathways 
are involved in this process. The 1st is the iron metabolic 
pathway – iron overload produces lipid peroxidation prod-
ucts through the Fenton reaction. The 2nd  is GSH pro-
duction and the GPX4 pathway, which plays a protective 

role to reduce lipid peroxidation. The 3rd is the glucose 
metabolism, which generates nicotinamide adenine dinu-
cleotide phosphate (NADPH) through pentose phosphate 
pathways. NADPH, as the coenzyme of GSH, plays an im-
portant role in maintaining the content of GSH in cells.23 
Ferroptosis was reported to be related to the pathogenesis 
of many diseases, such as cancer, neurological diseases 
and sepsis.27–29 Recent studies found that ferroptosis is in-
volved in myocardial IRI. The levels of  iron, MDA and 
the expression of ACSL4 in reperfused rat hearts were 
gradually increased, with a decreased GPX4 level compared 
to the control group.22 Similarly, in our study, we found 
that ferroptosis was stimulated in  the  myocardial I/R 
group, which was evidenced by the decreased expression 
of GPX4 and FTH1, and the increased levels of iron and 
MDA. In particular, we were surprised to find that the du-
ration of ischemia determined the appearance time of fer-
roptosis during myocardial reperfusion. In the myocardial 
ischemia (2 h and 4 h) plus reperfusion groups, ferroptosis 
biomarkers changed significantly at R3h, which meant 
that ferroptosis occurred in rat hearts. However, when 
the myocardial ischemia was prolonged to 6 h, ferroptosis 
emerged later – at R6h. In our opinion, this result can be 
explained as follows: Since ferroptosis only occurs during 
the myocardial reperfusion phase rather than the isch-
emia phase, ferroptosis was found to be closely related 
to blood flow. The longer the coronary artery occlusion, 
the more serious the damage to the vascular structure 
and function. The total time of myocardial ischemia was 
frequently reported to be associated with an increased inci-
dence of the no-reflow phenomenon.30,31 Research revealed 
that prolonged total ischemic time was an independent 
predictor of the no-reflow phenomenon.32 The present 
study depicted that no matter how long the time of myo-
cardial ischemia (2–6 h), ferroptosis only occurred during 
the reperfusion phase, and the myocardial injury was al-
leviated after the administration of a ferroptosis inhibitor 
– Fer-1. Our research provided a definite time orientation 
for ferroptosis in myocardial IRI and a basis for clinical 
treatment.

Sestrin 1 is essential for maintaining normal function 
during oxidative injury. Its overexpression suppresses in-
flammation and apoptosis induced by oxidized low-density 
lipoproteins (ox-LDL) in human umbilical vein endothe-
lial cells.33 Silencing Sesn1 can guide the inflammation 
and lipid accumulation in RAW264.7 cells exposed to ox-
LDL.34 Research showed that after being fed a Western 
diet for 8 weeks, Sesn1 knockout mice exhibited higher 
levels of hepatic lipotoxicity and oxidative stress than 
their wild-type counterparts.15 These findings suggested 
an antioxidant function of Sesn1. Over the past few years, 
extensive research has revealed that the essence of ferrop-
tosis is an iron-dependent accumulation of lipid peroxida-
tion induced by oxidative stress.35–38 Recently, research-
ers have verified that the interactions between Sesn1, p53 
and nrf2 participate in many pathological processes.14,39–41 
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While p53 and nrf2 are the hub genes for ferroptosis, 
we speculated that there was a connection between Sesn1 
and ferroptosis. Oxidative stress was one of the crucial 
mechanisms of myocardial IRI. However, the relationship 
between Sesn1, ferroptosis and myocardial IRI was un-
clear. In our study, the expression of Sesn1 in rat hearts 
decreased significantly after ischemia (2 h)/reperfusion 
(12 h), but this effect was reversed after the administra-
tion of Fer-1. In addition, we confirmed that the inhibition 
of ferroptosis can alleviate myocardial IRI. In summary, 
Sesn1 is involved in the mechanism by which ferroptosis 
regulates myocardial IRI.

Limitations

There were some limitations of this study that should 
be put forward for discussion to guide follow-up research. 
First, whether the inhibition of ferroptosis can protect 
against myocardial ischemia is unknown; however, there 
were no signs of ferroptosis in the ischemia group. Second, 
in this study, we verified that Sesn1 was differentially ex-
pressed in myocardial IRI. However, we failed to confirm 
the effects of its overexpression or knockdown on myocar-
dial IRI. Lastly, the upstream and downstream pathways 
of Sesn1 involved in myocardial IRI were not elucidated. 
However, these limitations will help direct future research 
and our further studies.

Conclusions

Our findings verified that ferroptosis occurred in the phase 
of myocardial reperfusion but not ischemia. We are the first 
to report that a longer duration of myocardial ischemia 
resulted in a later occurrence of ferroptosis during reper-
fusion. Moreover, the inhibition of ferroptosis alleviated 
reperfusion-induced myocardial damage. Our findings 
provide a theoretical basis for specific interventions target-
ing ferroptosis in AMI. Furthermore, we discovered Sesn1 
to be involved in myocardial IRI, laying the groundwork 
for future research.
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Abstract
Background. Hepatocellular carcinoma (HCC) is a common tumor of the digestive system. Cell death 
is an essential process in normal tissue that consists of 3 classical pathways: apoptosis, necrosis and autophagy.

Objectives. To perform a comprehensive analysis of the impact of cell death on liver cancer.

Materials and methods. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database and the Cancer 
Genome Atlas (TCGA) datasets were used to analyze the relationships between mutations in cell death-related 
genes and clinical variables of HCC. Then, we applied the DESeq2 package to identify aberrantly expressed 
genes in HCC and their related biological functions through a Pearson correlation analysis. Finally, a cell 
death-related signature of HCC was constructed using the single-factor Cox regression.

Results. We identified the genes involved in apoptosis, necrosis and autophagy, of which TP53 and SPTA1 had 
the highest frequency of mutations. The results revealed that cell death-related tumor mutational burden 
(TMB) was significant for the pathologic stage and had a strong relationship with the prognosis. Moreover, 
53 cell death-related genes that are differentially expressed in HCC were screened, and 3 of them were 
correlated with HCC prognosis. Harvey rat sarcoma viral oncogene homolog (HRAS) affected the infiltra-
tion of immune cells and was closely correlated with ferroptosis. Peptidylprolyl isomerase A (PPIA) played 
a significant role in mitochondrial pathways. At last, we constructed a cell death-related signature of HCC 
using 10 prognosis-related genes and a nomogram based on 3 variables (expression, group and stage).

Conclusions. This study provided a comprehensive analysis of cell death-related genes in HCC based 
on multi-omics data, identified the contribution of each variable to clinical outcome and predicted the survival 
probability of HCC patients more directly.

Key words: apoptosis, necrosis, autophagy, liver hepatocellular carcinoma, multi-omics
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Background

Hepatocellular carcinoma (HCC) is a malignant tumor 
of the digestive system, which ranks first in cancer in-
cidence and mortality around the  world.1,2 Although 
the overall survival of patients with HCC has increased 
due to improved surgery, chemotherapy options and tar-
geted therapy, a few HCC patients still experience distant 
metastasis leading to a poor prognosis.3 However, the mo-
lecular mechanisms of HCC are not fully understood; thus, 
it  is urgent to explore key factors and new biomarkers 
in the progression and prognosis of HCC.

Cell death is an essential process in the development 
of normal tissue, consisting of 3 classical pathways: apop-
tosis, necrosis and autophagy.4,5 Apoptosis is a process 
in which cells cease to grow and divide. It is also called 
programmed cell death or cell suicide. Apoptosis can be 
initiated by intracellular sensors activating the intrinsic 
pathway or damaged receptors in the extrinsic pathway. 
It is characterized by nuclear fragmentation, membrane 
blebbing and chromosomal condensation.6–8 Autophagy 
is a cellular stress-mediated mechanism that promotes 
the degradation of cellular macromolecules to protect 
or kill stressed cells.9 Necrosis, unlike the 2 previous path-
ways, is an uncontrolled form of cell death, where the cell 
is damaged by sudden external injury (hypoxia, chemicals, 
heat, etc.).10 The dysregulation of the above 3 cell death-
related pathways can play a significant role in the initiation 
and development of a tumor.11

The central role of genetic abnormalities is highlighted 
in the process of cancer metabolism described in recent 
studies.12–14 An increased mutation rate is a well-character-
ized feature of human cancers that contributes to the loss 
of function, including somatic mutations, copy number 
variations, genomic rearrangements, etc. In  this study, 
we focused on the genetic and transcriptomic character-
istics of cell death in HCC using bioinformatics analysis, 
along with their relationship with clinical variables, the im-
mune response and prognosis. At last, we constructed a cell 
death-related signature and prognostic nomogram of HCC 
that could be regarded as a reference for clinical treatment.

Objectives

Multi-omics data were used to study the impact of 3 cell 
death-related pathways on HCC.

Materials and methods

Data collection

The pathways related to cell death, including apop-
tosis, necrosis and autophagy, were accessed using 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database. We downloaded the RNA sequencing, copy 
number variants, mutation variants, expression data, 
and clinical data of patients with HCC from the Cancer 
Genome Atlas (TCGA) datasets. Gene expression lev-
els were analyzed using transcripts per million (TPM) 
reads. The clinical data obtained included age, sex, clini-
cal stages, TNM stage, survival status, and survival time.

Somatic mutations  
and copy number variations

Genes with mutation samples greater than 5 were se-
lected for prognostic analysis to ensure a sufficient sample 
size. The Kaplan–Meier log rank tests were performed 
to evaluate whether the gene mutations affected the overall 
survival of HCC patients.

To further explore the impact of cell death-related gene 
mutations on HCC patients, we calculated the tumor muta-
tion burden (TMB) and the fraction genome altered (FGA) 
of each sample according to gene mutation information. 
The calculation of FGA is based on copy number varia-
tion (CNV) segment data. The main calculation method 
used the number of bases in segments with a log2R > 0.2 
divided by the number of bases in all segments. The FGA 
included the fraction genome gain (FGG) and the fraction 
genome loss (FGL). Next, we evaluated the associations 
of FGG and FGL with the prognosis and clinical charac-
teristics of HCC.

Gene expression analysis

In order to determine cell death-related genes that af-
fect the development and progression of HCC, we applied 
the DESeq2 package, a method for differential analysis 
of count data using shrinkage estimation for dispersions 
and fold changes to improve stability and interpretability 
of estimates and to perform the differentially expressed 
analysis. We used a false discovery rate (FDR) <0.05 and 
a log2 (fold change) >1 as the screening criteria. To ex-
plore the associations between cell death-related genes 
and prognosis in HCC, we used the median value of gene 
expression as the cutoff value and divided the dataset into 
2 groups. The genes identified as HCC-specific for subse-
quent analysis were meaningful in the differential expres-
sion and prognostic analyses.

Functional analysis

To gain further understanding of the additional influ-
ence that cell death-related genes have on HCC, we evalu-
ated the scores of 24 immune cells in HCC samples us-
ing the  gene set variation analysis (GSVA) algorithm. 
The Pearson’s correlation analysis was further performed 
to observe the relationships between cell death-related 
genes and the infiltration of immune cells. At the same 
time, we also observed whether there was a co-expression 
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correlation between the abovementioned genes and ferrop-
tosis-related genes. Since cell death is generally considered 
to be an effect of the mitochondria, we downloaded mito-
chondrial-related pathway information from MitoCarta3.0 
(https://www.broadinstitute.org/files/shared/metabo-
lism/mitocarta/human.mitocarta3.0.html) and analyzed 
whether the above genes had an impact on mitochondrial-
related pathways using the gene set enrichment analysis 
(GSEA) algorithm.

