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Table 1. Morphometric parameters of seminiferous tubules in
two groups

Mean+SD

Parameter
Control group Treated group

Seminiferous tubule

+
diameter (um) 224.6+8.2

172.4+6.5 <0.001

Germinal epithelium

height (um) 58.743.1

39.2+2.4 <0.001

paratide may compromise testicular cytoarchitecture through
direct or indirect mechanisms (Table 1). These histological and
morphometric findings are suggestive of endocrine disruption,
likely mediated through perturbations in the hypothalamic—pi-
tuitary—gonadal axis (Figure 3).

Figure 3. Schematic representation of the hypothalamic—
pituitary—gonadal (HPG) axis showing the proposed inhibitory
effect of teriparatide on GnRH signalling and downstream
gonadotropin secretion, potentially impairing spermatogenesis
(Created by the authors)

DISCUSSION

The current study presents compelling histopathological and
morphometric evidence indicating that prolonged teriparatide
administration induces marked disruptions in testicular archi-
tecture and spermatogenic function in adult male rats. These
findings align with a growing body of preclinical data that
suggest parathyroid hormone analogues may exert off-target
effects beyond the skeletal system, particularly on hormon-
ally regulated organs such as the testes (11,12). The 60-day
exposure window was chosen to capture one complete sper-
matogenic cycle in rats. The seminiferous epithelium cycle
lasts 12.8 days so a 58—60-day study period allows to measure
chronic effects across the entire germ cell lineage which en-
hances the translational value for male fertility risk assessment
(19). Previous research using rodents established that two
months of experimental time in rodents equals several years
of human exposure thus enabling the assessment of long-term
teriparatide effects on testicular structure (20,21).

In the control group, the preservation of seminiferous tubule
integrity, orderly germinal epithelium, and active spermato-
genesis confirmed normal testicular function. Conversely, the
teriparatide-treated group exhibited extensive degeneration,
including epithelial detachment, interstitial edema, vascular
congestion, and Leydig cell necrosis, features that collectively
signal impaired spermatogenic progression and disrupted an-
drogenic activity. The statistically significant reductions in both
Johnsen scores and seminiferous tubule dimensions support
these morphological observations and reinforce the hypothesis
that teriparatide may interfere with the homeostatic regulation
of male fertility. The underlying mechanisms through which
teriparatide induces such testicular damage may be multifacto-
rial. One plausible pathway involves its known effect on sys-
temic calcium-phosphate metabolism, which may secondarily
impact the hypothalamic—pituitary—gonadal (HPG) axis (22).
Teriparatide stimulates calcium absorption via the gut and re-
nal reabsorption, potentially altering neuroendocrine feedback
loops involving gonadotropin-releasing hormone (GnRH),
luteinizing hormone (LH), and follicle-stimulating hormone
(FSH) (5,6). It is plausible that chronic perturbations within
the hypothalamic—pituitary—gonadal (HPG) axis, potentially
induced by teriparatide, may disrupt upstream neuroendocrine
signals emanating from the hypothalamus and pituitary gland.
Such dysregulation may ultimately compromise testicular
steroidogenesis and germinal cell maturation. This hypoth-
esis gains support from our histological observations, which
revealed marked Leydig cell degeneration—an outcome that
directly implicates diminished intratesticular testosterone syn-
thesis. In turn, impaired androgenic support could destabilize
Sertoli cell function, thereby attenuating the microenviron-
ment required for spermatogenic progression (23,24).

The observed morphometric problems match the effects of low
androgen because research has shown that decreased testoster-
one production leads to smaller seminiferous tubules and re-
duced epithelial cell height (25,26). Research studies conduct-
ed with rodent models show that spermatogenesis problems
and germ cell death are associated with oxidative stress bio-
markers malondialdehyde (MDA) and superoxide dismutase
(SOD) (27, 28).

Moreover, oxidative stress may constitute an auxiliary mech-
anism contributing to testicular damage. The metabolic shifts
triggered by prolonged teriparatide exposure could elevate in-
tracellular reactive oxygen species (ROS), undermining cel-
lular viability and promoting germ cell apoptosis (11). These
mechanistic inferences align with prior findings by Li et al.
(13), who reported structural disruption and reduced spermato-
genic indices following extended administration of PTH ana-
logs. Likewise, it was demonstrated that calcium—phosphorus
dyshomeostasis could impair Leydig and Sertoli cell physiolo-
gy, leading to subfertility (29). It was further emphasized that
exogenous anabolic hormones may induce interstitial conges-
tion and inflammatory infiltration within the testis—hallmarks
mirrored in our treated cohort (30).

The convergence of these findings raises the possibility that
teriparatide, when administered chronically, may function as a
pharmacological endocrine-disrupting compound (EDC). This
potential classification is particularly salient in clinical con-
texts involving younger male patients, where long-term repro-
ductive implications must not be overlooked.

It is the first experimental study which evaluated how daily
teriparatide treatment affects testicular tissue structure in adult
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rats. Our research introduces new findings about teriparatide
reproductive safety through complete morphometric and his-
tological assessments which differ from previous studies that
concentrated on skeletal results. The study’s original findings
demonstrate why healthcare providers should track parathy-
roid hormone analogue side effects that occur outside the skel-
eton when patients use these medications for extended periods.
There are some limitations of the study. Despite the robustness
of histological and morphometric data, the study is constrained
by the absence of serum hormonal profiling (e.g., testosterone,
LH, FSH) and oxidative stress biomarkers (e. g., MDA, SOD),
which limits mechanistic inference. Furthermore, the use of a
single dose and fixed exposure duration precludes evaluation
of dose-dependent or reversible effects. Finally, extrapolation
to human physiology remains tentative, necessitating further
translational research to validate these findings.

In conclusion, the present investigation established a histomor-
phological link between prolonged teriparatide administration
and testicular degeneration in adult male rats. The observed
alterations, including epithelial atrophy, Leydig cell necrosis,
and reduced seminiferous tubule dimensions, strongly impli-
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ABSTRACT

Aim Mild traumatic brain injury (mTBI) presents diagnostic challenges, with head computed tomography
(head CT) often overutilized in emergency settings. Blood biomarkers such as glial fibrillary acidic protein
(GFAP) and ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) have shown promise in early injury detec-
tion. The aim of this study was to evaluate the diagnostic utility of GFAP and UCH-L1 in identifying intra-
cranial injuries early and potential reduction in unnecessary head CT scans in mTBI patients.

Methods A prospective study was conducted on 102 adult patients with mTBI. Serum levels of GFAP and
UCH-L1 were measured within 12 hours after injury and compared with head CT findings using appropriate
statistical analyses.

Results Both biomarkers demonstrated 100% sensitivity and moderate specificity, with high negative pre-
dictive value (NPV), supporting their utility in ruling out injuries detectable on CT.

Conclusion GFAP and UCH-L1 are effective early biomarkers for excluding significant intracranial injuries
and may help optimize head CT scan utilization in the acute management of mTBI.

Key words: GFAP, neurotrauma, UCH-L1

INTRODUCTION

Mild traumatic brain injury (mTBI) is a prevalent public health
concern due to its high incidence, acute effects, and potential
long-term cognitive and functional consequences (1). Head
CT remains the standard imaging modality used for the initial
assessment of patients with suspected TBI in emergency de-
partments (2). However, growing evidence suggests that head
CT is frequently overused in mild cases, often yielding nega-
tive findings, which leads to unnecessary radiation exposure
and increased healthcare costs (3). Furthermore, the diagnostic
and prognostic accuracy of standard clinical tools, such as the
Glasgow Coma Scale (GCS), is limited by external factors in-
cluding intoxication, comorbidities, advanced age, or the pres-
ence of other injuries (4).

While neuroimaging can visualize structural brain damage and
guide surgical decisions, it provides limited information about
a patient’s long-term functional prognosis, particularly in cases
of mild or moderate injury (5). Studies have shown that a sub-
stantial proportion of mTBI patients present with no head CT
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abnormalities despite exhibiting neurological symptoms, further
highlighting the need for complementary diagnostic tools. To
address these limitations, research has increasingly focused on
fluid-based biomarkers that are released into the systemic cir-
culation following injury to brain tissue (6). Among these, glial
fibrillary acidic protein (GFAP) and ubiquitin carboxy-termi-
nal hydrolase L1 (UCH-L1) have emerged as promising neu-
ron-specific biomarkers with demonstrated diagnostic utility in
mTBI (7). GFAP is an intermediate filament protein expressed
predominantly in astrocytes, where it plays a role in synaptic
regulation, inflammatory responses, and axonal regeneration
(8). Its serum concentration increases as a consequence of as-
trocytic damage, peaking around 20 hours after trauma, and re-
maining elevated for up to 7 days. The optimal time window
for GFAP sampling is considered to be between 6 and 18 hours
post-injury. UCH-L1 is a neuron-specific protease involved in
the degradation of ubiquitinated proteins. It is highly abundant in
neurons and constitutes approximately 5% of total brain protein
(6). Upon injury, UCH-LI1 level rises rapidly, peaking within 8
hours and returning to baseline shortly thereafter. The biomarker
is most effective in the early stages of trauma, with an optimal
sampling window between 2 and 8 hours (5). Both biomarkers
are minimally expressed in non-neuronal tissues, contributing to
their high specificity for central nervous system injury (6).

Numerous studies have evaluated the utility of GFAP and
UCH-L1 in the detection of intracranial injury following

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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mTBI. Some of them have demonstrated that the combined
use of these biomarkers, interpreted against predefined thresh-
olds, yields high negative predictive value (NPV) in ruling out
CT-detectable lesions in mTBI patients (9,10). Additionally,
these biomarkers are being investigated for their prognostic
potential in predicting long-term neurological outcomes (11).
Although blood biomarkers including GFAP and UCH-L1 of-
fer a promising adjunct to identify patients at risk of intracrani-
al injury, validated clinical guidelines still rely mainly on head
CT, and biomarker-guided strategies are not yet widely imple-
mented in everyday practice (12) . Recent multicentre data us-
ing a rapid point of care assay suggest that GFAP and UCH-L1
testing can support decision-making on head CT indication and
may offer a cost and time effective approach to the manage-
ment of patients with mTBI in emergency settings (13). Fur-
ther support for the use of GFAP and UCH-L1 as a rule out tool
to safely reduce head CT utilization in mTBI comes from a re-
cent European multicentre study, which showed that combined
testing of these biomarkers can reliably exclude intracranial
lesions while decreasing unnecessary CT scans (14).

This single-centre study evaluated GFAP and UCH-L1 as rapid
blood biomarkers for the early exclusion of intracranial injury
in patients with suspected mTBI within 12 hours of trauma,
with a particular focus on their practical clinical use beyond
multicentre or laboratory-based trials. The aim was to deter-
mine their diagnostic accuracy (sensitivity, specificity and neg-
ative predictive value) and to assess whether they can safely
reduce reliance on head CT.

PATIENTS AND METHODS

Patients and study design

This prospective observational study was conducted at the Uni-
versity Clinical Centre (UCC) Tuzla over an eight-month period
(August 2024-March 2025). A total of 102 adult patients (>18
years) with mTBI were included. mTBI was defined based on a
Glasgow Coma Scale (GCS) score of 13 -15 on admission (15)
in accordance with internationally accepted criteria (16).

The study protocol was reviewed and approved by the Ethics
Committee of UCC Tuzla (Approval No. 02-09/2-114/23) and
a written informed consent was obtained from all participants
prior to inclusion.

Inclusion criteria were: age >18 years, hospital admission within
12 hours post-injury, GCS 13-15, and availability of both serum
biomarker tests (GFAP and UCH-L1) and head CT imaging.
Exclusion criteria included GCS <13, penetrating head trauma,
polytrauma, current treatment with anticoagulants, venous blood
sampling conducted more than 12 hours after injury, preexisting
neurological diseases and severe intoxication interfering with
neurological assessment. The diagnosis of mTBI was based on
accepted clinical criteria, including GCS 13-15, loss of con-
sciousness <30 minutes, and post-traumatic amnesia <24 hours
(16). A CT-positive finding was defined as the presence of intra-
cranial haemorrhage (subarachnoid, subdural, epidural, or intra-
cerebral), cerebral contusions, or skull fractures. Patients without
acute intracranial findings were classified as CT-negative.

Methods

Venous blood samples were collected upon hospital admission
and in all cases within 12 hours of the traumatic event. Blood

Osmi¢ Husni et al. Biomarkers in mild brain injury

was drawn into 6 mL serum tubes with clot activator (Vacus-
era CAT Serum, Disera A.S., Izmir, Turkey) and immediately
transported to the Department of Biochemistry at the UCC Tu-
zla Polyclinic for Laboratory Diagnostics for processing. In the
laboratory, samples were allowed to clot for approximately 30
minutes at room temperature (total time from venipuncture to
centrifugation =30 minutes), followed by centrifugation at 3000
rpm for 7 minutes (=21 000 g-minutes) in accordance with the
manufacturer’s instructions for the Alinity assay (Abbott, USA),
to ensure complete separation of serum and removal of cellular
components (17). Prior to analysis, all serum samples were vi-
sually inspected for haemolysis, lipemia, and icterus. Samples
exhibiting visible discoloration or turbidity were excluded from
testing to avoid analytical interference. The haemolysis, icterus
and lipemia (HIL) index detection module was not enabled on
the Alinity i analyser, therefore visual inspection served as the
preanalytical quality-control step. All biomarker analyses were
performed within two hours after centrifugation.

Serum concentrations GFAP and UCH-L1 were quantified
using chemiluminescent microparticle immunoassay (CMIA)
technology on the Alinity i analyser (Alinity i TBI assay, Ab-
bott, USA). Diagnostic cut-off values were 35 pg/mL for GFAP
and 400 pg/mL for UCH-L1, as recommended in the Alinity i
TBI assay documentation. Samples exceeding either threshold
were interpreted as positive. According to the manufacturer’s
algorithm, the overall TBI test result was considered positive if
either biomarker exceeded its respective threshold (17).

Statistical analysis

Descriptive statistics were expressed as mean + standard devi-
ation (SD) for continuous variables with normal distribution,
and as median with interquartile range (Q1-Q3) for non-nor-
mally distributed variables. Categorical data were presented
as frequencies and percentages. Differences in the distribution
of categorical variables were assessed using Pearson’s %2 test.
Comparisons of continuous variables between two indepen-
dent groups were performed using the Mann—Whitney U test.
Correlations between continuous variables (age, GCS, GFAP,
UCH-L1, and time from injury to blood draw) were evaluat-
ed using Spearman’s rank correlation coefficient (rho). Diag-
nostic performance of GFAP and UCH-L1 was assessed using
receiver operating characteristic (ROC) curve analysis. For
predefined decision thresholds, sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and
overall accuracy were calculated from 2x2 contingency tables
using head CT findings as the reference standard. A p< 0.05
was considered statistically significant.

RESULTS

A total of 102 patients were enrolled in the study, comprising
76 (75%) males and 26 (25%) females (p<0.001), yielding a
male-to-female ratio of 2.92. The median age of participants
was 49.5 years, with an interquartile range (IQR) of 32.0 to
63.0 years. The youngest patient was 18 years old, the oldest
was 87. All patients presented with GCS between 13 and 15
(median 15; IQR: 14-15). Ninety-nine (of 102) patients had
blood drawn within 6 hours of injury, and three were sampled
after 6 hours. Overall median time from injury to blood draw
was 3.0 hours (IQR 2.0-4.0) (Table 1). No statistically sig-
nificant sex differences were found in any of the continuous
variables analysed, including GCS scores, GFAP, and UCH-L1
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Table 1. Characteristics of the continuous parameters of the age,

GCS, GFAP, UCH-L1 and time from injury to sampling for the

entire study population (N=102)

Parameters 1\(/[;];1;1 Min. — Max. Median @ SI,IA)Q_,I;SO %)
ggezrs) (148737475) 1887  49.50 32.00 63.0
GCS ((1;‘6'8(1’) 13-15 1500 1400 150
gﬁi) (411(1)?8:;‘;) 84260144 11445 2627 515.85
g)(g:/ljnbl ééié:gg) 112.7-28830.3 79775 361.0 2168.05
(T}:g;er:) (13.440441129) 200-9.00  3.00 200 4.00

Time*, interval from injury to blood sampling (hours);

SD, standard deviation; Min.-Max, minimum-maximum; IQR, interquartile
range; GSC, Glasgow Coma Scale; GFAP, Glial Fibrillary Acidic Protein;
UCH-L1, Ubiquitin Carboxy-terminal Hydrolase L1.

concentrations (p>0.05 for all comparisons). The age showed
a positive correlation with GFAP and UCH-L1, but a negative
correlation with GSC, GSC was negatively correlated with
GFAP, UCH-L1 and time from blood draw; GFAP exhibited a
positive correlation with UCH-L1 (Table 2).

Among 102 patients, 58 (57%) had injuries caused by traffic
accidents, 31 (30%) were caused by falling, and 13 (13%) had
injuries from other causes (fights, occupational) (p<0.001).
Out of a total of 102 patients, 35 (34%) had CT-confirmed
mTBI, 67 (66%) had no detectable abnormalities on CT im-
aging (p=0.002).

Table 2. Correlation between continuous parameters: age, GCS,
GFAP, UCH-L1 and time from injury to sampling (N=102)

Age GFAP UCH-L1
Parameters GSC
(years) (pg/mL)  (pg/mL)
rho -0.474
GSC
p <.001
GFAP rho 0.505  -0.679
(pg/mL) p <001  <.001
UCH-L1  rho 0255 -0362  0.501
(pg/mL)  p <001  <.001 <.001
) tho 0.107  -0233  0.159 0.047
Time* (h)
0.283  0.018 0.112 0.636

Time*, interval from injury to blood sampling (hours);
GSC, Glasgow Coma Scale; GFAP, Glial Fibrillary Acidic Protein; UCH-L1,
Ubiquitin Carboxy-terminal Hydrolase L1.

Biomarker analysis revealed that 80 (78%) patients tested
positive for mTBI based on GFAP and/or UCH-L1 results
(TBI test), 22 (22%) were negative. A statistically significant
association was found between positive biomarker profiles
and CT-confirmed injuries (p<0.001). All patients with these
CT-detected injuries also had positive TBI test.

The diagnostic performance of GFAP was assessed using ROC
curve analysis. At a cutoff of 35.0 pg/mL, GFAP demonstrated
100% sensitivity, 52.24% specificity, and a negative predictive
value of 100% for detecting CT-confirmed mTBI (Table 3, Fig-
urel). Although GFAP showed perfect sensitivity, the moder-
ate specificity led to a number of false positives. The positive
predictive value was 52.24%, and diagnostic accuracy reached
68.63%. Similarly, UCH-L1 was evaluated using ROC anal-
ysis to determine diagnostic effectiveness. At a threshold of
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Table 3. Contingency table and performance of serum Glial
Fibrillary Acidic Protein (GFAP) Ubiquitin Carboxy-terminal
Hydrolase L1 (UCH-L1) in detecting mild traumatic brain
injury (mTBI) vs cranial CT

Performance = UCH-L1 UCH-L1 GFAP GFAP
metrics positive negative positive negative
CT positive 35 0 35 0
CT negative 40 27 32 35
Sensitivity 100 (90 - 100) 100 (90 - 100)
Specificity 40.30 (28.49 - 53.0) 52.24 (39.67 - 64.60)
NPV 100 (87.23 - 100) 100 (90 - 100)
PPV 46.67 (41.82 - 51.58) 52.24 (45.99 - 58.42)
Accuracy 60.78 (50.62 - 70.31) 68.63 (58.69 - 77.45)

Values in the contingency table represent the number of patients (N). GFAP,
Glial Fibrillary Acidic Protein; UCH-L1, Ubiquitin Carboxy-terminal
Hydrolase L1; NPV, Negative Predictive Value; PPV, Positive Predictive Value

ROC Curve

o
@
1

Sensitivity

o
=
1

0o T T T T
00 02 04 08 08 10

1 - Specificity

Figure 1. Receiver operating characteristic (ROC) curve showing
performance of Glial Fibrillary Acidic Protein (GFAP) in
detecting mild traumatic brain injury confirmed by cranial CT
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Figure 2. Receiver operating characteristic (ROC) curve
showing performance of Ubiquitin Carboxy-terminal Hydrolase
L1 (UCH-L1) in detecting traumatic brain injury confirmed by
cranial CT



400.0 pg/mL, UCH-L1 achieved 100% sensitivity, 40.30%
specificity, and NPV of 100% (Table 3, Figure 2)

DISCUSSION.

mTBI remains a diagnostic challenge because its clinical pre-
sentation is often subtle and non-specific, and convention-
al head CT is frequently normal even in patients with clini-
cally relevant injury (1,5). Despite these limitations, CT has
remained the primary imaging modality in routine practice,
although its extensive use raises concerns about radiation ex-
posure, overuse of healthcare resources and financial costs
(18). These issues have intensified interest in non-invasive al-
ternatives, particularly blood-based biomarkers, among which
GFAP and UCH-L1 have emerged as leading candidates for
mTBI evaluation (11,19).

In our cohort of 102 patients with mTBI, both GFAP and
UCH-L1 were significantly inversely correlated with GCS,
consistent with their role as markers of astrocytic and neuro-
nal injury. GFAP showed a strong negative correlation (rho =
—0.679, p < 0.001) and UCH-L1 a moderate negative correla-
tion with GCS (rho = —0.362, p < 0.001), indicating higher
biomarker levels in patients with lower consciousness scores.
These results are consistent with prospective and multicentre
studies reporting increasing GFAP and UCH-L1 concentra-
tions with decreasing GCS and with CT-detectable intracranial
lesions, even in clinically classified mTBI (6,11,19,20).

GFAP and UCH-L1 were positively correlated with each oth-
er (tho = 0.501, p < 0.001), supporting their complementary
nature in capturing astroglial (GFAP) and neuronal (UCH-L1)
injury, as highlighted in biomarker reviews and clinical valida-
tion studies (6,11,19). Correlations between biomarker levels
and time from injury were weak, which is likely to reflect the
narrow sampling window in our cohort (median 3.0 hours, IQR
2.0-4.0) within the 12-hour timeframe recommended by the
manufacturer. This is consistent with kinetic studies showing
that GFAP and UCH-LI rise rapidly after trauma and remain
diagnostically informative during the early post-injury phase,
so variation with sampling time is limited when blood is drawn
within the first hours after injury (6,19,20). Taken together,
the strong correlations with GCS and minimal dependence on
sampling time suggest that acute GFAP and UCH-L1 levels
primarily reflect the burden of neuronal and astrocytic injury
rather than the exact timing of blood sampling within this early
window, supporting their potential use to identify patients with
clinically relevant brain injury despite mild symptoms and to
guide more selective use of head CT imaging (6,11,19,20).

In our single-centre study at UCC Tuzla, both GFAP and
UCH-L1 demonstrated excellent diagnostic sensitivity (100%)
and a negative predictive value of 100% for CT-positive in-
tracranial lesions, supporting their use as rule-out tools. How-
ever, specificity was only moderate (52.24% for GFAP and
40.30% for UCH-L1), resulting in many biomarker-positive
but CT-negative patients. A similar pattern was reported in the
large multicentre ALERT-TBI trial, where combined GFAP/
UCH-L1 testing with predefined, lower cut-off values (22 pg/
mL and 327 pg/mL, respectively) in 1959 adults with TBI
achieved high sensitivity (97.6%) and NPV (99.6%), but only
modest specificity (11). Unlike ALERT-TBI, which included a
broader spectrum of TBI severity, our study focused exclusive-
ly on adults with mTBI within 12 hours of trauma and applied
higher decision limits (GFAP 35 pg/mL; UCH-L1 400 pg/mL).

Osmi¢ Husni et al. Biomarkers in mild brain injury

Across these methodological differences, the consistent pattern
of very high sensitivity and NPV but limited specificity indi-
cates that GFAP and UCH-L1 are particularly suited for ruling
out clinically significant intracranial lesions, whereas positive
results should be interpreted cautiously and always in conjunc-
tion with clinical assessment and neuroimaging.

Recent clinical and observational studies, together with me-
ta-analyses, have further clarified the role of GFAP and
UCH-L1 in mTBI, consistently showing higher biomarker
concentrations in head-injured patients than in controls, with
the greatest increases in those with CT- or MR-confirmed le-
sions and generally better discrimination for GFAP than for
UCH-L1 (6,14,21-23). European cohorts of patients treated in
hospital emergency departments, together with studies using
rapid testing platforms, have additionally shown that combined
measurement of these biomarkers provides high negative pre-
dictive value and supports early risk stratification in routine
care (14,22-25). Contemporary reviews also note that includ-
ing patients with orthopaedic or other extracranial injuries
may reduce specificity, since mild biomarker elevations can
occur without intracranial damage. However, such populations
reflect real-world trauma practice, and available data indicate
that the high NPV of GFAP and UCH-L1 for safely excluding
clinically significant intracranial lesions is preserved (23-26).

Although the findings of this study are encouraging, several lim-
itations should be acknowledged. It was a single-centre study with
a relatively small sample, especially in the CT-positive group,
which limits the precision and generalisability of the results.
Major confounders such as polytrauma, anticoagulant therapy,
known neurological disease and clinically significant intoxication
were excluded, but patients with isolated orthopaedic or other ex-
tracranial injuries were included. These concomitant injuries may
have modestly increased GFAP and UCH-L1 concentrations and
contributed to the moderate specificity and the number of patients
with elevated biomarker levels but no CT-detectable intracranial
lesions. As brain MRI was not performed, we cannot determine
whether such discordant results represent true false positives rel-
ative to CT or intracranial injuries that remain undetectable on
CT. The study was not powered to compare biomarker perfor-
mance between isolated head injury and additional extracranial
trauma or to perform robust analyses by lesion type or prognos-
tic outcome. Larger multicentre studies with integration of MRI
findings and more detailed control of extracranial injuries and
other confounders are needed to refine decision thresholds and
to define the clinical scenarios in which these biomarkers provide
the greatest benefit. Despite these limitations, this single-centre
mTBI study showed that GFAP and UCH-L1 achieved excellent
diagnostic sensitivity and a negative predictive value of 100% for
excluding CT-positive intracranial lesions, supporting their use
as rule-out triage tools to safely reduce unnecessary cranial CT
in selected patients. However, their moderate specificity means
that positive biomarker results should always be interpreted in
conjunction with clinical assessment and neuroimaging, and fur-
ther multicentre validation is required to better define the role of
GFAP and UCH-L1 in mTBI management.
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ABSTRACT

Aim To compare outcomes and minimal clinically important differences (MCID) between single-level lam-
inectomy (SLL) and two-level laminectomy (TLL) for lumbar spinal stenosis (LSS).

Methods This prospective study included 119 patients with confirmed LSS who underwent SLL or TLL at
Cantonal Hospital Zenica from January 2018 to January 2025. Assessments were performed preoperatively
and at 1 and 6 months postoperatively using the Oswestry Disability Index (ODI), Swiss Spinal Stenosis
Questionnaire (SSSQ), and Visual Analogue Scale (VAS) for back and leg pain, along with evaluation of
motor, sensory, and urinary function. MCID values were used to assess meaningful improvement.

Results At six months, SLL patients had lower ODI (15.0 vs. 18.0; p = 0.006), VAS-LB (3.0 vs. 5.0; p <
0.001), and SSSQ score (17.2 vs. 21.6; p < 0.001) comparing to TLL patients. Motor deficits (14.8% vs.
35.5%; p = 0.019) and urinary dysfunction at 1 month (5.7% vs. 22.6%; p = 0.013) were less frequent in
SLL. More SLL patients achieved MCID for ODI (80.7% vs. 58.1%; p = 0.024) and SSSQ (73.9% vs.
48.4%; p = 0.017) at 6 months, with TLL patients 28% and 34% less likely to reach MCID for ODI and
SSSQ, respectively. No significant differences were found preoperatively or at 1 month.

Conclusion The study suggests that SLL and TLL have comparable outcome, with a slight tendency toward
better functional improvement and fewer deficits after SLL.

Keywords: degenerative spinal stenosis, disability evaluation, nerve root compression, outcome assessment

INTRODUCTION

Lumbar spinal stenosis (LSS) is the narrowing of the lumbar
spinal canal, lateral recess, or neural foramina, either congen-
itally or due to degenerative spondylosis (1). Aging, chronic
wear, and trauma contribute to intervertebral disc degenera-
tion, leading to posterior protrusion, osteophyte formation,
facet hypertrophy, synovial cysts, and ligamentum flavum
thickening (2). According to Framingham study 19.4% of in-
dividuals aged 60—69 had a spinal canal diameter <10 mm (3).
This condition significantly impacts patients’ quality of life by
often restricting mobility and everyday activities (4). The LSS
most commonly presents with neurogenic claudication, typi-
cally involving a single spinal level. Multi-level involvement
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is considerably rare, resulting in a limited number of studies
specifically addressing multi-level LSS (5).

The assessment of LSS relies on clinical, radiological, and
self-reported evaluations, providing a foundation for long-
term patient monitoring (1). To standardize the quantification
of clinical status, Jaeschke originally defined the minimal
clinically important difference (MCID) as the smallest score
change perceived as beneficial by patients, warranting thera-
peutic modification in the absence of significant adverse ef-
fects or excessive costs (6). Over time, this concept has been
refined to encompass the minimal clinically meaningful score
change, the threshold risk reduction necessary to justify treat-
ment, or the mean score difference between cohorts with op-
timal and suboptimal outcomes (7). Despite the established
role of MCID in evaluating treatment efficacy, research com-
paring the outcome of single-level laminectomy (SLL) versus
two-level laminectomy (TLL) for LSS remains limited. While
MCID-based assessments have been conducted in LSS popula-
tions, no prior studies have specifically examined MCID-based
outcomes in the context of SLL versus TLL.

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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The aim of this study was to evaluate and compare clinical
outcome following single-level laminectomy (SLL) versus
two-level laminectomy (TLL) in patients with lumbar spinal
stenosis (LSS). Additionally, the study seeks to conduct a min-
imal clinically important difference (MCID)-based analysis to
determine whether the perceived benefits of surgical interven-
tion differ between cases involving compression of a single
nerve root versus compression of two nerve roots.

PATIENTS AND METHODS

Patients and study design

This prospective study was conducted at the Neurosurgery
Department of Cantonal Hospital Zenica from January 2018
to January 2025. A total of 119 consecutive patients meeting
the inclusion criteria were enrolled, all with radiologically and
clinically confirmed degenerative LSS, treated surgically with
SLL or TLL. Exclusion criteria encompassed congenital LSS,
involvement of more than two levels, coexisting disc herni-
ation, spondylolisthesis (spinal segmental instability), spinal
trauma, spinal tumours, and a history of lumbar spine surgery.
Patients were divided into two groups: those who underwent
SLL and those who underwent TLL.

All included patients provided signed informed consent.
Ethical approval was obtained from the Ethics Committee of
Cantonal Hospital Zenica, Bosnia and Herzegovina.

Methods

Demographic data on age and sex were extracted from medical
records. All patients underwent lumbar spine MRI (1.5 T Mag-
netom Avanto, Siemens, Germany) to determine the affected
vertebral level and grade LSS using the Schizas classification
(8): A - no or minor stenosis with visible cerebrospinal fluid
(CSF), B - moderate stenosis with identifiable rootlets filling
the dural sac, C - severe stenosis without visible rootlets and
a homogeneous gray dural sac signal, while posterior epidural

fat remains present, D - complete absence of identifiable root-
lets and posterior epidural fat. The MRI was used to verify the
type of spinal stenosis, distinguishing central canal stenosis,
lateral recess stenosis, and foraminal stenosis.

Preoperatively, the patients completed the Oswestry Disability
Index (ODI), Swiss Spinal Stenosis Questionnaire (SSSQ), and
Visual Analogue Scale (VAS) to assess functional impairment
and pain severity. The ODI, consisting of ten sections, evalu-
ated disability related to lower back pain, with scores ranging
from 0 (no disability) to 100 (maximum disability) (9). The
SSSQ included 12 items, with symptom severity and physical
function subscales, yielding a total score between 12 and 55,
where higher values indicate more severe symptoms (10). Pain
intensity in the lower back (VAS-LB) and lower extremities
(VAS-LE) was measured using the VAS, scored from 0 (no
pain) to 10 (worst pain) (11).

Neurological assessment included an evaluation of motor defi-
cit using the Medical Research Council (MRC) muscle power
scale (12): 0 — no visible contraction, 1 — minimal visible con-
traction, 2 — movement without overcoming gravity, 3 — active
movement overcoming gravity, 4 — movement against some re-
sistance, and 5 — normal strength. Patients with an MRC score
<5 were classified as having a motor deficit. Sensory function
was assessed using the Sensory Assessment Scale (SAS) for
L1-S3 dermatomes, scored as 0 — absent, 1 — reduced, and 2
—normal (12, 13). A SAS score <2 indicated sensory impair-
ment. Urinary function was evaluated on a scale of 0 — com-
plete dysfunction, 1 — partial dysfunction, and 2 — normal func-
tion (12), with score <2 indicating urinary dysfunction.

The indication for surgical intervention was the presence of
neurogenic claudication accompanied by MRI-confirmed lum-
bar spinal stenosis classified as Schizas grade D (Figure 1A
and 1B) or grade C (Figure 1D and 1E). The surgical procedure
consisted of laminectomy with removal of the spinous process
and flavectomy, aiming to achieve adequate decompression of
the central dural sac.

