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Abstract

Background: Hyperbilirubinemia has traditionally been regarded as a marker of complicated acute appendicitis.
However, the correlation between serum bilirubin and symptom duration remains poorly described. Our aim was
to evaluate the correlation between symptom duration and bilirubin concentrations in patients with histopatho-
logically confirmed acute appendicitis. Methods: This single-center study included 54 patients with acute ap-
pendicitis. Bilirubin fractions, inflammatory markers and other laboratory parameters were analyzed. Their rela-
tionship with symptom duration were assessed using Spearman correlation and subgroup comparisons. Results:
Symptom duration inversely correlated with total, direct and indirect bilirubin. Although patients presenting
within 24 hours demonstrated numerically higher bilirubin concentrations, subgroup differences did not reach
statistical significance. Conclusion: Serum bilirubin demonstrated a significant inverse association with symptom
duration in acute appendicitis, supporting further investigation of bilirubin within a temporal framework.
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Introduction

Acute appendicitis remains one of the most common sur-
gical emergencies worldwide and a leading indication for ur-
gent abdominal surgery [1-2]. Despite advances in diagnostic
imaging and laboratory testing, early identification of biolog-
ically active disease and differentiation between uncompli-
cated and complicated appendicitis continue to pose clinical
challenges. Consequently, considerable attention has been
directed toward the identification of laboratory biomarkers
capable of improving risk stratification and supporting clinical
decision-making [3-5].

Multiple studies and meta-analyses have demonstrated
an association between hyperbilirubinemia and complicated
appendicitis, particularly its gangrenous and perforated forms
[6-9]. Within this framework, hyperbilirubinemia has tradi-
tionally been interpreted as a marker of advanced disease
severity and increased inflammatory burden.

However, most previous investigations have evaluated bil-
irubin concentration as a static marker measured at a single
time point, with relatively little attention paid to its changes
during the course of appendicitis. This is an important limi-
tation because the interpretation of any biomarker depends
not only on its absolute value but also on the timing of meas-
urement relative to the course of disease. While inflamma-
tory markers such as C-reactive protein (CRP), interleukin-6
(IL-6) and leukocyte-based indices have well-known tempo-
ral changes during acute inflammation, the relationship be-
tween symptom duration and serum bilirubin concentrations
remains insufficiently characterized [10-11].

Our previous clinical observations suggested that elevat-
ed bilirubin concentration was frequently encountered in pa-
tients presenting relatively early in the course of appendicitis,
including some with only modest elevations of conventional
inflammatory markers. That raises the possibility that biliru-
bin may have a different temporal pattern than the traditional
inflammatory biomarkers and that it may reflect other biolog-
ical processes [12].

Several biological mechanisms support this possibility.
The liver occupies a central position within the gut—liver axis
and is continuously exposed to microbial products delivered
through the portal circulation [13-14]. Experimental studies
have demonstrated that bacterial endotoxins (particularly
lipopolysaccharide) can rapidly alter hepatocellular trans-
porter function and bile excretion before the development of
overt systemic inflammatory manifestations [14-15]. These
observations provide a biologically plausible basis for early
alterations in bilirubin metabolism during intra-abdominal
infection. The aim of the present study was to evaluate the
correlation between symptom duration and serum bilirubin
concentrations in patients with histopathologically confirmed

acute appendicitis and to characterize this relationship in the
context of inflammatory markers and pathological severity.

Material and methods

This single-center observational study was conducted
at the Department of Surgery of the General Hospital in Ku-
manovo (North Macedonia). Consecutive adult patients un-
dergoing appendectomy for suspected acute appendicitis
between July 2025 and December 2025 were screened for
inclusion. Only patients with histopathologically confirmed
acute appendicitis were included in the final analysis.

Data collection

Clinical and laboratory data were retrospectively collect-
ed from electronic medical records. We recorded demograph-
ic characteristics (age and sex), symptom duration (defined as
the interval between the onset of abdominal pain and surgi-
cal intervention, based on patient-reported history) and labo-
ratory parameters (see below).