Construction of a cell death-related 
signature for HCC

First, a  single-factor Cox regression with cell death-
related genes was performed in  order to  screen genes 
that affect the prognosis of HCC. Furthermore, because 
of the collinearity between the genes, we used the least ab-
solute shrinkage and selection operator (LASSO) to screen 
independent genes. A signature related to cell death was 
constructed by combining clinical parameters of HCC-
related cases.

Statistical analyses

Statistical analysis and visualization of  data were 
performed using R software (v. 4.1.2; R Foundation for 
Statistical Computing, Vienna, Austria). Measurement 
data were expressed as mean (standard deviation (SD)). 
If  the  data met a  normal distribution, we  used t-tests 
to  assess the  differences between groups and analysis 
of variance (ANOVA) to assess the differences between 
multiple groups. If the data did not conform to a normal 
distribution, then the differences between the 2 groups 
were estimated using the Wilcoxon rank-sum test, and 
the differences between multiple groups were assessed 
using the Kruskal–Wallis test. A value of p < 0.05 was 
considered statistically significant.

Results

Cell-death gene set

From the KEGG database, we identified 137 autophagy-re-
lated genes, 136 apoptosis-related genes and 159 necrosis-re-
lated genes. Five genes had functions in all 3 pathways (B-cell 
lymphoma-2 (BCL2), CASP8 and FADD-like apoptosis regu-
lator (CFLAR), mitogen-activated protein kinase (MAPK) 
10, MAPK8, and MAPK9; Fig. 1). In addition, 23 genes were 
involved in autophagy and apoptosis, 18 genes in apoptosis 
and necroptosis, and 1 gene in autography and necroptosis. 
To further explore the interactive relationships among genes 
from the 3 cell death-related pathways, the Search Tool for 
the Retrieval of Interacting Genes/Proteins (STRING) da-
tabase (https://cn.string-db.org) was used to confirm inter-
actions between the genes instead of them being mutually 
independent (Fig. 1). Using a network diagram of protein 
interactions we discovered that the relationships between 
the 3 forms of cell death indicate strong interactions between 
the genes involved in the 3 types of cell death. Therefore, 
those 3 types may jointly affect the occurrence and devel-
opment of HCC.

Genetic mutations  
of cell death-related genes

After screening, it was found that 81 autophagy-related 
genes, 97 apoptosis-related genes and 89 necroptosis-re-
lated genes were mutated in HCC (Fig. 2A). Tumor pro-
tein 53 (TP53) had the highest mutation frequency in 32% 
of patients, and the 2nd most frequent mutation occurred 
in spectrin alpha erythrocytic 1 (SPTA1) at 8% (Fig. 2B). 
However, the mutation frequencies of all the other genes 
were less than 5%. The 2 most frequently mutated genes 
(TP53 and SPTA1) were apoptosis-related, indicating that 
the  functions of  apoptosis-related genes in  HCC may 

Fig. 1. Summary of gene information related to cell death based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The left panel 
is a Venn diagram of the overlapping relationship among the 3 pathways: apoptosis, necrosis and autophagy. The right panel is a Venn diagram 
of the protein–protein interactions/relationships between the 3 pathways

https://www.broadinstitute.org/files/shared/metabolism/mitocarta/human.mitocarta3.0.html
https://www.broadinstitute.org/files/shared/metabolism/mitocarta/human.mitocarta3.0.html
https://cn.string-db.org
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Fig. 2. Mutation characteristics of cell death-related genes in hepatocellular carcinoma (HCC). A. The number of mutant genes based on the 3 pathways; 
B. Oncoplot of the top 10 cell death-related gene mutations in HCC; C. Mutual occurrence/mutual exclusion analysis between mutant genes; 
D. The number of genes with genetic mutations that affect the prognosis; E. Survival plot of the top 3 genes most influential in the prognosis of HCC

NonCount – non-mutation sample count; MutCount – mutation sample count.
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indeed be related to gene mutations. In order to further ex-
plore the associations among mutated genes, we performed 
a co-occurrence analysis. In this analysis, only protein 
tyrosine phosphatase non-receptor type 13 (PTPN13) and 
inositol 1,4,5-trisphosphate receptor type 3 (ITPR3) were 
found to have a co-occurrence relationship, both of which 
are apoptosis-related genes (Fig. 2C).

Moreover, after a survival analysis of mutated genes, 
the mutation of 6 genes was correlated with the prognosis 
of HCC, consisting of 4 apoptosis-related genes, 1 necrop-
tosis-related gene and 1 autophagy-related gene (Fig. 2D). 
Among the 6 mutated genes associated with prognosis, 
the mutations in apoptosis-related genes and autophagy 
genes (colony stimulating factor 2 receptor subunit beta 
(CSF2RB), mitogen-activated protein kinase 2 (MAP2K2), 
DAB2 interacting protein (DAB2IP), mechanistic target 
of rapamycin kinase (MTOR), and TP53) led to a decreased 
survival time in patients, while the mutation in the ne-
crosis gene (phospholipase A2 group IVA (PLA2G4A)) led 
to an increased survival time (Fig. 2E). In order to observe 
the relationship between the 3 cell death pathway gene mu-
tations and HCC as a whole, we further aggregated the gene 
mutations for prognostic analysis. The results were consis-
tent with the prognosis of previous analyses, finding that 
gene mutations in the apoptotic pathway led to a decreased 
patient survival and gene mutations in the necrosis path-
way led to an increased patient survival (Table 1).

We calculated the association of TMB with cell death 
in HCC to analyze the relationship between TMB and 
clinical parameters. Patients with a high cell death rate 
related to TMB have a shorter survival time, indicating that 
mutations in the 3 pathways make the tumor more difficult 
to control (Fig. 3A). Moreover, the results revealed that 
the cell death-related TMB was significantly associated 
with gender (p < 0.001) with male patients having higher 
TMB than females (Fig. 3B and Table 2).

Copy number variations  
of cell death-related genes

After the  CNV analysis, we  found apoptosis-related 
genes to  have the  most changes (Fig. 3D). Moreover, 
we  found higher FGA, FGG and FGL values to be sig-
nificant for an unfavorable prognosis in HCC (p = 0.008, 
p = 0.007 and p = 0.002, respectively, Fig. 3C). In addition, 
the associations between copy number variations and clini-
cal characteristics were explored and the results showed 

distinct correlations. Grade 4 HCC had the highest values 
of FGA, FGG and FGL (p < 0.005, Fig. 3E and Table 3). 
The more severe the HCC, the higher the number of CNV 
and the shorter the survival time. This is consistent with 
our finding that high scores in FGA, FGG and FGL lead 
to a poor prognosis in HCC. Additionally, radiation therapy 
also causes changes in FGG. A low FGG was shown in ge-
nomes not exposed to radiation therapy (Fig. 3F).

Transcriptomes of cell death-related genes

Based on  RNA-sequencing (RNA-seq) data of  HCC, 
we identified 53 cell death-related genes that were dif-
ferentially expressed in HCC compared to normal tissues, 
including 31 apoptosis-related genes, 15 necroptosis-re-
lated genes and 7 autophagy-related genes (Fig. 4A). Most 

Table 1. Prognostic analysis of hepatocellular carcinoma (HCC) based on gene mutations summarized by 3 pathways

Pathway MutCount NonCount DeathMuta DeathNon HR 95% CI p-value

Apoptosis 110 203 44 (40%) 66 (60%) 1.718 1.133–2.606 0.004

Necroptosis 12 301 1 (0.91%) 109 (99.09%) 0.157 0.069–0.356 0.033

Autophagy 6 307 4 (3.64%) 106 (96.36%) 3.613 0.569–22.926 0.007

95% CI – 95% confidence interval; HR – hazard ratio; NonCount – non-mutation sample count; MutCount – mutation sample count; DeathMuta – mutation 
death sample count; DeathNon – non-mutation death sample count.

Table 2. Relationship between cell death-related tumor mutational 
burden (TMB) and clinical phenotype of hepatocellular carcinoma (HCC)

Group n mean ±SD p-value

Sex

Female 102 0.741 ±0.913
0.04

Male 217 0.974 ±1

Radiation therapy

No 312 0.903 ±0.984
0.552

Yes 7 0.747 ±0.644

Pharmaceutical therapy

No 297 0.908 ±0.977
0.573

Yes 22 0.783 ±0.993

Tumor grade

G1 44 0.71 ±1.008

0.203
G2 154 0.846 ±0.92

G3 108 1.047 ±1.056

G4 13 0.958 ±0.764

Pathologic stage

Stage I 145 0.882 ±0.942

0.484
Stage II 85 1.021 ±0.999

Stage III 85 0.799 ±1.024

Stage IV 4 1.122 ±0.747

T stage

T1-3 305 0.917 ±0.971
0.169

T4 13 0.464 ±1.102

SD – standard deviation.
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Fig. 3. Characteristics of cell death-related gene tumor mutation 
burden (TMB) and copy number fragment changes in hepatocellular 
carcinoma (HCC). A. Cell death-related TMB affects the prognosis of liver 
cancer; B. Differences in cell death related to TMB among different 
sexes in HCC; C. Prognosis analysis of the fraction genome altered 
(FGA) in HCC; D. The FGA shows different distributions based on clinical 
grade and a different distribution in the recurrence group; E. The effect 
of radiotherapy on the changes in fraction genome gain (FGG) in HCC 
patients; F. Statistics of death-specific copy number fragment alterations 
in liver cancer cells

95% CI – 95% confidence interval; FGL – fraction genome loss.
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of these differentially expressed genes were upregulated 
in HCC (Fig. 4B). Furthermore, there were 18 cell death-
related genes with significant effects on the prognosis 
of HCC, and no gene was found to have protective factors 
(Fig. 4C). Through differential expression and prognostic 
analysis, we found that the effects of cell death-related 
genes on tumors were consistent, that is, high gene ex-
pression leads to tumorigenesis and poor survival rates. 
We  conducted a  cross analysis on  the  above differen-
tially expressed genes and prognosis-related genes. It was 
found that 3 of the genes, namely peptidylprolyl isomerase 
A (PPIA), Harvey rat sarcoma viral oncogene homolog 
(HRAS) and baculoviral IAP repeat containing 5 (BIRC5), 
were not only differentially expressed in HCC, but also af-
fected the overall survival of HCC patients, which belong 
to the necroptosis, apoptosis and autophagy pathways, 
respectively (Fig. 4D).

With the infiltration scores of 24 immune cells calculated 
by the GSVA algorithm, the correlations between the above 
3 genes and immune infiltration were investigated to char-
acterize the immunologic landscape. Through correlation 
analysis, we can evaluate whether there is a correlation be-
tween the expression of these 3 genes and the immune cell 
score. If the correlation coefficient is high, the gene may 
affect immune cells. The results showed that HRAS affected 

the infiltration of immune cells (Fig. 4E), thus, it may play 
a significant role in the progression and prognosis of HCC 
by affecting the death of immune cells. Since ferroptosis 
is an emerging way of cell death, we analyzed the relation-
ships between the expressions of the above 5 genes and iron 
death-related genes. Most genes had no association with 
the iron death-related genes; however, ribosomal protein L8 
(RPL8) was co-expressed in most of them (Fig. 4F).