Postoperative follow-up was conducted at one (+5 days) and
six (£15 days) months, assessing ODI, SSSQ, VAS-LB, VAS-

A — =
Figure 1. Preoperative and postoperative MRI of the lumbar spine. Patient 1. A) Sagittal T2-weighted MRI showing lumbar spinal
stenosis (LSS) at L3/L4 and L4/L5, treated with two-level laminectomy; B) preoperative axial MRI demonstrating Schizas grade D
stenosis (arrow); C) postoperative axial MRI at 6 months showing restored rootlets and cerebrospinal fluid space (arrow). Patient 2.
D) sagittal MRI of a patient with LSS at L4/LS; E) axial MRI demonstrating Schizas grade C stenosis (arrow); F) postoperative axial
MRI at 6 months showing successful decompression with visible rootlets and cerebrospinal fluid space (arrow).
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LE, as well as motor, sensory, and urinary function. The av-
erage hospitalization duration was three days, during which
wound status and signs of infection were monitored. Wound
re-evaluation was performed on the 10th postoperative day.
The MCID was defined as a change of -10.8 for ODI (14),
-5.8 for SSSQ (14), and -3.0 for both VAS-LB and VAS-LE
(15), calculated for the intervals from preoperative assessment
to 1-month postoperative and preoperative to six-month post-
operative. Postoperative evaluation included follow-up MRI of
the lumbosacral spine at six months to assess the extent and
adequacy of decompression (Figure 1C, F).

Statistical analysis

Continuous variables were presented as median with interquar-
tile range (IQR), based on distribution normality assessed us-
ing the Kolmogorov-Smirnov test, while categorical variables
were expressed as frequency (N) and percentage (%). Group
differences were analysed using the Mann-Whitney U test for
continuous variables and Pearson’s y? test for categorical vari-
ables. For the MCID-based analysis, relative risk (RR) with
corresponding 95% confidence intervals (CI) was calculated
in the context of TLL versus SLL. Statistical significance was
set at p<0.05.

RESULTS

The median age was 54 years (IQR: 42.5-61.0) in the SLL
group and 56 years (IQR: 44.0-62.0) in the TLL group
(p=0.524). The SLL group included 39 males (44.3%) and 49
females (55.7%), while the TLL group had 15 males (48.4%)
and 16 females (51.6%) (p=0.445). Central canal stenosis
was present in 54 (61.4%) SLL and 18 (58.1%) TLL patients
(p=0.741), lateral recess stenosis in 76 (86.4%) and 27 (87.1%)
(p=0.913, and foraminal stenosis in 56 (63.6%) and 20 (64.5%)
patients, respectively (p=0.921). Schizas grade C occurred in
54 (61.4%) SLL and 15 (48.4%) TLL patients, and grade D in
34 (38.6%) and 16 (51.6%) patients, respectively (p=0.307)
(Table 1). Among 103 SLL patients (Figure 2A), the most com-
monly treated levels were L3 (N=31; 30.1%) and L4 (N=30;
29.1%). In 33 TLL patients (Figure 2B), the most frequently
decompressed levels were L3-L4 (N=13; 41.9%) and L4-L5
(N=9; 29.0%).

The ODI scores were lower in the SLL comparing to TLL
group at one month, 34.0 vs. 39.0 (p=0.010), and at six
months, 15.0 vs. 18.0 (p=0.006). The VAS-LB was lower at
six months in SLL patients, 3.0 vs. 5.0 (p<0.001). The SSSQ
scores were lower in the SLL comparing to TLL group pre-
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operatively, 37 vs. 44 (p=0.005), at one month, 24.5 vs 30.8
(p<0.001), and at six months, 17.2 vs. 21.6 (p<0.001). Motor
deficits were more frequent in TLL comparing to SLL pa-
tients at six months, 35.5% vs. 14.8% (p=0.019), and uri-
nary dysfunction was higher at one month, 22.6% vs. 5.7%
(p=0.013) (Table 2).

A higher number of patients who underwent SLL achieved
MCID for ODI at six months, 71 (80.7%), compared to those

Table 1. Characteristics of the patients with single-level
laminectomy (SLL) and two-level laminectomy (TLL)

SLL(N=88) TLL(N=31) p

Variable

Median age (IQR) (years) 54 (42.5-61.0) 56 (44.0-62.0) 0.524

No (%) of patients

Sex 0.445
Male 39 (44.3) 15 (48.4)

Female 49 (55.7) 16 (51.6)

Type of stenosis

Central canal 54 (61.4) 18 (58.1) 0.741
Lateral recess 76 (86.4) 27 (87.1) 0.913
Foraminal 56 (63.6) 20 (64.5) 0.921
Schizas grade 0.307
C 54 (61.4) 15 (48.4)

D 34 (38.6) 16 (51.6)

IQR, interquartile range;

with TLL, 18 (58.1%) (p = 0.024). Similarly, MCID for SSSQ
at six months was more frequently reached in the SLL group,
65 (73.9%), than in the TLL group, 15 (48.4%) (p=0.017).
Patients who underwent TLL were 28% less likely to achieve
MCID for ODI at six months (RR=0.72; 95% CI: 0.52-0.99)
and 34% less likely to achieve MCID for SSSQ at six months
(RR=0.66; 95% CI: 0.45-0.96) compared to those who under-
went SLL (Table 3).

DISCUSSION

To our knowledge, this is the first study comparing MCID
achievement between SLL and TLL, indicating better func-
tional improvement and symptom relief in patients with single
level LSS.

A significant finding indicating better six-month outcomes is
that 80.7% of patients in the SLL group achieved ODI-based
MCID, compared to 58.1% in the TLL group. These results

14 13
12
10 9

o N B OO

L1-L2 L2-L3 L3-L4 L4-L5 Other

Figure 2. Distribution of A) single-level (SLL) and B) two-level laminectomies (TLL) by vertebral region
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Table 2. Results of observed variables preoperatively, at 1-month
and 6-month follow-up

. Follow-up SLL (N=88) TLL (N=31) p
Variable .
period Median (IQR)
Preoperative 52.0 (41.0-62.0) 52.0 (41.0-65.0) 0.824
ODI 1 month 34.0 (28.0-41.0) 39.0 (30.0-45.5) 0.010
6 months 15.0 (11.0-17.0) 18.0 (12.0-22.0) 0.006
Preoperative 7.0 (5.0-7.0) 8.0 (5.0-10.0) 0.039
VAS-LB 1 month 50(3.0-7.0) 6.0 (4.0-8.0) 0.058
6 months 3.0 (2.0-6.0) 5.0 (3.0-8.0) <0.001
Preoperative 8.0 (6.0-8.0) 8.0 (6.0-10.0) 0.481
VAS-LE 1 month 5.0 (3.5-8.0) 6.0 (4.0-9.0) 0.107
6 months 3.0 (2.0-6.0) 4.0 (3.0-7.0) 0.058
Preoperative 37 (25-48) 44 (34-48)  0.005
SSSQ 1 month 24.5(17.5-31.2) 30.8 (23.8-33.6) <0.001
6 months 17.2 (12.3-21.8) 21.6 (16.7-23.5) <0.001
No (%) of patients
Preoperative 36 (40.9) 15 (48.4) 0.529
Motor 1 month 21(23.9) 13(41.1)  0.067
deficit ' ’ '
6 months 13 (14.8) 11 (35.5) 0.019
. Preoperative 74 (84.1) 25 (80.6) 0.780
Sensitive | onth 51(59.0) 22(70.1) 0286
deficit ' ’ '
6 months 28 (31.8) 11(35.5)  0.826
i Preoperative 9(10.2) 8 (25.8) 0.069
Urinary
. 1 month 5(5.7) 7(22.6) 0013
dysfunction
months 4 (4.6) 4 (12.9) 0.203
Surgical
wound 6 months 3(3.4) 1(3.2) 0.981
infection
Revision 6 months 4 (4.5) 5(16.1)  0.051

SLL, single-level laminectomy; TLL, two-level laminectomy; IQR,
interquartile range; ODI, Oswestry disability index; VAS-LB, visual
analogue scale for lower back; VAS-LE, visual analogue scale for
lower extremities; SSSQ, Swiss spinal stenosis questionnaire

Table 3. Minimal clinically important difference (MCID) of
perceived benefits of surgical intervention between patients with
single-level laminectomy (SLL) versus two-level laminectomy (TLL)

No (%) of patients
. l’.reopera- MCID Risk ratio
Variable tive follow- P (95% CI)
up period SLL TLL ’
(N=88) (N=31)
ODI 1 month 39 (44.3) 13 (41.9) 0.984 0.95(0.59-1.52)
6 months 71 (80.7) 18(58.1) 0.024 0.72 (0.52-0.99)
1 month 58 (65.9) 17 (54.8) 0.378 0.83 (0.58-1.18)
VAS-LB
6 months 74 (84.1) 26(83.9) 0.999 1.00 (0.83-1.19)
1 month 58 (65.9) 14 (45.2) 0.069 0.69 (0.45-1.04)
VAS-LE
6 months 69 (78.4) 27(87.1) 0.430 1.11(0.93-1.32)
$85Q 1 month 43 (48.9) 11(35.5) 0.281 0.73 (0.43-1.22)
6 months 65(73.9) 15(48.4) 0.017 0.66 (0.45-0.96)

CI, confidence interval; ODI, Oswestry disability index; VAS-LB,
visual analogue scale for lower back; VAS-LE, visual analogue scale
for lower extremities; SSSQ, Swiss spinal stenosis questionnaire

are consistent with a previous study (16), which demonstrat-
ed superior recovery in terms of ODI and VAS scores, as well
as walking distance, among LSS patients treated with SLL
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versus TLL. It was confirmed that single-level treatment of
LSS compared to multilevel treatment yields significantly
better favourable outcome for patients (17). It is crucial to
differentiate between studies where treatment was performed
at a different level once “moderate” stenosis is confirmed.
The better outcome in our study likely stem from the indi-
cation for surgery being MRI-verified Schizas C or D grade
with corresponding imaging, limiting comparability. This is
supported by the fact that patients’ clinical presentation pre-
operatively was significantly more severe, as indicated by
VAS-LB and SSSQ score. Similarly, it was reported that pa-
tients undergoing TLL had significantly more severe symp-
toms before surgery (18).

Findings from previous studies remain inconsistent. Some
reports suggest that the number of operated levels does not
significantly influence surgical outcome (19), while others
indicate that multilevel surgery in LSS patients results in
similarly favourable outcome and complication rate as sin-
gle-level procedures (20). A recent meta-analysis showed that
decompression involving two or more levels produced post-
operative results comparable to single-level decompression,
suggesting it may be a non-inferior approach (21). In the
present study, MCID analysis showed a trend toward more
favourable postoperative outcome in patients who underwent
single-level lumbar decompression, which may be related to
compression involving only a single nerve root and a less
severe clinical presentation. Previous research suggests that
patients with a longer duration of LSS-related pain may ex-
perience poorer outcome, and that demographic, health, and
clinical factors are more predictive of clinical results than
surgery-related factors (22). In some cases, decompression
at two levels has been associated with greater clinical im-
provement at six months, with significant benefit achieved in
around 60% of cases and MCID reached in 77.6% of patients
(23). However, excessive surgical intervention, particular-
ly beyond two levels, may compromise spinal stability and
negatively affect long-term recovery (24). Patient selection
should therefore consider both the severity of stenosis and the
risk of postoperative complications (23).

Future research should standardize MCID assessment in LSS,
as variations in definition and reporting limit comparability.
Differences may arise from baseline severity, patient expecta-
tions, and methodological inconsistencies (25,26). Establish-
ing uniform criteria could improve outcome evaluation and
surgical decision-making, especially when comparing single-
and multilevel decompression (27).

This study has several limitations. The short follow-up peri-
od may not adequately assess long-term functional outcomes,
the potential for symptom recurrence, or the need for reopera-
tion. Additionally, the absence of standardized MCID thresh-
olds for LSS complicates cross-study comparisons and may
impact the interpretation of clinical improvement.

In conclusion, this study suggests that SLL may be asso-
ciated with higher MCID achievement rates compared to
TLL, potentially reflecting better functional improvement
and symptom relief. These findings raise the possibility that
two-level compression could influence surgical outcome,
perhaps contributing to a more complex disease course and
less favourable postoperative recovery. However, due to
variability in MCID thresholds and the relatively short fol-



low-up period, further studies using standardized outcome
measures and longer-term data are needed to better under-
stand these associations and assess the durability of surgical
benefits.
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ABSTRACT

Aim To investigate biomechanical properties of low back pain, which is a pervasive issue with a profound
impact on an individual’s quality of life due to pain and daily activity limitations.

Methods Two female patients suffering from chronic low back pain were presented. Patient 1 had severe
compression fractures at L2 and L4, while Patient 2 had degenerative lumbar scoliosis due to L4-5 disc
degeneration. We utilized Finite Element Analysis based on patient-specific CT scan data of lumbosacral
3D reconstruction to quantify the stress intensity as a measurement, known as Von Mises Stress. The recon-
struction of the data was performed using specialized software, and simulations were conducted using Ansys
2020. To validate our results, we compared them to previous simulations.

Results Patient 1 exhibited the highest Von Mises stress in the annulus fibrosus at L2-L3 during axial ro-
tation (84.168 MPa) and in the nucleus pulposus at L2-3 during anterior flexion (16.722 MPa). Patient 2
displayed the highest Von Mises stress both in the annulus fibrosus and nucleus pulposus at L1-L2 during
axial rotation (0.515 MPa and 0.0594 MPa, respectively).

Conclusion Our findings can help identify the segments at the highest risk for developing lumbar spondylo-

sis and disc degenerative disorders by quantifying Von Mises stress in the lumbosacral region.
Keywords: disc degeneration; finite element analysis; low back pain; lumbosacral spondylosis.

INTRODUCTION

Lumbosacral spine is referred to as the lower segment of the
spinal column, consisting of the lumbar vertebrae (L1-L5)
followed by the sacrum (S1). The intervertebral discs, which
consist of the annulus fibrosus and the nucleus pulposus, are
located between each adjacent vertebrae. Spine comprises
complex structures such as vertebrae, intervertebral discs, lig-
aments, and muscles. Degeneration can occur in the interverte-
bral discs, which can cause pain in the lower back (1,2).

Low back pain (LBP) represents a prevalent issue that signifi-
cantly impacts quality of life. It is primarily attributed to the
considerable discomfort experienced in the lower back, espe-
cially the lumbosacral region, and the subsequent impairment

*Corresponding author: Arief Indra Perdana Prasetya

Department of Surgery Sub Orthopaedic and Traumatology, Faculty of
Medicine, Universitas Islam Sultan Agung

JI. Kaligawe Raya Km.4, Terboyo Kulon, Genuk

Semarang 50112, Central Java, Indonesia

Phone: +6224 6583584

E-mail: ariefindraorthopaedi@students.undip.ac.id

ORCiD ID: https://orcid.org/0000-0002-0513-6201

| Submitted: 19. Sep 2025. Revised: 25. Nov 2025, Accepted: 05. Dec 2025.

in carrying out routine daily activities. Lumbar disc degenera-
tion is a progressive disease that alters the geometric morphol-
ogy and biomechanical properties, affecting the transmission
and allocation of the lumbar spine (2,3). Lumbar disc degen-
eration can be caused by age, gender, body mass index (BMI),
and lumbar load (3). The most common cause of LBP in older
individuals is attributed to degenerative processes affecting
various components of the spinal column, including each spi-
nal segment, facet joints, intervertebral discs, and the support-
ing muscles and ligaments of the vertebral column. The degen-
erative process is caused by compressive forces, commonly
known as axial loading, acting upon each segment of the spinal
column and intervertebral disc (2,3,4). Understanding the un-
derlying mechanism of lumbar disc degeneration that causes
pain is essential when analysing the basic principles of spine
biomechanics, developing new surgical methods, and identify-
ing optimal treatment options (1,5).

Numerous analyses of in vitro experiments have been con-
ducted to comprehend the impact of spine biomechanics in
disc degeneration. These experiments include bony stress (6),
lumbar spine range of motion (ROM) (7), intradiscal pressure

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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(8), and lumbar spine strain rate (9). However, studies relying
on experiments are not sufficient, as such tests depend on the
availability of specimens and cannot adequately control for
different disc degenerative changes. Identifying mechanical
differences caused by intervertebral disc degeneration can be
simplified and made more accurate using finite element mod-
elling (10-12). By determining the magnitude of von Mises
stress obtained in each lumbosacral segment, we can estimate
which segments are at the highest risk and can develop into
lumbar spondylosis or further disc degenerative disorders.
The aim of this study was to understand the biomechanical
properties of lumbar spine in patients suffering from low back
pain by determining the von Mises stress using finite element
modelling.

PATIENTS AND METHODS

Patients and study design

Two patients who experienced low back pain (LBP) attended
to Sultan Agung Hospital in 2022 were presented. Patient | is
a 62-year-old female who suffered a severe old compression
fracture of the second lumbar (L2) and a mild compression
fracture of the fourth lumbar (L4) disc. Patient 2 is a 46-year-
old female who suffered degenerative lumbar scoliosis due to
intervertebral disc L4-5 degeneration.

Both patients underwent 3D reconstruction lumbosacral CT
scan and the obtained output was saved as DICOM (Digital
Imaging and Communications in Medicine) file. The measured
anthropometric parameters were lumbar lordosis, ventral disc

-

E
{021 i
R

height, and dorsal disc height (13). Lumbar lordosis angle was
measured by Cobb’s method by forming two lines (Figure 1A),
i.e. the line drawn perpendicular to lumbar vertebra one upper
plate and lumbar vertebra five endplate perpendicular line (14,
15). Ventral disc height (VDH) and dorsal disc height (DDH)
(Figure 1B) are the distance between the ventral and dorsal
ends of the lumbar disc (13). Measurement was done using
mimics 21.0 software with the measure features.

The geometry model was produced from the CT scan data in
the form of a DICOM file which then entered the Mimics 21.0
software (Figure 1C and 1D) for the lumbar vertebral bone
segmentation process and the smoothing model process, so
that the finished model was entered into the Geomagic Studio
12.0 software for the surfacing process (Figure 1E and 1F).
SolidWorks 2018 and Design Modeller software were used for
the process of making intervertebral discs. For meshing and
simulation (Figure 1G and 1H), ANSY'S 2020 R1 software was
used (2,10,14,16-17).

Methods

The simulation of loading on the first lumbar to the first sacral
began by conducting a meshing convergence study. The model
lumbar one to sacral one used in this convergence study con-
tained 31 models consisting of six cortical bone, five cancel-
lous bone, five upper endplate, five lower endplate, five annu-
lus fibrosus, and five nucleus pulposus. The element size used
in this simulation refers to literature studies that have been
carried out and follow research conducted by Kang et al. (18).
Material properties on each lumbar vertebral component were
from Kang et al. previous research (18). Following that, each

Axial rotation

e

-

Figure 1. A) Measurement of lumbar lordosis angle; B) Ventral and dorsal disc height measurement; C) Convert geometry model
and segmentation process using Mimics 21.0 software in patient 1; D) Convert geometry model and segmentation process using
Mimics 21.0 software in patient 2; E) Smoothing and finalization using Geomagic Studio 12.0 software in patient 1; F) Smoothing
and finalization using Geomagic Studio 12.0 software in patient 2; G) Meshing process using ANSYS 2020 R1 in patient 1; H)
Meshing process using ANSYS 2020 R1 in patient 2; I) Simulation with several loading directions using ANSYS 2020 R1 in patient 1;
J) Simulation with several loading directions using ANSYS 2020 R1 in patient 2; K) Moment and fix support location
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Figure 2. Validation by comparing the result of simulation
with Kang et.al simulation. A) showing result for patient 1; B)
showing result for patient 2

spinal component was modelled as an isotropic linear-elastic
material defined by Young’s modulus (representing stiffness)
and Poisson’s ratio (representing lateral deformation during
axial loading) (18). For the validation process, material proper-
ties of both normal and osteoporotic bones were used; howev-
er, for the subsequent analyses in this study, only the material
properties of normal bones were applied.

The loading ratio is a calculation of the ratio of changes in
the von Mises stress value between normal bone conditions
and bone conditions that experience osteoporosis. The loading
ratio calculation was carried out with the formula (A-B)/B x
100%, where A and B stand for the condition of osteoporotic
bones and normal bones, respectively (Figure 2).

The load given to the lumbar vertebrae was adjusted to the
basic motion in the human lumbar vertebrae (Figure 11 and
1J), namely anterior flexion-extension, lateral bending, and ax-
ial rotation (18). The sacrum bone affords fixed support while
the upper surface of the lumbar vertebral one cortical bone re-
ceives load in the form of motion (Figure 1K).

Statistical analysis

The validation process of the simulation results was deter-
mined by comparing the loading ratio findings of the author’s
simulation with the simulation findings carried out by Kang et
al. (18). We used the material properties of each lumbar spine
component based on the previous study by Kang et al. (18)
(Table 1). Validation using geometric parameters could not be
performed because the initial CT data used to reconstruct each
lumbosacral segment were obtained from scans conducted at

Table 1. Material properties of lumbar vertebral component

Components Modulus young (MPA) Rasio poisson (-)

of the lumbar

vertebrae Normal Osteoporosis Normal Osteoporosis
Cortical Bone 12000 8040 0.3 0.3
Cancellous Bone 200 34 0.25 0.25
Endplate 1000 670 0.3 0.3
Nucleus Pulposus 1 9 0.49 0.4
Annulus Fibrosus 4.2 5 0.45 0.45

Prasetya et al. Von mises analyses in low back pain

Sultan Agung Islamic Hospital, whereas Kang et al. used a dif-
ferent CT dataset. The original geometric data (e.g., exact ver-
tebral and disc dimensions) from Kang et al. were not available
for direct comparison; therefore, one-to-one geometric valida-
tion between the two models was not feasible.

RESULTS

Based on the lumbar lordotic angle measured using Cobb’s
method, Patient 1 had a lumbar lordosis of 9.54°, whereas Pa-
tient 2 had a lumbar lordosis of 26.50° (Table 2). The loading
ratio data obtained from the simulation results of the first lum-
bar bone to the first sacral bone showed the same trend as the
loading ratio reported by Kang et al. (18) (Figure 2).
Computer simulations were performed on both patients from
vertebra lumbar one to sacral one with three different loading
conditions, with a moment of 400 Nm on the upper surface of
lumbar one. Von Mises stress was calculated from the com-
puter simulation result on vertebral body (Figure 3A and 3D),
annulus fibrosus (Figure 3B and 3E) and nucleus pulposus
(Figure 3C and 3F), respectively.

Table 2. Disc height measurement

Ventral Disc Height Dorsal Disc Height
Vertebra (VDH) (mm) (DDH) (mm)
lumbal
Patient 1  Patient2  Patient1  Patient 2

L1-L2 6.79 7.53 6.21 3.22
L2-1L3 9.69 8.32 6.04 3.32
L3-L4 11.95 8.46 7.12 3.84
L4-15 13.90 13.35 7.17 6.01
L5-S1 18.22 12.06 6.67 5.03

Simulation of Patient 1

Through variations in loading conditions, different maximum
points of von Mises stress occurred in the modelling of the
lumbar one to sacral one. Under anterior flexion and lateral
flexion loading conditions, the maximum von Mises stress
point occurred in the upper endplate component of L3-L4 with
the von Mises stress value of 391.16 MPa. Under axial rotation
loading conditions, the cortical bone component had the high-
est value of von Mises stress in 172.52 MPa.

The minimum von Mises stress points in the various loading
conditions of the modelling of lumbar one to sacral one all
occurred in the nucleus pulposus component of L5-S1. Under
anterior flexion loading variation, the von Mises stress value
in the nucleus pulposus component of L5-S1 is 0.88315 MPa.
Under axial rotation and lateral flexion loading variations, the
von Mises stress values were 5.4451 MPa and 2.0629 MPa,
respectively.

In this study, a three-dimensional simulation was performed to
visualise the distribution of von Mises stress on the surfaces of
the cortical bone, annulus fibrosus, and nucleus pulposus. The
distribution of von Mises stress on the cortical bone surface
was evenly spread without any region of stress concentrated
in the central area of the cortical bone. The colour contours
depicted the formations resulting from different loading condi-
tions on the intervertebral disc, which consists of the annulus
fibrosus and nucleus pulposus models. In the nucleus pulpo-
sus model with lateral flexion loading variations, it is evident
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Figure 3. Von Mises stress in patient 1 and 2. A) Von Mises stress of vertebral body patient 1; B) Von Mises stress of annulus fibrosus
patient 1; C) Von Mises stress of nucleus pulposus patient 1; D) Von Mises stress of vertebral body; E) Von Mises stress of annulus

fibrosus patient 2; F) Von Mises stress of nucleus pulposus patient 2

that in the central region of the L2-3 to L4-5 nucleus pulposus
models experienced high von Mises stress. This is indicated by
the presence of red colour in the simulation results.

Based on the simulations performed on the modelling of the
lumbar one to sacral one in patients, lower back pain attribut-
able to lumbar spondylosis can be observed. The highest von
Mises stress on the intervertebral disc for different loading
conditions was seen in the annulus fibrosus and nucleus pul-
posus of L2-L3. The von Mises stress in the annulus fibrosus
of L2-L3 is 64.967 MPa under anterior flexion loading, 84.168
MPa under axial rotation loading, and 44.141 MPa under lat-
eral flexion loading. In the nucleus pulposus, the von Mises
stress was 16.722 MPa under anterior flexion loading, 12.747
MPa under axial rotation loading, and 10.544 MPa under lat-
eral flexion loading.

Simulation of Patient 2

It was observed that the average value of von Mises stress in the
annulus fibrosus and nucleus pulposus components followed
the same pattern, with the most significant von Mises stress
values occuring in the discs of the lumbar vertebrae L1-L.2 un-
der each lateral bending, anterior flexion-extension, and axial
rotation loading conditions respectively, were 0.09 MPa, 0.13
MPa, and 0.20 MPa. The von Mises stress values (MPa) for
the transient annulus fibrosus for the nucleus pulposus are 0.01
MPa, 0.02 MPa, and 0.02 MPa. Then, the von Mises stress of
the annulus fibrosus and nucleus pulposus components on the
lumbar intervertebral disc L2-L3 decreases under each loading
condition of lateral bending, anterior flexion-extension, and
axial rotation loading respectively, were 0.06 MPa, 0.08 MPa,
and 0.12 MPa for the annulus fibrosus, while for the nucleus
pulposus are 0.009 MPa, 0.012 MPa, and 0.011 MPa. The val-
ues of the annulus fibrosus and nucleus pulposus components
in the lumbar intervertebral disc L3-L4 also decreased under
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each condition of lateral bending, anterior flexion-extension,
and axial rotation loading conditions are 0.05 MPa, 0.08 MPa,
and 0.05 MPa for the annulus fibrosus, and for the nucleus pul-
posus they are 0.009 MPa, 0.012 MPa, and 0.008 MPa, respec-
tively.

After obtaining the average von Mises stress value, we deter-
mined the maximum stress value and location, especially in the
annulus fibrosus component, which support the load received
by the lumbar vertebrae bone while surrounding and protecting
the component in it, namely the nucleus pulposus, which is a
gel liquid. Annulus fibrosus that has undergone degeneration
(thinning) can cause pain, and worst of all, can suffer damage
where it is no longer able to protect the nucleus pulposus, so
that when the vertebral bone receives the load of the nucle-
us pulposus, it can come out through the gap of the fibrosus
annulus that has been damaged, or what is commonly called
the Hernia Nucleus Pulposus (HNP) (25). This often occurs
mainly in the dorsal part of the intervertebral discs. Stress
concentration of the annulus fibrosus component is highest
in lumbar vertebrae 1-2 when experiencing axial rotation and
anterior flexion-extension loads, namely 0.51 MPa and 0.39
MPa. However, for lateral bending stress concentration loads
found in the annulus fibrosus vertebra lumbar 5 - sacral 1 is
0.35 MPa. This is due to the patient experiencing degenerative
lumbar scoliosis in the lower lumbar vertebrae so that the bone
structure becomes asymmetrical but more inclined to the right
of the patient. The result of degenerative lumbar scoliosis is
also seen when the lumbar vertebral bone experiences axial
rotation load, the maximum stress value of the annulus fibrosus
is found, which is also significant in the discs of the lumbar 4-5
and the lumbar 5 — sacral 1 are 0.41 MPa and 0.39 MPa. The
contour plots of the lumbar vertebrae illustrate both the mag-
nitude of the von Mises stress and the locations of stress con-
centration within the annulus fibrosus and nucleus pulposus.



DISCUSSION

Simulation analyses of Patient 1

Based on the loading data obtained from the simulations con-
ducted, von Mises stress occurred while the modelling was ex-
posed to variations of lateral flexion loading conditions. The
highest von Mises stress value was noted in the upper endplate
component of L3-L.4 with a von Mises value of 451.46 MPa.
The lowest von Mises stress value was noted in the nucleus
pulposus component when subjected to anterior flexion load-
ing conditions, with a value of 0.88315 MPa.

Patient 1 suffered an old compression fracture of the second
and fourth lumbar, leading to loss of lordosis (9.54°), while
the normal range of lumbar lordosis in the adult population
measured by Cobb’s angle technique is between 40-60° (19).
The loss of lumbar lordosis due to an old compression fracture
can indeed have an impact on von Mises stress distribution in
the spine. Lumbar lordosis refers to the natural curve of the
lower spine, which helps to distribute forces and loads evenly
throughout the vertebral column during various activities (20).
When a vertebral compression fracture leads to a loss of lumbar
lordosis, the normal alignment of the spine is disrupted. This
altered spinal alignment can put uneven distribution of mechan-
ical loads across the vertebral bodies, discs, and other support-
ing structures. Therefore, certain spine areas might experience
higher stress concentrations, including von Mises stress (21,22).
The loss of lumbar lordosis can lead to a more flattened or
kyphotic alignment of the spine, which can affect the biome-
chanics of weight-bearing and movement (19). This change in
alignment may cause the vertebral bodies to experience differ-
ent loading patterns than they would in a healthy spine with
the normal lumbar lordosis. Consequently, some regions of
the spine may be subjected to higher stress levels due to the
changed loading conditions, potentially leading to increased
von Mises stress. An old vertebral compression fracture can
lead to higher von Mises stress as a result of changes in the
mechanical properties of the affected vertebral body (20,22).
When a vertebral compression fracture occurs, the structural
integrity of the vertebral body is compromised, lowering its
capacity to withstand mechanical loads. As the vertebral body
heals over time, it may become more rigid and less flexible
compared to a healthy vertebral body. This altered mechanical
behaviour can result in an uneven distribution of stress during
weight-bearing activities. The surrounding areas of the healed
fracture site might experience higher stress concentrations,
which can lead to an accumulation of stress and ultimately re-
sult in higher von Mises stress (20-22) (Figure 3A-C).
Additionally, the altered geometry and biomechanics resulting
from the healed fracture can disrupt the natural load distribu-
tion within the spine, causing neighbouring vertebral bodies to
compensate for the compromised structural integrity. This com-
pensation can further contribute to increased stress on certain re-
gions of the spine, including the area of the old fracture. In sum-
mary, an old vertebral compression fracture can lead to higher
von Mises stress caused by changes in the mechanical properties
of the healed vertebral body, altered load distribution, and poten-
tial compensatory mechanisms within the spine (18,23).

Simulation analyses of Patient 2

Current literature indicates that lumbar spondylosis is common-
ly caused by intervertebral disc degeneration, which is charac-
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terized by narrowing of the intervertebral joint space. By look-
ing at the value of the von Mises Stress in the intervertebral disc
component, it has been noted that the von Mises stress value of
intervertebral disc (annulus fibrosus and nucleus pulposus) has a
reciprocal relationship with the value of the lumbar disc height
parameter, where the most significant average von Mises stress
is found in the discs of lumbar 1-2 with ventral parameters and
dorsal disc height values of 7.53 mm and 3.22. The average von
Mises stress value of the lumbar vertebra 2-3 disc decreased as
far as the ventral parameters and the dorsal disc height increased
to 8.32 mm and 3.32 mm. Continuing at the average of the von
Mises stress value, the discs of the lumbar vertebrae 3-4 also
decreased as many ventral parameters and dorsal disc height in-
creased to 8.46 mm and 8.46 mm (24-26).

Patient 2 suffered from degenerative lumbar scoliosis, which
is represented as asymmetry of the lateral curve of the lumbar
segment. This condition is caused by disc degenerative disease
with uneven load distribution leading to an unequal portion of
the disc shape. In degenerative lumbar scoliosis caused by disc
degenerative disease, the correlation with von Mises stress is
complex and influenced by various biomechanical factors. It is
interesting to note that the highest von Mises stress occurs in
the upper lumbar region, while the apex of degenerative sco-
liosis curvature is in the L4-5 region (28,29) (Figure 3D-F).
This phenomenon can be explained by considering the altered
biomechanics and load distribution associated with the scoliot-
ic curvature as follows.

Altered alignment. The presence of a scoliotic curve result-
ing in an abnormal lateral curvature of the spine. This altered
alignment shifts the load-bearing dynamics and introduces
asymmetrical forces on the vertebral bodies, discs, and facet
joints. The spine adapts to this misalignment by redistributing
loads across different regions (28,30).