All laboratory analyses were performed in the central clin-
ical laboratory of the same hospital. Blood samples were ob-
tained at admission, before surgical intervention, and prior to
administration of perioperative antibiotics. Complete blood
count, including white blood cell count, hemoglobin, hemat-
ocrit, and differential leukocyte counts used for calculation of
the neutrophil-to-lymphocyte ratio were analyzed using the
Beckman Coulter DxH 560 Hematology Analyzer (Beckman
Coulter Inc., Brea, CA, USA). Biochemical analyses, including
total, direct, and indirect bilirubin, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), gamma-glutamyl transferase (GGT), creatinine, and
urea, were performed using the Atellica® Solution Clinical
Chemistry System (Siemens Healthineers AG, Erlangen, Ger-
many). Serum interleukin-6 (IL-6) concentrations were meas-
ured using the IMMULITE® 2000 XPi Immunoassay System
with the IMMULITE® IL-6 assay (Siemens Healthineers AG,
Erlangen, Germany), while serum procalcitonin (PCT) con-
centrations were determined using the VIDAS® BRAHMS PCT
assay on the VIDAS® immunoanalyzer (bioMérieux SA, Mar-
cy-I'Etoile, France). All analyses were performed in the same
laboratory, accredited by the National Accreditation Board,
following the manufacturers’ instructions for calibration and
internal quality-control procedures.

To minimize factors affecting bilirubin metabolism, pa-
tients with documented chronic liver disease, viral hepatitis,
known Gilbert syndrome, alcohol-related liver disease, biliary
tract disease, hemolytic disorders, chronic kidney disease or
other conditions known to influence bilirubin metabolism
were excluded. Patients with abnormal peripheral blood
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smear findings suggestive of hemolysis were also excluded.
Serological testing for hepatitis (HBsAg, anti-HCV, anti-HAV
IgM) was negative in all included patients.

Abdominal ultrasonography was performed in all patients,
while computed tomography was obtained when clinically in-
dicated. None of the patients had findings suggestive of clini-
cally significant biliary obstruction or cholestatic disease that
could account for the observed bilirubin concentrations. To
further exclude previously unrecognized hereditary hyperbil-
irubinemia, follow-up bilirubin measurements were obtained
on postoperative day 30 day.

Definition of pathological severity

Patients were stratified according to histopathological
findings into:

e complicated appendicitis (CApp): gangrenous and/or
perforated appendicitis,

e uncomplicated appendicitis (non-CApp): phlegmonous
or catarrhal appendicitis without evidence of gangrene or
perforation.

Study outcomes

Our primary objective was to evaluate the relationship
between symptom duration and serum bilirubin concentra-
tions in patients with acute appendicitis. Secondary objec-
tives included:

¢ assessment of this relationship within subgroups (CApp
vs. non-KCApp),

e comparison of laboratory parameters between early
and late presentation (<24 hvs. > 24 h),

e evaluation of temporal relationships between symptom
duration and laboratory parameters.

Statistical analysis

Data distribution was assessed using the Shapiro—Wilk
test. As most variables were non-normally distributed, con-
tinuous variables are presented as median values with in-
terquartile ranges (IQR). Categorical variables are presented
as counts and percentages. Associations between symptom
duration and laboratory parameters were assessed using
Spearman’s rank correlation coefficient (p). For subgroup
comparisons, continuous variables were compared using the
Mann-Whitney U test. Whereas categorical variables were
analyzed using Fisher’s exact test, as appropriate. Patients
were stratified according to symptom duration (< 24 hours vs.
> 24 hours) and pathological severity (CApp vs. non-KCApp).
A two-sided p-value < 0.05 was considered statistically signif-
icant. Given the exploratory nature of the study, adjustments
for multiple comparisons were not performed. All statistical

analyses were performed using SPSS version 26.0 (IBM Corp.,
Armonk, NY, USA).

Ethical considerations

The study protocol was approved by the Ethics Commit-
tee of the Faculty of Medicine, Ss Cyril and Methodius Uni-
versity (Skopje, North Macedonia) (Approval No. 03-1767/2;
25 March 2025). This study was conducted in accordance
with the Declaration of Helsinki and relevant institutional
guidelines. All patients provided written informed consent
for participation and for anonymized publication of clinical
and pathological data. Patient confidentiality was maintained
throughout the study.