Using the  GSEA algorithm, the  effects of  the  above 
5 genes on mitochondria-related pathways were explored, 
and the PPIA, HRAS and BIRC5 genes were all significant. 
Among them, PPIA was closely correlated with 56 mito-
chondrial pathways (Fig. 4G). The mitochondrial complex 
III pathway was influenced by the expressions of PPIA, 
HRAS and BIRC5 in HCC (Fig. 4H).

Construction of cell death-related 
signature

We performed the Cox regression to identify the genes 
that affect the survival of HCC, using LASSO to screen 
out genes with collinearity (Fig. 5A). As a result, a  to-
tal of 10 genes (4 apoptosis genes, 4 necroptosis genes 
and 2 autophagy genes) could be used to construct a cell 
death-related signature for HCC. A prognostic analysis 

Table 3. Association of cell death-associated copy number alterations with clinical information in hepatocellular carcinoma (HCC) patients

Group
FGA FGG FGL

mean ±SD p-value mean ±SD p-value mean ±SD p-value

Sex

Female −1.003 ±1.103
0.24

−1.906 ±0.827
0.381

−1.775 ±0.918
0.209

Male −1.141 ±0.922 −1.987 ±0.852 −1.896 ±0.73

Radiation

No −1.089 ±0.99
0.208

−1.944 ±0.838
0.037

−1.859 ±0.8
0.802

Yes −1.4 ±0.711 −2.594 ±0.836 −1.808 ±0.616

Pharmaceutical

No −1.092 ±0.993
0.695

−1.942 ±0.846
0.096

−1.865 ±0.794
0.521

Yes −1.163 ±0.854 −2.223 ±0.781 −1.755 ±0.822

Tumor grade

G1 −1.672 ±1.143

<0.001

−2.314 ±1.023

<0.001

−2.335 ±0.788

<0.001
G2 −1.143 ±1.001 −2.072 ±0.838 −1.845 ±0.825

G3 −0.826 ±0.792 −1.691 ±0.69 −1.7 ±0.7

G4 −0.765 ±0.659 −1.594 ±0.638 −1.633 ±0.533

Pathologic stage

Stage I −1.237 ±1.023

0.059

−2.073 ±0.854

0.081

−1.938 ±0.805

0.269
Stage II −0.922 ±0.889 −1.828 ±0.837 −1.75 ±0.741

Stage III −1.012 ±0.952 −1.897 ±0.812 −1.808 ±0.796

Stage IV −0.935 ±1.389 −1.633 ±0.876 −1.932 ±1.272

T stage

T1–T3 −1.095 ±0.993
0.92

−1.969 ±0.852
0.161

−1.849 ±0.801
0.257

T4 −1.117 ±0.728 −1.725 ±0.547 −2.065 ±0.611

SD – standard deviation; FGA – fraction genome altered; FGG – fraction genome gain; FGL – fraction genome loss.
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Fig. 4. Cell death-related gene 
expression analysis. A. Number 
of differentially expressed 
genes based on the 3 pathways; 
B. Volcano plot for the differential 
expression analysis of cell death-
related genes. Blue represents 
apoptosis-related genes, orange 
represents necrosis-related genes 
and red represents autophagy-
related genes; C. Forest plot for 
prognostic analysis of cell death-
related genes. Blue represents 
apoptosis-related genes, orange 
represents necrosis-related genes 
and red represents autophagy-
related genes. The prismatic point 
represents the hazard ratio (HR) 
value for the prognostic analysis, 
and the distribution at both ends 
of the line is the 95% confidence 
interval (95% CI) for the prognostic 
analysis; D. Venn diagram of cross-
analysis of differentially expressed 
genes and prognosis-related 
genes; E. Correlation between 
hepatocellular carcinoma (HCC) 
cell death characteristic genes 
and immune cells; F. Correlation 
between HCC cell death genes 
and iron death genes. The p-value 
in the graph represents 
whether there is a correlation 
between the 2 types of genes. 
The r value represents 
the degree of correlation seen 
in the correlation analysis; 
G. The number of HCC 
characteristic genes and 
mitochondrial-related pathways; 
H. Gene set enrichment analysis 
(GSEA) plot of the 4 characteristic 
genes in complex III
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of the signature confirmed that the high expression groups 
are closely correlated with a worse survival (Fig. 5B). Fi-
nally, a multi-factor Cox regression analysis on the cell 
death-related signature and clinical parameters of HCC 
was studied. We found that the cell death-related signature, 
age and T stage were the most significant for the prognosis 

of HCC (Table 4). Therefore, based on these 3 variables, 
a nomogram was constructed to indicate the contribution 
of each variable to the outcome and to predict the survival 
probability more directly (Fig. 5C). In the final nomogram, 
it can be seen that when the cell death model had a high 
score, the stage was high and the patient survival was poor.

Fig. 5. Construction of the hepatocellular carcinoma (HCC)-related cell death model. A. Least absolute shrinkage and selection operator (LASSO) regression 
analysis selects the variables included in the model; B. Prognostic analysis of cell death-related models; C. The nomogram of HCC-related features
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Discussion

Hepatocellular carcinoma is one of the most common 
and lethal tumors of the digestive system, leading to an un-
favorable prognosis.15 Therefore, it  is urgent to uncover 
tumor microenvironment variations resulting in the devel-
opment of HCC. Cell death pathways are an essential pro-
cess of maintaining the growth of an organism.16,17 They 
mainly include apoptosis, necrosis and autophagy. Our 
study aimed to evaluate the dysregulation of the cell death 
program and the related gene signatures with the clinical 
characteristics of HCC. Furthermore, cell death-related 
signatures that could help predict the overall survival 
of HCC patients were built.

In this study, we identified genes related to apoptosis, 
necrosis and autophagy pathways in HCC and their in-
teractions with each other. There were 5 genes seen in all 
3 pathways, namely BCL2, CFLAR, MAPK10, MAPK8, 
and MAPK9. Thus, they might play significant roles 
in the development of HCC by acting on various cell death 
pathways. The BCL2 family are considered important reg-
ulators of apoptosis and have been implicated in the ini-
tiation and progression of liver cancer.18 The activation 
of autophagy may also be initiated by a reduction in BCL2 
levels,19 which was validated in experiments on mice with 
colorectal cancer. The mitogen-activated protein kinase 
(MAPK) pathway was reported to be required for cell 
proliferation and survival, of which inhibition could con-
tribute to cell cycle arrest and apoptosis, as well as au-
tophagy-mediated cell death.20–22 For example, Zhang 
and Jiang showed that odd-skipped related transcrip-
tion factor 1 (OSR1) affected HCC progression and in-
duced apoptosis by inhibiting MAPK pathways.23 They 
also mentioned that SN38 could induce the activation 

of the MAPK pathway and promote autophagy, thereby 
reducing the chemoresistance of tumor cells.24

Hepatocellular carcinoma exhibited an elevated muta-
tional burden compared to normal tissues.25 The sequence 
analysis of cell death-related coding genes in HCC helps 
to understand their potential roles in carcinogenesis.26 
Thus, we  studied somatic mutations of  genes related 
to the 3 cell death pathways. Among them, TP53 presented 
the highest mutation frequency, with SPTA1 having the 2nd 
highest frequency. Besides, TP53 and SPTA1 were mutually 
exclusive with other genes, which explains the reason for 
the less frequent occurence of the mutations of other genes. 
The TP53 and SPTA1 were commonly associated with liver 
cancer and are considered early driver genes in malignant 
tumors.27,28 A mutation in TP53 may cause a loss of function 
resulting in resistance to apoptosis, which is characterized 
by inhibited cell cycle arrest and invasiveness of liver can-
cer.29 In addition, TP53 mutations may contribute to the de-
regulation of the cell cycle and antitumor immunity, which 
could serve as potential biomarkers for predicting the re-
sponse to immunotherapy.30 The SPTA1 mutations were 
significant predictors of shorter survival and shorter re-
currence time in liver cancer patients.31 After performing 
a survival analysis on mutated genes, 6 genes correlated 
with the prognosis of HCC, with the most significant being 
CSF2RB, MAP2K2 and PLA2G4A. Although their rela-
tionships with the overall survival of HCC patients have 
not been studied, it could be the focus of further research.

Tumor mutation burden is the number of mutations that 
exist within a tumor32,33; it has been identified as a po-
tential predictor for therapy with immune checkpoint 
inhibitors. We calculated the TMB associated with cell 
death and analyzed its correlation with clinical parameters 
based on the cell death-related load. In regard to changes 

Table 4. Prognostic analysis of hepatocellular carcinoma (HCC)-related clinical features

Variable Sample number Univariate analysis Multivariate analysis

Phenotype number HR (95% CI) p-value HR (95% CI) p-value

Age 367 1.01 (1.00–1.03) 0.091 1.03 (1.01–1.05) 0.09

Sex

Female 118 reference N/A N/A N/A

Male 249 0.79 (0.56–1.13) 0.201 N/A N/A

Stage

Stage I–II 265 reference N/A N/A N/A

Stage III–IV 102 2.42 (1.71–3.43) <0.001 3.24 (0.98–10.66) <0.001

T stage

T1–T3 354 reference N/A N/A N/A

T4 13 3.75 (1.95–7.21) <0.001 N/A 0.064

LASSO score

Low 239 reference N/A N/A N/A

High 128 0.41 (0.29–0.58) <0.001 3.23 (2.06–5.07) <0.001

LASSO – least absolute shrinkage and selection operator; HR – hazard ratio; 95% CI – 95% confidence interval; N/A – not applicable.
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in the genome, there are also changes in the copy number 
of genes. We found that the CNVs of apoptosis-related 
genes were observed most often. Higher FGA, FGG and 
FGL values were all significant predictors of an unfavor-
able prognosis in HCC.

In this study, we further explored RNA-seq data in HCC 
patients for variations in cell death-related gene expres-
sion and their relationship with the prognosis. We identi-
fied 54 cell death-related genes that were differentially 
expressed in  HCC compared to  normal tissues, and 
3 of  the differentially expressed genes were correlated 
with the prognosis: PPIA, HRAS and BIRC5. A decrease 
in the nerve growth factor (NGF) level can affect the an-
tiproliferative function of gastrin-releasing peptide recep-
tor antagonists in liver cancer cells,34 resulting in poor 
overall survival. Glycogen phosphorylase, muscle asso-
ciated (PYGM), charged multivesicular body protein 2B 
(CHMP2B), and caspase 9 (CASP9) may also be potential 
biomarkers for the diagnosis and prognosis of HCC that 
need to be further validated in future studies.

We explored specific functions that are under the in-
fluence of the above 5 genes in HCC. In immune infil-
tration, HRAS was investigated to affect the infiltration 
of mostly immune cells. The PYGM was shown to play 
a significant role in regulating T cell migration and prolif-
eration by binding to a small GTPase in the RAS family.35 
The BIRC5 is required for activation, trafficking and antitu-
mor activity of CD8+T cells.36 Therefore, we speculated that 
HRAS and BIRC5 could be associated with the progression 
and prognosis of HCC by affecting the proliferation and 
death of immune cells. Iron is essential for most biological 
processes, and the regulation of ferroptosis is dependent 
on iron.37 Ferroptosis is also a form of programmed ne-
crotic cell death.38 Since ferroptosis is an emerging form 
of necrosis, we also analyzed the relationships between 
the expression of the above 5 genes and ferroptosis-related 
genes. Most of the genes did not correlate with ferroptosis-
related genes, except RPL8, which was of interest because 
of the influence RPL8 has on the expression of ferroptosis 
in the initiation and progression of HCC. The mitochondria 
are known to modulate Ca2+ signaling, and the massive 
accumulation of Ca2+ in the mitochondria can contribute 
to apoptosis.39,40 Using the GSEA algorithm, the effects 
of the above 5 genes on mitochondria-related pathways 
were explored, and PPIA was found to closely correlate with 
58 mitochondrial pathways. The interaction between p38 
MAPK and CASP9 can regulate mitochondria-mediated 
apoptosis in liver carcinoma cells.41

Additionally, we constructed a cell death-related signa-
ture for HCC using 10 prognosis-related genes. Among 
these, the high-expression group was validated to be sig-
nificant for worse survival. Age and stage are also cor-
related with the prognosis of HCC. Finally, a nomogram 
was built based on these 3 variables to more directly guide 
the contributions of each variable in the clinical outcomes 
and prediction of the survival in HCC patients.