Compensation mechanisms. The spine has an inherent ability
to compensate for misalignments. In the case of degenerative
lumbar scoliosis with an apex at L4-L5, the upper lumbar re-
gion (above the apex) may undergo compensatory changes
to maintain overall spinal balance. This can lead to increased
stress in the upper lumbar vertebrae, as they work to support the
imbalanced forces resulting from the scoliosis curve (28,31).
Changes in load distribution. The scoliotic curvature can cause
the vertebral discs to experience uneven loading. The discs in
the upper lumbar region might have to bear a larger portion
of the load due to the curvature’s effects. As a result, the von
Mises stress may be higher in these upper lumbar discs, re-
flecting the increased mechanical demands placed upon them.
This condition is synchronous with the condition occurring in
Patient 2, where the intervertebral disc at the level L1-2 has
less height than other levels (30,31).

Facet joint mechanics. The facet joints are important structures
that guide spinal movement and distribute loads. In scoliosis,
the facet joints may experience abnormal loading due to the
altered alignment. This could increase stress concentrations,
especially in regions where the alignment changes (28,29).
The limitations of this study were: Finite Element model used
in this research does not include tendons, ligaments, and mus-
cles. Further finite element analyses using a combination of
lumbosacral MRI and CT scans are necessary. Hydrostatic
pressure was not included in our analysis; therefore, the results
of our study reflect changes in overall stress intensity rather
than pure compressive—tensile loading. In addition, this study
does not account for the anisotropy of bone tissue or the role
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of interstitial fluid, which is an important factor in the mechan-
ics of intervertebral discs. Future studies should incorporate
these to accurately represent the mechanical response; the load
applied in this simulation is based on a reference of 400Nm
from a study conducted by Kang et al. Simulation using the
patient’s body weight as a load can be used to obtain more real-
istic results, perform finite element analyses involving a larger
sample size and a greater variability of lumbar abnormalities;
performing finite element analyses utilizing the entire vertebral
segment from the cervical to the lumbosacral region.

In summary, the correlation between degenerative lumbar
scoliosis and von Mises stress involves complex interactions
between altered alignment, compensatory mechanisms, load
distribution, and facet joint mechanics. The specific location
of the highest von Mises stress (upper lumbar region) can be
attributed to the adjustments the spine makes to accommodate
the scoliotic curvature and maintain balance. It should be kept
in mind that this explanation is a simplified overview, and the
actual biomechanics involved can be more intricate and influ-
enced by individual factors. (28-31).

In this study, the reconstruction of vertebra lumbar 1-sacral 1
has been carried out as well as a comprehensive analysis of
finite elements for von Mises stress that occurs in the recon-
struction results of lumbar 1 to sacral 1. The results of this
study can be concluded as follows: finite element modelling
can offer a more straightforward and more accurate method of
analysis in finding mechanical changes due to lumbar curve
alteration and/or intervertebral disc degeneration; patient 1 had
an old compression fracture of the second and fourth lumbar,
which can lead to higher von Mises stress due to changes in
the mechanical properties of the healed vertebral body, altered
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ABSTRACT

Aim Osteoporosis is a global health concern characterized by reduced bone density, microarchitectural
changes, and an increased risk of fractures. The prevalence of osteoporosis is rising, particularly in devel-
oping countries. In Indonesia, the incidence of upper femur fractures due to osteoporosis is notably high. As
human studies are limited, animal models are crucial for investigating osteoporosis, with several methods
used to induce the condition. This study proposes an alternative model using leuprolide acetate, gonadotro-
pin-releasing hormone (GnRH) agonist, combined with a low-calcium diet and immobilization, to induce
secondary osteoporosis in animals.

Methods This experimental study employed a post-test-only control group design with 12 groups of Wistar
rats (Rattus norvegicus). Three control groups received no treatment, while nine experimental groups were
administered leuprolide acetate along with a low-calcium diet and immobilization. The study measured
tartrate-resistant acid phosphatase 5b (TRACP-5b) and procollagen type 1 N-terminal propeptide (PINP)
levels in rat bone tissue.

Results Significant increase in TRACP-5b and decrease in PINP levels were observed on days 21, 28, and
35 in the treated groups. Post hoc analysis revealed significant differences between the treatment groups.
Conclusion The experimental model successfully demonstrated a reliable and reproducible method for in-
ducing secondary osteoporosis. Elevated TRACP-5b and reduced PINP levels indicate increased osteoclast
activity and decreased osteoblast activity resulting from excessive bone remodelling. The combination of le-
uprolide acetate, a low-calcium diet, and immobilization is an effective and alternative method for inducing
secondary osteoporosis in experimental animals.

Keywords: calcium, immobilization, leuprolide, osteoporosis

INTRODUCTION

Osteoporosis is a significant global health issue characterized
by decreased bone density and microarchitectural deteriora-
tion, leading to increased bone fragility, reduced bone strength,
and a heightened risk of fractures (1,2). The prevalence of os-
teoporosis is rising, particularly with the growing elderly pop-
ulation, and is increasingly recognized as a significant public
health concern, especially in developing countries (3). In In-
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donesia, for example, the Ministry of Health reported in 2010
that the incidence of upper femur fractures due to osteoporosis
was 200 cases per 200,000 people by the age of 40 years (4).
Advances in genetic research have enabled the creation of an-
imal models with specific hereditary traits by manipulating or
disabling certain genes (5). Genetically modified mice, for in-
stance, can replicate early onset osteoporosis, thus shortening
experimental durations. However, the high cost, complexity,
and technical requirements of such models limit their wide-
spread use (6).

Another approach to inducing osteoporosis in animals is to
simulate androgen deficiency, which has been shown to affect
bone microarchitecture and density. In particular, treatments
involving gonadotropin-releasing hormone (GnRH) agonists,
such as leuprolide acetate, can cause osteopenia in mice (7).
Immobilization is another method to induce bone loss in an-
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imals, where bone mass decreases due to a halt in periosteal
bone formation and increased endosteal resorption (8).

Given the complex nature of osteoporosis, a combined treat-
ment approach is often more effective than single methods in
mimicking the condition’s mechanisms.

The aim of this study was to explore an alternative model com-
bining leuprolide acetate, a GnRH agonist, a low-calcium diet,
and immobilization to induce secondary osteoporosis in rats.
While each of these treatments has been shown to influence
bone density independently, the combined effect is hypothe-
sized to produce a more pronounced osteoporotic phenotype.

MATERIALS AND METHOD

Materials and study design

This study was conducted from January to March 2025 at
the Animal Research Laboratory, Faculty of Medicine, and
the Physiology Laboratory, Faculty of Medicine, Universitas
Brawijaya.

This study employed an experimental design with a post-test-
only control group approach. The primary objective was to
evaluate the effects of administering GnRH agonists (leupro-
lide acetate) combined with a low-calcium diet and immobili-
zation on the development of a secondary osteoporosis animal
model in rats. The key parameters measured included tar-
trate-resistant acid phosphatase 5b (TRACP-5b) and procolla-
gen Type 1 N-terminal propeptide (PINP) levels in bone tissue.
The sample size was calculated using the Federer formula (9)
to estimate the required number of subjects based on power
analysis. The formula used is as follows:

(n-1) (t-1)> 15 where: n = required sample size per group, t
= number of treatment groups

(n-1)(12-1)>15
(n-1)(11)=15
11n-11>15
11n>26
n>26/11
n>2.36

In this study, there were 12 treatment groups (Table 1). Solving
the equation yields a required sample size of 3 rats per group.
To avoid a lack of sample size, each group consisted of 4 rats.
Therefore, a total of 48 rats were included in this study. The rats
were randomly assigned to either the control or experimental
groups. The inclusion criteria specified male Wistar rats, aged
12 weeks and weighing approximately 250 grams, which were
in good health and showed no physical impairments. The exclu-
sion criteria included male Wistar rats with extremity disabili-
ties, infections, or those that died during the study.

All protocols were approved by the Health Research Ethics
Commission of General Hospital Saiful Anwar, with ethical
approval number 400/358/K.3/102.7/2024, which was issued
on 9 December 2024.

Methods

The animal subjects that met the inclusion criteria were ac-
climatized for a period of 7 days in a controlled environment
with a temperature of 22-24 °C, a 12-hour light/dark cycle,
and access to standard laboratory food and water ad libitum.
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Table 1. Study treatment groups and protocols

Duration
Group Treatment (days)
Group 1 . .
Rats without treatment, fed a standard diet 21
(Control)
Group 2 Rats without treatment, fed a standard diet 28
(Control)
Group 3 Rats without treatment, fed a standard diet 35
(Control)
Group 4 Rats injected with Leuprolide acetate 21
Group 5 Rats injected with Leuprolide acetate 28
Group 6 Rats injected with Leuprolide acetate 35
Rats received Leuprolide acetate combined

Group 7 . . . 21

with a low-calcium diet
Group 8 Rats recelvgd Leuprollde.acetaFe combined 28

with a low-calcium diet
Group 9 Rats recelV§d Leuprohde.acetaFe combined 35

with a low-calcium diet

Rats receiving Leuprolide acetate, a low-
Growp 10~ calcium diet, and limb immobilization 21
Rats receiving Leuprolide acetate, a low-

Group 11 calcium diet, and limb immobilization 28
Group 12 Rats receiving Leuprolide acetate, a low- 35

calcium diet, and limb immobilization

During the acclimatization period, the animals were monitored
for health and behaviour to ensure they had adapted appropri-
ately to the environment before commencing the experimental
procedures. After acclimatization, the animals were assessed
for overall health and subsequently assigned to their respective
treatment groups as predefined in the study protocol.

GnRH agonist administration. Leuprolide acetate (Kal-
beMed, Indonesia) was administered subcutaneously at a dose
of 75 mg/kg body weight. The administration schedule varied
according to the treatment group. The fourth group received
Leuprolide acetate for 21 days, the fifth group for 28 days, and
the sixth group for 35 days. For the subsequent groups, Le-
uprolide acetate was combined with a low-calcium diet for 21,
28, or 35 days, in groups 7, 8, and 9, respectively. Lastly, in
groups ten, eleven, and twelve, the same treatment of Leupro-
lide acetate, low-calcium diet, and limb immobilization was
applied for 21, 28, or 35 days.

Low-calcium diet. A low-calcium diet containing <1% cal-
cium to induce calcium deficiency, a known factor in the de-
velopment of osteoporosis, was given to the treatment group,
which was set to receive a low-calcium diet.

Limb immobilization. Limb immobilization was performed
immediately after recovery from anaesthesia using plaster of
Paris (POP). The left hind limb was flexed at the knee joint
to approximately 90°, and POP was applied circumferential-
ly from the groin to the ankle to restrict motion completely.
The immobilization mimicked disuse osteoporosis, a well-es-
tablished contributor to secondary bone loss in both animal
and human studies. The fixation was allowed to harden for
10-15 minutes before returning the rat to its cage. To ensure
consistency in immobilization throughout the study period, the
casts were inspected daily for signs of loosening, cracking, or
discomfort. If necessary, damaged casts were replaced under
light ether anaesthesia. Body weight, limb colour, and mobility
were monitored to detect circulatory or neurological complica-
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tions. After each experimental endpoint (21, 28, and 35 days),
the immobilization cast was carefully removed before sample
collection.

Surgical procedure. A critical-sized bone defect (CSD) of 3
mm in diameter was surgically created in the mid-diaphyseal
region of the femur for all experimental rats. The choice of a 3
mm defect was based on established preclinical models, which
indicate that this dimension exceeds the natural bone healing ca-
pacity of rats within a typical observation period (4—6 weeks),
thereby fulfilling the criteria for a CSD. Such a defect does not
spontaneously heal without intervention, closely mimicking
non-union or delayed union conditions observed in human long-
bone fractures. This approach allows the study of bone remod-
elling dynamics and osteoporotic bone healing under controlled
conditions. The defect also represents a clinically relevant scale
of segmental bone loss, proportionally corresponding to defects
of several centimetres in human femoral bone.

The surgical procedure was performed under general anaesthe-
sia using a combination of ketamine hydrochloride and ether
solution for induction and maintenance. After skin sterilization
with povidone-iodine, a longitudinal incision was made over
the lateral aspect of the femur to expose the bone. Using a low-
speed microdrill (1.5 mm burr tip) under saline irrigation to
prevent thermal necrosis, a circular 3 mm defect was created
at the midshaft region. The defect site was treated according
to the respective group protocols (e.g., synthetic bone graft,
rh-BMP2, or combination treatment). The wound was irrigated
with sterile saline and closed in layers using absorbable su-
tures. Postoperative care included a single dose of enrofloxacin
(10 mg/kg, subcutaneously) and meloxicam (1 mg/kg, subcu-
taneously) to prevent infection and relieve pain.

Sample harvest and analysis. After the treatment period, rats
were anesthetized using a combination of ketamine hydrochlo-
ride and ether solution to ensure pain relief. Once anesthetized,
the animals were euthanized via an intraperitoneal injection of
euthasol. The animals were then positioned in a supine position
on a sterile surgical table, and the surgical site (the tibia) was
cleaned with an antiseptic solution to prevent infection. A small
incision was made over the tibia, and the surrounding soft tis-
sue, including muscles and ligaments, was carefully dissected
using sterile instruments. Once the tibia was exposed, a small
section of the bone was excised using a sterile bone cutter or
surgical scissors. The harvested tibial bone tissue was immedi-
ately placed in a sterile container on ice to preserve its integrity.
The bone samples were then transferred to cold storage, typical-
ly in saline or PBS solution, to prevent enzymatic degradation.
Following the preservation, the bone samples were cleaned of
any remaining soft tissue and prepared for biochemical anal-
ysis. Bone fragments from the tibial diaphysis or metaphysis
were processed for testing. TRACP-5b (Tartrate-resistant acid
phosphatase 5b) and PINP (Procollagen Type 1 N-terminal pro-
peptide) levels, markers for osteoclast and osteoblast activity,
respectively, were measured using an ELISA Kit.

Statistical analysis

The collected data were organized, edited, and tabulated for
analysis. A significance level of p <0.05 was set, and a 95%
confidence interval /CI) was used. One-way ANOVA was ap-
plied to compare the TRACP-5b and PINP levels across the
different treatment groups and durations. Post-hoc tests were
conducted to evaluate specific differences between the groups.
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RESULTS

The data from the analysis of TRACP-5b and PINP levels
from the 12 groups were first subjected to normality testing
using the Shapiro-Wilk test and homogeneity testing using
the Levene test to determine whether parametric or non-para-
metric statistical analysis should be applied. As the results of
normality and homogeneity tests were met, an ANOVA was
conducted for both TRACP-5b and PINP levels (Table 2). The
Sum of Squares (SS) quantifies the total variation in the data.
Specifically, the Sum of Squares Between Groups represents
the variation due to the differences between the means of the
12 groups, while the Sum of Squares Within Groups reflects
the variation within each group. The degrees of freedom (df)
for between-groups was calculated as k—1=12—1=11, where k
is the number of groups. The df within the groups was calcu-
lated as the total number of observations minus the number of
groups, n—k=48—12=36, where n is the total number of data
points. The df total is the total number of data points minus
one, which is n—1=48—1=47.

Table 2. ANOVA test for procollagen Type 1 N-terminal
propeptide (PINP) and tartrate-resistant acid phosphatase Sb
(TRACP-5Db) levels across treatment groups

Variable Cpmpa- Sum of Mean p
rison squares square

PINP Between ) 3047470.667 11 1185679.152 19.340 0.000
Groups
Within ) 17088.000 36 61308.000
Groups
Total 5049558.667 47

TRACP-5b Dotween 5723 11 0520 64.7320.000
Groups
Within 0289 36 0.008
Groups
Total 6.012 47

Sum of squares, the total variation or dispersion in the data; df, degrees

of freedom, refer to the number of independent values that can vary in the
calculation without violating any given constraints; Mean square, an estimate
of variance; F, the ratio of the variance between groups to the variance within
groups, usually formulated as the mean square between groups divided by the
mean square within groups;

The Mean Square (MS) is an estimate of the variance and it
was calculated by dividing the Sum of Squares by the respec-
tive degrees of freedom. For example, MS Between Groups is
the Sum of Squares Between Groups (13042470.667) divided
by the df Between Groups (11), resulting in a Mean Square
Between Groups (1185679.152) for PINP, and similarly for
TRACP-5b. The F-value is the ratio of the variance between
groups to the variance within groups, calculated as MS Be-
tween Groups / MS Within Groups. A larger F-value indicates
that the variation between groups means is significantly greater
than the variation within groups, suggesting a meaningful dif-
ference between the groups. For PINP, the F-value was 19.340,
and for TRACP-5b 64.732, both with p<0.05, indicating that
the differences between the treatment groups were statistically
significant.

To specifically identify which groups exhibited statistically
significant differences, a post hoc test was performed. Tukey
HSD post hoc tests were chosen as they are most suitable for
group comparisons.

The post hoc analysis comparing the TRACP-5b levels among
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Table 3. Post Hoc tartrate-resistant acid phosphatase Sb (TRACP-5b)

Group . Group for . Group for . Group for .
for com- Comparing p compa- Comparing p compa- Comparing p compa- Comparing b
parison group rison group rison group rison group
C 28 days 0.900 C2ldays  0.001" C 21 days 0.000" C 21 days 0.000"
C 35 days 0.906 C28days  0.000" C 28 days 0.000" C 28 days 0.000"
G2l days  0.001 C35days  0.000" C 35 days 0.000" C 35 days 0.000"
G 28 days 0.000" G 28 days 0.070 G 21 days 0.093 G 21 days 0.000"
Cal G 35days  0.000 G35days  0.0127 G421 G 28 days 0.888 GHI4CA G28days  0.001"
days G+I21 days 0.000" G 21 days G+I21days 0.093 days G 35 days 0.360 21 days G35days  0.006
G+I 28 days  0.000" G+I28 days 0.015 G+I28 days  0.413 G+I21 days  0.000
G+135days  0.000" G+135days  0.000" G+135days  0.001" G+128 days  0.005"
G+I+CA 21 days 0.000" G+I+CA 21 days 0.000" G+I+CA 21 days 0.000" G+I35days  0.991
G+I+CA 28 days 0.000" G+I+CA 28 days 0.000" G+I+CA 28 days 0.000 G+I+CA 28 days 0.000"
G+I+CA 35 days 0.000" G+I+CA 35 days 0.000" G+I+CA 35 days 0.000" G+I+CA 35 days 0.000"
C 21 days 0.900 C21days  0.000 C 21 days 0.000" C 21 days 0.000"
C 35 days 0.994 C28days  0.000" C 28 days 0.000" C 28 days 0.000"
G2l days  0.000 C35days  0.000" C 35 days 0.000" C 35 days 0.000"
G 28days  0.000° G 21 days 0.070 G 21 days 0.015 G21days  0.000
G 35 days 0.000" G 35 days 0.438 G 28 days 0.497 G 28 days 0.000"
gaif G+l 21 days 0.000" G 28 days G+I21days 0.888 G(;IyiS G 35 days 0.922 Czi;g—lgai? G 35 days 0.000
G+128 days  0.000" G+128 days  0.497 G+121 days  0.413 G+I21 days  0.000"
G+I35days 0.000 G+I35days 0.001" G+I35days  0.005 G+I 28 days  0.000
G+I+CA 28 days 0.000" G+I+CA 21 days 0.001" G+I+CA 21 days 0.005" G+135 days  0.000"
G+I+CA 35 days 0.000" G+I+CA 28 days 0.000" G+I+CA 28 days 0.000" G+I+CA 21 days 0.000"
G+I+CA 35 days 0.000 G+I+CA 35 days 0.000 G+I+CA 35 days 0.000 G+I+CA 35 days 0.001
C 21 days 0.906 C21days  0.000" C 21 days 0.000" C 21 days 0.000"
C 28 days 0.994 C28days  0.000" C 28 days 0.000" C 28 days 0.000"
G 21 days  0.000 C35days  0.000" C 35 days 0.000° C 35 days 0.000"
G 28 days  0.000° G2l days 0.012° G 21 days 0.000" G 21 days 0.000"
G35days  0.000 G 28 days 0.438 G 28 days 0.001" G28days  0.000"
Saii G+121 days 0.000" G35days G+I21 days 0.360 G(;Iyis G 35 days 0.006" (;;rléraCy/S\ G35days  0.000"
G+I 28 days  0.000" G+ 28 days  0.922 G+I[21 days  0.001° G+I 21 days  0.000
G+135days  0.000" G+I35days 0.006" G+128 days  0.005" G+128 days  0.000"
G+I+CA 21 days 0.000" G+I+CA 21 days 0.006" G+I+CA 21 days 0.991 G+I135days  0.000

G+I+CA 28 days 0.000
G+I+CA 35 days 0.000

G+I+CA 28 days 0.000
G+I+CA 35 days 0.000

G+I+CA 28 days 0.000
G+I+CA 35 days 0.000"

G+I+CA 21 days 0.000"
G+I+CA 28 days 0.001"

*statistically significant difference;
C, Control; G: GnRH Agonist; I, immobilization; CA, low calcium intake

the treatment groups indicated that the combination of GnRH
agonists, a low-calcium diet, and immobilization for 35 days
yielded the most significant difference compared to the other
groups (Table 3).

The post hoc results comparing each group to the others
showed the combination of GnRH agonist, low calcium diet,
and immobilization at 35 days showed the most significant dif-
ference when compared to others (Table 4).

DISCUSSION

The animal model used in this study combined the adminis-
tration of a GnRH (Leuprolide acetate) agonist, a low-calcium
diet, immobilization, and varying treatment durations. This
combination is less commonly used, as most studies typically
employ only one treatment per model. The administration of
GnRH agonists can induce a hypogonadotropic-hypogonadal
state, which accelerates bone loss (10). Additionally, adequate
calcium intake is crucial for bone mass accumulation, and a
calcium deficiency leads to reduced bone mass, often accom-
panied by a decrease in osteoblast numbers and an increase
in osteoclast activity (11). Immobilization primarily results in
bone loss in the hind limbs, which experience the most me-

chanical loading (12). The rate of bone loss is generally faster
in cancellous bone than in cortical bone. Significant bone mass
loss in the proximal and distal tibia metaphysis of this model
typically occurs during the transition phase, between 14 and 30
days after immobilization (13).

Osteoclasts secrete TRACP into the circulation, making se-
rum TRACP a valuable marker for osteoclast activity and
bone resorption (14). In this study, TRACP-5b levels were
significantly increased on days 21, 28, and 35. ANOVA anal-
ysis revealed a significant difference between the treatment
groups in the TRACP-5b parameter. These findings align
with previous studies on post-ovariectomy rats, which have
shown increased TRACP-5b levels, indicating heightened
osteoclast activity (15). The post hoc test revealed no sig-
nificant difference in TRACP-5b levels between the GnRH
agonist group on day 21 and the control group; however, a
significant difference emerged on day 28. This is consistent
with studies that show the effects of GnRH agonist treatment
are typically observed from the second to the third month of
administration (16-18). Statistically, no significant difference
was observed between the GnRH agonist group and the group
treated with GnRH agonist plus a low-calcium diet on day 21.
However, immobilization significantly influenced the differ-
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Table 4. Post Hoc procollagen type 1 N-terminal propeptide (PINP)

Group . Group for . Group for . Group for .
for com- Comparing p compa- Comparing p compa- Comparing p compa- Comparing b
parison group rison group rison group rison group
C 28 days 0.645 C2ldays  0.005" C 21 days 0.000" C 21 days 0.000"
C 35 days 0.581 C 28 days 0.015" C 28 days 0.000" C 28 days 0.000"
G 21 days 0.005" C 35 days 0.018" C 35 days 0.000" C 35 days 0.000"
G 28 days 0.000" G 28 days  0.039° G 21 days 0.068 G 21 days 0.051
Col G 35days  0.000 G35days  0.000 G4 21 G 28 days 0.790 GHI4CA G 28 days 0.896
days G+ 21 days  0.000° G2ldays G+ 21 days 0068 G3sdays 00127 /ot G3Sdays 0017
G+ 28 days  0.000" G+128 days  0.034° G+ 28 days  0.743 G+I121 days  0.892
G+135days  0.000" G+135days  0.000" G+I35days  0.013" G+128 days  0.848
G+I+CA 21 days 0.000" G+I+CA 21 days 0.051 G+I+CA 21 days 0.892 G+I35days 0.019"
G+I+CA 28 days 0.000" G+I+CA 28 days 0.016" G+I+CA 28 days 0.522 G+I+CA 28 days 0.613
G+I+CA 35 days 0.000" G+I+CA 35 days 0.000" G+I+CA 35 days 0.000" G+I+CA 35 days 0.000"
C 21 days 0.645 C 21 days 0.000" C 21 days 0.000" C 21 days 0.000"
C 35 days 0.927 C28days  0.000" C 28 days 0.000" C 28 days 0.000"
G 21 days 0.015" C 35 days 0.000" C 35 days 0.000" C 35 days 0.000"
G 28 days 0.000" G 21 days 0.039° G 21 days 0.034" G 21 days 0.016"
G 35 days 0.000" G 35days  0.023" G 28 days 0.951 G 28 days 0.707
gaif G+ 21 days  0.000° G28 days G+21 days  0.790 G;;yig G35days  0.027° gglgacy’: G35days  0.054
G+128 days  0.000° G+128 days  0.951 G+121 days  0.743 G+121 days  0.522
G+135days  0.000" G+135days 0.025" G+I35days  0.029" G+128 days  0.753
G+I+CA 28 days 0.000" G+I+CA 21 days 0.896 G+I+CA 21 days 0.848 G+l 35days  0.058
G+I+CA 35 days 0.000" G+I+CA 28 days 0.707 G+I+CA 28 days 0.753 G+I+CA 21 days 0.613
G+I+CA 35 days 0.000" G+I+CA 35 days 0.000 G+I+CA 35 days 0.000" G+I+CA 35 days 0.000"
C 21 days 0.581 C21days  0.000" C 21 days 0.000" C 21 days 0.000"
C 28 days 0.927 C 28 days 0.000" C 28 days 0.000" C 28 days 0.000"
G 21 days 0.018" C 35 days 0.000" C 35 days 0.000" C 35 days 0.000"
G 28 days  0.000 G 21days  0.000 G 21 days 0.000" G 21 days 0.000"
G 35days  0.000 G28days  0.023" G 28 days 0.025° G28days  0.000"
gaiz G+121 days  0.000" G35days G+I21days 0.012° G;:yzs G35days  0.968 (3}?;5’: G35days  0.015"
G+128 days  0.000" G+128 days  0.027" G+[21 days  0.013" G+ 21 days  0.000"
G+135days  0.000" G+135days  0.968 G+128 days  0.029" G+128 days  0.000"
G+I+CA 21 days 0.000" G+I+CA 21 days 0.017" G+I+CA 21 days 0.019° G+135days 0.014"

G+I+CA 28 days 0.000
G+I+CA 35 days 0.000

G+I+CA 28 days 0.054
G+I+CA 35 days 0.015"

G+I+CA 28 days  0.058
G+I+CA 35 days 0.014"

G+I+CA 21 days 0.000"
G+I+CA 28 days 0.000"

*statistically significant difference;
C, Control; G, GnRH Agonist; I, immobilization; CA, low calcium intake

ence, as it enhances the activation of the bone remodelling
process and reduces osteoblast activity (19).

Procollagen-1 N-terminal peptide (PINP), a specific marker for
type 1 collagen deposition, was consistently decreased in this
study on days 21, 28, and 35. ANOVA analysis revealed a sig-
nificant difference between the treatment groups in the PINP
parameter (p<0.05). These results are consistent with previous
research that demonstrated PINP as a predictor of bone loss,
particularly in premenopausal women with systemic lupus er-
ythematosus (20).

The biomarkers observed in this study indicate an increase in
osteoclast activity and a decrease in osteoblast activity, sug-
gesting an imbalance in bone remodelling. However, these
findings should be further supported by X-ray and histopatho-
logical examinations. Dual-energy X-ray absorptiometry
(DEXA) and histopathological analysis of rat bone tissue can
help correlate laboratory biomarker titters with clinical im-
aging, providing a more comprehensive understanding of the
bone loss process (21).

This study has several limitations. First, the use of a single
animal model (Wistar rats) may not fully represent the com-
plexity of human osteoporosis. The findings might not entire-
ly translate to human conditions due to species differences.
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Additionally, the study duration (35 days) may be too short
to observe the long-term effects of the combined treatment
on bone density and microarchitecture. A small sample size
may also limit the study’s generalizability. Another limitation
is that only biomarkers were used to assess bone turnover,
which may not fully capture the structural changes occurring
at the bone level. Radiological and histological confirmation
would have provided a more comprehensive evaluation of the
bone loss process.

Future studies should explore the long-term effects of GnRH
agonists combined with a low-calcium diet and immobilization
over a longer treatment period, extending the observation time
to several months. Additionally, the use of different animal mod-
els, such as osteoporotic mice or large animal models could pro-
vide more insight into how these treatments affect various bone
types and the structural integrity of bones. It would also be valu-
able to incorporate a combination of radiological imaging (such
as DEXA and micro-CT scans) and histopathological examina-
tion to complement biomarker analysis, offering a more holistic
view of bone remodelling. Furthermore, future research could
investigate the effects of different dosages and combinations of
treatments to identify the most effective regimen for inducing
secondary osteoporosis. Ultimately, investigating the molecular



mechanisms underlying the changes in osteoclast and osteoblast
activity in response to this combined treatment could provide
deeper insights into the pathophysiology of osteoporosis.

In conclusion, this study successfully demonstrated that the
combination of GnRH agonists (Leuprolide acetate), a low-cal-
cium diet, and immobilization can effectively induce second-
ary osteoporosis in Wistar rats, as evidenced by significant
changes in TRACP-5b and PINP levels. The results indicate
an imbalance in bone remodelling, characterized by increased
osteoclast activity and decreased osteoblast function. The find-
ings suggest that this combined treatment approach provides a
reliable and alternative method for creating experimental mod-
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ABSTRACT

Aim Distal radius fractures are among the most common orthopaedic injuries, with a high risk of functional
impairment. Volar locking plates have become the standard treatment for unstable and extra-articular frac-
tures, offering excellent outcomes compared to traditional techniques. This study aimed to evaluate clinical,
radiographic, and functional outcomes of volar locking plate fixation in patients with intra- and extra-artic-
ular distal radius fractures.

Methods A retrospective analysis was conducted on 34 patients treated with volar locking plates between
2018 and 2024. Outcomes were assessed using the Disabilities of the Arm, Shoulder and Hand (DASH)
score, Visual Analog Scale (VAS) for pain, range of motion, and radiographic consolidation. Complications
were recorded and analysed.

Results At a mean follow-up of 24 months, the mean DASH score was 4.2+1.8 and VAS score was 0 in all
cases. Range of motion (ROM) recovery ranged from 93% to 98% of the contralateral side. Radiographs
confirmed complete healing in all patients. Only two experienced minor soft tissue discomfort.

Conclusion Volar locking plate fixation for distal radius fractures ensures excellent functional recovery,
reliable bone healing, and minimal complications, making it a safe and effective treatment approach.
Keywords: bone plates, orthopaedic procedures, range of motion, articular, retrospective studies, treatment
outcome

INTRODUCTION mal functional outcomes (4). Volar locking plates have since
emerged as the gold standard for managing complex distal ra-
dius fractures, combining rigid internal fixation with the poten-
tial for early mobilization (5,6). Their anatomical, low-profile
design reduces soft tissue irritation, particularly involving the
flexor and extensor tendons (7), and provides biomechanical
stability to restore radial height, inclination, and volar tilt (8).

Despite these benefits, complications such as tendon injuries,

hardware irritation, and infection still occur, with rates reported

Distal radius fractures represent approximately 15% of all ex-
tremity fractures and affect a wide age range (1). These injuries
are particularly common in elderly patients due to osteoporotic
bone and low-energy trauma, while younger individuals typi-
cally sustain them from high-energy mechanisms such as mo-
tor vehicle accidents or sports injuries (2). If not adequately
treated, these fractures may lead to chronic pain, stiffness, re-

duced range of motion, and long-term disability (3).

Over the past two decades, surgical management has evolved
considerably. Traditional methods such as cast immobilization
and external fixation often failed to ensure anatomical reduc-
tion and stable fixation, resulting in malunion and subopti-
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between 22% and 27% (9). Nonoperative treatment remains a
reasonable alternative in selected elderly patients with low-risk
fracture patterns (10). Another critical aspect is the distinction
between extra-articular and intra-articular fractures: the former
are typically more amenable to surgical fixation due to their sim-
pler morphology, while the latter present greater challenges in
restoring joint congruence and alignment (11). Recent studies
advocate for individualized treatment based on fracture classifi-
cation, patient characteristics, and functional goals (12—16).
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This study aims to evaluate clinical, radiographic, and func-
tional outcomes of volar locking plate fixation in patients
with both extra-articular and intra-articular distal radius frac-
tures, contributing to current evidence on the effectiveness and
safety of this surgical approach.

PATIENTS AND METHODS

Patients and study design

This retrospective study evaluated the clinical, radiographic,
and functional outcomes of 34 patients treated for intra- and
extra-articular distal radius fractures using the GEMES GR
distal volar locking plate system. Surgical procedures were
performed at the Giaccone University Hospital, Palermo, be-
tween 2018 and 2024 by experienced orthopaedic surgeons,
with contributions from a multidisciplinary team involved in
clinical follow-up, data analysis, and manuscript preparation.
All patients provided an informed consent for the use of their
anonymized clinical data.

The cohort included 18 males and 16 females, with a mean age
of 58 years (range: 20—80 years).