A total of 54 patients with histopathologically confirmed
acute appendicitis were included in the study. 23 (42.6%) of
them had complicated appendicitis (CApp) and 31 (57.4%)
had uncomplicated appendicitis (non-CApp). Based on symp-
tom duration, 19 patients (35.2%) presented within < 24
hours and 35 patients (64.8%) after > 24 hours from symptom
onset (Table 1).

Total bilirubin concentrations returned to normalin all cases
and remained within the laboratory reference range at fol-
low-up, thus excluding previously unrecognized hereditary
hyperbilirubinemia or persistent hepatobiliary dysfunction as
causes of the pre-operative bilirubin elevations.

Symptom duration vs. laboratory param-
eters

Spearman correlation analysis demonstrated significant
inverse associations between symptom duration and all se-
rum bilirubin fractions. Symptom duration correlated neg-
atively with total bilirubin (p = -0.36, p = 0.007), direct bili-
rubin (p = -0.33, p = 0.014), and indirect bilirubin (p = -0.37,
p = 0.006). Among inflammatory markers, significant inverse
correlations were also observed for WBC (p =-0.41, p =0.002)
and NLR (p = -0.33, p = 0.016). In contrast, CRP (p = 0.03,
p = 0.802), IL-6 (p = -0.14, p = 0.315) and PCT (p = -0.22,
p = 0.117) did not demonstrate significant associations with
symptom duration.

No significant correlations were identified between symp-
tom duration and hemoglobin, hematocrit, ALT, AST, ALP, GGT,
creatinine, or urea (all p > 0.05) (Table 2, Figure 1).
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Table 1. Baseline characteristics of the study population

Variable Total (n = 54)

Age, years

29.0 (21.3-47.3) [18-72]

Sex, male/female, n (%)

22 (40.7%) / 32 (59.3%)

Symptom duration, hours

36.0 (24.0-72.0) [8-168]

Laboratory parameters

Total bilirubin (pmol/L)

11.5 (8.0-17.8) [4.1-39.9]

Direct bilirubin (pmol/L)

2.6 (1.4-3.9) [0.6-10.0]

Indirect bilirubin (pmol/L)

9.3 (6.6-14.3) [3.5-34.5]

WBC (x109/L)

12.5 (9.7-15.3) [3.9-22.0]

NLR

6.87 (3.83-10.39) [0.8-26.9]

CRP (mg/L)

42.6 (11.5-78.5) [1.0-407.3]

IL-6 (pg/mL)

37.7 (7.0-64.9) [2.0-1000.0]

Procalcitonin (ng/mL)

0.05 (0.05-0.05) [0.05-7.24]

Hemoglobin (g/L)

135.9 (124.0-146.1) [101.0-161.6]

Hematocrit 0.383 (0.352-0.410) [0.278-0.447]
ALT (U/L) 22.6 (17.2-33.4) [10.0-88.0]

AST (U/L) 21.7 (15.6-27.2) [8.9-40.4]

ALP (U/L) 69.9 (63.8-81.3) [44.6-108.2]
GGT (U/L) 32.1 (21.9-43.6) [11.0-80.0]

Creatinine (pmol/L)

72.0 (67.7-81.8) [50.0-117.9]

Urea (mmol/L)

4.4 (3.3-5.6) [1.8-8.8]

Pathological classification

Complicated appendicitis, n (%)

23 (42.6%)

Uncomplicated appendicitis, n (%)

31 (57.4%)

Values are presented as median (interquartile range, IQR) [minimum—maximum] unless otherwise stated.
Normal ranges of laboratory parameters are presented in parentheses.