Limitations

This study has some limitations. First, the present re-
sults were analyzed based on high-throughput sequencing 
data. Specific experiments are required for verification. 
Therefore, special attention should be paid to the fol-
low-up research. Second, the genes of the 3 cell death 
methods studied are based on the classical genes studied 
in the past, and there is no way to analyze genes that 
may have similar mechanisms yet to be studied. Finally, 
because the TCGA database was used, its specific eth-
nicity can have an impact on cell death-related models. 
Therefore, it needs to be expanded to other races and 
ethnicities for verification.

Conclusions

In the present study, we focused on the genetic and tran-
scriptomic characteristics of cell death in HCC, along with 
their relationships with clinical variables, prognosis and 
biological functions. Finally, we constructed a cell death-
related signature and prognostic nomogram for HCC that 
could be considered a reference for clinical use.
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Abstract
Background. Current evidence suggests that nevoid basal cell carcinoma syndrome (NBCCS)-associated 
odontogenic keratocysts (OKCs) exhibit more aggressive clinical behavior and a higher tendency to relapse. 
The prognostic efficacy of various markers in sporadic and syndromic OKCs is unclear, and so are the results 
of studies on the usefulness of immunohistochemistry in distinguishing syndromic from sporadic OKCs.

Objectives. This retrospective study aimed to compare the prognostic relevance of various clinicoradio-
logical and histopathological features, as well as the immunoexpression of COX-2, Bcl-2, proliferating cell 
nuclear antigen (PCNA), p53, Ki-67, osteoprotegerin (OPG), receptor activator of nuclear factor κ B (RANK) 
and receptor activator of nuclear factor κ B ligand (RANKL), as well as RANKL/OPG balance between sporadic 
and syndromic OKCs, and to test their utility in distinguishing the 2 types of OKC.

Materials and methods. We compared the immunoexpression of the aforementioned markers between 
31 sporadic and 12 syndromic OKCs, and tested clinicopathological findings and levels of immunostaining 
against recurrence.

Results. We found a significant association between NBCCS and OKC recurrence. There were significant 
differences in PCNA, p53 and OPG immunoexpression between sporadic and syndromic OKCs. We also found 
that recurrent sporadic OKCs were significantly larger and markedly more often associated with cortical per-
foration. Recurrent sporadic OKCs exhibited COX-2 upregulation, but we failed to demonstrate its prognostic 
relevance. Recurrent syndromic OKCs showed a markedly higher RANKL > OPG ratio.

Conclusions. The NBCCS-associated OKCs are significantly more prone to recur than their sporadic coun-
terparts. Larger size and radiological signs of cortical perforation in sporadic OKCs may indicate a higher risk 
of recurrence. The COX-2 is upregulated in recurrent sporadic OKCs, whereas recurrent syndromic OKCs exhibit 
higher RANKL and lower OPG expression; however, these findings have no prognostic relevance. The immuno-
expression of p53, PCNA and OPG may help to distinguish syndromic from sporadic OKCs.
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Background

Odontogenic keratocyst (OKC) is a benign intraosse-
ous lesion of the jaw with a tendency toward aggressive 
growth and a relatively high recurrence rate. There is no 
agreement among authors as to whether OKC should be 
considered a cyst or a neoplasm.1,2 Although it has been 
recently reclassified as a cyst,3 for over a decade OKC 
was defined by the World Health Organization (WHO) 
as an intraosseous tumor due to PTCH gene mutations 
and infiltrative growth.4 The WHO consensus panel does 
not necessarily state that OKC is not neoplastic, but rather 
that currently there is a lack of evidence to justify its clas-
sification as a tumor.3,5,6 These discrepancies may lead 
to confusion among clinicians, particularly since the le-
sion is the 3rd most common cyst of the jaw.3,7 The results 
of a recent meta-analysis advocate the concept that OKC 
is prone to behave as an odontogenic tumor in view of its 
p53 expression.7

As many as 5–6.4% of all OKCs occur as part of the ne-
void basal cell carcinoma syndrome (NBCCS).8 The NBCCS 
is  an  autosomal dominant inherited disorder related 
to a germline mutation of the patched gene 1 (PTCH1), 
whose alteration results in a carcinogenic process acti-
vated by an altered cell cycle and cellular proliferation.9 
The OKC is one of the most common signs of NBCCS, 
along with basal cell carcinomas (BCCs), palmar pits, skel-
etal abnormalities, and calcified falx cerebri. Syndromic 
cases of OKC tend to be multiple and occur in younger 
patients.3 It has been suggested that syndromic OKCs have 
more aggressive clinical behavior and a higher tendency 
to relapse.10,11 An early recognition of NBCCS is of vital 
importance, as  affected patients are prone to  develop 
neoplasms, such as BCC, medulloblastoma and ovarian 
fibroma.12

As genetic confirmation of NBCCS is not routinely con-
ducted due to its high cost, the diagnosis is currently based 
on a combination of major and minor clinical criteria.13,14 
Researchers have tried to elucidate whether immunohisto-
chemistry may allow them to distinguish between sporadic 
and syndromic OKC, but their results are inconclusive. 
A recent meta-analysis determined that several markers 
of epithelial cell proliferation and apoptosis are indistin-
guishable between sporadic and syndromic OKCs; however, 
the quality assessment of the included studies revealed 
notable inconsistencies regarding the diagnostic criteria, 
including demographic and clinical characteristics, as well 
as the histopathological description of OKC.12 On the other 
hand, various studies have demonstrated that immunohis-
tochemistry is a valuable method to assess the biological 
profile and prognosis of OKC, as several markers, includ-
ing Ki-67,1 Bcl-2,15 cyclin D1,15 p53,15 and proliferating 
cell nuclear antigen (PCNA),15,16 may be consistent with 
the local aggressiveness and propensity for the recurrence 
of sporadic OKC cases. However, data on such correlations 
with regard to syndromic OKCs are scarce.

An association with NBCCS is not the only reason be-
lieved to be responsible for the higher recurrence of OKC, 
as some clinicoradiological features have also been shown 
to be negative prognostic factors of recurrence. In our pre-
vious reports, we demonstrated that larger size, multilocu-
larity and cortical perforation may be related to a relapse 
in sporadic cases of OKCs. We did not, however, reveal 
any prognostic significance of immunoexpression of Bcl-
2, cyclin D1, p53, osteoprotegerin (OPG), PCNA, receptor 
activator of nuclear factor κ B (RANK), and receptor acti-
vator of nuclear factor κ B ligand (RANKL) for OKCs not 
associated with NBCCS.17,18 Hitherto, little is known about 
whether clinicoradiological and pathological features 
or expression of immunohistochemical markers are also 
associated with recurrence in cases of syndromic OKCs.

Objectives

We aimed to compare the prognostic relevance of clin-
icoradiological and histopathological features, as  well 
as the immunoexpression of COX-2, Bcl-2, PCNA, p53, 
Ki-67, OPG, RANK, and RANKL, and RANKL/OPG bal-
ance, between sporadic and syndromic OKCs. The sec-
ondary objective was to test whether immunoexpression 
of the aforementioned proteins is useful in distinguishing 
between the 2 types of OKC.

Materials and methods

Study design and patients

Forty-three cases of OKC who were not lost to follow-
up were selected for this retrospective study. Patients 
were treated with simple enucleation in the Chair of Oral 
Surgery at the Jagiellonian University Medical College, 
Kraków, Poland, between 1997 and 2015. The surgical 
technique did not include any adjunct procedures (e.g., 
Carnoy’s solution, liquid nitrogen, peripheral ostectomy, 
or application of regenerative graft materials) and was stan-
dardized among board-certified specialists in oral sur-
gery with at least 5 years of practical experience. Among 
the 43 subjects, 31 were diagnosed with sporadic OKC 
and 12 with syndromic OKC. The NBCCS cases were di-
agnosed using the features described by Kimonis et al.13 
and were subsequently found to be in conformity with 
the Consensus Statement from the First International 
Colloquium on Basal Cell Nevus Syndrome.14 All cases 
were confirmed to meet the current WHO criteria for 
OKC (i.e., presence of a  fibrous wall lined by a  folded, 
thin, regular parakeratinized epithelium 5–8-cell layers 
thick, without rete ridges, with corrugation of the para-
keratin surface and a well-defined, palisaded basal layer, 
hyperchromatic nuclei, and focal areas showing reversed 
nuclear polarity).3 Ethical approval was obtained from 
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the Bioethical Committee of Jagiellonian University (ap-
proval No. 1072.6120.73.2019).

To evaluate the potential clinicoradiological, histopath-
ological and immunohistochemical prognostic factors, 
we  employed the  methods used in  our previous stud-
ies.17,18 At the time of diagnosis, panoramic and occlusal 
radiographs were taken, supplemented in most cases with 
computed tomography (CT). Follow-up appointments took 
place quarterly in the 1st postoperative year, and semi-
annually starting from the 2nd postoperative year. Upon 
appointments, panoramic radiographs were performed. 
In the event of any signs of recurrence (e.g., expansion 
of bone and/or radiographic radiolucent zone in the area 
of the previous surgery), CT scans were performed. The in-
terval between surgery and the detection of relapse was de-
fined as the recurrence period. Each relapse was confirmed 
to meet the 2017 WHO microscopic criteria for OKC.3

The following clinicoradiological features were mea-
sured: age, gender, follow-up period, evidence of recur-
rence, size of the cyst in panoramic radiographs (deter-
mined by multiplying the major and minor axes), outline 
of  the  cyst on  radiography (uni- or  multilocular), and 
cortical perforation observed on  occlusal radiographs 
or CT. The following histopathological features were in-
vestigated: number of satellite (daughter) cysts, inflam-
mation intensity and presence of  epithelial dysplasia. 
The position of the cyst was divided into anterior max-
illa, posterior maxilla, anterior mandible, and posterior 
mandible. The posterior surface of the second premolar 
served as the division line between the anterior and pos-
terior parts of the jaw.

Specimen characteristics  
and assay methods

Formalin-fixed, paraffin-embedded archival blocks were 
sectioned (5 μm in thickness) and stained with hematoxy-
lin and eosin (H&E). Slides were used to corroborate a di-
agnosis of OKC and to appraise its histopathological fea-
tures using a light microscope (Olympus BX40; Olympus 
Corp., Tokyo, Japan). The inflammatory score was calcu-
lated by counting the inflammatory cells and categorized 
with the 4-grade scoring system according to Kuroyanagi 
et al.:1 grade 0 – no inflammation, grade 1 – fewer than 
15 cells, grade 2 – 15–50 cells, and grade 3 – more than 
50 cells in 10 high-power fields (HPFs).