Fractures were classified according to the Arbeitsgemeinschaft
fiir Osteosynthesefragen/Orthopaedic Trauma Association (AO/
OTA) system (1): 20 extra-articular fractures (types A2.2 and
A3.1) and 14 intra-articular fractures (types C2.1 and C3.2). Fif-
teen fractures involved the left wrist and nineteen the right wrist.
Plate selection was based on fracture morphology and patient
anatomy: 12 small, 20 medium, and 2 large GEMES GR distal
volar locking plate system plates were implanted (Table 1).
Inclusion criteria were: patients aged 18 years or older, diag-
nosed with intra- or extra-articular distal radius fractures, treat-
ed with the GEMES GR distal volar locking plate system, and
followed clinically and radiographically for a minimum of 12
months. Exclusion criteria included polytrauma, pathological
or open fractures classified as Gustilo-Anderson grade II or
higher (the Gustilo-Anderson classification categorizes open
fractures based on wound size, level of contamination, and
soft-tissue damage).

Methods

All procedures followed a standardized surgical protocol. Un-
der axillary block or general anaesthesia, patients were posi-
tioned supine with the injured limb supported on a radiolucent
hand table. A volar Henry approach (5,6) was used to expose
the fracture site. Fractures were reduced under fluoroscopic
control, and the appropriate plate size was selected and fixed
with locking screws to restore alignment and stability. Final
intraoperative fluoroscopy confirmed fracture reduction and
implant positioning.

Postoperative management included wrist immobilization with
a splint for two weeks. Passive mobilization was initiated after
suture removal, followed by active range-of-motion exercises
at four weeks and strengthening at six weeks. Follow-up visits
were scheduled at 2 weeks, 6 weeks, 3 months, 6 months, and
12 months, with annual assessments thereafter.

Primary outcomes included: pain, measured by the Visual An-
alog Scale (VAS) (4), functional recovery, assessed using the
Disabilities of the Arm, Shoulder, and Hand (DASH) (5) score,
range of motion (ROM) (6) in flexion, extension, pronation,
and supination.

Rovere et al. Volar plate functional outcomes

Table 1. Patient demographics and fracture details

Patient ID Age (years) Sex AO fracture” Fracture type
PO1 45 Male A2.2 Extra-articular
P02 32 Male C3.2 Intra-articular
P03 60 Male A3.1 Extra-articular
P04 54 Male C2.1 Intra-articular
P05 27 Male A3.1 Extra-articular
P06 78 Male A3.1 Extra-articular
P07 39 Male C3.2 Intra-articular
P08 58 Male A2.2 Extra-articular
P09 68 Male A3.1 Extra-articular
P10 50 Male C2.1 Intra-articular
P11 44 Male A2.2 Extra-articular
P12 61 Male C3.2 Intra-articular
P13 70 Male A3.1 Extra-articular
P14 38 Male A2.2 Extra-articular
P15 52 Male C2.1 Intra-articular
P16 29 Male C3.2 Intra-articular
P17 47 Male A2.2 Extra-articular
P18 64 Male A3.1 Extra-articular
P19 36 Male C3.2 Intra-articular
P20 41 Female A2.2 Extra-articular
P21 55 Female C2.1 Intra-articular
P22 62 Female A3.1 Extra-articular
P23 38 Female A2.2 Extra-articular
P24 75 Female C3.2 Intra-articular
P25 48 Female A2.2 Extra-articular
P26 67 Female C2.1 Intra-articular
P27 72 Female A3.1 Extra-articular
P28 58 Female A2.2 Extra-articular
P29 46 Female C3.2 Intra-articular
P30 31 Female A3.1 Extra-articular
P31 40 Female A2.2 Extra-articular
P32 69 Female C2.1 Intra-articular
P33 59 Female A3.1 Extra-articular
P34 49 Female A2.2 Extra-articular

* Osteosynthesefragen/Orthopaedic Trauma Association (AO/OTA) system

Visual Analog Scale (VAS): The VAS is a validated 10-point
scale used to quantify pain intensity, where 0 indicates no pain
and 10 represents the worst imaginable pain. Patients mark
their perceived pain level on a 10-cm line, providing a contin-
uous and sensitive measure of postoperative pain.

The Disabilities of the Arm, Shoulder and Hand (DASH) (5)
is a 30-item, patient-reported outcome measure evaluating up-
per-limb disability and symptoms. Each item was scored from
1 (no difficulty) to 5 (unable to perform), generating a final
score ranging from 0 to 100, where: 0 = no disability, 100 =
maximum disability. The DASH is widely used to assess func-
tional recovery after wrist and upper-extremity injuries.
Radiographic evaluation focused on fracture consolidation, radi-
al height, inclination, and volar tilt. All complications, including
tendon irritation, hardware prominence, infection, malunion, and
nonunion, were systematically recorded throughout follow-up.

RESULTS

A total of 34 patients with distal radius fracture were treated
with volar locking plate fixation and followed for a mean pe-
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riod of 24 months (range: 12-36 months). The study popula-
tion included both extra-articular and intra-articular fracture
types, classified according to the AO/OTA system: 20 ex-
tra-articular fractures (A2.2 and A3.1) and 14 intra-articular
fractures (C2.1 and C3.2).

Fifteen fractures involved the left wrist and nineteen the right.
Plate selection was based on fracture morphology and patient
anatomy: 12 patients received small plates, 20 medium plates,
and 2 large plates (Table 2).

Table 2. Patient demographics and procedural details

Category Count
Total number of patients 34
Fracture side (left wrist) 15
Fracture side (right wrist) 19
Extra-articular fractures 20
Intra-articular fractures 14
Plate size (small) 12
Plate size (medium) 20
Plate size (large) 2

Pain outcomes were excellent: at final follow-up, all patients
reported complete pain resolution. Functional evaluation us-
ing the DASH score showed minimal residual disability, with
a mean final score of 4.2+1.8. Range of motion (ROM) mea-
surements demonstrated near-complete restoration of wrist
function, with mean flexion, extension, pronation, and supina-
tion values ranging from 70° to 85°, corresponding to 92-98%
of the contralateral wrist’s mobility (Table 3).

Table 3. Detailed Range of Motion (ROM) outcomes following
volar locking plate fixation for distal radius fractures, including
mean final joint angles and percentage recovery compared to the
contralateral limb

Mean final ROM Compared to
ROM measurement (degrees) contralateral (%)
Flexion 75 95%
Extension 70 93%
Pronation 85 97%
Supination 85 98%

Radiographic analysis confirmed complete fracture healing in
all cases, with evidence of bridging callus and no instances of
delayed union, malunion, or nonunion. Anatomical parameters
including radial height, radial inclination, and volar tilt were
successfully restored and maintained throughout the follow-up
period (Figures 1 and 2).

No intraoperative complications such as reduction difficulties
or hardware malposition were observed.

Postoperatively, no flexor tendon problems, infections, or
hardware irritation occurred.

Only two patients (5.8%) reported transient soft-tissue dis-
comfort, which was resolved with conservative measures.
There were no cases of malunion, nonunion, delayed union,
tendon irritation, or hardware-related problems throughout
the follow-up.

These results confirm that volar locking plate fixation is a safe
and effective technique for treating both extra-articular and in-
tra-articular distal radius fractures. The combination of com-
plete pain relief, excellent functional recovery, and favourable
radiographic outcomes supports the clinical reliability of this
surgical approach across different fracture types.
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Figure 1. Radiographic progression of a distal radius fracture
managed with volar locking plate fixation. A-B) Preoperative
anteroposterior and lateral wrist radiographs showing an extra-
articular distal radius fracture with loss of volar tilt and mild
radial shortening; C-D) Postoperative anteroposterior and
lateral radiographs demonstrating anatomic reduction of the
fracture and stable internal fixation using a volar locking plate.
Restoration of volar tilt, radial height, and inclination is clearly
visible. No hardware malposition or screw penetration into

the dorsal compartments is observed (Policlinico Universitario
Giaccone, Palermo; 2024)

DISCUSSION

Distal radius fractures are among the most frequent injuries en-
countered in orthopaedic practice, representing a considerable
clinical and economic burden. These fractures predominantly
affect two patient groups: elderly individuals with osteoporotic
bone who typically sustain low-energy injuries, such as falls,
and younger patients involved in high-energy trauma, includ-
ing motor vehicle accidents and sports-related incidents (1,2).
The rising incidence, particularly within the aging population,
highlights the need for effective treatment strategies to restore
wrist function and minimize complications (3). Inadequate
management of distal radius fractures may result in substan-
tial morbidity, including malunion, joint stiffness, diminished
grip strength, and chronic pain (17). These complications not
only impair wrist function but also significantly affect patients’
overall quality of life. Consequently, advances in surgical tech-
niques and implant design have become essential for improv-
ing clinical outcomes.

Over the past two decades, volar locking plates have emerged
as the gold standard for the treatment of complex and unsta-
ble distal radius fractures (18). Compared with traditional
approaches such as casting or external fixation, volar locking



Figure 2. Radiographic sequence of a patient with a distal

radius fracture treated with volar locking plate fixation. A-B)
Preoperative anteroposterior and lateral wrist radiographs
demonstrate an extra-articular distal radius fracture
characterized by dorsal displacement, loss of volar tilt, and

mild radial shortening; C-D) Postoperative anteroposterior and
lateral radiographs show anatomic restoration of radial height,
inclination, and volar tilt following internal fixation using a volar
locking plate. The implant is correctly positioned, with no evidence
of screw protrusion into the dorsal compartments or postoperative
complications (Policlinico Universitario Giaccone, Palermo; 2024)

plates provide several key advantages, including stable inter-
nal fixation, precise anatomical reduction, and the possibility
for early mobilization (5,18). These features collectively con-
tribute to superior functional and radiographic outcomes, as
supported by numerous clinical studies (8,19). Modern volar
locking plates incorporate low-profile designs and anatomical
contouring, significantly reducing soft-tissue complications—
particularly flexor tendon irritation, extensor tendon attrition,
and hardware prominence—that were common with earli-
er-generation implants (20).

The present study evaluated the GEMES GR distal volar lock-
ing plate system within this context. Although the detailed
results are reported elsewhere in the manuscript, the findings
were consistent with existing literature supporting the effec-
tiveness of volar locking plates in ensuring stable fixation, re-
ducing pain, and promoting early functional recovery (18,19).
The low-profile configuration and anatomical design of the
GEMES GR plate appear to have contributed to a reduced in-
cidence of soft-tissue complications, improving both comfort
and wrist mobility during rehabilitation (20). Moreover, the
system’s ability to restore anatomical alignment while mini-
mizing soft-tissue disruption likely supports accelerated heal-
ing and optimized functional recovery (20).

Rovere et al. Volar plate functional outcomes

Literature comparisons reinforce these observations. Di-
az-Garcia and Chung (2012) demonstrated superior function-
al outcomes for volar plating relative to external fixation and
casting, with notable improvements in pain scores and DASH
outcomes (18). Similarly, Clement et al. (2013) reported fast-
er recovery and fewer complications in patients treated with
volar plates compared with traditional fixation methods (19).
Mulders et al. (2018) found favourable range-of-motion out-
comes, attributing these results to the mechanical stability pro-
vided by modern plate designs, which permit early mobiliza-
tion and reduce postoperative stiffness (8).

The absence of complications such as flexor tendon irritation
(particularly of the flexor pollicis longus), extensor tendon te-
nosynovitis or rupture (e.g., extensor pollicis longus), hardware
prominence, infection, and symptomatic screw protrusion in the
present study underscores the improved design characteristics of
the GEMES GR system. Historically, such complications were
frequently reported with older, bulkier volar plate models that
lacked adequate contouring, had sharp edges, or required dor-
sal screw lengths with a higher risk of penetrating the extensor
compartments (17-25). By minimizing these risks, the GEMES
GR plate appears to enhance patient outcomes, particularly re-
garding wrist mobility and functional recovery.

Future research should include larger and multicentre cohorts
to validate the present findings more comprehensively. Com-
parative studies evaluating the GEMES GR system against
other modern volar locking plate designs may further clarify
its clinical advantages. Additionally, long-term follow-up stud-
ies are needed to assess the durability of functional and radio-
graphic outcomes over extended periods of time. Incorporating
patient-reported outcome measures (PROMs) would provide
valuable insight into subjective satisfaction and quality-of-life
improvements. Finally, economic evaluations examining the
cost-effectiveness of the GEMES GR distal volar locking plate
system relative to alternative implants could inform clinical
decision-making within value-based healthcare models.

In conclusion, this study affirms the GEMES GR distal volar
locking plate system as a highly effective solution for manag-
ing intra and extra-articular distal radius fractures. The system’s
advanced design, characterized by its low-profile, anatomical
contouring, and robust locking mechanism, successfully ad-
dresses the limitations of previous implant generations, yielding
superior clinical outcomes with minimal complications. Thus,
the GEMES GR distal volar locking plate system represents a
significant advancement in fracture management, facilitating
improved functional recovery and patient satisfaction.
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Reconstruction of a short tibia stump after forced shortening
with subsequent lengthening using the Ilizarov method
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ABSTRACT

Aim To demonstrate the feasibility of reconstructing a prosthetic stump in a complex defect using staged
osteotomy and lengthening, as sufficient tibial stump length is required for successful prosthetic fitting and
is not always achievable.

Methods In this article, we present a 25-year-old man diagnosed with a non-prosthetic short stump of the
right tibia with extensive necrotized scars of the anterior and end surfaces, closely soldered to the bone saw-
dust, which underwent lengthening of the short stump of the tibia using the Ilizarov method.

Results The uniqueness of the procedure lies in tibial shortening combined with excision of pathologically
altered tissues, stump formation, and subsequent osteotomy and lengthening of the tibial stump. Reconstruc-
tion lasted 105 days (5 days of fixation, 25 days of lengthening, and 75 days of fixation), resulting in the
formation of a functional stump.

Conclusions A stump that provided functional prosthetics was created. We believe that the technique can be
successfully used in young people even in the absence of soft tissue reserve of the stump.

Keywords: amputation, Ilizarov technique, myocutaneous flap, osteotomy, tibia

INTRODUCTION

Transtibial amputation is the most common type of amputation
performed after trauma (1). According to American statistics
(2), 41.9% of patients required revision after primary amputa-
tion. The majority of patients underwent revision of the residu-
al stump, while in other cases, due to the short stump, revision
surgery was performed on the thigh. However, regardless of the
length, the advantage of the lower leg stump is the preservation
of the knee joint (3). Transfemoral amputations lead to loss of
the knee joint, muscle imbalance, reduced functionality, and a
65% increase in energy expenditure during movement (1,4).

Another possible solution for restoring limb function could be
osteointegration surgery — the direct fixation of an artificial im-
plant into living bone (5-7). Osteointegration is performed in
people with transfemoral amputation (8-10). It improves mo-
bility and the ability to move, reducing energy consumption
compared to the traditional prosthesis with a sleeve. Howev-
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er, after transtibial amputation, osteointegration is rarely per-
formed and is even considered contraindicated (11). Further-
more, revision surgery, reamputation, bone fractures, implant
failure and loosening are often required after this procedure.
The risk of infectious complications is 18-63% (12). A disad-
vantage of potential osteointegration is geometric problems
with instability due to a curved femur. The main reason for the
lack of interest in transtibial osteointegration is better objective
mobility after conventional transtibial amputation (10).

The desire to preserve the knee joint in a short stump led to
the idea of its lengthening. The literature describes cases of
lengthening such stumps using the Ilizarov technique (13-18).
At the same time, certain problems associated with premature
consolidation of the posterior corticotomy site and soft tissues
were identified (19).

Preliminary preparation of the skin and muscles was proposed
using tissue expanders or myocutaneous flaps (13). Later, im-
proved methods of lengthening, methods of creating synostosis
without shortening the bone lever (20-23), and reconstructive
interventions to expand the distal end of the stump (23) were
developed, which allowed for positive functional results.

In the case presented in the article, the situation was complicat-
ed by the presence of extensive immobile scars, tightly fused
with protruding bones.

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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Unlike known methods, the goal in the presented case was to
develop a new method for reconstructing the non-prosthetic
remainder of the tibia, which includes removing the defect at
the end of the remainder with shortening of the tibia and its
lengthening using the Ilizarov method.

PATIENT AND METHODS

Patient and study design

A young man aged 25 previously healthy with no significant
medical history or comorbidities sustained a mine-blast wound
to his right lower limb with shattered soft tissue and bones of
the shin. He underwent amputation of the upper third of his
tibia. He previously underwent necrectomy, vacuum therapy,
medication, dressings, and physiotherapy. The postoperative
period was complicated by massive necrosis of the skin and
adjacent tissues. After healing, a tibia stump was formed with
extensive immobile scars, fused with protruding bone frag-
ments (Figurel).

Figure 1.Tibial stump before surgery (Shevchuk V, 2021)

On the examination the prosthesis could not be loaded. Move-
ment in the knee joint was full. The skin and muscles of the
posterior and partially inner surface were preserved below the
level of the bone amputation. A non-prosthetic short stump of
the right tibia with extensive innervated scars of the anterior and
end surfaces, closely soldered to the bone sawdust was found.
This study was approved by the Ethics Committee (Approval
no: 24/2025, 30.06.2025). Written informed consent was ob-
tained from the patient for the case details and images to be
published.

Methods

After the flap incision with scar excision within healthy tissue
was done, the bones were exposed. The preserved ends of the
tibialis anterior, gastrocnemius, and long fibular muscles were
isolated from the scars. The stumps of the tibia and fibula were
truncated 6 cm proximal to the ends. Vessels were ligated,
nerves were treated and shortened.

In the proximal metaphysis of the shortened tibia, 1.5 cm be-
low the knee joint gap, perpendicular to the limb axis, without
piercing the muscle tissue and taking into account the pas-

192

sage of the peroneal nerve, two cross pins were made, which
were fixed in the ring of the Ilizarov apparatus (Federal State
Budgetary Institution ‘National Medical Research Centre of
Traumatology and Orthopaedics named after Academician
G.A. Ilizarov’ of the Ministry of Health of the Russian Feder-
ation, Kurgan, Russia) (19). The Pes anserinus was separated
from the tibia. The superficial medial collateral ligament was
exposed. The distal part of the exposed ligament was sepa-
rated from the bone. To protect the posterior neurovascular
structures, a blunt retractor was inserted posteriorly to the
medial collateral ligament and tibia. After isolating the medi-
al border of the patellar tendon, it was cut subperiosteal from
the tibial tuberosity. Under the intraoperative X-ray control
with mobile C-arm imaging system control, two guide pins
were placed 3.5 cm below the knee joint gap and parallel to
it. Under the pins, a two-plane oblique-frontal and horizontal
osteotomy of the tibia was performed directly under the pins
using an oscillating saw so that the tuberosity remained on
the proximal fragment (Figure2). Intraoperative control was
performed using a mobile C-arm imaging system, and the
mobility of the osteotomy site was checked. A self-tapping
rod with a diameter of 3.5 mm in the sagittal plane and a
spoke rod in the frontal plane were inserted through the distal
tibia fragment perpendicular to the bone. The latter was fixed
to the ring of the apparatus, which in turn was connected by
threaded rods to the ring above.

Interfragmentary compression was performed in the osteoto-
my area. The antagonist muscles were stitched together. Active
wound drainage was performed. The wound is sutured in layers.
The prosthesis quality index — The Locomotor Capabilities
Index (LCI) as part of the Prosthetic Profile of the Amputee
questionnaire was used to assess the patient’s locomotor capa-
bilities (24).

RESULTS

On the 5th day, distraction was started at 1 mm per day. Inter-
fragmentary compression was continued for 4 days. X-ray con-
trol was performed every 15 days of fragment displacement.
Distraction lasted for 75 days, fixation 75 days. The length of
the regenerate obtained was 6 cm.

On the 15th day of distraction on control radiographs the
height of the regenerate corresponded to the pace and rhythm
of distraction. Cloud-like shadows of medium intensity were
visible throughout the whole area. After 30 days, a normo-
plastic type regenerate was formed in the interfragmentary
diastasis, evenly filling the diastasis (Figure2). After 60 days
of distraction, the normoplastic regenerate was character-
ized by the presence of intense shadows of the proximal and
distal sections and a medial zone of lucency. After 75 days of
distraction, analogous results were observed. After 1 month
of fixation, there was a fusion of the medial lucency zone.
Homogeneous shadows of high intensity were determined.
The cortical layer began to form on the posterior surface. Af-
ter 2.5 months of fixation, there was fusion of bone trabecu-
lae in the distal part of the regenerate. Well-formed cortical
lamina was determined along the posterior and lateral edg-
es. Scanning in the middle zone of the regenerate revealed
vessels 0.28-32 cm in diameter with rheographicindices (RI)
RI=3.61 and RI=1.4, indicating the maturity of the regen-
erate (Figure3). The Ilizarov apparatus was removed. The
6-centimetre regenerated bone had a homogeneous structure
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Figure 2. The osteotomy scheme and radiograph of distraction regenerate after 30 days after surgery. A) Schematic representation
of the osteotomy site; B) Schematic representation of stump lengthening; C) X-ray image of the regenerated tibia 30 days after

distraction (Shevchuk V, 2021)

Figure 3. Scan of blood vessels in the regenerate 75 days after the
surgery (Shevchuk V, 2021)

of spongy bone tissue. In terms of density, it approached
the adjacent areas of the mother bone (Figure 4). Nine and
half months after the apparatus was removed, the density
of the regenerate was slightly higher than that of the parent
bone. The cortical diaphyseal layer was formed along the
entire perimeter of the regenerate (Figure4). The shape of
the stump was moderately conical (Figure5). After 3 years,
the organotypic restructuring of the bone regenerate charac-

Figure 5. Moderately conical tibial stump one year after surgery
(Shevchuk V, 2022)

teristic of this section was completed on radiographs in the
lengthening zone (Figure4).

The prosthesis quality index — The Locomotor Capabilities
Index (LCI) as part of the Prosthetic Profile of the Amputee
questionnaire (24) after the operation was 55. The patient,
who working as a mechanic in a garage used the prosthesis
without additional means of support, and walked up to 12-13
km per day.

Figure 4. Radiographs presentation. A) distraction regeneration of the tibia after 75 days of lengthening (Shevchuk V, 2021); B)
distraction regeneration of the tibia after 9.5 months; (Shevchuk V, 2021); C) tibial stump 3 years after surgery (Shevchuk V, 2023)
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DISCUSSION

A transtibial amputation has definite advantages over a hip am-
putation in terms of greater functionality (3). However, pros-
thetics is sometimes complicated by a too short stump. There
are isolated reports in the literature about the lengthening of the
tibial stump (24). A prerequisite for stump lengthening is the
creation of a soft tissue reserve, for which tissue expanders are
used (13). In contrast to the known reports (13-17), the proposed
technique involves removal of the defective end of the stump
while preserving its length, which was achieved. Therefore,
the first step of the operation was a high amputation of the tibia
within healthy tissues with the formation of a soft tissue reserve
with the expectation of subsequent lengthening. The second fea-
ture in our case was the performance of a two-plane osteotomy,
which allowed us to obtain a fairly massive regenerate.

The presence of a dense capillary network in the epi-metaph-
yseal zone of the tibia creates favourable conditions for com-
pensation of local microcirculatory disorders caused by oste-
otomy (25). Therefore, when compression was applied at the
osteotomy site, an endosteal reparative reaction of the cancel-
lous bone occurred, which made it possible to start distraction
in 5 days (24).

As a result of traction forces application, conditions of tension
with regenerate formation were created in the tissues. When
the necessary length of the regenerate is reached, fixation con-
ditions are created. During this period, the apparatus system
was stabilized, performing only manipulations to ensure elas-
tic tension of the fixation elements.

In the process of distraction, it may be necessary to prolong
the action of tension forces. Technically, this is accomplished
by further application of traction or compression forces, their
sequential change, and recomposition of the apparatus.

The lengthening stage is divided into two periods: active
lengthening, when compression and distraction are performed,
and the fixation period, which is necessary for rebuilding the
formed regenerate into mature bone tissue (24).

Possible complications of the intervention are most often as-
sociated with the insertion of the spokes (26,27). They can be
divided into infectious (suppuration of soft tissues, purulent
arthritis, dermatitis), non-infectious (reactive arthritis, vascu-
lar and nerve injury, joint contracture). When performing the
intervention, complications may occur due to compression or
distraction and improper application of the apparatus (impaired
innervation, impaired trophism, joint contracture) (26,27). Af-
ter removal of the apparatus, deformation of the regenerate or
its fracture is possible (27). Observance of asepsis, uniform
tension of the spokes, diagnosis and treatment of early and late
inflammatory complications, timely removal and rewiring of
the spokes will allow to stop the process. Knowledge of topo-
graphic anatomy and variants of location of the main neurovas-
cular bundles excludes their damage. If a vessel is damaged,
the spoke should be removed and a new one should be inserted
next to it (26,27). Bleeding is stopped by pressing the puncture
site with a tampon. If the peroneal nerve is damaged, the spoke
must be removed (26,27).

According to Latimer (14), some patients had a significant loss
of length of the regenerate after lengthening. The authors at-
tribute these findings to early functional loading. In our opin-
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ion, to prevent shortening caused by compression during early
loading, it is necessary to overstretch the regenerate by 1-2
cm in advance, which apparently was not considered by these
and other researchers (2), as no reference to this approach is
provided. In addition, after the end of distraction, the distance
between the rings should be increased 1 mm every 5-7 days
(13,14). None of the available reports (13,18) provided infor-
mation on the exposure of the anterior medial ligament, sever-
ing its distal part from the bone, or sub periosteal severing of
the medial part of the patellar tendon from the tibial tuberosity,
which could also affect the shortening of the regenerate.

Our clinical experience shows that in case of sharply expressed
osteoporosis with the formation of the cortical layer due to the
possibility of crumpling or secondary resorption of the porous
bone area under the influence of functional overload, it is nec-
essary to provide the conditions of the most gentle mode of
increasing the functional load.

After removing the appliance, conditions of regenerate defor-
mation or fracture may occur. Therefore, the device can be re-
moved when the density of the regenerate on the radiograph
approaches the density of the surrounding bone.

These possible errors and complications arise due to incor-
rect tactics and techniques of using the Ilizarov apparatus and
should not be a barrier when performing reconstructive inter-
ventions on the bone stump (27). Such interventions can im-
prove the quality of life of patients, and knowledge of the caus-
es and conditions of possible errors and complications opens
real ways to their prevention (27).

The most important limitations of the study are: a single case
which does not allow giving a number of theoretical and bi-
ological explanations; residual limb after amputation due to
obliterating diseases of the peripheral vessels of the joints; fes-
tering inflammation of the skin; insufficient use of the appara-
tus of external fixation; a long period of time for obtaining the
regenerate and its rebuilding.

On the example of the presented clinical observation, the authors
demonstrated the saving tactics, real possibility, technical details
and quite satisfactory results of a non-standard variant of surgical
treatment of a patient with malformed stump of the tibia.

Stable fixation, fractional distraction, and maintenance of elas-
tic tension of the fixation elements contribute to the formation
of a newly formed bone area and high-quality prosthetics. Sim-
ilar techniques can be used in young people after amputation
with removal of extensive scars fused with protruding bone
and end-stage osteomyelitis. To obtain optimal results, the
technique can be adapted to individual cases.
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ABSTRACT

Aim Metacarpal fractures are common hand injuries, frequently treated with closed reduction and internal
fixation (CRIF) using Kirschner wires (K-wires). While exposed K-wires allow for simple hardware removal
and early mobilization, their use is traditionally associated with a higher risk of pin tract infections. There is
a lack of studies focusing exclusively on exposed K-wires in metacarpal fractures.

Methods A total of 134 patients who underwent CRIF with exposed K-wires for metacarpal fractures be-
tween January 2023 and March 2024 were retrospectively reviewed. After applying inclusion and exclusion
criteria, 118 patients were analysed. Demographics, fracture characteristics, complications, and follow-up
data were collected. Functional outcomes were assessed using the QuickDASH and the Michigan Hand
Outcomes Questionnaire (MHQ) before hardware removal.

Results Most patients were male, 88 (75%), with a mean age of 39.3 years. The little finger was the most
frequently injured, 71 (60%). In 102 (86%) cases, a single metacarpal fracture was observed. The average
number of wires used was 1.7, and hardware was removed after a mean of 40.1 days. The rate of pin tract
infection was <4%, all classified as superficial and managed conservatively. Only one case required reoper-
ation due to secondary displacement. The mean QuickDASH score was 25, and the average MHQ score was
70.15, indicating overall good functional and patient-reported outcomes.

Conclusion Exposed K-wire fixation for metacarpal fractures appears safe and reliable, with low compli-
cation rates and favourable patient-reported outcomes, supporting its use in outpatient pathways without

compromising safety.

Keywords: device-related infections, hand bones, retrospective studies, treatment outcome

INTRODUCTION

Fractures of the metacarpal bones account for approximately
10% of all fractures, constituting more than one-third of all
hand fractures (1). Most hand fractures can be treated conser-
vatively, provided they are stable and show minimal shorten-
ing or malrotation (2-4). Unstable, closed, and reducible meta-
carpal fractures can be effectively treated with Kirschner wire
(K-wire) fixation (5-6).

Closed reduction and internal fixation (CRIF) with K-wires
provide functional outcomes and complication rates compa-
rable to those of open reduction and internal fixation (ORIF)
using mini-plates (7). Both techniques are reliable and should
be chosen according to the fracture pattern and patients’ char-
acteristics (8).
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K-wire fixation offers minimal soft-tissue damage and has the
advantage of leaving the patient hardware-free after approxi-
mately 4 weeks (7). When used in fracture fixation, K-wires may
be left buried under the skin or left exposed outside the skin sur-
face. Buried wires reduce the risk of external contamination and
allow earlier dressing removal; however, their removal typically
requires an additional operating room procedure. In contrast,
exposed wires allow for simple outpatient removal and obviate
a secondary surgery, potentially facilitating early mobilization.
The main concern traditionally raised against exposed wires
has been pin tract infection, yet emerging data indicate that the
practical advantages of exposed K-wires may outweigh this risk,
especially in routine clinical settings (9-12).

Pin site infection is reported as the most common complication,
with a prevalence ranging from 4% to 20% (13-14). K-wire site
infections are typically managed with antibiotics and early pin
removal, though in some cases surgical debridement may be re-
quired (11). Several studies have attempted to determine wheth-
er this complication is more likely to occur when K-wires are
left exposed, but the debate remains open (9—11).

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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A recent prospective study found no statistically significant dif-
ference in infection rates between exposed and buried K-wires
for hand fractures, highlighting the practicality of exposed
wires for outpatient management without compromising safe-
ty (23). Available studies are not conclusive, either due to the
limited number of patients included (16,19) or, in comparative
studies (buried vs exposed), because of unbalanced group sizes
(10-11, 13). In other cases, the analysis was not confined to a
single anatomical region, thereby reducing the specificity and
applicability of the findings (11,13,17).

The aim of our study was to focus exclusively on metacarpal frac-
tures, analysing both the post-operative complication rate and pa-
tient-reported satisfaction in cases treated with exposed K-wires.

MATERIALS AND METHODS

Patients and study design

A total of 134 patients with metacarpal fractures treated with
closed reduction and internal fixation (CRIF) were retrospec-
tively identified at the Department of Orthopaedics and Hand
Surgery of the Policlinico Gemelli in Rome between 1 January
2023 and 1 March 2024.

Inclusion criteria were: patients of any age with one or more
metacarpal fractures, treated with CRIF using K-wires, min-
imum follow-up available until hardware removal (at least
30 days), and availability of a Quick Disabilities of the Arm,
Shoulder and Hand (QuickDASH) score (21). Exclusion cri-
teria were: fractures of other bones, hardware removal per-
formed at another institution, neurological impairments or any
other neuromuscular conditions.

Patient age, gender, comorbidities, and date of primary surgery
were recorded. Surgical indication, fracture location, K-wire
placement, number of K-wires, and date of removal were col-
lected through chart review, together with postoperative com-
plications such as pin tract infection, secondary displacement,
and the need for reoperation, which were systematically as-
sessed at scheduled follow-up visits.

Patients completed the QuickDASH score (21) and the Mich-
igan Hand Outcomes Questionnaire (MHQ) (18-22) either in
clinic or by phone, referring to the period prior to hardware
removal. Both instruments were selected because they are val-
idated outcome measures for upper limb musculoskeletal con-
ditions, providing reliable and reproducible data on function
and patient-reported satisfaction.

The study was conducted in accordance with the ethical stan-
dards of the 1964 Declaration of Helsinki and its later amend-
ments. Informed consent for data collection and analysis was
obtained from all patients involved.

Methods

Surgical procedure. Surgery was performed by experienced
orthopaedic surgeons from the same team. All patients re-
ceived a single dose of intravenous cefazolin (2 g) 30 minutes
prior to surgery. The surgical field was prepared and draped
under sterile conditions.

The standard procedure consisted of closed reduction. In cases
where closed reduction was not feasible or extremely difficult,
a small incision cantered over the fracture site was made to
perform a mini-open reduction. Internal fixation was achieved
using K-wires of various diameters (ranging from 1.2 mm to
1.8 mm), under fluoroscopic guidance.

Cruciani et al. K-wire fixation in metacarpal fractures

For fractures involving the head, diaphysis, and distal metaph-
ysis, K-wires were inserted in a proximal-to-distal direction.
For fractures of the base, with few exceptions, wires were in-
serted retrograde.