ALP — alkaline phosphatase; ALT — alanine aminotransferase; AST— aspartate aminotransferase, CRP-C—reactive protein;
GGT — gamma-glutamyl transferase; IL-6 — interleukin-6; NLR — neutrophil-to-lymphocyte ratio; WBC — white blood cell count
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Table 2. Correlation between symptom duration and laboratory parameters

Variable Spearman’s p p-value
Total bilirubin -0.36 0.007
Direct bilirubin -0.33 0.014
Indirect bilirubin -0.37 0.006
WBC -0.41 0.002
NLR -0.33 0.016
CRP +0.03 0.802
IL-6 -0.14 0.315
Procalcitonin -0.22 0.117
Hemoglobin -0.22 0.118
Hematocrit -0.25 0.071
ALT -0.17 0.225
AST +0.03 0.857
ALP -0.07 0.600
GGT +0.16 0.239
Creatinine -0.11 0.420
Urea -0.06 0.675

Spearman’s rank correlation coefficient (p) was used to assess associations between symptom duration and laboratory parameters.
ALP — alkaline phosphatase; ALT — alanine aminotransferase; AST— aspartate aminotransferase; CRP-C —reactive protein;
GGT — gamma-glutamyl transferase; IL-6 — interleukin-6; NLR — neutrophil-to-lymphocyte ratio; WBC — white blood cell count

Symptom duration (=< 24 h vs. > 24 h)

Patients presenting within < 24 hours had higher con-
centrations of total, direct, and indirect bilirubin than pa-
tients presenting after > 24 hours. However, none of these
between-group differences reached statistical significance
(total bilirubin, p = 0.077; direct bilirubin, p = 0.069; indirect
bilirubin, p = 0.074). Accordingly, these findings should be in-
terpreted as descriptive and supportive rather than confirm-
atory. In contrast, the primary correlation analysis identified
statistically significant inverse associations between symptom
duration and all bilirubin fractions across the entire cohort.
Among inflammatory markers, patients presenting within
< 24 hours had significantly higher WBC counts (p = 0.028)
and NLR values (p = 0.030). No significant differences were
observed for CRP, IL-6 or PCT. Similarly, no statistically signif-
icant differences were identified for hemoglobin, hematocrit,

liver enzymes (ALT, AST, ALP, GGT), creatinine, or urea (all
p > 0.05). These findings indicate that the observed bilirubin
pattern was not accompanied by evidence of hemoconcen-
tration, hepatocellular injury, cholestatic enzyme elevation, or
renal dysfunction (Table 3, Figure 2).

Analysis according
to pathological severity

Within the CApp subgroup, symptom duration demon-
strated significant inverse correlations with total bilirubin
(p = -0.49, p = 0.017) and indirect bilirubin (p = -0.47,
p =0.024). Direct bilirubin showed a similar inverse trend but
did not reach statistical significance (p =-0.30, p = 0.162). No
significant associations were observed between symptom du-
ration and WBC, NLR, CRP, IL-6 or PCT within the CApp sub-
group.



00 Eur J Transl Clin Med 2026;9(2):00-00

Within the non-CApp subgroup, symptom duration
demonstrated significant inverse correlations with all bili-
rubin fractions, including total bilirubin (p = -0.43, p = 0.017),
direct bilirubin (p = -0.42, p = 0.018), and indirect bilirubin
(p = -0.42, p = 0.019). Significant inverse correlations were
also observed for WBC (p = -0.43, p = 0.015), NLR (p = -0.37,
p =0.039) and PCT (p =-0.41, p = 0.022). In contrast, CRP and
IL-6 were not significantly associated with symptom duration.
Collectively, a similar inverse temporal association between
bilirubin and symptom duration was observed in both patho-
logical subgroups and was not restricted to complicated ap-
pendicitis (Table 4, Figure 3).

The present study demonstrated significant inverse corre-
lations between symptom duration and serum bilirubin con-
centrations across all bilirubin fractions. Although patients
presenting within < 24 hours had higher bilirubin concen-
trations, these subgroup differences did not reach statistical
significance. Importantly, a similar temporal pattern was ob-
served in both CApp and non-CApp, suggesting that it is not
restricted to advanced pathological severity.