For immunohistochemical analysis, 3-µm thick tissue 
sections were used. They were deparaffinized with xy-
lene, rehydrated in graded alcohol and washed in deionized 
water. Retrieval of antigen was accomplished with Heat-
-Induced Epitope Retrieval Buffer (Thermo Fisher Scien-
tific, Fremont, USA) at pH 6 or pH 9 for 20 min at 95°C. 
Subsequently, sections were blocked by incubation with 
3% H2O2 and protein block (Thermo Fisher Scientific), 
followed by the incubation of the slides in a humidified 
chamber with one of the following antibodies:

– rabbit monoclonal COX-2 (SP21; Cell Marque, Rock-
lin, USA; 1:200) at room temperature for 45 min;

– rabbit monoclonal Bcl-2 (E17; Cell Marque; 1:300) 
at 4°C overnight;

– mouse monoclonal p53 (DO7; Cell Marque; 1:100) 
at room temperature for 50 min;

– rabbit polyclonal PCNA (RB-9055-P0; Thermo Fisher 
Scientific; 1:700) at room temperature for 30 min;

– mouse monoclonal Ki-67 (SP6; Cell Marque; 1:150) 
at room temperature for 30 min;

– mouse monoclonal anti-RANK (ab13918; Abcam, 
Waltham, USA; 1:200) at 4°C overnight;

– rabbit polyclonal anti-RANKL (ab169966; Abcam; 
1:400) at 4°C overnight;

– rabbit polyclonal anti-OPG (ab183910; Abcam; 1:400) 
at 4°C overnight.

Next, the sections were washed in Tris-buffered saline 
(TBS) and treated in compliance with the manufactur-
er’s instructions using the Primary Antibody Amplifier 
Quanto system, followed by the HRP Polymer Quanto 
system (both from Thermo Fisher Scientific). Then, they 
were stained using a 3-3’-diaminobenzidine Quanto kit 
(Thermo Fisher Scientific). Finally, the sections were coun-
terstained with hematoxylin, dehydrated and coverslipped 
for further analyses. With regard to Bcl-2, p53 and PCNA, 
tonsil tissue was used as a positive control. For RANK, 
RANKL and OPG, a case of central giant cell granuloma 
was used as a positive control. For the negative control, 
the section treatment was similar, but there was no pri-
mary antibody exposure. For COX-2, RANK, RANKL, and 
OPG, a cytoplasmic staining pattern was detected. For Bcl-
2, a membranous-cytoplasmic pattern was detected, and 
for p53, Ki-67 and PCNA, a nuclear pattern was detected.

For COX-2, Bcl-2, RANK, RANKL, and OPG, a semi-
quantitative analysis with a  4-grade scoring system 
was employed, as follows: grade  0 –  negative reaction 
(no stained cells), grade 1 – staining of 1–25% of cells, 
grade 2 – staining of 26–50% of cells, and grade 3 – more 
than 50% of stained cells in the epithelium. For PCNA, 
Ki-67 and p53, a quantitative assessment was applied. 
The number of positive-staining nuclear cells was counted 
in 10 HPFs (×400 magnification), and the mean value was 
used for the analysis. All histopathological and immuno-
histochemical analyses were completed by a board-certi-
fied specialist in pathomorphology (B. D.).

Statistical analyses

The  clinicopathological and immunohistochemical 
data sets were evaluated against the frequency of relapse. 
The results were reported as mean ± standard deviation 
(M ±SD) and median (1st quartile–3rd quartile (Q1–Q3)). 
In the case of qualitative data, the χ2 test or Fisher’s exact 
test (when the χ2 test assumption of large expected value 
was not met) were employed to analyze the differences 
in clinicoradiological and pathological data sets. With 



K. Kisielowski et al. Clinicopathological factors in keratocysts248

regard to quantitative data, the Mann–Whitney U test was 
used. Nonparametric tests were used because of deviations 
from normality in quantitative variable distribution, as was 
shown by the results of the Shapiro–Wilk test (p < 0.05). 
To evaluate the hazard ratios (HRs) and 95% confidence 
intervals (95% CIs) as estimates of  risk for recurrence 
potential, the Cox proportional hazard model for time-
dependent variables was utilized. The p-values less than 
0.05 were considered statistically significant. All analyses 
were performed using R software v. 4.1.319 (R Foundation 
for Statistical Computing, Vienna, Austria; https://www.r-
project.org/) with the “survival” package.20,21

Results

The  follow-up period for all analyzed OKCs was 
104.09  ±46.97  months (110.71  ±52.28  months and 
87 ±22.95 months for sporadic and syndromic lesions, re-
spectively; U  =  234, p  =  0.123; Mann–Whitney U  test). 
The  recurrence period for the  entire analyzed group 
was 77.14  ±31.88  months (69.82  ±36.72  months and 
85.2 ±24.95 months for sporadic and syndromic lesions, re-
spectively; U = 43.5, p = 0.434; Mann–Whitney U test). Of all 
the OKC cases, 48.84% recurred; however, syndromic cases 
were significantly more prone to recur than sporadic cases 
(83.33% compared to 35.48%; p = 0.013; Fisher’s exact test). 
An association with NBCCS significantly increased the risk 
of OKC recurrence (HR: 9.091, 95% CI: 1.682–49.123; p = 0.01).

There were no gender differences between sporadic and 
syndromic OKCs, but the patients with syndromic OKCs 
were significantly younger than those with sporadic le-
sions (Table 1). Also, there were no significant differences 
between sporadic and syndromic OKCs in regard to radio-
logical size of the lesion, locularity, cortical perforation, 
histological number of daughter cysts, inflammatory score, 
and epithelial dysplasia grading (Table 1). However, there 
were significant differences in PCNA, p53 and OPG im-
munoexpression between sporadic and syndromic lesions 
(Table 2). Details of immunoexpression of PCNA, p53 and 
OPG are shown in Fig. 1–3.

The clinicoradiological, histopathological and immu-
nohistochemical characteristics of  sporadic cases are 
presented in  Table 2. Recurrent sporadic OKCs were 
significantly larger (p = 0.002) and markedly more often 
associated with cortical perforation (p = 0.038). In fact, 
sporadic lesions with radiological signs of cortical per-
foration were 6.8 times more likely to recur. With regard 
to immunostaining, recurrent OKCs had significantly in-
creased the immunoexpression of COX-2. However, by us-
ing the Cox proportional hazard model, we did not find 
COX-2 significance to be a prognostic marker (Table 2). 
Details of COX-2 immunoexpression are shown in Fig. 4. 
Because of the fact that all of the non-recurrent sporadic 
OKCs were negative for epithelial dysplasia, the HR for this 
group was indefinite (Table 2).

The clinicoradiological, histopathological and immu-
nohistochemical characteristics of the syndromic cases 
are presented in Table 3. Of the 12 syndromic cases, only 
2 did not relapse. Among the analyzed factors, we did not 
find any significant differences between non-recurrent 
and recurrent lesions, with the  exception of  RANKL/
OPG ratio, where RANKL predominance was particularly 
marked in recurrent OKCs (p = 0.015). Details of RANKL 
immunoexpression are shown in Fig. 5. Due to the small 
number of non-recurrent cases and the lack of non-recur-
rent cases for some groups, the HRs for several clinicora-
diological (gender, cyst location and cortical perforation), 
histopathological (epithelial dysplasia) and immunohisto-
chemical (RANK, RANKL, RANKL/OPG ratio) features 
were indefinite (Table 3). The complete characteristics 
of the recurrent sporadic and syndromic cases are pre-
sented in Table 4,5. Details of immunoexpression of Bcl-2, 
Ki-67 and RANK are shown in Fig. 6–8.

Discussion

The OKC is the main feature observed in patients with 
NBCCS. The possible reasons for its high recurrence rate 
have been a subject of debate for several decades. Authors 
have linked the recurrence rate to treatment methods22,23 
and association with NBCCS.24 Recent evidence has at-
tributed OKC relapse to some clinicoradiological features, 
such as association with dentition,25 larger size, multilocu-
larity, and cortical perforation,17 or to some pathological 
features, mainly the presence of daughter cysts.26 More-
over, the expression of various markers have been tested 
against the recurrence rate, and a few have proved to be 
significantly associated with cyst relapse.1,15,16 In the pres-
ent study, we endeavored to compare the clinicopathologi-
cal features of sporadic and syndromic cases of OKC, and 
test whether the expression of some previously considered 
markers was related to recurrence.

Most authors agree that OKCs associated with NBCCS 
generally exhibit greater aggressiveness and higher propen-
sity for recurrence.27 The results of several studies support 
the existence of distinct biological behaviors of syndromic 
and sporadic OKCs.28–32 However, only Titinchi and Nortje24 
demonstrated that there is a statistically significant higher 
recurrence rate in syndromic cases of OKC.24 Our results 
indicate that there is a strong association between NBCCS 
and OKC recurrence. In fact, in the current study, the as-
sociation of OKC with NBCCS increased the risk of relapse 
by 9.091 times. However, this observation should be con-
sidered with caution, as OKCs in patients affected with 
NBCCS are typically multifocal and tend to appear meta-
chronously. Thus, it may be difficult to unequivocally deter-
mine whether the new lesion is, in fact, a recurrence of a pre-
viously treated cyst or a new development. Other authors 
have also pointed out that it may be difficult to correctly 
estimate the recurrence rate of syndromic cases of OKC 

https://www.r-project.org/
https://www.r-project.org/


Adv Clin Exp Med. 2023;32(2):245–259 249

Table 1. Comparative clinicoradiological, histopathological and immunohistochemical characteristics of the sporadic and syndromic cases of OKC

Variables Sporadic OKC
(n = 31)

Syndromic OKC
(n = 12)

Total
(n = 43) p-value

Gender
female 13 (41.94%) 5 (41.67%) 18 (41.86%)

χ2 = 0.000, p = 1***male 18 (58.06%) 7 (58.33%) 25 (58.14%)

Age at the time 
of diagnosis [years]

M ±SD 40.23 ±17.18 18.42 ±5.79 34.14 ±17.82
U = 329, p < 0.001*median 39 17 30

Q1–Q3 26.0–51.5 13.5–23.0 19–51

Cyst location

posterior maxilla 2 (6.45%) 5 (41.67%) 7 (16.28%)

p = 0.053**
anterior maxilla 2 (6.45%) 0 (0.00%) 2 (4.65%)

posterior mandible 20 (64.52%) 5 (41.67%) 25 (58.14%)
anterior mandible 7 (22.58%) 2 (16.67%) 9 (20.93%)

Size of lesion [mm2]
M ±SD 504.06 ±276.37 487.08 ±282.23 499.33 ±274.74

U = 182.5, p = 0.935*median 396 397.5 396
Q1–Q3 315–647 345–531.25 315–594

Lesion type
unilocular 21 (67.74%) 7 (58.33%) 28 (65.12%)

p = 0.723**multilocular 10 (32.26%) 5 (41.67%) 15 (34.88%)

Cortical perforation
negative 22 (70.97%) 6 (50.00%) 28 (65.12%)

p = 0.287**positive 9 (29.03%) 6 (50.00%) 15 (34.88%)

Number of daughter 
cysts

M ±SD 0.77 ±1.57 7.08 ±9.89 2.57 ±6.02
U = 129.5, p = 0.081*median 0 0 0

Q1–Q3 0–0 0–11.5 0–1.75

Inflammatory score

grade 0 14 (45.16%) 2 (16.67%) 16 (37.21%)

p = 0.084**
grade 1 9 (29.03%) 3 (25.00%) 12 (27.91%)
grade 2 7 (22.58%) 6 (50.00%) 13 (30.23%)
grade 3 1 (3.23%) 1 (8.33%) 2 (4.65%)