The wires were left exposed in all cases and bent at right angles
near the skin surface to prevent migration and to create a ten-
sion-free interface between the skin and the K-wire. The exposed
segment of wire was covered with diluted povidone-soaked rib-
bon gauze, and a light dressing was applied, leaving the meta-
carpophalangeal (MCP), proximal interphalangeal (PIP), and
distal interphalangeal (DIP) joints free to move (Figure 1, 2).

Figure 1. Intraoperative image demonstrating exposed
Kirschner wire fixation for metacarpal fracture (Department
of Orthopaedics and Hand Surgery, Fondazione Policlinico
Universitario A. Gemelli IRCCS, 2023)

Figure 2. Postoperative view of the hand dressing (Department
of Orthopaedics and Hand Surgery, Fondazione Policlinico
Universitario A. Gemelli IRCCS, 2023)

Postoperative care. No antibiotics were administered during
the standard postoperative period. Patients were instructed to
maintain the dressing clean and dry, and were advised against
changing it at home. No sutures were placed, except in cases
where open reduction was required. All patients were evalu-
ated in the clinic at 7 and 30 days postoperatively with X-ray
imaging. An additional (intermediate) X-ray was requested for
patients at risk of secondary fracture displacement.
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The dressing was not changed until the day of hardware re-
moval, unless clinical signs of infection were present or the
dressing became soiled. Infection was defined clinically as er-
ythema, tenderness of the surrounding soft tissues, or purulent
discharge at the pin site. K-wire removal was performed be-
tween four and six weeks postoperatively.

The QuickDASH (21) is a shortened version of the original
DASH Outcome Measure, consisting of 11 items (instead of
30 originally). It is designed to assess physical function and
symptoms in individuals with upper limb musculoskeletal
disorders. We used the Italian version of the MHQ (18, 22).
The MHQ is a self-administered questionnaire composed of
six subscales: overall hand function, activities of daily living,
work performance, pain, aesthetics, and patient satisfaction.
Items are rated on a 5-point scale, ranging from 1 (very good)
to 5 (very poor). The scores are then converted to a 0—100
scale, where higher values indicate better hand function and
greater patient satisfaction.

Statistical analysis

Data were analysed using descriptive statistics. Continuous
variables were reported as means with standard deviations,
while categorical variables were expressed as percentages.
These methods were chosen to provide reliable and transpar-
ent reporting of clinical outcomes and to ensure comparability
with previous studies on hand fractures.

RESULTS

Actotal of 118 patients (out of 134) with surgically treated meta-
carpal fractures were ultimately included. Five patients were
excluded due to loss to follow-up or incomplete documenta-
tion. Two patients presented with neurological impairments,
while three could not be reached by phone, preventing collec-
tion of the QuickDASH and MHQ scores. Six patients reported
concurrent major trauma and were therefore excluded.
Eighty-eight (75%) patients were male. The mean age at the
time of injury was 39.26 years (range: 14-82).

The right-to-left ratio of injured hands was 7:3; however, data
on hand dominance were not collected.

The most frequently injured finger was the little finger, in-
volved in 71 (60%) cases. Ring finger injuries accounted for
20 (17%), index finger for 15 (13%), and middle finger for 14
(12%). The remaining 11 (9%) cases involved the thumb.

In 102 (86%) patients, a single metacarpal bone was fractured;
in the remaining cases, two or more digits were affected.

The mean number of K-wires used was 1.7. Hardware removal
was performed at a mean of 40.1 days postoperatively (Table 1).
Infection was observed in fewer than 4% of cases (4/118), all
of which were characterized by soft tissue redness at the pin
site with serous or purulent discharge. In one case, the fracture
was open, while another patient presented with an extreme-
ly deteriorated and dirty dressing. One patient was 78 years
old; the others were under 60. None of them had comorbidities
known to increase infection risk, such as diabetes.

In all cases, the infection resolved with empiric antibiotic ther-
apy (amoxicillin/clavulanic acid at standard dosage) and early
hardware removal, followed by immobilization until complete
healing was achieved. In all cases of infection, microbiologi-
cal cultures were obtained from the pin tract. Staphylococcus
aureus was identified as the causative pathogen in each case.
Loss of reduction occurred in only one patient (<1% of the
cohort), requiring reoperation and new reduction.
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Table 1. Characteristics of 118 patients with surgically treated
metacarpal fractures

Variable

39.26 (14-82+14.5)
No (%) of patients

Mean age (range+SD) (years)

Gender

Male 88 (74.6)
Female 30 (25.4)
Number of metacarpal fractures

Single 102 (86.4)
Multiple 16 (13.6)
Distribution by digit

I° MC 11 (9.3)
11° MC 15 (12.7)
11° MC 14 (11.9)
Ve MC 20 (16.9)
VeMC 71 (60.2)
Mean days before wire removal 40.1
Mean MHQ score 70.15
Mean QuickDASH score 25

In five patients, hardware removal was delayed due to slow
fracture healing.

No cases of malrotation or unacceptable shortening were re-
ported.

The mean QuickDASH score was 25, which corresponds to
mild residual disability, indicating that patients were able to
resume most daily-life activities with only minor limitations.
The mean MHQ score was 70.15, reflecting good perceived
function and high patient satisfaction. It should be noted that
some questionnaire items were not entirely applicable to our
patient population. Specifically, questions related to heavy ac-
tivities (such as opening jars, carrying bags over 10 pounds) or
washing could not be properly answered, as patients had been
instructed to avoid such tasks during recovery. Conversely,
patients engaged in office-based work reported being able to
attend their workplace or work remotely (Table 2).

Table 2. Postoperative complications in 118 patients

Complication No (%) of patients
Superficial infections 434

Deep infections 0(0)
Reintervention 1 (0.85)

Loss of reduction 1(0.85)
Hardware removal after expected period 5(4.2)

DISCUSSION

This retrospective study was designed to confirm the reliabil-
ity and safety of exposed Kirschner wires in the treatment of
metacarpal bone fractures. The main focus was to debunk the
idea that associates exposition of wires and higher pin-relat-
ed infection (19). Most studies supporting high infection risks
analyse distal radius fractures with longer hardware removal
time (14,16,19) and do not take into account data regarding ex-
clusively metacarpal bone fractures (13, 17, 19). Many studies
compare the complications and infection rates between bur-



ied and exposed K-wires but most of the time there is unbal-
ance between the two groups in favour of exposed K-wires
(10,11,13). Some authors pointed out that despite the wide-
spread use of K-wires for their ease and low cost, the risk of
pin site infection remains a relevant issue, particularly when
wires are left exposed, and current evidence does not clearly
favour one technique over the other (15).

Our study aimed to provide a focused analysis of metacarpal
bone fractures trying to give a clear overview on the compli-
cations of the treatment with exposed K-wires. Compared to
previous reports in the literature, the demographic data we
collected are overlapping. The first difference we noticed is
the average hardware removal time. We recorded an average
time of 40.05 days, which is higher than what is reported in
literature (16, 19-20). These findings are favourable, as we
observed a lower infection rate despite an extended hardware
retention period. As regards infection, we recorded a rate of
<4% of infection of the pin tract and all of them were superfi-
cial infections caused by the isolated pathogen Staphylococcus
aureus. These data recall the lower end indicated in literature;
the highest reported infection rate for exposed K-wires is 20%
(14,19). However, this figure is not specific to metacarpal frac-
tures and may therefore be biased. In other studies, focusing
more specifically on the use of exposed K-wires in phalangeal
and metacarpal fractures, the reported infection rate was 6.5%
(13,17), which is more consistent with our findings.

One of the biggest advantages of K-wires is the possibility
to perform hardware removal quickly. K-wires are usually
removed in outpatient consultations. Reasons for reinterven-
tion could be unacceptable or loss of reduction, infection or
difficult removal outside the operating room. While the first
two complications are less likely in phalangeal and metacarpal
fractures, the removal of buried K-wires can be challenging
in an outpatient setting. According to Hargreaves et al. (19),
up to 18% of buried K-wires require removal in the operating
room, compared to exposed wires which are typically removed
in clinic. In our series, only one patient required reintervention
due to secondary loss of reduction.
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One of the advantages of buried K-wires is the possibility to
leave the hand free of dressing. Our personal preference when
using exposed K-wires is to leave a soft dressing with the wrist
and the metacarpal-phalangeal joints free until removal. In this
way the patient is free to move immediately.

However, micromotion between the wire and the soft tissue
interface may lead to excessive soft tissue injury, potentially
resulting in deep-seated infections around the buried metacar-
pal wires, so it is important to properly bend the wires and
cover them with abundant dressing. Patients are educated to
perform finger exercises, so that mobility will be almost at full
ROM after hardware removal, and to use the hand for basic
daily life activities. We decided to administer our patients both
QuickDASH and MHOQ to prove that even with K-wires they
could manage basic daily life activities. As expected, all items
related to strength and work-related activities received lower
scores, given the activity restrictions imposed during the re-
covery period.

This study has some limitations, including the relatively small
sample size, the retrospective design, and the absence of a con-
trol group treated with buried K-wires.

In conclusion, our results provide clinically relevant data, since
no previous study has focused exclusively on metacarpal frac-
tures treated with exposed K-wires. For surgeons, these find-
ings highlight that exposed K-wire fixation can be considered
a safe and effective option, especially in cases where outpa-
tient management and simple hardware removal are desirable,
without increasing the risk of severe complications. Future
prospective and multicentre studies, ideally randomized and
comparing exposed and buried techniques under uniform con-
ditions, are needed to confirm these observations and to estab-
lish standardized treatment protocols.
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A useful surgical landmark for the trapezio-scaphoid joint
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ABSTRACT

Aim Unintended scaphoid excision is a rare but serious complication that can occur during surgical proce-
dures involving the trapezium, including but not limited to trapeziectomy. Although prosthetic replacement
is increasingly favoured in the treatment of rhizarthrosis, trapeziectomy (with or without ligamentoplasty)
remains a widely used and effective option. To reduce the risk of inadvertently removing the scaphoid, we
rely on the anatomical intersection between the radial artery branch and the first dorsal compartment tendons
as a landmark for identifying the scapho-trapezial joint.

Methods In our institution, Policlinico Universitario A. Gemelli IRCSS, we have been using a simple land-
mark to identify scapho-trapezial joint to teach residents: during surgery, after isolating the radial artery, a
16G needle is inserted at the intersection of the extensor tendons and the radial artery branch, followed by
fluoroscopy to confirm needle placement in the scapho-trapezial joint. Patients were classified according to
Eaton-Littler classification and the accuracy of the landmark was then assessed among groups.

Results So far we used the landmark on 212 patients. The distribution by Eaton-Littler stage was: 11 stage
1, 63 stage 2, 79 stage 3, and 33 stage 4. The reference point was accurate in 178 cases. No significant dif-
ferences were found by sex or between stages 1, 2 and 3. However, accuracy in stage 4 was significantly
lower (p<0.00001).

Conclusion Our results confirm reliability of this reference point, particularly in stages 1-3. While useful in

stage 4, additional caution is required due to slightly reduced precision.
Keywords: C05 musculoskeletal diseases, EO1 diagnosis, E04 surgical procedures

INTRODUCTION

Rizharthrosis, or thumb basal joint arthritis, is a pathology that
involves the thumb’s base joint (carpometacarpal joint; CMC
joint). Rhizartrhrosis usually advances over time as the joint
cartilage begins to degenerate, although some cases may stem
from previous injuries or inflammatory processes (1).

The thumb basal joint is the second most frequent location of
osteoarthritis (OA) in the hand after the distal interphalange-
al (IP) joint of the forefinger with radiographic manifestation
in almost 40% of females by age 80 (2). The female sex is a
consistent risk factor for thumb CMC OA as it the likely out-
come of increased ligamentous laxity (3-4). Other contributing
factors are genetic, environmental, and preexisting comorbid
conditions (5).
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Alterations in the clinical presentation may occur in varying
degrees of severity as the disease is not always clinically ev-
ident (6). Symptoms increase in severity with activities de-
manding a pinching or gripping action like signing, fetching,
or jar opening (7-8). Examination of the thumb shows first
metacarpal adduction with accompanying metacarpophalange-
al (MCP) hyperextension compensatory deformity (9).

The CMC grind test is mostly the one test performed to confirm
the diagnosis (10).The diagnosis of rhizarthrosis relies mainly
on clinical assessment combined with the patient’s history, and,
in some cases, X-rays are needed. Characterization is usually
done by standard radiographs including postero-anterior (PA)
view, lateral, and oblique views of the hand and wrist. CT scans
are not in daily based diagnosis but can be useful for challenging
pre-operative planning situations (12). Several classifications
exist for describing arthritis of the thumb’s basal joint using
X-ray, with the most popular being Eaton-Littler’s (12).

Treatment options for rhizarthrosis aim to alleviate pain, im-
prove function, and slow down the progression of joint dam-
age. Conservative treatments may include activity modifica-
tion, splinting, pain medications and corticosteroid injections

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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to reduce inflammation (13). Occupational therapy can also be
beneficial for strengthening the surrounding muscles and im-
proving thumb mobility (14).

In cases where conservative measures are ineffective, surgi-
cal intervention may be considered. Surgical options for rhi-
zarthrosis include trapezial excision with or without ligament
reconstruction, arthroplasty (joint replacement), arthroscopy,
or arthrodesis (joint fusion), depending on the severity of the
condition and the patient’s individual needs (15).

The main procedure performed at our centre is trapeziectomy
with tendon interposition. The main aim of the ligament recon-
struction and tendon interposition (LRTI) is the reconstruction
of anterior oblique ligament by using half of flexor carpi radia-
lis tendon or abductor pollicis longus tendon. The key points of
this surgery are the identification and protection of radial artery
and the correct excision of the trapezium. In case of severe al-
ternation of normal anatomy the joint line might not be clearly
recognizable (16).

For patients undergoing surgery, complications such as infec-
tions, nerve or tendon injury, stiffness, joint instability, and
reduced strength are well-recognized (17). However, among
these, one particularly serious and underreported complication
that deeply concerns especially young surgeons during their
initial procedures is the incorrect removal of the scaphoid in-
stead of the trapezium (18). This mistake can lead to severe
functional impairment, prolonged disability, and complex re-
vision surgeries (19).

Given the catastrophic consequences of scaphoid excision, the
identification of a reliable and reproducible anatomical landmark
to accurately locate the scapho-trapezial space is essential. Ac-
cording to Caggiano et al. (18), a clear intraoperative reference
can drastically reduce this risk. In our experience, the intersec-
tion between the first extensor compartment tendons, abductor
pollicis longus (APL) and extensor pollicis brevis (EPB) and the
branch of the radial artery corresponding to the scapho-trape-
zial joint provides a highly dependable landmark. This landmark
plays a critical role in guiding the surgeon, especially when pro-
gressive rhizarthrosis leads to distorted anatomy, altered bony
landmarks, and extensive osteophyte formation, which can oth-
erwise make the joint line difficult to discern (16).

By using this vascular-tendinous intersection as a reference point,
surgeons can enhance the precision of trapeziectomy, avoid the
devastating error of scaphoid removal, and ultimately improve
surgical safety and patient outcome, as this reference is highly
patient-specific beyond any geographic and environmental influ-
ence (18-19).To the best of our knowledge, there are no articles
in the literature that describe a landmark meeting these require-
ments. The aim of this study is to define and validate a repro-
ducible vascular—tendinous intraoperative landmark for precise
identification of the scaphotrapezial (ST) joint during trapeziec-
tomy for thumb CMC osteoarthritis, and to evaluate its reliability,
accuracy, and safety in patients with basal thumb arthritis.

PATIENTS AND METHODS

Patient and study design

The landmark has been used in our institution, Policlinico Ge-
melli, Rome, Italy as teaching support for residents for about
3 years. Surgeries were performed on patients recruited from
the hand surgery outpatient clinic on the Policlinico Gemelli
Campus from 1 April 2021 to 1 April 2024.
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Patients were considered eligible for landmark evaluation in
case of: radiographic diagnosis of rhizarthrosis in any stage
and indication to surgical treatment by trapeziectomy with or
without tenoplasty. Patients younger than 45, with anatomical
variations (such as trapezium dysplasia, presence of superficial
dorsal branch of the radial artery, abductor pollicis longus in-
sertion over the trapezium), history of previous hand surgeries
as previous first metacarpal fractures or De Quervain syndrome
surgery, vascular or nerve disorders (e.g. peripheral microvas-
cular impairment and polyneuropathy), and history of treatment
with injection therapy were not tested for the landmark.

The study complies with national ethical standards and the
Declaration of Helsinki. According to institutional protocols,
each patient was given informed consent for surgery and for
the collection of clinical data for scientific purposes at admis-
sion and before the surgery.

Methods

The evaluation process begins with taking a thorough patient
history, followed by a physical exam. Standard imaging is then
performed using X-rays in both anteroposterior (AP) and later-
al views, with particular focus on the trapeziometacarpal joint
to check for signs of arthritis or degenerative changes. When
indicated, additional X-rays of the base of the thumb are taken
to get a clearer picture of joint alignment, especially in cases
involving subluxation or the presence of osteophytes.
Surgeries were performed under locoregional anaesthesia with
a tourniquet applied to the proximal upper arm. The classic
surgical approach for performing trapeziectomy was used,
with a longitudinal incision of approximately 4 cm at the base
of the thumb. During the surgical approach for trapeziectomy,
once the radial artery was freed, all patients had a 16G needle
inserted into the capsule at the intersection between the ex-
tensor tendons of the first compartment and the branch of the
radial artery (Figure 1).

Figure 1. Image showing a 16G needle inserted at the
intersection between the extensor tendons of the first
compartment and the deep branch of the radial artery (property
of Camillo Fulchignoni, 2024)

A fluoroscopic image (in Kapandji projections — antero-pos-
terior and lateral) was taken to confirm that the needle was
correctly placed in the scapho-trapezial joint (Figure 2).
Selected patients were divided into 4 groups according to Ea-
ton-Littler classification, as described in Table 1 (12).



Figure 2. Fluoroscopy image showing the needle placed in the
scapho-trapezial joint (property of Camillo Fulchignoni, 2024)

Table 1. Eaton-Littler classification

Eaton Littler’s .
Grade Definition
Normal or slightly widened joint space (synovitis/
Grade | laxity), no osteophytes, minimal/no subluxation
(< of the metacarpal base
Mild joint-space narrowing, early subchondral
Grade II sclerosis/cysts, osteophytes <2 mm, subluxation
still <'4
Marked narrowing of the CMC joint, prominent
Grade III sclerosis/cysts, osteophytes >2 mm, and
subluxation >'; of the metacarpal base
Criteria of Stage III plus degenerative changes
Grade IV of the scaphotrapeziotrapezoid (STT) joint (pan-

trapezial involvement)

Statistical analysis

The reliability of the landmark was presented as raw numbers
and corresponding percentages to provide a clear overview of
its consistency across observations. To evaluate the signifi-
cance of changes in the distribution of bounded scores among
the different groups (or stages), a two-sided y2 test was em-
ployed, with the significance threshold set at a=0.05. Categor-
ical data are reported as n (%) with 95% confidence intervals
(CI) for proportions (Wilson).This statistical approach was
chosen due to its suitability for categorical data and its ability
to detect differences in frequency distributions between inde-
pendent groups. All statistical analyses, including the calcula-
tion of observed and expected frequencies, as well as p-values,
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were performed using Microsoft Excel 2003, which allowed
for the organization, tabulation, and comparison of data in a
structured format.

RESULTS

In the selected period of time, surgery was performed on 212
patients, of which 186 were tested for the landmark (Figure 3).
A total of 127 patients were female (59.9%) and 59 (40.1%)
male; the average age was 67.

Patients were allocated to groups according to the Eaton—Lit-
tler stage (12) determined on pre-operative radiographs. Two
trained hand surgeons independently graded the images blind-
ed to intraoperative findings and outcomes; disagreements
were resolved by consensus. At the moment of selection, 11
patients presented with grade 1 tapezio-metacarpal (TM) ar-
throsis (six-females and five males). In all cases (100%) the
intersection between the first extensor channel and the deep
branch of the radial artery corresponded to the scaphotrapezial
joint. The same rate was recorded for 63 patients in grade 2 (45
females and 18 males). Our landmark came up less accurately
in patients belonging to grande III and I'V (98.7% and 78.8%).
Gender and age were not significantly associated with land-
mark accuracy or with disease grades I, II, and I1I. A significant
difference between the accuracy of the landmark in the first
three grades and grade IV was found (p<0.00001)

212 trapeziectomies

6 anatomical variations
Exclusion criteria:
< 45 years old
anatomical variations
history of hand surgery
vascular or nerve disorders
infection
injection therapy

l

186 eligible patients

15 injection therapy

5 history of hand surgery

Figure 3. Flowchart showing patients selection

Table 2. demographic data and landmark accuracy

Eaton Littler’s  No (%) of Accuracy

Grade patients Female Male (%) (CI)
Grade 1 11 6 5 100

ade (5.91%)  (54.54%) (45.45%) (74.1—100)
63 45 18 100

Grade II (33.87%)  (71.42%) (28.57%) (94.3-100)
79 56 23 98.7

Grade [T (42.47%)  (70.88%) (29.11%) (93.2-99.8)
33 20 13 78.8

Grade IV (17.74%)  (60.60%) (39.39%) (62.2-89.3)

* Percentages by gender are calculated relative to each group’s sample size
(group n), not the overall cohort — CI = confidence interval
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DISCUSSION

Trapeziectomy is the most performed surgery for arthritis of
the trapeziometacarpal joint, both alone or followed by a sus-
pension arthroplasty. Trapeziectomy has traditionally been the
operation of choice after conservative failure, first performed
in 1948 (19), and has since been modified to prevent excessive
thumb shortening (20). The main complications of this tech-
nique are lesions of the dorsal branch of the radial nerve and
lesions to the deep branch of the radial artery (21). The first
step of this procedure is to identify these structures and protect
them throughout the whole surgery. Despite appearing to be an
easy and standardized procedure for expert surgeons, young
surgeons and trainees might find it hard to identify the articular
space, especially in cases of severe arthritis and dysplasia of
the trapezium. According to Caggiano et al. (19), taking out
the wrong bone in hand surgery is not so uncommon. The most
commonly incorrectly excised bone is the scaphoid, with the
most common reasons being inadequate visualization or in-
adequate localization (18-19). Our landmark could effectively
solve part of this problem as it presents an easy and reproduc-
ible way to localize the articular line between scaphoid and
trapezium.

From an educational standpoint, especially for junior surgeons,
a consistent land-mark simplifies the process of learning tra-
peziectomy and builds confidence. However, it is also critical
to acknowledge that anatomical landmarks can be influenced
by individual variations, such as a bifurcation of the radial ar-
tery or an atypical split in the abductor pollicis longus tendon
(22-23). In rare scenarios where the artery or tendon distribu-
tion is aberrant, relying solely on this landmark might lead to
inaccuracies, underscoring the importance of always corrobo-
rating with visual inspection and imaging (24).

Our results confirm its reliability with an overall 95.7% accu-
racy that reaches 100% in grades I and II and 98.7% in grade
III. These data lead us to affirm that the crossing of the first
extensor channel and the deep branch of the radial artery is
a true landmark for the articular space between scaphoid and
trapezium. The lowest accuracy rate of 78.8% was recorded in
grade IV patients, probably due to the severe dysplasia and de-
generation of the trapezium, which alters the normal anatomy
of the thumb. Moreover, the subluxation of the joint, the severe
narrowing of the articular space, and the presence of sclerosis
also at the scaphoid-trapezium joint constitute more elements
disrupting the normal anatomy (11).

Despite some known anatomical landmarks that present differ-
ences between females and males (25), our landmark does not
rely on gender or age.

To our knowledge, no other landmark has been described in
this regard. The only study we found related to thumb anatomy
discusses the anatomical course of the deep branch of the ra-
dial artery to identify and protect it during the procedure (26).
Although the mean distance between the radial artery and the
scaphoid-trapezium joint line is useful for predicting the ar-
tery’s location and avoiding iatrogenic injury, it provides lim-
ited assistance in identifying the joint space. Another point in
favour of our study is that it was conducted in vivo, while the
study of Yildirim et al. (27) was entirely on cadavers.

An interesting observation was that, in the few cases requir-
ing multiple needle placements, osteophytes around the trape-
zium were notably large or the joint surface was extensively
degenerated. In such instances, small changes in needle angle
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improved landmark accuracy. Beyond the primary outcome of
correct needle placement, we noted minimal differences in op-
erative time among the different disecase stages, though slightly
longer surgeries were required in advanced cases due to the
challenges posed by more deformed anatomy. No instances of
inadvertent scaphoid removal were documented in this cohort,
suggesting that integrating this reference point into the surgical
workflow may enhance overall safety. A key contribution of
our study is that the landmark we validate is patient-specif-
ic: it relies on the radial artery within the APL-EPB interval
as it crosses the scaphotrapezial level—anatomical structures
identified in vivo for each individual. Unlike protocol- or re-
source-dependent approaches (e.g., routine fluoroscopy or
centre-specific navigation aids), this strategy does not depend
on location, surgeon training pathway, or equipment and, by
design, does not rely on patient sex, ethnicity, or age. In practi-
cal terms, a patient-specific landmark can standardize a critical
step—localizing the joint line—across diverse settings, there-
by reducing the scope for geography-driven or ethnicity-linked
variability in technical accuracy.

In our cohort, landmark accuracy was consistently high across
disease stages I-III and only declined in stage IV, where ex-
treme deformity can obscure any bony cue; this pattern sup-
ports the notion that biologic, patient-level anatomy rather
than external context primarily governs success. While broader
treatment outcomes may still be influenced by access, reha-
bilitation, and social determinants, the intraoperative risk we
target—wrong-bone excision—can be materially reduced by
a patient-specific technique that is reproducible regardless of
where or in whom the surgery is performed.

The principal limitations of our study include the relatively
small proportion of stage IV cases, as well as the overall dis-
tribution of patients across the four Eaton-Littler grades. Ad-
ditionally, our patient cohort was derived from a single institu-
tion, which might impact the generalizability of our findings.
Future multicentre research involving a larger number of high-
grade rhizarthrosis cases could provide a more robust valida-
tion of the landmark’s accuracy. Similarly, the potential influ-
ence of anatomical variations or concurrent pathologies, such
as longstanding rheumatoid arthritis, on this landmark remains
an area ripe for further inquiry. Investigations combining ultra-
sound imaging or three-dimensional intraoperative navigation
could also shed more light on the interplay between soft tissues
and bony landmarks in advanced osteoarthritic conditions.

In conclusion, the intersection of the first extensor compartment
tendons and the deep branch of the radial artery is a reliable in-
traoperative landmark for identifying the scapho-trapezial joint,
particularly in early to moderate rhizarthrosis. Our results show
high accuracy of the patient-specific landmark across disease
stages I-11I (and a measurable drop in stage IV). This supports a
stage-aware operating protocol that standardizes joint-line iden-
tification while acknowledging when escalation is prudent: if the
landmark is uncertain or distorted (osteophytes, gross sublux-
ation), pause and corroborate with fluoroscopy (or ultrasound, if
available). To collect further data and try to make the landmark
reliable in more advanced stages, operating room feedbacks
could be taken into account: (a) landmark identification rate, (b)
time-to-exposure, (c) reliance on intraoperative imaging, (d) ar-
terial/tendon injuries, (¢) rate of wrong-bone excision (goal: 0 per
1,000 cases). A simple, patient-specific landmark combined with
a stage-aware safety algorithm provides an immediate, scalable
method to reduce technical disparities—independent of geogra-



phy, equipment, or patient ethnicity. Policy support (guidelines,
training, reporting, rehab access) can amplify this effect, convert-
ing a procedural insight into the system-level improvement.
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The effect of liquid nitrogen exposure on the proliferative
phase of Achilles tendon healing in Rattus norvegicus rats

Istan Irmansyah Irsan', Edi Mustamsir!, Panji Sananta', Satria Pandu Persada Isma', Dandy Drestanto Adiwignyo',
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ABSTRACT

Aim Tendon healing involves a crucial proliferative phase, during which fibroblasts and fibrocytes orches-
trate collagen deposition. The use of liquid nitrogen (LN) in orthopaedic oncology may inadvertently affect
adjacent tendon tissues. This study aimed to evaluate the impact of LN exposure on the histological features
of tendon healing.

Methods This experimental study employed a randomized post-test-only control group design involving 24
males Rattus norvegicus, randomly divided into four groups: control (no LN exposure) and three treatment
groups exposed to LN for 1, 5, and 10 minutes, respectively, following Achilles tendon transection and re-
pair. After a 21-day healing period, histological analysis was performed to assess the counts of fibroblasts,
fibrocytes, and collagen content. Statistical analyses included one-way ANOVA, Post-hoc Tukey, and Pear-
son correlation (p<0.05 was considered significant).

Results LN exposure significantly reduced fibroblast, fibrocyte, and collagen levels compared to controls
(p<0.05). The 10-minute group showed the lowest counts. A significant negative correlation was found be-
tween LN immersion duration and the number of fibroblasts (r=-0.87), fibrocytes (r= -0.829), and collagen
content (r= -0.83) (p<0.05).

Conclusion Liquid nitrogen (LN) impairs tendon healing in a dose-dependent manner, likely due to cryo-in-
duced cell death and disruption of blood flow. This results in an acellular and avascular tendon matrix, hin-
dering the repair process. LN exposure negatively impacts the proliferative phase of tendon healing in rats,
suggesting the need for caution in clinical use to prevent damage to surrounding tendinous tissues.
Keywords: Achilles tendon, cryosurgery, fibroblasts, tendon injuries, wound healing

INTRODUCTION

Tendon injuries heal through a coordinated process of inflam-
mation, proliferation, and remodelling (1). In the proliferative
phase of tendon healing, which occurs in the weeks following
injury, fibroblasts actively proliferate and synthesize collagen
to form the reparative scar tissue bridging the tendon ends.
These fibroblasts eventually mature into fibrocytes as the tis-
sue organizes and remodels. This cellular activity is crucial for
the proper repair and restoration of tendon function (2).

A challenge in tendon healing arises when cryotherapy is used,
particularly liquid nitrogen (LN) exposure, which is commonly
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employed in orthopaedic oncology to treat bone tumours (3).
The LN, with its temperature reaching -196 °C, is used to induce
deep tissue freezing and tumour cell necrosis. While effective
in destroying cancerous tissue, LN exposure is not selective to
tumour cells and can also damage surrounding healthy tissues,
including tendons (4). A prior study demonstrated that LN expo-
sure to bone causes total devitalization of bone cells (osteocytes,
osteoblasts, osteoclasts) (5). However, the mineralized matrix
remains to serve as a scaffold for new cell ingrowth. In bone, this
allows a gradual regenerative process known as creeping sub-
stitution to restore the tissue despite the initial cell loss. Tendon
tissue, on the other hand, is less mineralized and more avascular,
raising the concern that LN exposure could severely impair its
intrinsic healing capacity (6).

Tendon healing may be particularly vulnerable to cryo-induced
cell loss. If LN eradicates tendon cells (tenocytes/fibroblasts),
healing would have to rely entirely on extrinsic cell infiltration
from surrounding tissues, a slower and less effective mech-
anism (7). This raises the question of whether LN exposure

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

206



leads to complete tendon devitalization, or if some tendon cells
can survive cryotherapy and contribute to healing. Despite its
clinical applications in orthopaedic oncology, the unintended
effects of LN on tendon healing have mainly been understud-
ied. To date, few studies have specifically explored the impact
of cryosurgery on tendon structure and its healing process (8).
The aim of this study was to evaluate the effects of liquid ni-
trogen exposure on the proliferative phase of tendon healing,
focusing on the Achilles tendon in a rat model, as well as to
assess three key parameters of healing tissue quality: fibroblast
count, fibrocyte count, and collagen content. Through this in-
vestigation, we aim to understand how LN affects tendon re-
pair and potentially guide future cryosurgical practices to min-
imize unintended tendon damage.

MATERIALS AND METHODS

Materials and study design

This experimental study employed a randomized post-test-only
control group design to assess the effects of liquid nitrogen (LN)
exposure on Achilles tendon healing in Rattus norvegicus.
Six-month-old Rattus norvegicus, weighing approximately
500 grams, with no disabilities in their extremities and active-
ly moving, were included in the study. They were chosen to
ensure that the animals were in their adult stage, thus provid-
ing mature tendon tissue for evaluation, which closely mimics
human tissue in orthopaedic research. Rats with pre-existing
infections, disabilities in the extremities, and those experienc-
ing compartment syndrome were excluded from the study. The
rats were housed under controlled laboratory conditions with
a 12-hour light/dark cycle and free access to food and water.
The sample size was determined using Federer’s formula (9)
for calculating the required sample size for each group as fol-
lows:

(n-1)(t-1)=15

where: n = required sample size per group, t = number of treat-
ment groups

(n—-1)(4-1)=15
(n—1)(3) = 15
3n—332>15
3n>18

_18
=73

n=6

The number of treatment groups was four:

e Control Group: Rats underwent tendon transection, fol-
lowed by suturing. Tissue samples were then collected for
histopathological analysis after 21 days.

e Treatment Group | (labelled as P1): Rat tendons were
transected, followed by immersion in liquid nitrogen for
1 minute. The tendons were then sutured back, and a cast
was applied. Tissue samples were collected for histo-
pathological analysis after 21 days.

e Treatment Group 2 (labelled as P2): Rat tendons were
transected, followed by immersion in liquid nitrogen for
5 minutes. The tendons were then sutured back, and a

Irsan et al. Liquid nitrogen in tendon healing

cast was applied. Tissue samples were collected for histo-
pathological analysis after 21 days.

e Treatment Group 3 (labelled as P3): Rat tendons were
transected, followed by immersion in liquid nitrogen for
10 minutes. The tendons were then sutured back, and a
cast was applied. Tissue samples were collected for histo-
pathological analysis after 21 days.