Our findings also reveal that different laboratory markers
exhibit distinct temporal profiles. While serum bilirubin, WBC,
and NLR demonstrated significant inverse associations with
symptom duration, CRP, IL-6 and PCT did not show significant
temporal relationships in the overall cohort. Furthermore, no
significant associations were observed between symptom du-
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Figure 1. Symptom duration vs. serum total bilirubin in acute
appendicitis

Scatter plot demonstrating the inverse association between
symptom duration and serum total bilirubin concentrations.
Each point represents an individual patient. The fitted line is
shown for visual representation of the overall trend.

Symptom duration was inversely correlated with total bilirubin
(Spearman’s p =-0.36, p = 0.007).

ration and markers of hemoconcentration (hemoglobin and
hematocrit), hepatocellular injury (ALT and AST), cholestatic
enzyme activity (ALP and GGT), or renal function (creatinine
and urea). Collectively, our findings suggest that bilirubin
may provide information regarding the host response that
is not fully captured by conventional inflammatory markers
alone.

Temporal dynamics of bilirubin in acute
appendicitis

Previous studies have consistently demonstrated an as-
sociation between hyperbilirubinemia and CApp. Jamaluddin
et al., D’Souza et al., Akturk et al., Khalid and Elamin, and
Basukala et al. reported that elevated bilirubin levels are
associated with more severe forms of appendicitis and may
assist in identifying patients at increased risk of perforation
[16-20]. Similarly, Yamazaki et al. identified both bilirubin and
CRP as predictors of perforated appendicitis, while Eren et al.
demonstrated concurrent elevations of bilirubin, CRP, WBC
and neutrophil counts in gangrenous and perforated CApp
[21-22]. Adams and Jaunoo likewise reported higher bilirubin
concentrations in perforated compared with non-perforated
appendicitis [23].

Our study does not contradict these observations. Rather,
it addresses a different aspect of bilirubin biology. Most of the
previous investigations evaluated bilirubin as a static marker
of disease severity, whereas our study examined its relation-
ship with symptom duration.

35 40
o

30

Total bilirubin (pmol/L)
0

=24h >24h
Symptom duration group

Figure 2. Serum total bilirubin according to symptom duration
groups

Boxplot showing serum total bilirubin concentrations in patients
presenting within < 24 hours and > 24 hours from symptom
onset. The central line represents the median, boxes indicate the
interquartile range, and whiskers represent the range. Higher
bilirubin concentrations were observed in patients presenting
within < 24 hours, although the difference did not reach statistical
significance (p = 0.077).
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Table 3. Comparison of laboratory parameters according to symptom duration (< 24 h vs. > 24 h)

Variable Spearman’s p p-value
Total bilirubin -0.36 0.007
Direct bilirubin -0.33 0.014
Indirect bilirubin -0.37 0.006
WBC -0.41 0.002
NLR -0.33 0.016
CRP +0.03 0.802
IL-6 -0.14 0.315
Procalcitonin -0.22 0.117
Hemoglobin -0.22 0.118
Hematocrit -0.25 0.071
ALT -0.17 0.225
AST +0.03 0.857
ALP -0.07 0.600
GGT +0.16 0.239
Creatinine -0.11 0.420
Urea -0.06 0.675

Values are presented as median (interquartile range, IQR). Comparisons between patients presenting within < 24 hours and > 24 hours from
symptom onset were performed using the Mann—Whitney U test. A two-sided p-value < 0.05 was considered statistically significant.
Laboratory reference ranges: total bilirubin < 17.1 umol/L, ALT < 52 U/L, AST < 39 U/L, ALP 46-116 U/L, GGT < 61 U/L, creatinine

53-115 pumol/L, and urea 1.7-8 mmol/L.

ALP — alkaline phosphatase; ALT — alanine aminotransferase; AST — aspartate aminotransferase; CRP-C —reactive protein; GGT — gamma-
glutamyl transferase; IL-6 — interleukin-6; NLR — neutrophil-to-lymphocyte ratio; WBC — white blood cell count

The significant inverse correlations observed across the
continuous range of symptom duration suggest that bilirubin
concentrations vary according to the stage of appendicitis. Al-
though dichotomization at the 24-hour threshold yielded only
numerical differences, the continuous analysis supports the
existence of an overall temporal association. These findings
further suggest that bilirubin concentrations may increase rel-
atively early in the disease course, including in patients who
ultimately demonstrate non-CApp histopathological findings.
This observation expands the traditional interpretation of
hyperbilirubinemia as exclusively a marker of perforation or
severe appendiceal destruction. The principal contribution
of the present study therefore is characterizing the temporal
behavior of bilirubin during acute appendicitis. The observed

inverse relationship between bilirubin and symptom duration
provides a basis for considering bilirubin within a temporal
framework and suggests that biomarker interpretation may
benefit from incorporating information regarding the stage of
disease presentation.