Epithelial dysplasia
negative 29 (93.55%) 9 (75.00%) 38 (88.37%)

p = 0.063**low-grade 1 (3.23%) 3 (25.00%) 4 (9.30%)
high-grade 1 (3.23%) 0 (0.00%) 1 (2.33%)

PCNA
M ±SD 19.07 ±8.26 27.17 ±10.91 21.38 ±9.69

U = 97, p = 0.022*median 18.5 30.5 19.75
Q1–Q3 13.62–24 19.12–34 14–27.25

p53
M ±SD 11.8 ±6.59 17.08 ±5.93 13.31 ±6.78

U = 98.5, p = 0.024*median 11.25 17 12.25
Q1–Q3 7.0–17.5 14.12–19 9–18

Ki-67
M ±SD 13.92 ±6.69 13.2 ±3.7 13.71 ±5.96

U = 175, p = 0.9*median 12 12.75 12.25
Q1–Q3 10.50–17.38 11.25–14.25 10.50–17.38

Bcl-2

grade 0 10 (32.25%) 0 (0.00%) 10 (23.25%)

p = 0.215**
grade 1 15 (48.39%) 9 (75.00%) 24 (55.81%)
grade 2 5 (16.13%) 3 (25.00%) 8 (18.60%)
grade 3 1 (3.23%) 0 (0.00%) 1 (2.33%)

COX-2

grade 0 6 (19.35%) 0 (0.00%) 6 (13.95%)

p = 0.26**
grade 1 5 (16.13%) 5 (41.67%) 10 (23.25%)
grade 2 10 (32.26%) 2 (16.67%) 12 (27.91%)
grade 3 10 (32.26%) 5 (41.67%) 15 (34.88%)

RANK

grade 0 17 (54.83%) 6 (50.00%) 23 (53.48%)

p = 0.694**
grade 1 12 (38.71%) 4 (33.33%) 16 (37.21%)
grade 2 2 (6.45%) 2 (16.67%) 4 (9.30%)
grade 3 0 (0.00%) 0 (0.00%) 0 (0.00%)

RANKL

grade 0 1 (3.23%) 0 (0.00%) 1 (2.33%)

p = 0.438**
grade 1 7 (22.58%) 1 (8.33%) 8 (18.60%)
grade 2 9 (29.03%) 3 (25.00%) 12 (27.91%)
grade 3 14 (45.16%) 8 (66.67%) 22 (51.16%)

OPG

grade 0 3 (9.67%) 1 (8.33%) 4 (9.30%)

p = 0.001**
grade 1 19 (61.29%) 1 (8.33%) 20 (46.51%)
grade 2 3 (9.67%) 6 (50.00%) 9 (20.93%)
grade 3 6 (19.35%) 4 (33.33%) 10 (23.25%)

RANKL/OPG ratio
RANKL < OPG 1 (3.23%) 2 (16.67%) 3 (6.98%)

p = 0.367**RANKL = OPG 14 (45.16%) 4 (33.33%) 18 (41.86%)
RANKL > OPG 16 (51.61%) 6 (50.00%) 22 (51.16%)

*Mann–Whitney U test, **Fisher’s exact test, ***χ2 test. Statistically significant values are bolded. Q1 – lower quartile; Q3 – upper quartile; M ±SD – mean 
± standard deviation; OKC – odontogenic keratocyst; RANKL – receptor activator for nuclear factor κ B ligand; OPG – osteoprotegerin; PCNA – proliferating 
cell nuclear antigen; RANK – receptor activator of nuclear factor κ B. 
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with risk for recurrence

Variables
Non-recurrent 
sporadic OKC

(n = 20)

Recurrent 
sporadic OKC

(n = 11)
p-value

Cox proportional hazard model

HR (95% CI) p-value

Gender
female (n = 13) 9 (45.00%) 4 (36.36%)

p = 0.718**
1.00

0.642male (n = 18) 11 (55.00%) 7 (63.64%) 1.432 (0.316–6.492)

Age [years]
M ±SD 40.5 ±16.02 39.73 ±19.94

U = 117, 
p = 0.788* 0.997 (0.955–1.042) 0.903median 46 36

Q1–Q3 28.5–51.25 26–55

Cyst location

posterior maxilla (n = 2) 1 (5.00%) 1 (9.09%)

p = 0.923**

1.00 –
anterior maxilla (n = 2) 2 (10.00%) 0 (0.00%) NR –

posterior mandible (n = 20) 13 (65.00%) 7 (63.64%) 1.615 (0.14–18.581) 0.7
anterior mandible (n = 7) 4 (20.00%) 3 (27.27%) 2.25 (0.149–33.933) 0.558

Size of lesion 
[mm2]

M ±SD 370.75 ±130.55 746.45 ±310.79
U = 34.5, 

p = 0.002* 1.007 (1.002–1.012) 0.005median 367.5 760
Q1–Q3 270–420 522–987.5

Lesion type
unilocular (n = 21) 15 (75.00%) 6 (54.55%)

p = 0.423**
1.00

0.25multilocular (n = 10) 5 (25.00%) 5 (45.45%) 2.5 (0.525–11.894)

Cortical 
perforation

negative (n = 22) 17 (85.00%) 5 (45.45%) p = 0.038** 1.00
0.028positive (n = 9) 3 (15.00%) 6 (54.55%) 6.8 (1.233–37.497)

Number 
of daughter 
cysts

M ±SD 1 ±1.73 0.36 ±1.21
U = 127, 

p = 0.201* 0.721 (0.387–1.341) 0.301median 0 0
Q1–Q3 0–1.5 0–0

Inflammatory 
score

grade 0 (n = 15) 10 (50.00%) 5 (45.45%)

p = 1**

1.00 –
grade 1 (n = 9) 6 (30.00%) 3 (27.27%) 0.9 (0.154–5.258) 0.907
grade 2 (n = 7) 4 (20.00%) 3 (27.27%) 1.35 (0.211–8.617) 0.751
grade 3 (n = 0) 0 (0.00%) 0 (0.00%) NR –

Epithelial 
dysplasia

negative (n = 30) 20 (100.00%) 10 (90.91%)
p = 0.367** indefinitelow-grade (n = 1) 0 (0.00%) 1 (9.09%)

high-grade (n = 0) 0 (0.00%) 0 (0.00%)

PCNA
M ±SD 18.55 ±9.4 19.95 ±6.14

U = 89, 
p = 0.518* 1.021 (0.932–1.12) 0.65median 18 23

Q1–Q3 13.5–22.75 13.75–24.5

p53
M ±SD 11.08 ±7 13.05 ±5.92

U = 86.5, 
p = 0.451* 1.048 (0.933–1.178) 0.427median 10.5 11.5

Q1–Q3 6–17 9.5–15.5

Ki-67
M ±SD 12.61 ±5.23 16.18 ±8.48

U = 83, 
p = 0.365* 1.09 (0.961–1.237) 0.179median 12 16.5

Q1–Q3 10–15.75 10.5–18.5

Bcl-2

grade 0 (n = 10) 8 (40.00%) 2 (18.18%)

p = 0.362**

1.00 –
grade 1 (n = 15) 9 (45.00%) 6 (50.00%) 4 (0.379–42.177) –
grade 2 (n = 5) 3 (15.00%) 2 (18.18%) 6 (0.422–85.248) 0.249
grade 3 (n = 1) 0 (0.00%) 1 (9.09%) 6 (0.422–85.248) 0.186

COX-2

grade 0 (n = 6) 5 (25.00%) 1 (9.09%)

p = 0.042**

1.00 –
grade 1 (n = 5) 5 (25.00%) 0 (0.00%) NR –

grade 2 (n = 10) 7 (35.00%) 3 (27.27%) 0.857 (0.055–13.479) 0.913
grade 3 (n = 10) 3 (15.00%) 7 (63.64%) 4.667 (0.297–73.384) 0.273

RANK

grade 0 (n = 17) 13 (65.00%) 4 (36.36%)

p = 0.126**

1.00 –
grade 1 (n = 12) 7 (35.00%) 5 (45.45%) 3 (0.642–14.023) 0.163
grade 2 (n = 2) 0 (0.00%) 2 (18.18%) 3 (0.642–14.023) 0.163
grade 3 (n = 0) 0 (0.00%) 0 (0.00%) NR –

RANKL

grade 0 (n = 1) 1 (5.00%) 0 (0.00%)

p = 0.304**

NR –
grade 1 (n = 7) 6 (30.00%) 1 (9.09%) 1.00 –
grade 2 (n = 9) 6 (30.00%) 3 (27.27%) 3 (0.239–37.672) 0.395

grade 3 (n = 14) 7 (35.00%) 7 (63.64%) 6 (0.565–63.676) 0.137

OPG

grade 0 (n = 3) 2 (10.00%) 1 (9.09%)

p = 0.635**

1.00 –
grade 1 (n = 19) 13 (65.00%) 6 (54.55%) 1.00 –
grade 2 (n = 3) 2 (10.00%) 1 (9.09%) 0.929 (0.071–12.136) 0.955
grade 3 (n = 6) 3 (15.00%) 3 (27.27%) 1.857 (0.293–11.756) 0.511

RANKL/OPG 
ratio

RANKL < OPG 2 (10.00%) 1 (9.09%)
p = 0.24**

1.00
0.476RANKL = OPG 9 (45.00%) 3 (27.27%) 1.00

RANKL > OPG 9 (45.00%) 7 (63.64%) 1.75 (0.376–8.14)

*Mann–Whitney U test, **Fisher’s exact test. Statistically significant values are bolded. Q1 – lower quartile; Q3 – upper quartile; M ±SD – mean ± standard 
deviation; NR – no recurrence; HR – hazard ratio; 95% CI – 95% confidence interval; OKC – odontogenic keratocyst; RANKL – receptor activator for nuclear 
factor κ B ligand; OPG – osteoprotegerin; PCNA – proliferating cell nuclear antigen; RANK – receptor activator of nuclear factor κ B. 
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for the above reasons.24,33,34 Accordingly, it would appear 
reasonable to conduct further research into the molecular 
background of the distinct pathobiology of syndromic OKCs.

In our previous report, we demonstrated that larger 
size, multilocularity and radiological evidence of cortical 
perforation were correlated to a higher risk of recurrence 

Fig. 1. Proliferating cell nuclear antigen (PCNA) – nuclear brown staining (arrows) in the epithelial lining of sporadic (A) and syndromic (B) odontogenic 
keratocyst (OKC) (×200 magnification)

Fig. 3. Osteoprotegerin (OPG) – cytoplasmic brown staining in the superficial layer (asterisks) of the epithelial lining of sporadic (A) and syndromic (B) 
odontogenic keratocyst (OKC) (×200 magnification)

Fig. 2. p53 – nuclear brown staining (arrows) in the epithelial lining of sporadic (A) and syndromic (B) odontogenic keratocyst (OKC) (×200 magnification)

A B

A B

A B
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of sporadic OKCs.17 The current results partially support 
these findings. The issue of cyst size and multilocularity 
have been addressed by many authors, and it has been 
shown that smaller lesions are usually unilocular, but with 
their expansion, they tend to become multilocular.34,35 
Larger lesions are more difficult to access, and epithelial 
residue may be a starting point of relapse. Recently, Fidele 
et al. suggested that the lining of larger OKCs is more thin 
and fragile and, thus, more prone to recur.36 This is in con-
trast with smaller lesions, which are easier to enucleate 
in one piece. The authors also found a significantly higher 
recurrence rate for cysts whose diameter exceeded 4 cm.36 
With regard to syndromic cases, however, we did not find 
a  significant influence of cyst size on recurrence rate, 
which may be due to the limited number of syndromic 
cases in the current series, as well as the fact that there 
might be disparate biological factors responsible for the re-
lapse of NBCCS-associated counterparts of OKCs.