The equation solving yields a required sample size of at least

six rats per group: 24 male Rattus norvegicus were involved

in the study.

Methods

The animals were acclimatized for 7 days in a controlled en-
vironment with ad libitum access to food and water. Anaes-
thesia was induced by administering ketamine (2 mg/kg body
weight) intraperitoneally, followed by prophylactic antibiotics
(cefazolin, 0.1 mg/kg) intramuscularly. The surgical site was
shaved, disinfected with betadine, 70% alcohol, and povi-
done-iodine, and covered with a sterile dressing. A 3 cm in-
cision was made along the skin to expose the Achilles tendon,
which was fully transected 3 cm above its insertion point on
the calcaneus. The tendon was then immersed in liquid nitro-
gen for 1 minute (P1), 5 minutes (P2), and 10 minutes (P3)
for the respective experimental groups. One group was not ex-
posed to liquid nitrogen and served as the control group. After
freezing, the tendon was sutured back into position using 6/0
monofilament and a Kessler technique (10), followed by skin
closure with 4/0 monofilament sutures. The animals were im-
mobilized with a plaster cast and allowed to heal for 3 weeks.
At the end of this period, tendon samples were collected for
histopathological examination.

After a 21-day healing period, the tendon tissues were harvest-
ed and immediately fixed in 10% formaldehyde. The samples
were then processed for histological evaluation, with a focus
on fibroblast, fibrocyte, and collagen content. The tissues were
stained using Hematoxylin and Eosin (H&E) to assess gener-
al tissue structure, and Masson’s Trichrome staining to evalu-
ate collagen content. For each tendon sample, 20 high-power
fields (1000 magnification) were examined using an Olympus
BX-51 microscope (Olympus Corporation, Tokyo, Japan).

Statistical analysis

Statistical analysis was conducted using one-way analysis of
variance (ANOVA) to compare differences between the exper-
imental groups. ANOVA was used to determine if there were
any statistically significant differences in fibroblast count, fi-
brocyte count, and collagen content among the groups exposed
to different durations of liquid nitrogen. If significant differenc-
es were found, post-hoc Tukey tests were performed to iden-
tify which specific groups differed from one another. Pearson
correlation was used to assess the relationships between the
duration of LN exposure and the measured healing parameters,
providing insights into how the length of exposure affected the
healing process. A significance level of p<0.05 was considered
statistically significant for all analyses.

RESULTS

Tendon samples exposed to liquid nitrogen demonstrated mark-
edly impaired healing parameters compared to controls. All
LN-treated groups had significantly lower fibroblast counts, fi-
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Table 1. Fibroblast, fibrocyte, and collagen counts in tendon
samples exposed to liquid nitrogen for varying durations

Parameter N Mean (SD)
Fibroblast Control 7 138.14 (30.03)
P1 7 105.43 (22.48)
P2 7 67.57 (12.26)
P3 7 51.57 (25.69)
Fibrocytes Control 7 174.14 (36.70)
Pl 7 125.14 (24.46)
P2 7 73.14 (15.00)
P3 7 60.43 (14.79)
Collagen Control 7 157.00 (13.49)
P1 7 130.62 (11.79)
P2 7 122.30 (11.54)
P3 7 108.96 (8.69)

SD, standard deviation; N, number of the sample.

brocyte counts, and collagen content than the uninjured control
tendons p<0.05 for each). In the control group, histological anal-
ysis showed an average of approximately 138 fibroblasts and
174 fibrocytes per 20 high-power fields. In contrast, the group
exposed to LN for 10 minutes showed a drastic reduction, with
only approximately 51 fibroblasts and 60 fibrocytes remaining.
The 1-minute and 5-minute LN exposure groups had intermedi-
ate cell counts (approximately 105 and 67 fibroblasts; 125 and
73 fibrocytes, respectively), indicating a progressive decline in
cellularity with longer freeze duration (Table 1).

Collagen content in the tendon tissue also decreased corre-
spondingly as the LN exposure time increased (Figures 1, 2).
Statistical analysis confirmed that fibroblast count, fibro-
cyte count, and collagen content differences were significant
(p<0.05). Post-hoc Tukey tests (Table 2) revealed significantly
lower fibroblast and fibrocyte counts, as well as smaller col-
lagen areas in the LN-exposed groups (1, 5, and 10 minutes)
compared to the control group (p<0.05 for all comparisons).

Figure 1. Fibroblast (black arrow) and fibrocytes (red arrow) counts under 1000x magnification (Faculty of Medicine, Universitas

Brawijaya, 2025)

Vs

«| Group p3 [1#"
(10 MINS)

Figure 2. Collagen (black arrow) counts under 1000x magnification (Faculty of Medicine, Universitas Brawijaya, 2025)
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Table 2. Post-hoc Tukey tests for fibroblast, fibrocyte, and collagen counts across experimental groups

Group comparison FibroPlast p* Fibro'cyte p* Collagen p*
Average difference Average difference Average difference
P1 32.714 0.070 49.000 0.005 26.378 0.001
Control P2 70.571 0.000 101.000 0.000 34.703 0.000
P3 86.571 0.000 113.714 0.000 48.037 0.000
1 P2 37.857 0.029 52.000 0.003 8.325 0.540
P3 53.857 0.001 64.714 0.000 21.658 0.000
P2 P3 16.000 0.589 12.714 0.766 13.333 0.161

*statistical significance in bold.

Table 3. Pearson correlation analysis between liquid nitrogen
exposure duration and healing parameters (fibroblast, fibrocyte,
and collagen)

Variables Relationship r p*

Exposure duration — Fibroblast -0.829 0.000
Exposure duration — Fibrocyte -0.871 0.000
Exposure duration — Collagen -0.830 0.001

*statistical significance in bold;
r, correlation coefficient;

Pearson correlation analysis (Table 3) demonstrated strong
negative correlations between LN exposure duration and heal-
ing parameter: fibroblast count (r= —0.87; p<0.05), fibrocyte
count (r= —0.829; p<0.05), and collagen content (r= —0.83;
p<0.05), indicating that longer LN exposure was associat-
ed with progressively fewer tendon cells and lower collagen
deposition in the healing tissue.

DISCUSSION

The significant reduction in fibroblast and fibrocyte counts ob-
served in LN-exposed tendons indicates that liquid nitrogen
exposure severely impairs the proliferative phase of tendon
healing (11). Fibroblasts, responsible for synthesizing collagen
and forming the reparative matrix, are vital for tendon repair. A
drastic decrease in fibroblast numbers suggests that much less
collagen is produced, halting the normal healing process (12).
The parallel reduction in fibrocytes further indicates that the
overall cellularity of the healing tissue is diminished, which
likely leads to the formation of a weaker repair scar with infe-
rior biomechanical properties. This impairment could lead to
poor functional outcomes, as tendon repairs typically result in
fibrotic scar tissue that never achieves the strength of uninjured
tendon tissue (13-15).

The biophysical injury mechanisms of extreme cold on biolog-
ical tissues can explain the deleterious effect of liquid nitrogen
on tendon healing. At—196 °C, LN causes almost instantaneous
freezing of tissue fluid. Ice crystals form inside and outside
cells, rupturing cell membranes and organelles, which leads
to immediate cell death when a critical temperature threshold
is passed. Experimental cryobiology studies have noted that
cooling cells below roughly —40 °C results in irreversible cell
injury for nearly all cell types (16). In our context, immersion
of the Achilles tendon in LN would have rapidly brought the
tissue well below —40 °C, ensuring that the majority of resident
tendon cells (fibroblasts, tenocytes, and vascular cells) were
irreparably damaged. In addition to this direct cryogenic

cell destruction, the freeze-thaw process induces secondary
ischemic injury. As the frozen tendon thaws, microvascular
circulation may remain stagnant (vascular stasis) for some
time, leading to hypoxia and further cell death due to nutri-
ent deprivation (17,18). These processes likely explain the
significantly reduced population of fibroblasts and fibrocytes
observed in the LN-treated tendons.

From a clinical perspective, these results highlight significant
risks associated with LN exposure during cryosurgery. While
LN is effective for tumour ablation, its use in proximity to ten-
dons and other critical soft tissues should be approached with
caution (19). Unintended exposure of tendon tissue to LN during
procedures, such as tumour removal where tendons are nearby,
could lead to postoperative tendon damage and compromised
healing. Surgeons should consider protective measures (e.g.,
insulating tendons with gauze or limiting the spread of local
anaesthesia) and use the minimal effective freeze duration to
minimize collateral damage. Previous clinical observations have
reported complications, including non-union or pathological
fractures, when LN cryotherapy is used aggressively on bone,
highlighting the need to balance tumour control with preserva-
tion of healthy tissue (20,21). This study provides quantitative
evidence that tendon tissue is highly susceptible to LN-induced
freeze injury. Future research should focus on optimizing cryo-
surgery protocols, such as adjusting freeze times and developing
strategies to protect tendons, ensuring tumour destruction with-
out compromising tendon healing.

In conclusion, liquid nitrogen (LN) exposure impairs the pro-
liferative phase of tendon healing in a dose-dependent man-
ner. A significant decrease in fibroblast, fibrocyte, and collagen
content was observed with longer LN exposure times. These
findings underscore the importance of minimizing exposure to
adjacent tendons during cryotherapy to prevent significant ten-
don damage. Surgeons should carefully consider reperfusion
intervals and protective measures to limit the risks of ischemic
reperfusion injury and promote better functional outcomes
following orthopaedic procedures. Future research is needed
to assess biomechanical strength post-cryotherapy, as well as
the long-term effects of prolonged LN exposure, particularly
regarding its impact on tendon healing beyond the Achilles
tendon.
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ABSTRACT

Aim Recent studies challenge the initial belief that medial unicompartmental knee arthroplasty (UKA) is
contraindicated for patients with anterior cruciate ligament deficiency (ACLD) due to increased risk of
periprosthetic tibial fractures, revealing promising outcomes with advancements in surgical techniques and
patient selection. This study aimed to evaluate the outcomes of patients who received medial unicompart-
mental knee arthroplasty with anterior cruciate ligament deficiency.

Methods Five patients, aged 59-74, with knee pain, joint instability, and limited mobility, were treated for
medial compartment osteoarthritis and ACLD using an Oxford design mobile-bearing unicompartmental
knee prosthesis.

Results Medial UKA offers excellent clinical outcomes in ACL-deficient patients, improving knee function
and reducing pain. It challenges the traditional view of ACLD as a contraindication, preserving knee kine-
matics and offering enhanced postoperative recovery. Advances in surgical techniques and prosthesis design
expand their suitability.

Conclusion Medial UKA may be a viable treatment option for osteoarthritis patients with ACLD, potentially

offering an alternative to total knee arthroplasty.
Keywords: anterior cruciate ligament injuries, knee replacement arthroplasty, osteoarthritis

INTRODUCTION

Osteoarthritis is the most prevalent form of arthritis, account-
ing for 62% of all arthritic conditions globally between 2017
and 2018. It commonly affects the hands, hips, knees, feet, and
spine, making it a significant cause of disability among muscu-
loskeletal disorders. Since OA primarily impacts older adults,
approximately 70% of those affected are over the age of 55, the
global prevalence of OA is expected to rise as populations age.
Although OA typically begins in a person’s late 40s to mid-
50s, it can also affect younger individuals, particularly athletes
or those who have suffered joint injuries or trauma (1).

Osteoarthritis (OA), a prevalent and progressive musculoskele-
tal disorder, significantly affects weight-bearing joints, such as
the hips and knees, resulting in the structural deterioration of ar-
ticular cartilage, subchondral bone, and adjacent structures (2).
Joint cartilage degeneration and irregular bone formation cause
severe pain, functional disability, and limited mobility, impact-
ing 80% of affected patients and 25% experiencing complete
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incapacitation (3). Knee osteoarthritis (KOA), a global health
issue primarily affecting individuals over 50, has increased due
to obesity and aging populations, affecting around 250 million
people globally (4,5). KOA is categorized into primary and sec-
ondary types, with primary KOA originating from mechanical
stress, inflammation, and genetics, and secondary KOA linked
to trauma or congenital abnormalities (6).

Varus alignment, a key factor in medial compartment OA, alters
knee load distribution, leading to excessive stress and cartilage
wear. Anterior cruciate ligament insufficiency (ACLD) further
destabilizes the knee, exacerbating degenerative processes (7).
KOA diagnosis involves clinical evaluation, imaging, and lab-
oratory studies, with X-rays being the most commonly used
diagnostic tool. The Kellgren and Lawrence grading system
assesses severity, especially in advanced stages with severe
joint space narrowing (8).

Functional assessments, such as Knee Injury and Osteoarthritis
Outcome Score (KOOS) (9) and Lower Extremity Functional
Scale (LEFS) (10), are commonly used to evaluate patient out-
comes and monitor disease progression.

KOA treatment can involve non-surgical interventions or sur-
gical procedures, with total knee arthroplasty (TKA) being
the preferred method. Unicompartmental knee arthroplasty
(UKA), an alternative for isolated medial compartment OA,

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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has gained popularity (11). Historically, UKA was contraindi-
cated for patients with ACLD due to knee instability and tibial
fracture risk. However, recent advancements in surgical tech-
niques and prosthesis design have expanded its application to
ACL-deficient knees (12,13).

UKA, a minimally invasive alternative to TKA, was developed
by Ahlback in 1968. Early milestones included McIntosh and
Hunter’s unicompartmental arthroplasty in 1954, McKeever’s
tibial prostheses in the 1960s, and the St. Georg Sled in the
1970s. However, concerns about survivability, patient selec-
tion, and technology remain, leading to the Ten Enigmas of
UKA (14).

UKA offers faster recovery, shorter hospital stays, and superior
knee kinematics compared to TKA. Its patient satisfaction is
often higher than TKA due to its preservation of essential struc-
tures, leading to improved long-term outcomes and bone stock,
which is beneficial for future revision surgery (11,15). UKA
is recommended for unicondylar osteoarthritis or osteonecro-
sis, with specific parameters such as frontal deformity, flexion
contracture, and an intact anterior cruciate ligament, as well
as anteromedial osteoarthritis with fully functional stabilizing
structures (16). UKA, once contraindicated for ACLD patients,
can now be successful in ACL-deficient knees, achieving com-
parable survival rates to those in ACL-intact knees, due to ad-
vancements in prosthesis design and surgical techniques (17).
The aim of this study was to evaluate the outcome of patients
who received medial UKA with anterior cruciate ligament de-
ficiency.

PATIENT AND METHODS

Patient and study design

Five patients (three males and two females) underwent uni-
compartmental knee arthroplasty (UKA) for medial compart-
ment knee osteoarthritis at Dr. Saiful Anwar General Hospital.
The mean age of patients was 62 (range 59-74) years. Four pa-
tients had comorbidities, including obesity (BMI >30 kg/m?) in
two, hypertension in three, and type 2 diabetes mellitus in one.
Despite these conditions, all patients met the criteria for medial
UKA based on symptom severity, radiographic findings, and
ligamentous integrity.

All patients reported chronic medial knee pain persisting for
almost two years, exacerbated by weight-bearing activities
such as prolonged standing, walking on uneven surfaces, and
stair descent. Three patients described episodes of knee insta-
bility, particularly when changing direction while walking or
bearing weight on the affected limb. None exhibited features
suggestive of inflammatory arthritis, systemic connective tis-
sue disease, or major ligamentous insufficiency.

Radiographic assessments of the patients in this study revealed
joint space narrowing, osteophyte formation, and varus defor-
mities, indicating advanced-stage osteoarthritis.

The Kellgren and Lawrence grading system was used to evalu-
ate the severity of OA, which ranges from Grade 0 (no signs of
OA) to Grade 4 (severe joint space narrowing and bone sclero-
sis) (18). Grade 0 represents no evidence of OA, with normal
joint space and no osteophytes or other abnormalities. Grade
1 is considered doubtful OA, where small osteophytes may be
present, but no significant joint space narrowing or other signs
are evident. Grade 2 is mild OA, characterized by definite
osteophytes and slight joint space narrowing, with some sub-
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chondral sclerosis. Grade 3 indicates moderate OA, with more
pronounced osteophytes, significant joint space narrowing,
moderate subchondral sclerosis, and possible cyst formation.
Grade 4 is severe OA, with complete joint space loss, large
osteophytes, marked sclerosis, and substantial cyst formation,
often leading to significant pain and functional impairment.
This grading system is crucial for evaluating OA progression
and informing treatment decisions (19).

Stability tests, including the Lachman and posterior drawer
tests, were performed. The Lachman test was used to assess
the integrity of the anterior cruciate ligament (ACL) by evalu-
ating the tibia’s forward movement relative to the femur. The
patient lies supine with the knee flexed at 20-30 degrees, and
the examiner applies an anterior force to the tibia. A positive
test is indicated by excessive tibial translation, suggesting ACL
instability. The Posterior Drawer test is used to assess the pos-
terior cruciate ligament (PCL) by applying a posterior force to
the tibia with the knee flexed at 90 degrees. A positive result,
indicated by excessive posterior displacement of the tibia, sug-
gests PCL injury. Both tests are critical in diagnosing ligament
injuries in the knee, often guiding further imaging or surgical
decisions (20).

Functional recovery was assessed using both the Knee Inju-
ry and Osteoarthritis Outcome Score (KOOS) (9) and the
Lower Extremity Functional Scale (LEFS) (10) at four key
time points: pre-operatively, and at 1 month, 3 months, and 6
months post-operatively (Table 1 and 2). The KOOS is a pa-
tient-reported measure that evaluates knee-related pain, symp-
toms, function, and quality of life. It comprises five subscales,
with a higher score indicating better knee function. KOOS
helps assess changes over time and is widely used in clinical
practice and research for knee injuries and osteoarthritis (9).
The LEFS is a validated questionnaire used to assess lower
extremity function in individuals with musculoskeletal condi-
tions. It consists of 20 items scored from 0 to 80, with a higher
score indicating better functional ability. It is commonly used
in rehabilitation settings (10).

Methods

Medial unicompartmental knee arthroplasty (UKA) was per-
formed. First, the patient was positioned supine with the knee
flexed to 110°, and a medial parapatellar incision was made,
extending about 3 cm distal to the joint line. The patella was
subluxed, and the medial meniscus was excised. The ACL was
then inspected for integrity. After that, osteophytes from the
medial femoral condyle and intercondylar notch were excised
using a 6 mm narrow chisel. The tibial saw guide was applied
with a 7° posterior slope and secured in place with pins. Next,
vertical resection of the tibial plateau was performed, ensuring
the cut was 2-3 mm below the deepest part of cartilage erosion.
Following that, an intramedullary rod was inserted, and the
femoral drill guide was aligned. Bone was drilled with 4 mm
and 6 mm drills to ensure accurate component placement. Af-
terward, a posterior resection guide was inserted, and femoral
condyle resection was performed with a 12 mm oscillating saw,
ensuring the ACL and MCL were not damaged. Then, milling
begins with the zero spigot to remove bone for the femoral
component, followed by subsequent milling passes using spig-
ots 3, 4, or 5, as needed to balance flexion and extension gaps.
Subsequently, the tibial template and twin-peg femoral trial com-
ponent were inserted at 100° knee flexion. Feeler gauges were



used to assess the gaps, and adjustments were made to ensure
they are equal. After that, excess bone was removed with the
anterior mill, and posterior osteophytes were excised to avoid
impingement. Then, the tibial template was inserted and pinned,
followed by performing the keel cut with the tibial groove cutter
to prepare the tibial surface for the final component.

Following that, the femoral trial component and meniscal bear-
ing were inserted. The knee was manipulated to check bearing
and tracking, ensuring no impingement occurs, and reassess-
ing joint stability and ligament tension. Finally, cement was
applied to the tibial and femoral components, and they were
impacted into place. Feeler gauges ensure proper cement pres-
sure. After the cement had hardened, the trial components were
removed, and the definitive meniscal bearing was inserted. The
wound is closed using standard techniques.

Statistical analysis

Given the repeated-measures nature of the data, where the
same group of patients was evaluated at multiple intervals, and
the small sample size, the Friedman test was selected as the
most appropriate statistical method. This non-parametric test
does not assume normal distribution. It is specifically designed
to detect differences in ordinal or interval-level data across
related groups, making it suitable for clinical outcome scores
like KOOS and LEFS.

RESULTS

Gait assessment revealed an antalgic pattern in all patients,
with two demonstrating a slight varus thrust during ambu-
lation. On inspection, mild quadriceps atrophy was noted in
three patients. Medial joint line tenderness was a consistent
finding, accompanied by crepitus during passive knee flex-
ion. Varus malalignment was observed in three patients, with
mechanical axis deviation averaging 5° (range: 3°-8°). Knee
range of motion varied among patients, with flexion ranging
from 110° to 130° and full extension preserved in all cases. No
significant flexion contracture or recurvate was detected. Sta-
bility tests, including the Lachman and posterior drawer tests,
were positive in two cases, confirming the instability of the
anterior cruciate ligaments.

Radiographic findings, including weight-bearing anteroposte-
rior, lateral, and Merchant views, confirmed medial compart-
ment osteoarthritis in all patients. Three had Kellgren-Law-
rence grade IV osteoarthritis, and two patients had grade III
osteoarthritis but experienced persistent symptoms despite
extensive conservative management. None exhibited severe
patellofemoral arthritis or advanced lateral compartment de-
generation, ensuring they remained suitable candidates for me-
dial UKA. Two patients exhibited anterior tibial translation, as
observed in the radiographic examination. Long-leg alignment
radiographs in the standing position confirmed varus align-
ment in three patients.

Functional impairment was assessed using validated scoring
systems. The mean KOOS in the sixth month was 73%, with
a pre-operative score of 24.6% (Table 1). The preoperative
LEFS score ranged from 10 to 17 and increased to 56-66 six
months postoperatively, indicating a significant improvement
in daily living and activity capabilities (Table 2).

For the KOOS scores, the Friedman test demonstrated a sta-
tistically significant difference across time points (p=0.0018),
indicating consistent improvement in knee-specific function

Phatama et al. Promising UKA in ACL-deficiency

Table 1. Knee Injury and Osteoarthritis Outcome Score (KOOS)
of five patients*

Knee Injury and Osteoarthritis Outcome Score

Patient’s (KOOS) (%)
gender/
age Pre- 1-month post-3 months post- 6 months post-
operative operative operative operative
M/62 33 50.5 73.25 76.35
F/71 26.7 40.9 64 76.82
F/74 30.5 49.82 61 71
M/67 17.88 32.44 50.78 72
M/59 15 26.27 48.71 68.82
Themean ), 40 59.5 73
score

p=0.0018 across time points
M, male; F, female

Table 2. Lower Extremity Functional Scale (LEFS) scoring of all
patients*

LEFS score

Patient’s
gender/age Pre-. 1-month Post—3 months.post- 6 months.

operative  operative operative  post-operative
M/62 14 26 60 66
F/71 13 24 50 62
F/74 17 25 41 56
M/67 11 19 43 58
M/59 10 29 51 63
Themean 5 24.6 49 61
score

p=0.0018 increase over time
M, male; F, female

following surgery. Similarly, the LEFS scores also showed
a statistically significant increase over time (p=0.0018), re-
flecting enhanced lower extremity functional performance
throughout the postoperative period. These findings collec-
tively support a positive and progressive recovery trajectory
in joint-specific and overall limb function across the patient
cohort.

The diversity in patient characteristics underscores the suit-
ability of medial UKA for a broad spectrum of individuals,
including those with obesity and metabolic conditions, provid-
ed that appropriate indications are met. None of the patients
in this series experienced contraindications related to BMI or
comorbidities, highlighting the feasibility of UKA beyond tra-
ditional patient selection criteria.

DISCUSSION

The study found that patients with severe knee pain, stiffness,
and limited mobility, common symptoms of OA, were affected
in their overall quality of life due to increased stiffness, fatigue,
sleep disturbances, and reduced activity levels (18). Varus defor-
mity, a common factor in medial compartment OA, shifts load
distribution unevenly across the knee joint, leading to further
degeneration and pain during weight-bearing activities (21).

Knee osteoarthritis patients often show tenderness along joint
lines and patellar facets. Clinicians assess the patellofemoral
compartment by moving the knee, checking for pain, crepitus,
clicking, and locking. Normal knee ROM is 0 degrees for ex-
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tension and 135 degrees for flexion (22). This ROM is often
restricted in knee OA, so using a goniometer for precise mea-
surement is crucial.

Clinical examinations for patients with OA reveal joint tender-
ness, patellar facets, and neurovascular issues. Assessments
include quadriceps, hamstring strength, sensory, and vascular
checks to rule out neurogenic or vascular problems (23). The
study found significant improvements in pain relief and function-
al mobility post-surgery, as indicated by the KOOS and LEFS
scores, with one patient’s score increasing from 33% to 76.35%
(24,25). UKA offers advantages over TKA in unicompartmen-
tal OA, including shorter surgery times, less blood loss, quicker
recovery, and higher patient satisfaction, preserving bone stock
and key structures (11). UKA’s surgical techniques, including
single-use instrumentation (SUI), have improved operational
and economic efficiency. SUI reduces costs associated with in-
strument reprocessing and sterilization, resulting in improved
operating room turnover times and increased patient throughput
(26). Patients with medial UKA experience better range of mo-
tion, improved knee function, reduced future surgery risk, fewer
complications, and higher satisfaction rates compared to TKA,
even with well-positioned implants (14).

Osteoarthritis treatment typically involves nonoperative
methods, but surgical options like arthroscopy, cartilage re-
pair, osteotomy, and knee arthroplasty are considered when
conservative treatments fail. UKA is increasingly preferred
for isolated medial compartment OA due to its shorter hos-
pital stays, quicker recovery, and improved knee kinematics
(11,21). Recent advancements in prosthetic design and surgical
techniques have expanded the use of unicompartmental knee
arthroplasty (UKA) in patients with ACLD, yielding positive
functional outcomes and significant pain relief comparable to
those in ACL-intact knees (17). This study suggests that ACLD
should no longer be a contraindication for UKA, as it offers
advantages such as shorter hospital stays, faster recovery, and
better preservation of knee kinematics (12,21).

UKA is recommended for patients with isolated unicompart-
mental osteonecrosis, a varus or valgus angular deformity of
less than 15°, a flexion contracture of less than 5°, a knee flex-
ion range of motion greater than 90°, and an intact anterior
cruciate ligament (ACL) and peripheral knee ligaments over
60 years old (11,25,26). UKA postoperative outcomes and lon-
gevity are primarily influenced by alignment, with better out-
comes associated with mechanical axis angles of <7°, which
prevents excessive tibial component wear and reduces defor-
mity recurrence (27,28).

Recent evidence challenges the traditional belief that ACLD is
a contraindication for UKA, highlighting no significant differ-
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ences in survivorship between ACL-deficient and ACL-intact
knees (29). Additionally, another study reported a 96% com-
bined survivorship rate at 10 years in both ACL-deficient and
ACL-intact knees (17).

UKA’s minimally invasive approach preserves joint kine-
matics and proprioception, contributing to better long-term
outcomes. The Oxford Unicompartmental Knee Prosthesis, a
widely studied and utilized system, aims to replicate natural
knee motion and minimize polyethylene wear through im-
proved congruity and reduced stress on the articular surface
(13). The Oxford prosthesis also allows for a greater degree
of knee flexion. It has been associated with better functional
outcomes and faster recovery than fixed-bearing implants, es-
pecially in active patients.

UKA postoperative rehabilitation involves a brace-free ap-
proach, restoring passive and active range of motion. Isometric
exercises begin immediately, partial weight-bearing is allowed
for six weeks, proprioceptive exercises are introduced, and
strength training is started at six weeks (30). A study of 1,000
Oxford UKA procedures found a 2.9% complication rate, with
common causes being OA progression, mobile inlay disloca-
tion, and unexplained pain. UKA failure is primarily caused by
aseptic loosening and progression of osteoarthritis, accounting
for over half of revisions within the first five years, with infec-
tion and polyethylene wear being less common (31).

UKA'’s revision-free survival rate has not improved as much
as TKA, possibly due to a lower threshold for revision. How-
ever, evidence suggests UKA-to-TKA conversions may have
similar complication and outcome profiles (32). The impact of
ACLD on UKA outcomes is debated, with some studies sug-
gesting increased failure rates, while others report no signifi-
cant difference. Careful planning is required for severe varus
deformities (27,33).

In conclusion, UKA is a viable surgical option for patients with
knee OA and Anterior Cruciate Ligament Deficiency (ACLD),
despite traditional concerns. It offers advantages over TKA,
including the preservation of native knee structures, enhanced
postoperative recovery, and maintenance of natural knee kine-
matics. The study supports the use of UKA in ACL-deficient
patients when carefully selected and managed, challenging the
notion of an intact ACL.
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INTRODUCTION

ABSTRACT

Aim Orthopaedic implants must meet specific criteria, including mechanical strength, durability, and bio-
compatibility. This study compares the immune response to zirconia, polyether ether ketone (PEEK), and
stainless-steel implants in vivo, focusing on lymphocyte and fibroblast infiltration as indicators of immune
activation.

Methods A total of 27 New Zealand white rabbits was used, with nine animals in each group. Implants
of zirconia, PEEK, or stainless steel were surgically placed in the thigh and observed for 4 weeks. Histo-
logical analysis measured lymphocyte and fibroblast infiltration at the implant site using a microscope at
400x magnification. Statistical analysis included the Kruskal-Wallis test for group comparisons, followed by
Mann-Whitney and Bonferroni correction for pairwise comparisons.

Results The Kruskal-Wallis test showed significant differences in lymphocyte (p=0.002) and fibroblast
(p=0.003) counts among the groups. Zirconia exhibited significantly lower lymphocyte (median=0.5) and
fibroblast (median=1.0) infiltration compared to stainless steel (lymphocytes: median=3.0, fibroblasts: me-
dian=2.0), and PEEK (lymphocytes: median=2.0, fibroblasts: median=3.0). Bonferroni correction confirmed
that zirconia exhibited the least immune activation (p<0.0167).

Conclusion Zirconia offers superior biocompatibility with minimal immune response, making it an ideal
material for orthopaedic implants, particularly for patients with metal sensitivities. PEEK showed moderate
immune activation but is helpful for non-load-bearing applications. Stainless Steel induced the highest im-
mune response due to the release of metal ions and corrosion. Zirconia is the most biocompatible material
tested, making it a promising choice for orthopaedic implants.

Keywords: immunity, polyether ether ketone, prostheses and implants, stainless-steel, zirconia

biocompatibility (2). Biocompatibility refers to the ability of
the implant material to interact with the surrounding tissues

Orthopaedic implants are widely used in the treatment of vari-
ous bone and joint disorders, including osteoarthritis, rheuma-
toid arthritis (RA), and fractures (1). As the global population
ages, the demand for these implants, particularly joint replace-
ment surgeries, has steadily increased. The materials used in
orthopaedic implants must fulfil several critical criteria, in-
cluding mechanical strength, durability, and, most importantly,
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without inducing an adverse immune response or causing tox-
icity. A key determinant of biocompatibility is the material’s
ability to minimize inflammatory responses and promote tissue
healing, which are essential for the long-term success of the
implant (3).

One of the most significant factors influencing the long-term
success of orthopaedic implants is the immune response to the
implanted material (4). The immune system’s response to for-
eign materials can lead to chronic inflammation, fibrosis, or
even implant rejection. This response is particularly problem-
atic with metal-based implants, such as those made from stain-
less steel, which can release metal ions into the surrounding
tissue due to corrosion, potentially causing allergic reactions
or irritation (4,5). Corrosion has been identified as a significant
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issue in metallic implants, as the release of metal ions (such as
nickel, chromium, and cobalt) can stimulate a pro-inflamma-
tory immune response and alter the material’s biomechanical
properties over time (6).

In contrast, alternative materials such as ceramics and poly-
mers have garnered increasing attention in recent years. Zir-
conia (ZrO2) is a ceramic material known for its low cyto-
toxicity, excellent mechanical properties, and superior wear
resistance. Zirconia’s low immune reactivity makes it an at-
tractive candidate for use in orthopaedic implants, especially in
weight-bearing joints, as it minimizes immune activation and
encourages better tissue integration (7,8). Furthermore, zirco-
nia has a unique phase transformation ability that enhances its
toughness, making it suitable for joint replacements that en-
dure mechanical stress (9).

Polyether ether ketone (PEEK), a thermoplastic polymer, is val-
ued for its chemical stability, low wear, and favourable mechani-
cal properties. It is beneficial in non-weight-bearing applications
such as spinal implants and trauma devices, where its radiolu-
cency is advantageous for post-surgical imaging. While PEEK
shows a moderate immune response, its biocompatibility has
been well-documented, and surface modifications can further im-
prove tissue integration and reduce immune activation (10-12).
Despite the promising properties of zirconia and PEEK, stain-
less steel remains one of the most widely used materials in
orthopaedic implants due to its high mechanical strength and
affordability. However, its use is often limited by corrosion is-
sues, which can trigger local inflammation and immune acti-
vation. The release of metal ions from stainless steel implants
has been shown to activate the complement system and induce
chronic inflammation, ultimately compromising implant sta-
bility and patient outcome (1,13).