Potential biological explanations

First, bacterial endotoxins and other microbial products
are known to influence hepatocellular bile transport. Exper-
imental studies have demonstrated that lipopolysaccharide
can rapidly alter canalicular transporter function and impair
bile excretion independently of overt structural liver injury
[14, 24-27]. This may result in transient increases in serum
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Table 4. Correlation between symptom duration and laboratory parameters stratified by pathological severity

Group Variable Spearman’s p p-value

Complicated appendicitis (CApp, n = 23) Total bilirubin 049 0-017
Direct bilirubin -0.30 0.162
Indirect bilirubin -0.47 0.024
WBC -0.36 0.087
NLR -0.21 0.341
CRP +0.31 0.154
IL-6 -0.09 0.675
Procalcitonin -0.03 0.905

Uncomplicated appendicitis (nonCApp, n = 31) Total bilirubin 043 0.017
Direct bilirubin -0.42 0.018
Indirect bilirubin -0.42 0.019
WBC -0.43 0.015
NLR -0.37 0.039
CRP -0.04 0.830
IL-6 -0.10 0.601
Procalcitonin -0.41 0.022

Values represent Spearman’s rank correlation coefficients (p) between symptom duration and laboratory parameters calculated separa-
tely within pathological subgroups. A two-sided p-value < 0.05 was considered statistically significant.
CRP — C-reactive protein; IL-6 — interleukin-6; NLR — neutrophil-to-lymphocyte ratio; WBC — white blood cell count

bilirubin concentrations without corresponding elevations
in conventional liver enzymes. Second, the appendix drains
into the portal venous system, creating a direct anatomical
pathway for delivery of microbial products to the liver. Expo-
sure of hepatic cells to bacterial components may therefore
occur early during appendiceal infection, potentially preced-
ing widespread systemic inflammatory activation [13, 28-30].
Third, the absence of significant associations between symp-
tom duration and ALT, AST, ALP, and GGT negates progressive
hepatocellular injury or cholestatic disease as primary expla-
nations for the observed bilirubin pattern. Similarly, the lack
of significant temporal relationships for hemoglobin and he-
matocrit does not support hemoconcentration as the princi-
pal mechanism. Taken together, these observations support
the plausibility of an early hepatobiliary response to microbi-
al exposure. Unfortunately, direct measurement of endotoxin
activity, microbial translocation and hepatocellular trans-
port dysfunction was beyond the scope of the present study,
therefore mechanistic conclusions cannot be drawn.

Bilirubin vs. inflammatory markers

An important finding of this study is the differing tempo-
ral behavior of bilirubin and inflammatory biomarkers. WBC
and NLR demonstrated inverse associations with symptom
duration similar to bilirubin, whereas CRP, IL-6 and PCT did
not exhibit significant temporal relationships in the overall
cohort. These findings suggest that different biomarkers may
reflect distinct phases or components of the host response to
appendiceal inflammation. Importantly, the absence of a sig-
nificant temporal relationship for CRP and IL-6 should not be
interpreted as evidence that these markers lack clinical rele-
vance. Rather, it may indicate that inflammatory biomarkers
and bilirubin capture partially different biological processes
and when interpreted together they may therefore provide
complementary information. The partially distinct temporal
profiles of bilirubin and inflammatory biomarkers form the
basis of the proposed conceptual framework illustrated in
Figure 4.
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Figure 3. Symptom duration versus serum total bilirubin according to pathological severity

(A) Each point represents an individual patient. The fitted line is shown for visual representation of the overall trend. Symptom duration
was inversely correlated with total bilirubin (Spearman’s p =-0.49, p = 0.017).