In  the  current study, sporadic OKCs with cortical 
perforation were 6.8  times more likely to  recur. Our 
previous hypothesis17 stating that this radiological sign 

is a significant prognostic factor has thus far been sup-
ported by the results of the study by Fidele et al.,36 who 
found that cortical perforation, particularly combined with 
teeth involvement, is markedly associated with a high re-
currence rate. The presence of either may lead to an in-
complete surgical removal and subsequent relapse, since 
cortical perforation suggests the involvement of adjacent 
soft tissues, and close proximity to dentition (especially 
when the treatment plan entails teeth preservation) may 
be related to the involvement of the periodontal space. 
However, in the current study, we did not find significant 
differences in cortical perforation between recurrent and 
non-recurrent syndromic OKCs. In fact, all of the non-
recurrent syndromic cases were negative for cortical per-
foration, which is why the HR for recurrence was indefi-
nite. Interestingly, 50% of the syndromic cases exhibited 
cortical perforation (in contrast to 29.03% of the sporadic 
cases), which may be another reason for the high recur-
rence rate of NBCCS-associated cases. Contrary to the re-
sults of our previous report,17 we did not demonstrate that 
multilocularity is associated with higher recurrence rates 

Fig. 5. Receptor activator for nuclear factor κ B ligand (RANKL) – cytoplasmic brown staining in the superficial layer (asterisks) of the epithelial lining 
of sporadic (A) and syndromic (B) odontogenic keratocyst (OKC) (×50 magnification)

Fig. 4. COX-2 – cytoplasmic brown staining in the superficial layer (asterisks) of the epithelial lining of sporadic (A) and syndromic (B) odontogenic 
keratocyst (OKC) (×200 magnification)

A B

A B



Adv Clin Exp Med. 2023;32(2):245–259 253Table 3. Comparative clinicoradiological, histopathological and immunohistochemical characteristics of non-recurrent and recurrent syndromic OKC cases 
with a risk for recurrence

Variables
Non-recurrent 
syndromic OKC

(n = 2)

Recurrent 
syndromic OKC

(n = 10)
p-value

Cox proportional hazard model

HR (95% CI) p-value

Gender
female (n = 5) 0 (0.00%) 5 (50.00%)

p = 0.47** indefinitemale (n = 7) 2 (100.0%) 5 (50.00%)

Age [years]
M ±SD 17 ±0 18.7 ±6.36

U = 9, p = 0.913* 1.062 (0.787–1.432) 0.695median 17 18
Q1–Q3 17–17 12.5–23.0

Cyst location

posterior maxilla (n = 5) 0 (0.00%) 5 (50.00%)

p = 0.621** indefinite
anterior maxilla (n = 0) 0 (0.00%) 0 (0.00%)

posterior mandible (n = 5) 2 (100.0%) 3 (30.00%)
anterior mandible (n = 12) 0 (0.00%) 2 (20.00%)

Size of lesion 
[mm2]

M ±SD 397.5 ±31.82 505 ±308.38
U = 9.5, p = 1* 1.003 (0.992–1.014) 0.637median 397.5 412.5

Q1–Q3 386.25–408.75 315–543.75

Lesion type
unilocular (n = 7) 1 (50.00%) 6 (60.00%)

p = 1**
1.00

0.794multilocular (n = 5) 1 (50.00%) 4 (40.00%) 0.667 (0.032–14.033)

Cortical 
perforation

negative (n = 6) 2 (100.0%) 4 (40.00%)
p = 0.455** indefinitepositive (n = 6) 0 (0.00%) 6 (60.00%)

Number 
of daughter 
cysts

M ±SD 12.5 ±17.68 6 ±8.77
U = 13, p = 0.548* 0.936 (0.805–1.09) 0.395median 12.5 0

Q1–Q3 6.25–18.75 0–9

Inflammatory 
score

grade 0 (n = 2) 0 (0.00%) 2 (20.00%)

p = 1**

1.00

0.794
grade 1 (n = 3) 1 (50.00%) 2 (20.00%) 1.00
grade 2 (n = 6) 1 (50.00%) 5 (50.00%) 1.5 (0.071–31.575)
grade 3 (n = 0) 0 (0.00%) 1 (10.00%) 1.5 (0.071–31.575)

Epithelial 
dysplasia

negative (n = 9) 2 (100.0%) 7 (70.00%)
p = 1** indefinitelow-grade (n = 3) 0 (0.00%) 3 (30.00%)

high-grade (n = 0) 0 (0.00%) 0 (0.00%)

PCNA
M ±SD 26.5 ±9.9 27.3 ±11.6

U = 9.5, p = 1* 1.007 (0.872–1.164) 0.921median 26.5 30.5
Q1–Q3 23–30 18.75–35.00

p53
M ±SD 16.25 ±2.47 17.25 ±6.49

U = 10.5, p = 1* 1.032 (0.784–1.36) 0.821median 16.25 17
Q1–Q3 15.38–17.12 13.38–20.75

Ki-67
M ±SD 10.75 ±1.77 13.69 ±3.84

U = 4, p = 0.234* 1.38 (0.73–2.608) 0.321median 10.75 13
Q1–Q3 10.12–11.38 11.75–16.75

Bcl-2

grade 0 (n = 0) 0 (0.00%) 0 (0.00%)

p = 0.455**

NR

0.392
grade 1 (n = 9) 1 (50.00%) 8 (80.00%) 1.00
grade 2 (n = 3) 1 (50.00%) 2 (20.00%) 0.25 (0.01–5.985)
grade 3 (n = 0) 0 (0.00%) 0 (0.00%) NR

COX-2

grade 0 (n = 0) 0 (0.00%) 0 (0.00%)

p = 0.621**

NR

0.794
grade 1 (n = 5) 1 (50.00%) 4 (40.00%) 1.00
grade 2 (n = 2) 1 (50.00%) 1 (10.00%) 1.5 (0.071–31.575)
grade 3 (n = 5) 0 (0.00%) 5 (50.00%) 1.5 (0.071–31.575)

RANK

grade 0 (n = 6) 2 (100.0%) 4 (40.00%)

p = 0.636** indefinite
grade 1 (n = 4) 0 (0.00%) 4 (40.00%)
grade 2 (n = 2) 0 (0.00%) 2 (20.00%)
grade 3 (n = 0) 0 (0.00%) 0 (0.00%)

RANKL

grade 0 (n = 0) 0 (0.00%) 0 (0.00%)

p = 0.091** indefinite
grade 1 (n = 1) 1 (50.00%) 0 (0.00%)
grade 2 (n = 3) 1 (50.00%) 2 (20.00%)
grade 3 (n = 8) 0 (0.00%) 8 (80.00%)

OPG

grade 0 (n = 1) 0 (0.00%) 1 (10.00%)

p = 1**

1.00

0.59
grade 1 (n = 1) 0 (0.00%) 1 (10.00%) 1.00
grade 2 (n = 6) 1 (50.00%) 5 (50.00%) 1.00
grade 3 (n = 4) 1 (50.00%) 3 (30.00%) 0.429 (0.02–9.364)

RANKL/OPG 
ratio

RANKL < OPG 2 (100.0%) 0 (0.00%)
p = 0.015** indefiniteRANKL = OPG 0 (0.00%) 4 (40.00%)

RANKL > OPG 0 (0.00%) 6 (60.00%)

*Mann–Whitney U test, **Fisher’s exact test. Statistically significant values are bolded. Q1 – lower quartile; Q3 – upper quartile; M ±SD – mean ± standard 
deviation; NR – no recurrence; HR – hazard ratio; 95% CI – 95% confidence interval; OKC – odontogenic keratocyst; RANKL – receptor activator for nuclear 
factor κ B ligand; OPG – osteoprotegerin; PCNA – proliferating cell nuclear antigen; RANK – receptor activator of nuclear factor κ B.



K. Kisielowski et al. Clinicopathological factors in keratocysts254

of OKCs. The published results in this regard are ambigu-
ous. On the one hand, Yagyuu et al. found a significantly 
higher propensity for relapse of multilocular OKC com-
pared to its unilocular counterpart (recurrence rate 35.7% 
compared to 7.4%).37 Similar results were demonstrated 
in a study by Tabrizi et al., who calculated the recurrence 
rate of multilocular OKC at 62.16%, compared to 5.5% for 
unilocular lesions.38 On the other hand, de França et al. 
found a similar frequency of relapse between unilocular 
and multilocular OKCs (44.4% compared to 55.6%), and 
did not show that locularity of the cyst has any significant 

influence on relapse.39 The ambiguity of our own results 
and of the published data suggests that, in essence, there 
may be a combination of several factors having an impact 
on OKC recurrence, including size, locularity and associa-
tion with dentition. Thus, it seems reasonable that future 
research should focus on testing these factors – taken col-
lectively or in different combinations.

The results of some previous studies suggest that COX-2 
is overexpressed in OKC40 and may serve as an  impor-
tant marker involved in  local aggressiveness and recur-
rence of  the  lesion.41,42 Herein, we  showed that COX-2 

Table 4. Clinicoradiological, histopathological and immunohistochemical characteristics of the recurrent sporadic cases of OKC
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1. 48 F A-Mn 24 UL 950 (+) 2 0 (−) 10.5 6 10.5 1 2 0 2 1

2. 36 F P-Mn 36 UL 760 (−) 0 0 (−) 13 13 16.5 2 2 0 3 1

3. 26 M P-Mn 120 UL 450 (−) 2 0 (−) 14 25 36.5 2 3 1 2 3

4. 15 M P-Mn 72 ML 1148 (+) 0 0 (−) 23 11.5 17 1 3 0 1 1

5. 26 F P-Mx 108 UL 330 (−) 1 4 (−) 26 12 17.5 3 3 1 3 1

6. 19 M A-Mn 108 ML 950 (+) 1 0 (+) 24 18 18.5 1 2 1 3 3

7. 62 F P-Mn 108 UL 240 (−) 0 0 (−) 25 10 10 0 3 1 3 2

8. 36 M P-Mn 36 ML 594 (+) 1 0 (−) 13.5 11 10.5 1 3 0 3 1

9. 73 M A-Mn 24 ML 1025 (+) 1 0 (−) 27.5 7 10.5 0 3 2 3 1

10. 67 M P-Mn 60 ML 1064 (+) 0 0 (−) 19 21 6 1 0 1 2 0

11. 29 M P-Mn 72 UL 700 (−) 0 2 (−) 24 9 19.5 0 3 2 3 3

A-Mn – anterior mandible; P-Mn – posterior mandible; P-Mx – posterior maxilla; UL – unilocular; ML – multilocular; M – male; F – female; OKC – odontogenic 
keratocyst; RANKL – receptor activator for nuclear factor κ B ligand; OPG – osteoprotegerin; PCNA – proliferating cell nuclear antigen; RANK – receptor 
activator of nuclear factor κ B.