Given these concerns, this study was initiated to evaluate the
immune responses triggered by different orthopaedic implant
materials. Specifically, the aim was to compare the immune re-
sponse to zirconia, PEEK, and stainless-steel implants in vivo,
using a rabbit model. This comparison is crucial for under-
standing how these materials interact with the immune system,
particularly in terms of lymphocyte and fibroblast responses
around the implants. Understanding these immune mecha-
nisms will provide valuable insights into the long-term success
and complications associated with each material, ultimately
guiding the development of more biocompatible and effective
orthopaedic implants.

MATERIALS AND METHODS

Materials and study design

The study was conducted at the Animal Research Laboratory,
Faculty of Medicine, Universitas Brawijaya, where the animal
subjects were maintained, treated, sampled, and subsequently
euthanized from July to September 2024. The research contin-
ued at the Anatomical Pathology Laboratory, Faculty of Med-
icine, Universitas Brawijaya, where measurements of lym-
phocyte and fibroblast cell parameters were performed from
September to October 2024.

This study employed a post-test-only control group design to
compare the immune response induced by zirconia, PEEK, and
stainless-steel orthopaedic implants in vivo. The manufacture
of implants in the form of chips follows ISO 19227:2018 and
is assisted by PT. EKA ORMED INDONESIA.

Santoso et al. Immune response in orthopaedic implants

The three materials used in the study were:

Zirconia (ZrO2): a bioceramic material with low cytotoxici-
ty, excellent mechanical properties, and known for its superior
wear resistance and biocompatibility.

Polyether Ether Ketone (PEEK): a thermoplastic polymer
known for its chemical stability, radiolucency, and good me-
chanical properties.

Stainless-steel: a traditional material used in orthopaedic im-
plants with good mechanical strength but associated with met-
al ion release and corrosion.

The New Zealand white rabbit was chosen as the animal model
due to its reliable anatomical similarity to human tissue, par-
ticularly in the subcutaneous layer, and its widely accepted use
in preclinical studies involving biocompatibility and immune
response assessments. The inclusion criteria for the rabbits in
this study were that they were healthy and actively moving,
with no disabilities in their extremities, and weighed between
1.5 and 2.5 kg. Rabbits with extremity disabilities, infection,
and those that died before the study began were excluded. All
rabbits were housed in controlled conditions with a tempera-
ture of 22°C+2°C, a humidity of 60%+5%, and a 12-hour light/
dark cycle. The animals were allowed to acclimate to the envi-
ronment for 7 days before the procedure. They were fed stan-
dard rabbit chow and given access to clean water ad libitum.
This study was approved by the Health Research Ethics Com-
mittee, Faculty of Medicine, Universitas Brawijaya, under ap-
proval number 113/EC/KEPK-PSPDS/05/2024 in May 2024.

Methods

Sample size calculation. The sample size was determined
using the Federer formula (14), a commonly applied method
in experimental designs to ensure sufficient statistical power
while controlling for variability between groups. The Federer
formula is suitable here, as it strikes a balance between provid-
ing an adequate sample size and minimizing animal use. The
formula used is as follows:

(n-1)(t-1)>15 where: n = required sample size per group, t =
number of treatment groups

n-1B-1)=15
(n-1)(2)=15
2n—22=15
2n=>17

>17
=3
n=8.5

In this study, the number of treatment groups was three: Group 1,
zirconia; Group 2, PEEK; and Group 3, stainless steel. Solving
the equation yields required sample size of 9 rabbits per group.
Therefore, a total of 27 rabbits were included in this study.

Surgical procedure. The surgical procedure was performed un-
der general anaesthesia using intramuscular injection of 200 mg
ketamine and 20 mg xylazine each. The thighs, legs, and upper
back were shaved, and each lower extremity was prepared with
70% alcohol and 7.5% Povidone Iodine solution. Throughout
the procedure, the animals breathed spontancously and were
monitored by a veterinary technician. The lower extremities of
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each animal were covered with sterile adhesive surgical drapes
and secured with towel clips. All surgical procedures were per-
formed under sterile conditions, using a separate set of surgical
instruments for each site. To minimize variability and ensure
standardized surgical procedures, the same surgeon performed
all operations. A 2 cm longitudinal incision was made over the
lateral aspect of each thigh and extended to the muscle layer
until the bone was reached. Group 1: rabbits implanted with a
set of zirconia-based chips, Group 2 with a set of stainless steel-
based chips, and Group 3 with a set of PEEK-based chips. The
skin was approximated using a subcuticular stitch with non-ab-
sorbable 3-0 monofilament nylon sutures. Postoperatively, each
animal was placed in a warm, oxygenated recovery room un-
til complete recovery from anaesthesia was observed. Once in
their cages, each animal was provided access to water and rabbit
food. The animals were monitored daily for food intake, faeces,
urine output, and behaviour. Observation of the animals contin-
ued for up to 4 weeks post-operation.

Tissue preparation for histological examination. After 4
weeks, euthanasia was performed using a lethal dose of 200 mg/
kg intramuscular ketamine on the animals. Subsequently, the
muscle and bone tissues of the rabbits were excised and pre-
pared as samples for further microscopic histological analysis.
The samples were stored in formalin before histological analysis.
The rabbits, from which the thigh tissues were collected for the
study, were then buried according to standard animal disposal
procedures. The excised thigh muscles were stored in formalin
bottles for the preparation of microscopic slides. Tissue process-
ing involved immersion in graded alcohols for approximately
21 hours. The tissue was then embedded in paraffin. The par-
affin-embedded tissues were sectioned using a microtome. The
tissue sections were then mounted onto glass slides. Staining was
performed using Harris Hematoxylin and Eosin (HE) stain. The
sections on the slides were sequentially immersed in the follow-
ing solutions: Xylene, Xylene, Xylene, 100% Alcohol, 100%
Alcohol, Distilled Water, Hematoxylin, Distilled Water, Eosin,
96% Alcohol, 96% Alcohol, 96% Alcohol, 100% Alcohol, 100%
Alcohol, Xylene, and Xylene. Mounting was performed using
entellan to adhere the cover glass to the slide, and the slides were
then stored in an incubator for approximately 24 hours.

The counting of lymphocytes and fibroblast cells around the
implantation site was observed under a microscope with 400x
magnification using a semi-quantitative counting method.

Statistical analysis

A descriptive analysis was conducted to obtain a general de-
scription of the research variables. The median value was cho-
sen as the measure of central tendency because it is more repre-
sentative of the data, especially when the distribution was not
normal or contains outliers. The number of infiltrating immune
cells (lymphocytes and fibroblasts) was compared among the
three groups using the Kruskal-Wallis test. A p<0.05 was con-
sidered statistically significant. For post-hoc pairwise com-
parisons to determine the significant differences between the
groups, the Mann-Whitney test was performed. Since multiple
pairwise comparisons were made, a Bonferroni correction was
applied to adjust the significance level.

RESULTS

The median value was chosen as the measure of central tendency
because it is more representative of the data, especially when the
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distribution is not normal or contains outliers. As the data distri-
bution in this study was not normal, the median was preferred
over the mean for presenting the central tendency (Table 1).

Table 1. Median lymphocyte and fibroblast cell counts in
stainless steel, zirconia, and polyether ether ketone (PEEK)

Groups Lymphocyte cell ~ Fibroblast cell
(number of animals) counts (median)  counts (median)
Stainless steel (9) 3.0 2.0
Zirconia (9) 0.5 1.0
PEEK (9) 2.0 3.0

A statistically significant difference was found for lymphocyte
(p=0.002) and fibroblast counts (p=0.003) between the groups.
Post-hoc pairwise comparisons were conducted using the
Mann-Whitney test to determine which specific group com-
parisons were significantly different. All comparisons between
Stainless Steel, Zirconia, and PEEK showed statistically sig-
nificant differences in both lymphocyte and fibroblast respons-
es (Table 2).

Table 2. Statistical comparison of lymphocyte and fibroblast
across stainless steel, zirconia, and polyether ether ketone (PEEK)

Group Lymphocytes Fibroblast
p p
Stainless steel - zirconia 0.003 0.018
Stainless steel - PEEK 0.042 0.027
Zirconia - PEEK 0.015 0.004

Since all group comparisons were significant, the Bonferroni
correction was applied to determine which material performed
best. Bonferroni correction was performed by dividing the
desired significance level (o) by the number of comparisons
being made. If a significance level of 0.05 was used and three
comparisons were made, the corrected significance level was
0.0167. Following the application of the Bonferroni correc-
tion, the adjusted significance level was 0.0167 (Table 3). After
applying the Bonferroni correction, zirconia showed signifi-
cant differences compared to stainless-steel and PEEK for both
lymphocytes and fibroblasts. Specifically, zirconia exhibited
the least immune response, with significantly lower lympho-
cyte infiltration and minimal fibrosis compared to the other
materials. On the other hand, stainless steel showed the highest
immune response, while PEEK exhibited moderate immune
activation (Table 3).

Table 3. Bonferroni correction

Comparisons of original

Group significance with Significance
adjusted significance

Lymphocytes

Stainless steel - zirconia 0.003 <0.0167 Significant

Stainless steel - PEEK
Zirconia — PEEK
Fibroblast

0.042>0.0167
0.015<0.0167

Not significant

Significant

Stainless steel - zirconia 0.018>0.0167 Not significant
Stainless steel - PEEK 0.027>0.0167 Not significant
Zirconia - PEEK 0.004 <0.0167 Significant




DISCUSSION

The results of this study demonstrate that zirconia implants
induced the least immune response, with significantly lower
lymphocyte infiltration and minimal fibrosis around the im-
plant site. These findings align with previous research high-
lighting zirconia’s excellent biocompatibility and low cytotox-
icity in orthopaedic applications (15,16). Zirconia’s bioinert
nature contributes to its suitability for joint replacements, as
it minimizes immune activation and encourages better tissue
integration. Its fracture toughness and mechanical properties
also make it an ideal choice for load-bearing applications, such
as joint prostheses. Moreover, zirconia’s ability to suppress the
THI1 pathway may contribute to its reduced immune response,
limiting macrophage activation and pro-inflammatory cyto-
kine production, which are associated with chronic inflamma-
tion (17,18).

While PEEK showed a moderate immune response, it exhib-
ited more favourable tissue integration than stainless steel.
The material’s chemical stability, radiolucency, and favour-
able mechanical properties, including high tensile strength and
elasticity, make it particularly advantageous in non-load-bear-
ing applications, such as spinal implants and trauma devices,
where post-surgical imaging is crucial (19). Despite moderate
immune activation, PEEK remains a viable material for appli-
cations that require high strength without load-bearing needs.
Furthermore, surface modifications, such as plasma treatment
or bioactive coatings, have been shown to enhance PEEK’s
biocompatibility and reduce immune activation, positioning it
as a promising candidate for broader orthopaedic use in the
future (20).

In contrast, stainless steel implants induced the most signifi-
cant immune response, characterized by increased lymphocyte
infiltration and extensive fibrosis around the implant sites. This
is primarily due to the release of metal ions, such as nickel,
chromium, and cobalt, which occur as a result of corrosion.
These metal ions stimulate a pro-inflammatory immune re-
sponse, leading to chronic inflammation, fibrosis, and poor
osseointegration, which negatively affect the long-term per-
formance of metallic implants. These findings underscore the
challenges associated with using stainless steel in orthopaedic
implants, particularly in terms of corrosion and long-term im-
plant stability (21,22). Despite the widespread use of stainless
steel due to its strength and affordability, the persistent issue
of corrosion underscores the need for alternatives such as zir-
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The effect of tourniquet reperfusion interval on
malondialdehyde (MDA) level and skeletal muscle damage
in the treatment of long bone fractures
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ABSTRACT

Aim Tourniquets are commonly used during surgery to control bleeding, however, their application can lead
to complications, including ischemic reperfusion injury. Post-tourniquet syndromes such as pain, swelling,
and muscle weakness may persist for up to six weeks. The aim of this study was to investigate the reperfu-
sion interval duration to prevent muscle tissue damage.

Methods This experimental study involved 48 male white rats (Rattus norvegicus) with induced tibial frac-
ture. The rats were divided into two groups, A and B, with each group receiving four different treatments,
resulting in a total of eight groups. The control groups (A1l and B1) had the tourniquet applied for 3 hours,
while other groups had it used for 2 hours, followed by 5, 10, and 15-minute reperfusion intervals. Group
A was sacrificed one hour post-deflation, and Group B was sacrificed on day 14. Malondialdehyde (MDA)
level and muscle histology were analysed using one-way ANOVA.

Results In group A, significant difference was found between the 10 and 15-minute reperfusion intervals. In
group B, the 10-minute reperfusion interval showed the most favourable outcome, with a 42.63% reduction
in injury for group A and a 32.27% reduction for group B. Significant differences in MDA level were found
between the control and reperfusion groups in both groups A and B.

Conclusion The 10-minute reperfusion interval effectively reduces ischemic reperfusion injury in muscle
tissue, as indicated by lower MDA level and less muscle damage. This interval optimally restores aerobic
metabolism and prevents excessive reactive oxygen species (ROS) production.

Keywords: malondialdehyde, reperfusion injury, tourniquet

INTRODUCTION

Harvey Cushing introduced the pneumatic tourniquet in 1904,
revolutionizing orthopaedic surgery by providing a method to
maintain a clean surgical field and enhance precision during
procedures on the extremities (1). While tourniquet use has
clear benefits in facilitating surgical access and minimizing
blood loss, it is not without complications. Among the most
concerning is ischemic reperfusion injury, which occurs when
blood flow is restored to previously ischemic tissues, trigger-
ing inflammation, oxidative stress, and tissue damage (2,3).
Clinically, ischemic reperfusion injury is a significant concern,
occurring in approximately 1 in 6,000 cases of upper extrem-
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ity surgery and 1 in 3,700 lower extremity surgeries (4). This
underscores the need to optimize tourniquet protocols to mini-
mize patient morbidity.

The pathophysiology of ischemic reperfusion injury involves a
cascade of metabolic disruptions, oxidative stress, and cellular
damage. Muscle tissue is particularly vulnerable due to its high
oxygen demand, with irreversible injury beginning after just
3 hours of ischemia, compared to nerves (8 hours) and bone
(4 days) (5,6). During ischemia, adenosine triphosphate (ATP)
depletion and lactate accumulation initiate cellular damage
and activate inflammatory mediators (7,8). Upon reperfusion,
the sudden influx of oxygen triggers reactive oxygen species
(ROS) formation, which exacerbates tissue injury through
lipid peroxidation (9). Malondialdehyde (MDA), a secondary
product of lipid peroxidation, is commonly used as a biomark-
er to assess oxidative stress and tissue damage (10,11).
Ischemic reperfusion injury is not limited to muscle tissue.
Endothelial cells and microvasculature are highly susceptible,
leading to increased vascular permeability, enema, and leuko-
cyte adhesion, which further exacerbate tissue injury and delay
recovery (12,13). Prolonged ischemia has been shown to cause

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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significant microvascular damage, observable upon reperfu-
sion (14,15). These findings highlight the importance of not
only controlling the duration of ischemia but also managing
the reperfusion interval, which may critically influence the ex-
tent of tissue damage.

Although much of the clinical focus has historically been on
ischemia duration, recent studies suggest that the timing of
reperfusion itself can significantly affect muscle recovery (16).
Short reperfusion intervals, such as 10 minutes, have been re-
ported to enhance metabolic recovery, reduce ROS formation,
and maintain ATP levels, thereby mitigating ischemic reper-
fusion injury (17,18). Despite these promising findings, the
optimal reperfusion interval for reducing oxidative damage in
skeletal muscle remains unclear, and evidence directly com-
paring different intervals is limited.

The aim of this study was to investigate the effects of different
reperfusion intervals on skeletal muscle MDA levels and his-
topathological changes following tourniquet-induced ischemia
in a rat model assessing 5-, 10-, and 15-minute reperfusion in-
tervals to determine how variations in reperfusion timing in-
fluence oxidative stress and muscle tissue recovery, providing
novel insights that may guide safer tourniquet application in
clinical practice.

MATERIALS AND METHODS

Materials and study design

This research was conducted between January and March
2023 in several locations. We raise, treat, and sacrifice the
experimental animals at the Parasitology Laboratory, Facul-
ty of Medicine, Universitas Brawijaya, Indonesia. The MDA
level measuring was performed at the Physiology Laboratory,
Faculty of Medicine, Universitas Brawijaya. The Anatomical
Pathology Laboratory, Faculty of Medicine, Universitas Braw-
ijjaya, was used for the staining process and organ histology
assessment.

An experimental study on male white rats (Rattus norvegicus)
was used to see the effect of reperfusion interval on the use of
tourniquets on the systemic effect of reperfusion ischemic in-
jury in skeletal muscle in the treatment of long bone fractures
by analysing MDA biomarkers and histopathological observa-
tions of skeletal muscle.

The sample size was calculated using the Federer formula (19)
to estimate the required number of subjects based on power
analysis. The formula used was as follows:

(n-1)(t-1)=15

where: n = required sample size per group, t = number of treat-
ment groups

(n—1) (8-1)15
(n—1) (7)15
7n— 715

7n22
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Eight groups in this study included:

e Group PIA-O1A: No reperfusion interval, the rats were
sacrificed 1 hour after tourniquet deflation

e Group P2A-O2A: A 5-minute reperfusion interval, the rats
were sacrificed 1 hour after tourniquet deflation.

*  Group P3A-O3A: A 10-minute reperfusion interval, the
rats were sacrificed 1 hour after tourniquet deflation.

*  Group P4A-O4A: A 15-minute reperfusion interval, the
rats were sacrificed 1 hour after tourniquet deflation.

e Group P1B-O1B: No reperfusion interval, the rats were
sacrificed 14 days after the treatment.

e Group P2B-O2B: A 5-minute reperfusion interval, the rats
were sacrificed 14 days after the treatment.

e Group P3B-O3B: A 10-minute reperfusion interval, the
rats were sacrificed 14 days after the treatment.

e Group P4B-O4B: A 15-minute reperfusion interval, the
rats were sacrificed 14 days after the treatment.

To avoid a lack of sample size, each group consists of 6 rats,

therefore 48 rats were included in the study.

The inclusion criteria were as follows: male Wistar strain white

rats (Rattus norvegicus), aged 3 to 4 months, with a body

weight between 180 and 200 grams, and in good health, as in-

dicated by active movement and the absence of any extremity

deformities. The exclusion criteria included rats that were ill or

showed signs of compartment syndrome.

All protocols were approved by the Health Research Ethics

Commission of the Faculty of Medicine, Universitas Brawi-

jaya Malang, with ethical approval number 70B/EC/KEPK-

PPDS/02/2023.

Methods

Acclimatization. Rats were acclimatized for seven days in
laboratory conditions, housed in standard cages (30x20 cm).
The animals were given access to food and distilled water ad
libitum, with the bedding changed daily to maintain cleanli-
ness.

Fracture. The experimental animals fasted for 3 hours before
termination. Anaesthesia was first administered through ket-
amine hydrochloride (Ketalar) at a dosage of 40 mg/kg, followed
by the prophylactic antibiotic cefazolin at 5 mg/kg intramuscu-
larly. The operating field was prepared by shaving the area, fol-
lowed by cleaning with Savlon, 70% alcohol, and povidone-io-
dine, and then covered with a sterile sheet. Once anaesthesia
was achieved, indicated by the rat’s eyes beginning to close and
its movements slowing, the surgery proceeded. The operator,
wearing sterile gloves and a gown, ensured aseptic conditions
throughout the procedure. A closed fracture of the middle seg-
ment of the tibia was treated. Following the fracture, a mini cir-
cular cast was applied to immobilize the injured segment.
Tourniquet. To induce ischemia, an orthodontic rubber band (4.5
oz) was tied around the groin of each rat’s leg. The tourniquet
was applied uniformly to all rats, ensuring consistent ischemia.
Rats in the control group were subjected to a 3-hour ischemic
period without reperfusion, while rats in the experimental group
received different reperfusion intervals of 5, 10, or 15 minutes
after 2 hours of ischemia. A 1-hour reapplication followed the ini-
tial reperfusion period to simulate the clinical use of a tourniquet
during surgeries with varied reperfusion intervals.

Fixation and post-surgical care. Plaster of Paris was applied
to the tibia (lower leg) using the long leg cast method (20),
extending from one-third of the middle of the thigh to the an-



kle, ensuring that the leg was in a straight position with full
extension. Following the procedure, the experimental animals
were placed into their respective cages and provided daily food
according to their usual feeding habits. If any signs of lethar-
gy, difficulty eating, or shivering were observed, the rats were
administered paracetamol at a dosage of 100 mg/kg as an an-
ti-pain medication.

Specimen collection. In group A, rats were sacrificed 1 hour
after tourniquet deflation, in group B rats were sacrificed 14
days post-treatment using the cervical dislocation technique.
Following this, skeletal muscle samples were taken distal to
the tourniquet location for tissue MDA examination and an-
atomical pathology histology preparations. Once the organs
for the study were removed, the rats were confirmed dead.
The carcasses were then placed in a basin, and subsequently
buried in the ground at a minimum depth of 50 cm, with an
area of 0.25 m? per burial site. To prevent the carcasses from
being unearthed by other animals, such as cats, each hole
was used to bury no more than ten rats. The hole was then
covered with soil and compacted to ensure the odour of the
carcasses did not escape. The specimen replication obtained
from these procedures was then examined for measurements
at the Physiology Laboratory, Faculty of Medicine, Univer-
sitas Brawijaya.

Measurements of malondialdehyde (MDA) level. Skele-
tal muscle samples were ground with the assistance of liquid
nitrogen and weighed to 50-100 mg. The samples were then
placed in a Petri dish, and one cc of phosphate buffer was
added. Following this, one cc of 100% TCA (Trichloroacetic
Acid), one cc of 1 N HCI (Normal Hydrochloric Acid), and
one cc of 1% Na-thiobarbiturate were added sequentially. The
mixture was heated in a water bath at 100 °C for 25 minutes.
After heating, the solution was centrifuged at 2000-3000 rpm
for 15 minutes. The supernatant was then collected and diluted
with water to a final volume of 3 cc. The sample was then
analysed using spectrophotometry at a wavelength of 532 nm
(Shimadzu Corporation, Kyoto, Japan).

Histological examination. After taking the rat’s skeletal
muscle tissue, the tissue was taken to the Anatomical Pathol-
ogy Laboratory, Faculty of Medicine, Universitas Brawijaya,
to prepare for staining and histological examination. The tis-
sue samples were soaked in a medium containing 10% form-
aldehyde. Dehydration was then performed using a series of
alcohol solutions: 70% alcohol for 1 hour, followed by 80%
alcohol for 1 hour, 90% alcohol for 1 hour, 95% alcohol for
1 hour, 99% alcohol for 1 hour, and 100% alcohol for 1 hour.
The clearing process was conducted by placing the dehy-
drated material in xylol solution for two 30-minute intervals.
Following this, the embedding process was carried out. The
block was then placed on the rotary microtome, and thin lon-
gitudinal cuts of 3-5 pym were made. The cut sections were
transferred to a water bath to allow proper expansion, after
which they were placed onto a labelled glass slide. Staining
was performed with Hematoxylin & Eosin (HE), and the
slides were covered with a cover glass. Histological obser-
vations of the skeletal muscles were carried out by quantita-
tively counting the fields of view in 10 small sections using
an Olympus BX-51 dot Slide microscope, equipped with an
Olympus XC10 camera (Olympus Corporation, Tokyo, Ja-
pan), at 400x magnification. The results were then analysed
for further evaluation.

Utomo et al. Reperfusion time in fracture care
Statistical analysis

The normality of the data was assessed using the Kolmog-
orov-Smirnov test. If the data were normally distributed, a
parametric test performed; otherwise, non-parametric tests
were used. Homogeneity of variances was assessed using Lev-
ene’s test to ensure equal variances between the groups. For
comparing between-group differences, a one-way analysis of
variance (ANOVA) was conducted. This test assessed whether
there were significant differences in the measured outcomes.
If ANOVA indicated significant differences, Tukey’s HSD test
was used for pairwise comparisons between the groups, allow-
ing for identification of which groups significantly differed
from each other. A paired t-test was used for within-group
comparisons at the two time points (1 hour and 14 days) to
assess changes over time within each group.

RESULTS

The results of the normality test using the Kolmogorov-Smirn-
ov test showed significance values of p=0.280 and p=0.251 for
the percentage of injury, and p=0.291 and p=0.287 for MDA.
Since the p-value was greater than 0.05, we accepted Ho, indi-
cating that the data followed a normal distribution. Before test-
ing using ANOVA, the data obtained for each treatment were
analysed for homogeneity of variance using the homogeneity
of variance test (Levene test) to determine whether the data
used had the same variance (Table 1).

Table 1. Homogeneity of variance test using Levene for the
percentage of injury (PI) and malondialdehyde (MDA) levels
across different groups

Parameter Levene statistic Significance (p-value)
PI 0.395 0.758
PI-14 0.196 0.754
MDA 0.187 0.058
MDA-14 2.819 0.065

The test results showed the value of the Levene test for the
Percentage of Injury, with p=0.758 and p=0.754, while MDA
had p=0.058 and p=0.065. Because the p-value was greater
than 0.05, Ho was accepted, and it could be concluded that the
data used had a homogeneous variance. Thus, ANOVA could
be used to test. A one-way ANOVA test was conducted to de-
termine whether there was a significant difference between the
treatments (Table 2). Based on the ANOVA analysis, the p-val-
ues for the percentage of injuries, the 14-day period, and MDA
were all p=0.000.

Table 2. One-way ANOVA test between percentage of injury (PI)
and malondialdehyde (MDA) levels

Parameter P Description
PI 0.000 Significance
PI-14 0.000 Significance
MDA 0.000 Significance
MDA-14 0.000 Significance

The results of comparing each group after the One-way ANOVA
test were further analysed using the Tukey test. The results of the
Tukey test that had different group mean values were shown if
they had a p<0.05. Tukey’s test results on percentage of injury
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Table 3. Paired t-test percentage of injury (PI) and malondi-
aldehyde (MDA) levels between the first day and the 14th day

Parameter Mean p Description
PI 58.90 ..

0.000 Significance
PI-14 47.87
MDA 261.70 .

0.000 Significance
MDA-14 361.67

(PI) showed that the control group differed significantly from
the 10-minute and 15-minute groups. A comparison between the
5-minute reperfusion interval groups showed a significant differ-
ence between the 10-minute and 15-minute groups. Meanwhile,
the 10-minute reperfusion interval group showed no difference
from the 15-minute reperfusion interval group.

Table 3 presents the results of testing the percentage of injuries
on the first day showed p=0.000 for 14 (Table 3). Thus, it could
be concluded that there was a significant difference between

Control 5 Minute Reperfusion

10 Minute Reperfusion 15 Minute Reperfusion

< 1
- e -

Figure 1. Histology of percentage injury in Control, 5, 10, and
15-minute reperfusion groups (Faculty of Medicine, Universitas
Brawijaya, 2023)

Control S Minute Reperfuson

10 Minute Reperfuson 15 Minute Reperfusion

ey

Figure 2. Histology of percentage injury day-14 in Control,
5,10 and 15- minute reperfusion groups (Faculty of Medicine,
Universitas Brawijaya, 2023)
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the percentage of injuries on the first and 14th day, where the
percentage of injuries on the first day was higher than on day
14. The results of testing the levels of MDA on the first and
14th days showed p=0.000 which was <0.05. Thus, it could be
concluded that there was a significant difference between the
MDA on the first day and the MDA on day 14, where the MDA
level on day 14 was higher than on the first day (Figures 1, 2).

DISCUSSION

Tourniquets to assist haemostasis have been commonly used
clinically in trauma cases (1). Initially used in wartime to stop
bleeding from war wounds, tourniquets are now standard in
orthopaedics to reduce bleeding and maintain a clear operating
field during surgeries for fractures (21). However, the return of
blood circulation to ischemic tissue after tourniquet deflation
can lead to ischemic reperfusion injury (5). Previous research
using Wistar rats in a 3-hour leg ischemia model demonstrated
an increase in serum levels of urea, creatinine, SGOT, SGPT,
LDH, TNF-a, and IL-6 in the group given reperfusion for 1, 2,
and 3 hours (22).

In our study, the measurement of MDA levels in Group A, in
which rats were sacrificed 1 hour after tourniquet deflation, re-
vealed a significant difference between the control group and
those receiving reperfusion intervals of 5 minutes, 10 minutes,
and 15 minutes. Interestingly, while there were no significant
differences between the 5- and 15-minute reperfusion groups,
the 10-minute reperfusion interval showed significantly lower
MDA level when compared to both the 5-minute and 15-min-
ute reperfusion groups. This finding is consistent with previous
studies, which have shown that shorter reperfusion intervals
may not provide sufficient recovery, leading to higher oxida-
tive stress levels and muscle damage (18).

Our results align with those of a study investigating circulatory
discontinuation and its impact on oxidation during healing in
rats. Femoral artery clamping for 4.5 hours after tibial fracture
significantly increased MDA levels on days 3, 7, and 14 (23).
This is in line with our findings, where a longer reperfusion
interval (10 minutes) improved recovery compared to short-
er intervals, further reducing oxidative stress as measured by
MDA level. Our study also supports the idea that a 10-min-
ute reperfusion interval facilitates better metabolic recovery
compared to 5-minute reperfusion intervals, which have been
shown to result in extensive metabolic breakdown and poor
recovery (13).

Furthermore, several studies suggest that reperfusion intervals
help reduce muscle damage when used after prolonged isch-
emia (more than 2 hours) (17). Other research showed that the
presence of a reperfusion interval in the experimental group of
rats, for 20 minutes after experiencing ischemia for 1.5 hours,
showed better blood flow in skeletal muscle than the group
without a reperfusion interval (24). It was shown that a group
of experimental animals that had received reperfusion intervals
showed a decrease in the degree of cell damage and a decrease
in serum creatinine phosphokinase levels (16). A study sug-
gested that to reduce the complications of using a tourniquet,
you can give a perfusion time interval with tourniquet deflation
for a specific duration, with a reperfusion interval of 10 min-
utes or 30 minutes after using a tourniquet for 2 hours (13).
Ischemic conditions, caused by tourniquet use, disrupt the
bloodstream, leading to tissue damage and organ dysfunction
(25). The tissue undergoes hypoxia, resulting in decreased ATP



levels and activation of anaerobic glycolysis, which accumu-
lates lactate and other toxic byproducts (6). These changes
activate phospholipase A2, which converts phospholipids into
arachidonic acid, leading to the production of inflammatory
mediators such as leukotrienes and prostaglandins (26). These
metabolites increase leukocyte adhesion to the vascular endo-
thelium and enhance permeability of post-capillary venules
(27). Additionally, ischemia induces the conversion of xanthine
dehydrogenase (XDH) to xanthine oxidase (XO), which, along
with hypoxanthine accumulation, produces oxidants (28). The
reduction in ATP also impairs calcium pumps, raising intra-
cellular calcium levels and causing mitochondrial damage (6).
During the reperfusion phase, the return of blood flow provides
an adequate blood supply.

Oxygen in ischemic tissue through blood vessels restores tis-
sue metabolism to aerobic, but at the same time, triggers the
formation of ROS. The formation of excess ROS due to the
interaction of XO and hypoxanthine causes oxidative stress
and lipid peroxidation, activation of transcription factors such
as NF-B, and increased proinflammatory mediators. Lipid per-
oxidation is produced by the product malondialdehyde (MDA)
(3). In addition, antibody complexes also appear in the reper-
fusion phase, which will damage cell membranes (3). Comple-
ment activation that occurs also causes degranulation of mast
cells and the release of histamine and other chemical mediators
that can lead to multiple organ failure, resulting in postopera-
tive mortality and morbidity (8).

Oxidative stress due to increased ROS in the reperfusion phase
is triggered by the return of oxygen supply (reoxygenation),
which can cause damage to cellular macromolecules such as
nucleic acids, proteins, and lipids, especially in endothelial
cells (7). Under physiological conditions (low lipid peroxidase
level), cells can maintain balance through the antioxidant de-
fence system (29). On the other hand, in conditions of high lip-
id peroxidase level, the oxidative damage that occurs exceeds
cell repair ability, so cells will begin to undergo apoptosis or
necrosis (30). Hydrogen peroxide forms in tissues exposed to
ischemic reperfusion injury and is a relatively stable oxidant.
At concentrations of 10-100 M, H,O, can cause endotheli-
al dysfunction, increased expression of adhesive molecules
against leukocytes, and increased inflammatory mediators.
One of the parameters that can be used to assess oxidative
stress conditions is measuring MDA levels (31).

This study demonstrated that ischemic-reperfusion injury
causes damage to muscle organs, primarily due to the return
of an abundant oxygen supply during reperfusion, which trig-
gers a surge in ROS production and leads to oxidative stress.
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ABSTRACT

Aim Environmental factors may influence postoperative outcome and quality of life following total hip
replacement (THR). The aim of this study was to investigate the impact of the geographical location of the
surgical site, as well as the patient’s place of birth and residence, on treatment outcome in individuals with
artificial hips.

Methods A prospective study was conducted involving 280 patients (both genders; mean age 62+8.8 years)
who underwent THR due to primary or secondary hip osteoarthritis. The patients were divided into two
groups: Group A (N=64) included individuals who were not operated in their place of birth and residence,
and Group B (N=216) consisted of those who were born, resided, and underwent surgery in the same geo-
graphical location. Outcome was assessed using the EQ-5D questionnaire (covering mobility, self-care, usu-
al activities, pain/discomfort, and anxiety/depression), the Visual Analogue Scale (VAS) for pain, and a
VAS-based treatment satisfaction scale, administered preoperatively and one year postoperatively. Statistical
analysis was performed using Fisher’s exact test (p<0.05).