(B) Each point represents an individual patient. The fitted line is shown for visual representation of the overall trend. Symptom duration
was inversely correlated with total bilirubin (Spearman’s p =-0.43, p = 0.017).
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Figure 4. Conceptual temporal biomarker model in acute appendicitis

This hypothesized temporal framework for biomarker behavior in acute appendicitis is based on the observed cross-sectional associa-
tions. It integrates the observed inverse association between symptom duration and bilirubin concentrations with current knowledge

of host—pathogen interactions and the gut-liver axis. The hypothesis is that exposure of the liver to bacterial products delivered through
the portal circulation may contribute to transient elevations in serum bilirubin during earlier stages of appendicitis. As the appendicitis
progresses, systemic inflammatory activation may become increasingly prominent, reflected by changes in conventional inflammatory
biomarkers. This figure should not be interpreted as evidence of a validated biological sequence, causal mechanism or direct temporal
progression of biomarker responses.
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The “early-hit concept”
as a hypothesis-generating framework

Our findings are consistent with a conceptual model in
which biomarker responses in acute appendicitis might not
evolve in a strictly linear fashion. Within this framework, bili-
rubin may represent an early component of the host response
to microbial exposure, whereas other biomarkers reflect sub-
sequent inflammatory amplification and systemic activation.
Importantly, this interpretation should be viewed as hypoth-
esis-generating rather than mechanistic. The present study is
based on cross-sectional observations and cannot establish
temporal causality. Consequently, Figure 4 should be inter-
preted as a conceptual model (intended to stimulate further
investigation), rather than as a validated biological pathway.

Clinical implications

The observed inverse correlation between symptom du-
ration and bilirubin concentrations suggests that the timing of
presentation should be considered when interpreting biliru-
bin values. Bilirubin may provide complementary information
regarding host—pathogen interactions occurring during the
initial stages of appendiceal inflammation.

Conversely, the absence of bilirubin elevation in patients
with longer symptom duration should not be interpreted as
evidence against active disease. Consideration of symptom
duration may therefore be important when interpreting bil-
irubin concentrations in clinical practice. Our findings do not
support specific diagnostic thresholds or changes in man-
agement strategy. Rather, they highlight the potential value
of incorporating temporal context into the interpretation of
laboratory biomarkers.

Limitations

Key limitation of our study is its cross-sectional design
which precludes direct assessment of intra-individual tempo-
ral changes and does not permit conclusions regarding causal
sequencing of biomarker responses. Second, our study was
conducted at a single center and included a relatively small
sample size, particularly for subgroup analyses. Third, symp-
tom duration was based on patient-reported history which is
subject to recall bias. Although major confounders of bilirubin
metabolism were actively excluded and postoperative nor-

malization of bilirubin was documented in all patients, residu-
al confounding cannot be completely excluded. Finally, direct
measurements of endotoxin activity, bacterial translocation,
cytokine kinetics, and hepatobiliary transporter function
were not available, limiting mechanistic interpretation.

Future directions

Future prospective studies incorporating serial biomarker
measurements, microbiological characterization, and direct
assessment of host—pathogen interactions are required to
validate the proposed temporal framework. Particular atten-
tion should be directed toward evaluating bilirubin dynamics
in relation to endotoxin exposure, inflammatory signaling
pathways and clinical outcomes. Such investigations may
help determine whether temporal biomarker profiling can
improve understanding of disease biology and contribute to
more refined risk stratification in acute appendicitis.

Serum bilirubin demonstrated significant inverse corre-

lations with symptom duration, indicating that higher biliru-
bin concentrations were associated with shorter symptom
duration across the study cohort. The observed temporal re-
lationship was generally preserved in both complicated and
uncomplicated appendicitis. These findings suggest that the
temporal behavior of bilirubin deserves consideration along-
side pathological severity and support further investigation
of bilirubin within a temporal framework. We suggest an
“early-hit” concept that should be regarded as a hypothesis-
-generating model that requires validation through prospec-
tive studies incorporating serial biomarker measurements
and direct assessment of host—pathogen interactions.
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