Table 5. Clinicoradiological, histopathological and immunohistochemical characteristics of the recurrent syndromic cases of OKC
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1. 25 F P-Mx 96 UL 300 (−) 1 0 (−) 7.5 7.5 7.4 1 3 0 2 2

2. 12 M P-Mn 24 UL 600 (+) 2 0 (+) 14 10.5 19.5 1 3 1 3 3

3. 14 M P-Mx 96 UL 270 (−) 1 9 (+) 21 27 18 2 3 2 3 2

4. 19 F A-Mn 72 ML 1320 (+) 2 0 (−) 18 22 11.5 1 1 1 2 1

5. 12 M P-Mx 96 UL 375 (−) 0 0 (−) 33.5 17 10.5 1 1 1 3 0

6. 30 M P-Mx 84 UL 360 (−) 2 9 (−) 31 13 18.5 2 3 2 3 3

7. 17 M P-Mx 96 ML 450 (+) 2 19 (+) 41.5 17 13 1 1 0 3 2

8. 12 F P-Mn 120 ML 550 (+) 3 0 (−) 35.5 17 13 1 1 0 3 2

9. 23 F P-Mn 84 UL 300 (+) 0 0 (−) 30 14.5 13 1 3 1 3 3

10. 23 F A-Mn 84 ML 525 (+) 2 23 (−) 41 27 12.5 1 2 0 3 2

A-Mn – anterior mandible; P-Mn – posterior mandible; P-Mx – posterior maxilla; UL – unilocular; ML – multilocular; M – male; F – female; OKC – odontogenic 
keratocyst; RANKL – receptor activator for nuclear factor κ B ligand; OPG – osteoprotegerin; PCNA – proliferating cell nuclear antigen; RANK – receptor 
activator of nuclear factor κ B.



Adv Clin Exp Med. 2023;32(2):245–259 255

immunostaining was significantly more pronounced 
in recurrent compared to non-recurrent sporadic cases 
of  OKC. In  fact, over 90% of  recurrent cysts exhibited 
a  moderate to  strong reaction to  COX-2, whereas 50% 

of the non-recurrent lesions showed a negative or merely 
weak stain. By juxtaposing these results with the evidence 
that overexpression of the COX-2 gene alters adhesion, in-
hibits apoptosis and alters the response to growth regulatory 

Fig. 6. Bcl-2 – membranous-cytoplasmic brown staining in the basal (arrows) and suprabasal (asterisks) layers of the epithelial lining of sporadic (A) and 
syndromic (B) odontogenic keratocyst (OKC) (×200 magnification)

A B

Fig. 8. Receptor activator of nuclear factor κ B (RANK) – cytoplasmic brown staining in the superficial layer (asterisks) of the epithelial lining of sporadic (A) 
and syndromic (B) odontogenic keratocyst (OKC) (×60 magnification)

Fig. 7. Ki-67 – nuclear brown staining in the basal (arrows) and suprabasal/superficial (asterisks) layers of the epithelial lining of sporadic (A) and syndromic 
(B) odontogenic keratocyst (OKC) (×60 magnification)

A B

A B
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signals,43,44 one might speculate that at least some of the re-
current OKCs are in fact neoplastic. However, in the current 
study, the immunoexpression of COX-2 had no prognostic 
relevance, as it did not influence the time to recurrence 
in a survival model; in this respect, it is consistent with our 
previous findings.17 Although all of the syndromic cases 
exhibited COX-2 expression, we did not find any differ-
ence between recurrent and non-recurrent lesions in this 
regard. However, we found that 50% of the recurrent and 
0% of the non-recurrent syndromic cases exhibited a strong 
reaction to COX-2. In light of this, it may be assumed that 
COX-2 upregulation is relevant to the growth and progres-
sion of OKCs. Previous studies have demonstrated that 
COX-2 plays an important role in the biological regula-
tion of OKC epithelial lining,41 and it has been shown to be 
partially involved in the mechanism of OKC progression.39 
The COX-2 is known to increase the level of Bcl-2, thus 
suppressing apoptosis.44 Moreover, COX-2-dependent pros-
taglandins have been implicated in the induction of matrix 
metalloproteinases (MMPs), which are important in matrix 
degradation during tumor growth and invasion, and induc-
tion of angiogenesis.45,46 Very few studies have elucidated 
an association between COX-2 immunoexpression and OKC 
recurrence. Furthermore, current evidence does not indicate 
that COX-2 has any prognostic relevance in OKC.41 Never-
theless, our results hinting at COX-2 upregulation in recur-
rent sporadic cases coupled with data on its overexpression 
in OKCs suggest that COX-2 should be considered a poten-
tial marker to analyze the biological behavior of OKCs.40 
However, further investigation on larger samples is neces-
sary. Recently, Alsaegh et al.46 proposed that active human 
papillomavirus (HPV) infection may be associated with 
COX-2 expression in the odontogenic epithelium of OKC, 
and that HPV infection may have a role in the pathogenesis 
and aggressiveness of the cyst. However, this hypothesis has 
not been supported by any further research.

The RANKL and OPG are critical molecules for the con-
trol of osteoclastogenesis and pathophysiological bone re-
modeling.27,47 In short, binding of RANKL to RANK leads 
to proosteoclast recruitment, and osteoclast activation and 
survival, whereas OPG is a decoy receptor for RANKL that 
blocks osteoclast formation by inhibiting RANKL from 
binding to RANK.18,27,48 Not surprisingly, the vast majority 
of lesions in the current series exhibited RANKL > OPG 
or, to a lesser extent, a RANKL = OPG ratio, irrespective 
of the association with NBCCS. Many previous studies 
have demonstrated an  elevated expression of  RANKL 
in comparison with OPG in various osteolytic diseases, 
including aggressive odontogenic tumors like ameloblas-
toma, odontogenic myxoma and ameloblastic fibroma.49–51 
In our previous report, we showed that the majority of spo-
radic OKCs exhibited a RANKL > OPG ratio or, to a lesser 
degree, a RANKL = OPG ratio.18 In  the current study, 
we showed that there is a significantly increased expres-
sion of RANKL in recurrent syndromic lesions. In fact, 
80% of the recurrent syndromic OKCs exhibited a strong 

reaction to RANKL, and 60% of the recurrent syndromic 
OKCs had a RANKL > OPG ratio. These findings sug-
gest that there is an elevated osteoclast activity in recur-
rent OKCs. However, we are not certain whether it has 
any prognostic relevance. First, our previous18 and current 
results do not show that the expression of RANK, RANKL 
or OPG, or RANKL/OPG balance in sporadic OKCs has 
any influence on the risk and time to recurrence in the sur-
vival model. It was also not possible to calculate the HR 
for syndromic cases in  this regard. Finally, the  results 
of some studies on RANKL/OPG ratio in OKC indicate 
that the majority of OKC cases exhibit a predominance 
of OPG over RANKL.27,51 De Matos et al. demonstrated that 
the majority of OKC cases exhibited an OPG = RANKL 
or OPG > RANKL ratio and suggested that this may stem 
from the cystic but not solid architecture of OKCs.51 How-
ever, the authors did not test their findings against recur-
rence. In turn, Nonaka et al., having achieved similar results 
of RANKL/OPG ratio, additionally found that there were 
significant differences in the balance of the 2 molecules 
between recurrent and non-recurrent cases.27 However, 
their analysis addressed this issue only in regard to spo-
radic cases, whereas syndromic lesions were not divided 
into recurrent and non-recurrent. In view of the above, 
the current results and data from the published material 
indicate that there is a disturbance of the functional equi-
librium in the RANKL/OPG system in both sporadic and 
syndromic OKCs; however, this dysregulation may be in ei-
ther direction, and its prognostic significance is unclear.

A recent systematic review and meta-analysis failed 
to identify immunohistochemical markers that could accu-
rately distinguish syndromic from sporadic cases of OKC.12 
In the current study, however, we have shown that there 
is a significant difference in the expression of PCNA, p53 
and OPG between the 2 types of OKC. These 3 markers 
are associated with the expansion of the lesion. In addition, 
PCNA and p53 are directly related to cellular proliferation. 
Previous studies found that the proliferation of odonto-
genic epithelium in syndromic OKCs is significantly more 
common than in its sporadic counterpart; these conclu-
sions were mainly based on the results of PCNA and p53 
expression in the cystic epithelium.16,52,53 Lo Muzio et al. 
found the overexpression of p53 protein in syndromic 
OKCs and, together with the increase of PCNA positiv-
ity, deduced that it  constitutes a valid background for 
the existence of a more aggressive phenotype of lesions 
associated with NBCCS.53 Recently, Slusarenko da Silva 
et al. in their systematic review and meta-analysis found 
that OKCs are more prone to  express the  p53  marker 
than clinically benign dentigerous cysts, but quite similar 
to clinically aggressive ameloblastomas.7 This is another 
argument in favor of the concept that OKC is prone to be-
have as a destructive odontogenic tumor. The significantly 
higher immunoexpression of p53 revealed in syndromic 
cases in the present study may suggest that at least this sub-
set of OKCs might be considered tumors rather than cysts.
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We also found that there is a significant difference in 
the expression of OPG between sporadic and syndromic 
OKCs. The  OPG upregulation may suggest decreased 
osteolytic activity, since OPG is an inhibitor of RANK/
RANKL interaction, thus preventing osteoclastogenesis. 
In the current series, the majority of the lesions exhibited 
positive OPG immunoreaction; surprisingly, we found that 
most of the sporadic cases showed weak reactions, whereas 
in  syndromic cysts the  reaction was mainly moderate 
to strong. In light of the preceding considerations, we be-
lieve that OPG expression should be assessed in conjunc-
tion with RANKL expression, since the balance between 
both molecules regulates the process of bone resorption. 
As there was no significant difference in RANKL expres-
sion and RANKL/OPG balance, we do not think that our 
discovery of OPG upregulation in syndromic OKC cases 
indicates their decreased osteolytic activity.

Limitations

A weak point of this study is the small sample size, par-
ticularly in the subset of syndromic OKCs. Moreover, having 
only 2 cases of non-recurrent syndromic OKC prevented us 
from calculating the HR for recurrence potential with respect 
to certain variables. The shortcomings of this study preclude 
us from drawing any binding conclusions, but our results 
suggest that immunohistochemistry may play a role in dis-
criminating syndromic from sporadic OKC cases and has 
some prognostic relevance. Contrary to expensive and not 
widely available genetic testing for NBCCS, immunohisto-
chemistry is a cost-effective technique that can be routinely 
applied in fixed tissue samples and may offer the potential 
to distinguish syndromic from sporadic OKCs.12 An early 
recognition of NBCCS is of vital importance, as patients 
with NBCCS have an elevated risk of developing malignan-
cies, such as BCC or medulloblastoma, and OKCs associated 
with NBCCS are more aggressive and have an increased risk 
of recurrence.27 In their meticulous meta-analysis on differ-
ences in immunoprofile between sporadic and syndromic 
OKCs, Kalogirou et al. pointed out that there is a remark-
able inconsistency in the diagnostic criteria employed for 
the selection of patients with NBCCS in various studies.12 
There are no universally accepted criteria for the diagno-
sis of NBCCS, and, together with the retrospective nature 
of most studies and their incomplete histopathological de-
scription of OKC (reporting merely the presence of a para-
keratinized epithelium, which is found in other odontogenic 
cysts, without mentioning pathognomonic characteristics), 
there is increased bias in most published evidence.12

Conclusions

In conclusion, the results of this study show that NBCCS-
associated OKCs are significantly more prone to recur than 
their sporadic counterparts. Larger size and radiological 

signs of cortical perforation in sporadic OKCs may indi-
cate a higher risk of recurrence. The significance of these 
features, together with the cyst’s locularity and association 
with dentition, should be confirmed in large-scale stud-
ies, especially by testing them in different configurations. 
The COX-2 is upregulated in recurrent sporadic OKCs, but 
it has no prognostic relevance. Recurrent syndromic OKCs 
exhibited higher RANKL and lower OPG expression, but 
we failed to demonstrate their prognostic significance. 
The immunoexpression of p53, PCNA and OPG may dis-
tinguish syndromic from sporadic OKCs, but these results 
require a confirmation with a larger sample.
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