Results Only 64 (22.9%) of all patients underwent surgery in their place of birth and residence, mostly for
primary hip osteoarthritis. Preoperatively, Group A reported significantly greater limitations in self-care
(p<0.05). One year postoperatively, Group B showed a significantly higher VAS score for treatment satis-
faction (p<0.05).

Conclusion Patients who underwent total hip replacement in their place of birth and residence demonstrated
a better postoperative outcome compared to those who had relocated.

Keywords: arthroplasty, immigrants, quality of life

INTRODUCTION

The prevalence of degenerative hip disease is steadily rising,
with a tendency toward further growth. This condition caus-
es significant disability in patients and markedly reduces their
quality of life (1). Due to its numerous benefits, hip arthro-
plasty has been declared the operation of the 20th century (2).
However, some studies have shown that hip-related pain was
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reported in 28.1% of patients 12 to 18 months after primary
total hip replacement (THR), and that 7% of patients were dis-
satisfied or very dissatisfied one year after THR (3,4).
Surgical approach, implant design, method of fixation, type of
implant, femoral head size, hospital size, and fast-track proto-
cols can all influence THR outcome. Additional factors such
as age and gender, comorbidities, medication use, alcohol con-
sumption, smoking habits, and activity level may also affect
the outcome of THR (5,6).

During the 1990s, Bosnia and Herzegovina (B&H) experienced
significant migration and displacement. Regarding the status
of immigrants and its impact on THR outcome, we found only
studies comparing immigrants and native-born patients within
the same countries (7-10).

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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The aim of this study was to evaluate whether patients born
and undergoing THR surgery in their hometowns in B&H re-
ported comparable clinical outcomes to those born in one city
but receiving surgical treatment in another.

PATIENTS AND METHODS

Patients and study design

This study was conducted at two university hospitals in B&H,
Tuzla and Banja Luka. Patient data from these two centres
were obtained from the EQ-5D health questionnaire form (11)
completed by the patients. Data were collected both preopera-
tively and one year postoperatively.

For the purpose of this study, an immigrant was defined as an
individual born in one location but residing and undergoing
surgery in another, while still within the territory of B&H. A
total of 64 patients (Group A), who underwent surgery in Tuzla
and Banja Luka but were born in other cities, were identified
and included in the immigrant group.

The main difference between the two comparison groups is the
patients’ region of origin. Patients treated in Banja Luka gen-
erally came from nearby municipalities surrounding the city,
whereas those treated in Tuzla were from cities and cantons
within the wider Tuzla region (Group B; N=216).

Data collection for all patients undergoing total hip replace-
ment (THR) in Tuzla and Banja Luka was conducted in sever-
al stages. The last author of the study coordinated the official
translation of the EQ-5D form into all legally recognized lan-
guages of B&H by engaging a certified translator.
Subsequently, arthroplasty surgeons in Banja Luka and Tu-
zla were contacted to coordinate the data collection process,
which was conducted from January 2016 to December 2023.
Patient-reported outcome measures (PROMs) were collected
preoperatively and one year after THA, under the supervision
of a dedicated nurse at each hospital, who ensured that the com-
pleted forms were accurately entered into a centralized database.
Preoperatively, patients completed the forms within four weeks
prior to surgery. Data collection and analysis were finalized in
2023. The extended duration of the study was primarily due to
interruptions caused by the COVID-19 pandemic.

The inclusion criteria were as follows: provision of written
informed consent to participate, patients either from their
home cities or born in one city and operated in another, and
completion of a preoperative standard-of-care patient-report-
ed outcome measures (PROMs) questionnaire (12). Exclusion
criteria included patients with malignancy, those scheduled
for one-stage bilateral total THA, patients undergoing reop-
erations during the study period, and the first hip surgery in
patients who received a second THA during the study.

Data from 80 patients were collected between January 2016
and December 2018 in Tuzla, whom 39 (48%) were born in
cities other than Tuzla. In Banja Luka, data from 200 patients
were collected, with 25 (12.5%) born outside Banja Luka. In
total, 280 patients were included, with 64 (22.8%) born in cit-
ies or cantons other than their place of surgery (Group A). The
remaining 216 patients (87.2%) were operated in their native
city (Group B). All patients completed PROMs both preopera-
tively and at 1-year follow-up.

Data collected from patients in Tuzla and Banja Luka included
age, gender, education level, civil status, place of birth, family
type, Charnley classification (13), type of implant fixation, and
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type of surgical incision. Information on hip disease diagnosis
was obtained from medical records. Educational level (catego-
rized as low or middle/high) and cohabitation status (YES/NO)
were self-reported via questionnaires. The simplified classifi-
cation of education was based primarily on the International
Standard Classification of Education (ISCED) developed by
UNESCO (14).

The study received ethical approval from the Regional Ethical
Review Board in Banja Luka, Bosnia and Herzegovina (Proto-
col No.: 116-16-8017/2016), as well as from the Regional Eth-
ical Review Board in Tuzla, Bosnia and Herzegovina (Protocol
No.: 02-09/2-4/2016).

Methods

A nurse in both cities contacted patients approximately one
month before surgery to inform them about the study and to
invite their participation. Patients who consented to participate
were provided with the EQ-5D questionnaire (11), along with
questions regarding demographic and clinical variables, in-
cluding age (<60 or >60 years), gender (male/female), diagno-
sis (primary osteoarthritis or secondary osteoarthritis), Charn-
ley classification (class A/B or C) (13), education level (low/
middle/high), cohabitation status (YES/NO), type of surgical
incision (lateral or posterior), and choice of implant fixation
(cemented or uncemented). Patients completed the question-
naires independently, and the nurse subsequently entered the
responses into an Excel database.

Each patient was contacted for a follow-up one year postopera-
tively, at which time all patients were asked to complete the pa-
tient-reported outcome measures (PROMs) questionnaire (12).
The PROM protocol included the health-related quality of life
(HRQoL) measure EQ-5D (11), a visual analogue scale (VAS)
for pain (15), the Charnley classification survey (classes A+ B,
C) (13), and a VAS assessing patient satisfaction after surgery
(11). The EQ-5D (11) form used was translated into the official
languages of the peoples of Bosnia and Herzegovina.

The EQ-VAS for general health ranges from 0 (worst imag-
inable health state) to 100 (best imaginable health state). The
Pain-VAS ranges from 0 (no pain) to 100 (unbearable pain).
The Satisfaction-VAS used at follow-up measures satisfaction
with the total hip replacement outcome, where 0 represents
complete satisfaction and 100 indicates maximum dissatisfac-
tion. To assess patient-reported comorbidity status, patients
completed the Charnley classification survey.

Prior to surgery, patients attended a preoperative visit during
which they were examined by an orthopaedic surgeon (typically
the surgeon who would perform the operation), an anaesthesiol-
ogist, a physiotherapist, and a nurse. During this visit, patients
received detailed information about the type of anaesthesia and
surgical procedure, expected outcome, potential risks and com-
plications, and the postoperative rehabilitation process.

Each participant was identified using a unique personal iden-
tity number. One-year postoperative data collection was con-
ducted during routine follow-up visits at the two hospitals. All
data collection in B&H was performed using paper form. Pa-
tients were contacted in the clinic preoperatively and again one
year postoperatively to complete the survey.

The questionnaire has also been adapted for preoperative use
as an internet-based touchscreen application in hospital clinics
and is optionally available via the Web.

The three-level EQ-5D form was utilized, defining each di-



mension as no problems, some or moderate problems, or ex-
treme problems. The British tariff (16) was applied to calculate
the EQ-5D index score for this population.

Statistical analysis

To assess whether any of the five EQ-5D dimensions (mobility,
self-care, usual activities, pain/discomfort, anxiety/depression)
differed between patients operated outside their home city and
those operated within it, responses were dichotomized into
“no problems” versus “moderate/severe problems” for each
dimension.

Differences between the two groups were tested using Fisher’s
exact test for dichotomous variables and Fisher’s non-para-
metric permutation test for continuous variables. To evaluate
the influence of covariates, binary logistic regression analy-
ses were performed using the dichotomized outcomes for each
EQ-5D dimension. The effects of covariates on each EQ-5D
dimension were examined by calculating unadjusted and ad-
justed odds ratios (ORs), with each covariate included sep-
arately in the models. Covariates that altered the unadjusted
OR by more than 10% were retained in adjusted analyses.
Covariates included age, gender (male/female), diagnosis (pri-

Table 1. Demographic characteristics of the participants

Patients operated Patients operated

Variable outside of home city  in home city p
(N=64) (N=216)

Age (years)

Mean+SD 60.2+11.8 60.7 (12.3)

Median (Min - Max) 59 (29 - 81) 63 (26 - 89) 0.80

No (%) of patients

Gender

Male 23 (35.9) 70 (32.4) 0.70

Female 41 (64.1) 146 (67.6)

Age group (years)

<50 11(17.2) 37 (17.1)

50-59 23 (35.9) 53 (24.5)

60-75 20 (31.3) 109 (50.5) 0.64

>75 10 (15.6) 17 (7.9)

Diagnosis

Primary OA 10 (15.6) 43 (19.9) 0.57

Secondary OA 54 (84.4) 173 (80.1)

Charnley class

A+B 54 (84.4) 186 (86.1) 0.86

C 10 (15.6) 30(13.9)

Cohabiting

NO 4(6.3) 25 (11.6) 0.32

YES 60 (93.8) 191 (88.4)

Education

Low 17 (26.6) 46 (21.3) 0.47

Middle / High 47 (73.4) 170 (78.7)

Type of fixation

Uncemented 64 (100.0) 216 (100.0) 0.29

Surgical incision

Lateral 16 (25.0) 55 (25.5) 1.00

Posterior 48 (75.0) 161 (74.5)

Manojlovi¢ et al. Hip replacement outcome and immigrants

mary osteoarthritis (OA), secondary OA), Charnley class (A/B
or C), education level (low, middle/high), cohabitation status
(yes/no), and type of incision (lateral, posterior). At the 1-year
follow-up, preoperative values for each dimension were also
analysed as potential predictors.

Visual Analog Scales for pain, satisfaction, and general health
(EQ-VAS) were analysed using Fisher’s non-parametric per-
mutation test and linear or logistic regression models to adjust
for covariates. Variables not meeting normality assumptions
were dichotomized and analysed via logistic regression.

All statistical tests were two-sided and conducted at a signifi-
cance level of 0.05.

RESULTS

Out of the total 280, 64 patients underwent hip arthroplasty
outside their home city; 23 were male, with a mean age of 59
years (Table 1), and the most common indication for surgery
in this group was secondary hip osteoarthritis. Among patients
who were operated on in their home city, primary hip osteoar-
thritis was the predominant reason for total hip replacement.

Table 2. Preoperative and 1-year postoperative data of the pain/
satisfaction, EuroQol Visual Analogue Scale (EQVAS)

. One year
Parameter Preoperatively p postoperatively
Values Diffe- Values Diffe-
ence rence
Pain VAS
Mean (SD)
Home cit 41.5 152
Y (15.4) (8.8)
0.72 0.78
Outside home cit 408 16.0
Y 164) (11.4) 0,58
Median (min-Max) 0.79 '
Home city 40 10
(0-100) o (10-70) (2.33)
Outside home cit, 40 1o
Y (10--5.2) (10-60)
Satisfaction VAS
Mean (SD)
Home city - 123
(4.5)
14.8 25
Outside home city - 6.9)
Median (min-Max) 0.0016
. 10
Home city - (10-30) (1.02-
. . 10 3.9)
Outside home city - (10-40)
EQVAS
Mean (SD)
Home cit 44.0 90.5
Y (15.7) (10.4)
0.71 -0.06
Outside home cit, 447 90:5
Y 15 (10.9)
Median (min-Max) 0.79 0.98
Home cit 50 %0
Y (10-80) (-37.5 (40-100) (-3.0 -
. . 50 -5.1) 90 3.0)
Outside home city (10-80) (55-100)

VAS, Visual Analogue Scale for pain;
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Table 3. Preoperative and 1-year postoperative data of the
EuroQol 5 Dimension (EQ5D) questions

EQSD questions No No
Moderate or (%) of 95%CI p (%)of 95%CI p
severe problems patients patients
Mobility
Home city 206 3.10 2 -3.90
(95.4) (10.2)
0.48 0.49
. . 63 (-2.1% 4 (-12.1
Outside home city 984) -82) 63)  -42)
Self-care
. 161 36
Home city (74.5) -21.40 0002 (16.7) -1.00 1
Outside home cit 34 (-36.0 10 (-12.2
Y (53.1) --6.9) (15.6) -10.2)
Usual activities
. 189 29
Home city (87.5) -7.80 (13.4) -4.10
0.18 0.53
Outside home cit 31 (-19.6 6 (-13.5
Y (797)  -4.0) (9.4) -5.4)
Pain/discomfort
. 211 34
Home city (97.7) -3.90 (15.7) -3.20
0.25 0.68
Outside home cit 60 (-11.2 8 (137
Y (93.8) -3.3) (12.5) -17.2)
Anxiety/Depression
. 114 51
Home city (52.8) 9.70 (23.6) -1.70
0.22 0.92
Outside home cit 40 (-4.9 14 (-14.4
4 Wo(62.5)  -24.3) (21.9) -10.9)

Table 4. Odds Ratio (OR) of moderate or severe problems for
the five EuroQol Visual Analogue Scale (EQVAS) questions for
patients operated outside of home city compared to patients

Patients who underwent surgery outside their home city reported
slightly higher level of anxiety and depression (Table 3) com-
pared to those operated in their hometown (p=0.22). Pain levels,
as measured by both the Visual Analogue Scale (VAS) and EQ-
VAS, were similar between the two surgical groups (Table 2).
No covariates were found to significantly influence the odds
ratios of the preoperative EQ-5D dimensions, except for co-
habitation status, which affected the pain/discomfort domain.
The odds ratio for pain/discomfort changed after adjusting for
cohabitation status (Table 5).

Patients operated outside their home city reported significant-
ly higher average satisfaction score on VAS (p=0.0016) (Ta-
ble 2). They also had significantly lower odds of reporting a
perfect satisfaction score of 10 on VAS (p=0.005). This result
remained statistically significant even after adjusting for co-
variates (p=0.0037) (Table 5).

Postoperatively, no meaningful differences were observed be-
tween the groups in Pain VAS or EQ-VAS score. On average,
Pain VAS scores were slightly higher in patients operated out-
side their home city (p=0.58) (Table 2). Nevertheless, the odds
of reporting a maximum Pain VAS score of 10 were also slight-
ly higher in this group (p=0.49) (Table 4).

The EQ-5D domains postoperatively did not show significant
differences between the groups. A notable preoperative dif-
ference in the self-care domain diminished postoperatively,
reaching non-significance (p=1.0) (Table 3). Furthermore, no
covariates, including undergoing surgery outside the patient’s
home city compared to surgery in the home city, were found to
significantly influence the odds ratios for any of the postopera-
tive EQ-5D dimensions. (Table 5)

Table 5. Mean change and odds ratio of pain-satisfaction and
EuroQol Visual Analogue Scale (EQVAS) for patients operated
outside of home city compared to patients operated in their
home city

operated in home city Preoperatively p One year follow-up p
EQSD questions  preoperatively  p One year Parameter QR Me::m change OR Me(z'm change
Moderate or severe follow-up 95% CI) (95% CI)
problems OR (95% CI) OR (95% CI) Pain VAS
Mobility Unadjusted -0.72 (-5.10-3.65) 0.75 1.237(0.68-2.22) 0.49
. 3.06 0.59 Adjusted*  -0.12 (-3.89-3.66) 0.95 1.267 (0.67-2.34) 0.47
Unadjusted *0.29 0.35 J : : : : i : :
! (0.38-24.36) (0.19-1.77) Satisfaction VAS
Self-care
0.39 0.93 Unadjusted - - 0.43%(0.24-0.78) 0.0050
Unadjusted 022069 091 (043.199) 0¥ Adjusted* - - 0411 (0.22-0.75) 0.0037
Usual activities EQVAS
. 0.56 " 0.67 .
Unadjusted  0.71 (-3.70 - 5.11) 0.75 1.189(0.67-2.07) 0.56
Unadjusted (0.27-1.16) 0.12 (0.26-1.69) 0.39 nadjuste ( ) 9 ( )
Pain/discomfort Adjusted* 0.78 (-3.64 -5.20) 0.73 1.169(0.66 -2.05) 0.61
) 0.36 0.76 *Adjusted for age, gender, diagnosis, Charnley class, cohabitation and
Unadjusted © 09'_1 37) *0.13 © 33'_1 75) 0.52 incision. At one year preoperatively values were also adjusted for; Odds
’ ’ ’ ’ ratio (OR) for scoring 10; $OR for scoring 10; JOR for scoring 100
Adjusted* 0.32 *0.11 The preoperative results for VAS Satisfaction were marked with (-) because
(0.08-1.27) all patients are dissatisfied with the condition.
Anxiety/Depression VAS, Visual Analogue Scale for pain;
. 1.49 « 0.91
Unadjusted (0.84-2.64) 0.17 (0.46-1.77) 0.77

* Adjusted for cohabitation

There was no statistically significant difference between Group
A and Group B in terms of education level or living arrange-
ments (living alone or with family) (p=0.32).
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DISSCUSION

The quality of life in patients with total hip replacement is
commonly assessed using various standardized questionnaires,
among which the EQ-5D is one of those employed (11). Sev-
eral studies have investigated the impact of sociodemograph-



ic and socioeconomic factors on the quality of life in patients
with hip arthroplasty (17-22).

This study found that a higher proportion of patients operated
outside their home city suffered from secondary hip osteoar-
thritis. One possible explanation for this finding is the neces-
sity for such patients to seek treatment in highly specialized
clinics, often located outside their local communities. Addi-
tionally, patients with secondary osteoarthritis typically expe-
rience long-standing symptoms that may lead to chronic ex-
haustion and an increased prevalence of anxiety or depression,
which could explain the outcome observed in this study. On the
other hand, patients who underwent surgery in their hometown
may have benefited from greater stability, ranging from emo-
tional and familial support to financial security, since the over-
all treatment costs are usually lower when managed locally.
There is a lack of studies specifically addressing this topic. One
study, published in 2024, demonstrated a significant differ-
ence in quality of life among patients who underwent surgery
abroad and had migrated from their country of origin, com-
pared to those who were operated on within their local health-
care systems (23).
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There is a clear need for more methodologically sound re-
search to further elucidate and explain the influence of socio-
demographic factors on quality-of-life outcome in patients
following total hip replacement. Studies with more holistic ap-
proach to the management of hip osteoarthritis yield important
data with particular emphasis on environmental determinants
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Knowledge of general medicine students from the medical
faculties in Tuzla and Zenica about lung cancer prevention
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ABSTRACT

Aim To assess the level of knowledge about risk factors and prevention of lung cancer among medical stu-
dents, and to identify differences in knowledge based on the year of study and previous secondary education
background.

Methods The study was conducted among 223 students of School of Medicine, University of Zenica, and
School of Medicine, University Clinical Centre Tuzla using an anonymous online survey via the Google
Forms platform. The collected data were analysed using descriptive statistics and the x2 test to assess statis-
tical significance.

Results The majority of students identified smoking as the main risk factor for lung cancer, while air pol-
lution was rated as the most overlooked risk factor. There were significant differences in the perception of
neglected risk factors between years of study (p<0.05). Most students from Zenica acquire their knowledge
through formal education, while students from Tuzla more often rely on the internet and media (p<0.05).
Additionally, 82.5% of students believe that passive smoking is equally harmful as active smoking, with no
significant differences between the groups.

Conclusion Medical students demonstrate a good level of awareness regarding risk factors and prevention
of lung cancer; however, there is a need for greater emphasis on environmental risks and passive smoking in
their education. The results highlight the importance of continuous education to ensure that future healthcare
professionals are equipped to effectively promote health and prevent this disease.

Keywords: air pollution, health knowledge, attitudes, practice, lung neoplasms / prevention & control, med-

ical students, smoking

INTRODUCTION

Insufficient prevention, increasingly widespread air pollu-
tion, and smoking as the main cause of lung cancer are the
reasons for the rising incidence of lung cancer. An estimated
2.48 million new cases of lung cancer occurred worldwide
in 2022 (1). Prevention and early detection of lung cancer
remain challenging (2).

Smoking is the leading risk factor for lung cancer, accounting
for approximately 90% of all cases. A person who smokes one
pack of cigarettes per day has a 20 times higher risk of devel-
oping lung cancer compared to a non-smoker (3). Age, sex,
and heredity also play a major role in the development of this
disease (4). It is estimated that quitting smoking after a lung
cancer diagnosis improves 5-year survival by approximately
35%. Passive smoking causes preventable mortality and mor-
bidity (3). Prevention strategies to reduce cigarette smoking
in public places should be part of public health policy (5).
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Approximately 10-15% of lung cancers in Western countries
occur in people who have never smoked (6). These cancers are
explained by other occupational and environmental risk fac-
tors, such as passive smoking, radon exposure, air pollution,
and genetic factors (7).

Between 9% and 15% of diagnosed lung cancers in men and
about 5% in females can be attributed to inhalation of carcino-
genic agents at work. According to the Francis Crick Institute
and University College London, funded by Cancer Research
UK, particles commonly found in vehicle exhaust and fossil
fuel smoke are associated with the risk of non-small cell lung
cancer (NSCLC), which accounts for over 250,000 lung cancer
deaths globally each year (8).

Lung cancer incidence is stagnating or slightly decreasing in
men, but increasing in women, which is linked to higher smok-
ing prevalence among women (9). Higher cancer mortality is
linked to higher smoking prevalence, as well as better or worse
access to health insurance, possibilities for early diagnosis, and
therapeutic options (10).

According to the British Thoracic Society (BTS) smoking ces-
sation report, only 28% of smokers wanted to quit, and only
6% of them received advice on how to do so (11). Almost 90%
of smokers aged 15 or older registered with general practi-
tioners had records of offered support or treatment (1).

This article is an open-access article licensed under CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/)
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Education on lung cancer prevention and early detection is of
great importance, especially among medical students. Through
education and future professional work, they can raise pub-
lic awareness about the importance of lung cancer prevention,
thus enabling earlier diagnosis (4).

Despite the growing burden of this disease (9), there is a no-
ticeable lack of studies examining the level of knowledge and
awareness about lung cancer prevention among future health-
care professionals in Bosnia and Herzegovina (B&H). To the
best of our knowledge, no previous research of this kind has
been conducted in B&H. The decision to focus on medical
students stems from their dual role — as individuals who must
adopt healthy lifestyle habits themselves and as future phy-
sicians responsible for educating patients and promoting pre-
ventive health behaviours. By identifying knowledge gaps and
attitudes toward lung cancer prevention, the findings of this
research can serve as a foundation for improving the medical
curriculum, designing targeted educational interventions, and
strengthening public health strategies aimed at reducing the
burden of lung cancer in the population.

The aim of this study was to investigate the level of awareness
about risk factors and lung cancer prevention among medical
students of two medical faculties to determine possible differ-
ences in knowledge about lung cancer prevention among stu-
dents who completed medical high school, general high school
(gymnasium), or other types of secondary education, and to
assess medical awareness of the importance of eliminating risk
factors and preventing lung cancer in relation to their lifestyle.

MATERIALS AND METHODS

Participants and study design

This prospective, descriptive, and epidemiological investiga-
tion aimed at assessing the level of knowledge and awareness
about lung cancer prevention among medical students.

The inclusion criterion for participants was enrolment in the gen-
eral medicine study program at School of Medicine, University of
Zenica, and School of Medicine at the University Clinical Centre
in Tuzla (B&H). All students were invited to participate voluntari-
ly. The exclusion criterion was refusal to participate in the study.
In total, 223 students from the two faculties participated in the
study. The sample included students born between 1994 and
2004, representing different academic years of the study. Par-
ticipation was entirely voluntary and anonymous, and each re-
spondent was informed about the purpose of the research before
completing the questionnaire.

Methods

Data collection was carried out using a structured question-
naire distributed through the Google Forms platform. The on-
line survey was available for completion in the areas of Zenica
and Tuzla from 31 March 2023 to 7 April 2023.

The questionnaire consisted of two main sections: sociodemo-
graphic data including variables such as age, sex, faculty, and
year of study, and knowledge and awareness of lung cancer
prevention, with questions designed to assess students’ under-
standing of risk factors, prevention strategies, and early detec-
tion methods.

The instrument was self-administered and designed to ensure
confidentiality and ease access for participants. Data were au-
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tomatically collected through an online form and exported for
statistical analysis.

Statistical analysis

Descriptive statistics (frequencies, percentages, means, and
standard deviations) were used to summarize sociodemograph-
ic characteristics and knowledge levels. Crosstabulation analy-
ses were conducted to examine potential associations between
variables such as sex, year of study, and knowledge scores.
For data visualization, graphs and tables were generated using
Microsoft Excel to facilitate the interpretation of findings and
to illustrate trends within the dataset. Value of p<0.05 was con-
sidered statistically significant.

RESULTS

Atotal of 223 students were surveyed: 126 (56.5%) from School
of Medicine in Zenica and 97 (43.5%) from School of Medicine
in Tuzla; 151 (67.7%) were females and 72 (32.3%) were males.
The distribution by year of study was as follows: 36 (16.1%)
first-year students, 55 (24.7%) second-year students, 28
(12.6%) third-year, 26 (11.7%) fourth-year, 46 (20.6%) fifth-
year, and 32 (14.3%) sixth-year students.

The largest percentage of respondents had previously complet-
ed medical high school 125 (56.1%), followed by those who
attended a general high school 85 (38.1%), and those who
completed another type of secondary school 13 (5.8%).

The highest percentage of medical students in Zenica and
Tuzla who felt they had received adequate education on lung
cancer prevention through their current studies was among
students in higher years, particularly the fifth and sixth years.
This trend was more pronounced among students from Tuz-
la. In total, 29.1% of respondents indicated the fifth year as
the period in which they received sufficient education, while
the lowest percentage of such responses came from first-year
students (8.2%) (p>0.05). Additionally, a higher prevalence of
students from Zenica (53.2%) reported feeling adequately edu-
cated than those from Tuzla (44.3%) (p>0.05).

The highest number of students came from medical high
schools (56.1%), followed by general high schools (38%),
while 13 students (5.8%) came from other types of secondary
schools. The highest perceived level of education was among
students from general high schools (51.8%), and the lowest
among those from other secondary schools (46.2%), without
statistical significance (p>0.05) (Table 1).

Table 1. Perception of the level of education in relation to the
previously completed secondary school

No (%) of students with self-
Previously completed assessed adequacy of education on

secondary school lung cancer prevention Total
Adequate Not adequate

Medical high school 61 (48.8) 64 (51.2) 125

General high schools 44 (51.8) 41 (48.2) 85

soetil:rj(;zgfez:hfools 6(462) 7(3.8) 13

Total 111 (49.8) 112 (50.2) 223

Out of the 223 students, a higher prevalence of male (54.2%)
than female (47.7%) students felt they were adequately educat-
ed, with no statistically significant difference (p>0.05) (Table 2).



Table 2. Perception of the level of education in relation to sex

No (%) of students with self-assessed adequacy

Terzimehi¢ et al. Lung cancer prevention

90 82,5%

Sex of education on lung cancer prevention Total
Adequate Not adequate

Female 72 (47.7) 79 (52.3) 151

Male 39 (54.2) 33 (45.8) 72

Total 111 (49.8) 112 (50.2) 223

The proportion of students who stated that they “do not con-
sider themselves smokers but occasionally smoke” was highest
in the second and third years (21.8% and 21.4%, respectively),
which may indicate transitional phases in smoking behaviour
(p<0.01) (Table 3).

Table 3. Smoking status of students in relation to the year of study

No (%) of students with smoking status

Year of

study  Smoker Non-smoker Former blljto(l)lczgls(i)(:(:;lsly Total
smoker smoke
First 9(25)  24(66.7) 2 (5.6) 1(2.3) 36
Second 3 (5.5) 37(67.3) 3(5.5) 12 (21.8) 55
Third 3(10.7)  16(57.1)  3(10.7) 6(21.4) 28
Fourth 8 (30.8) 13 (50) 3(11.5) 2(7.7) 26
Fifth 7(15.2)  35(76.1) 2 (4.3) 2 (4.3) 46
Sixth 8(25) 20(62.5) 4(12.5) 0 32
Total 38 (17) 145 (65) 17 (7.6) 23 (10.3) 223

The year of study significantly affected the perception of ne-
glected factors: students from different years did not equally
perceive the importance of smoking (by years of study, it rang-
es from 12.5-47.2%), diet (11.5-25.5%), pollution (17.9-50%),
genetics (0-26.9%), or other overlooked risk factors (p<0.05)
(Table 4).

Table 4. Students’ views on the neglect of risk factors

No (%) of students about the most neglected risk

Year of factors
study Air No neglected Total
Smoking Diet pollution Genetics factors

First 17 (47.2) 5(13.9) 11 (30.6) 0 3(8.3) 36
Second 10 (18.2) 14 (25.5) 16(29.1) 6(10.9) 9(16.4) 55
Third 7(25) 4143) 5(179) 6(221.4) 6(21.4) 28
Fourth 7(26.9) 3(11.5) 7(269) 7(26.9) 2(7.7) 26
Fifth  11(23.9) 10(21.7) 18(39.1) 3(6.5) 4 (8.7) 46
Sixth 4 (12.5) 5(15.6) 16(50) 5(15.6) 2(6.3) 32
Total 56 (25.1) 41 (18.4) 73 (32.7) 27 (12.1) 26(11.7) 223

A statistically significant difference in the method of acquir-
ing knowledge about lung cancer prevention between students
from School of Medicine in Zenica and those in Tuzla was
found (p<0.05) (Figure 1).

The majority of students (82.5%) believe that passive smoking
is equally harmful as active smoking, while 17.5% consider
passive smoking to be less harmful. The highest proportion
of students who perceive passive smoking as equally harmful
is recorded in the second (85.5%) and sixth year (87.5%) of
studying with no statistically significant difference.

Internet and TV Other

Formal education

M Faculty of Medicine in Zenica M Faculty of Medicine in Tuzla

Figure 1. Students’ knowledge about risk factors and prevention
of lung cancer according to the method of acquiring knowledge

DISCUSSION

The results of our study showed that the majority of students
possess a basic understanding of risk factors, particularly smok-
ing and air pollution, which is consistent with findings from oth-
er similar studies (12). Similarly, a study from Malaysia found
93% of respondents were aware of lung cancer and all identi-
fied smoking as the main risk factor. This high level of aware-
ness may be the result of effective public health campaigns and
prevention programs in Malaysia (13). Our findings align with
these results, especially in terms of recognizing smoking as a
key risk factor, identified by 100% of our participants.

Passive smoking was recognized as a serious health risk by
82.5% of respondents, which is in line with similar research
(14). However, a proportion of respondents still considered
passive smoking to be less harmful, indicating the need for
additional educational efforts. In a study from India, only
35.6% of participants were aware of secondhand smoke, and
only 23.3% were aware of thirdhand smoke (14). Secondhand
smoke is a recognized public health concern with high expo-
sure rates, which aligns with our finding that medical students
acknowledge passive smoking as an important, yet often over-
looked risk factor for lung cancer (15).

Air pollution was identified as the most neglected risk factor
by the majority of our respondents (32.7%), which corresponds
with other studies emphasizing the importance of environmen-
tal factors in the development of lung cancer (16). This sug-
gests that medical students are becoming increasingly aware of
less obvious risk factors, likely due to the progression of their
education during years of study (17).

Our study also showed a statistically significant difference in
students’ perceptions across different years of studying regard-
ing the neglect of certain risk factors. This is expected, as se-
nior students — with more clinical experience and theoretical
knowledge — tend to have a broader perspective on the com-
plexity of risk factors and lung cancer prevention (18,19).

In our study, a diet was recognized as a neglected risk factor,
which is significant as it points to a potential need to incorpo-
rate dietary advice into lung cancer prevention programs. Our
students demonstrated relatively greater awareness of the im-
portance of nutrition comparing with some other studies where
only 31.5% of respondents believed certain dietary habits
could be a risk factor (16). Reportedly, a significant negative
correlation between Mediterranean diet patterns and the risk
of lung cancer in the general population was found (20). The
findings from the UK Biobank study, which included 416,588
participants, confirmed that diet plays a significant role in in-
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fluencing lung cancer risk (21). Lifestyle modification should
include changing eating habits based on a healthy diet, which
may be an additional factor in reducing the risk of developing
cancer (22).

In our study, students in higher years, especially fifth- and
sixth-year students, most often reported receiving adequate ed-
ucation on lung cancer prevention, which is in line with other
studies (23).

In our study, a slightly higher percentage of male students than
female students felt adequately educated about lung cancer
prevention, which is consistent with previous findings (24),
although the knowledge about cancer risk factors among med-
ical students remains suboptimal across both sexes (25).

This study is limited to two medical faculties, which may re-
strict the generalizability of the findings, and the use of a ques-
tionnaire may reflect subjective perceptions rather than actual
knowledge or behaviour. Also, the cross-sectional design pre-
cludes any inference of causality, and potential response and
recall biases may have influenced the results. Finally, the rela-
tively small sample size may reduce statistical power and limit
the possibility of detailed subgroup analyses.
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