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Abstract

Background Acute pancreatitis (AP) necessitates accurate severity and prognosis assessment. While the Computed Tomog-
raphy Severity Index (CTSI) is widely used, its time-dependent predictive value remains unclarified. This meta-analysis
compares the predictive efficacy of CTSI across assessment times for AP outcomes.

Methods Systematic searches were performed in PubMed, Cochrane, Embase, and Web of Science. Literature was collated
by using EndNote 20. Methodological quality was assessed using QUADAS-2. Bivariate meta-analyses were conducted
with Stata 16 and Meta-Disc 1.4.

Results Analysis of 28 studies (n=5,419) revealed significant time-dependent variations: CTSI achieved optimal sensitivity
for severity prediction at <48 h (0.84, 95%CI 0.78-0.89) with specificity 0.79 (0.76-0.82), and peak sensitivity for organ
failure at <48 h (0.90, 0.82-0.95) though with moderate specificity (0.52, 0.48—0.57). Mortality prediction showed the
highest sensitivity at <72 h (0.89, 0.74—0.97), despite suboptimal specificity (0.65, 0.61-0.68). Pancreatic necrosis detec-
tion demonstrated superior accuracy at >72 h (sensitivity 0.91, 0.84—0.95; specificity 0.82, 0.79-0.85). The pooled area
under the receiver operating characteristic curve values with 95% CI for overall predictive performance were: severity, 0.85
(0.82—-0.88); organ failure, 0.86 (0.82—0.88); mortality, 0.85 (0.81-0.88); and pancreatic necrosis, 0.94 (0.99—0.96).
Conclusion CTSI exhibits distinct temporal predictive patterns: <48 h assessments optimise early evaluation of severity/
organ failure, <72 h scans best predict mortality, while delayed imaging (>72 h) maximises pancreatic necrosis accuracy at
the expense of clinical timeliness. Future research must standardise imaging timepoints, integrate CTSI with physiological
biomarkers, and develop dynamic assessment models to resolve discrepancies in anatomical-pathophysiological prognostic
factors in AP management.
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Introduction
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Acute pancreatitis (AP) is an inflammatory disorder of the
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pancreas characterised by premature activation of pancre-

?;3;"’66;71;;“‘13 atic enzymes, leading to autodigestion, oedema, haemor-

@qq.com rhage, and pancreatic tissue necrosis [1]. Globally, AP
Longyan Zhu affects 13—45 individuals per 100,000 annually, with mor-
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tality rates reaching 1.6 per 100,000 [2, 3]. Approximately
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(SAP), defined by persistent organ failure (>48 h) under
the Revised Atlanta Classification [4], and SAP mortal-
ity remains alarmingly high (10-30%) [5]. Adverse out-
comes such as pancreatic necrosis, systemic inflammatory
response syndrome (SIRS), and multi-organ failure are key
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determinants of poor prognosis [6]. For instance, pancreatic
necrosis occurs in 20-40% of SAP cases. Patients with pan-
creatic necrosis account for over 70% of all AP-related mor-
tality cases, with infected necrosis being the primary cause
of death [7, 8]. Organ failure increases the risk of mortal-
ity by 5- to 10-fold [9]. The guidelines [10, 11] recommend
that prognosis be determined by assessing organ failure and
SIRS within the 48 h after admission. These underscore
the critical need for early risk stratification to guide timely
interventions, optimize resource allocation, and enhance
survival [12].

Several prognostic tools have been developed to assess
the severity of AP and its outcomes. The Acute Physiol-
ogy and Chronic Health Evaluation-II (APACHE-II) score,
a multi-organ dysfunction assessment, provides dynamic
risk stratification, with an area under the receiver-operating
characteristic (ROC) curve (AUC) of 0.82-0.88 for mortal-
ity prediction [13]. However, its reliance on 24-hour data
collection limits practicality in rapid triage [14]. The Ran-
son Criteria, introduced in 1974, evaluates 11 clinical and
laboratory parameters within 48 h, demonstrating moderate
accuracy (AUC: 0.70-0.85) but requiring prolonged data
collection [15]. In contrast, imaging-based systems, such as
the Balthazar Score and its evolution, the Computed Tomog-
raphy Severity Index (CTSI), provide morphologic insights
into pancreatic inflammation and necrosis. CTSI integrates
pancreatic inflammation grading (0—4) and necrosis extent
(0-6), demonstrating moderate predictive accuracy for AP
severity assessment [16, 17]. However, CTSI’s reliance on
contrast-enhanced computed tomography (CECT) raises
concerns about radiation exposure and renal risks [18, 19].
Though validated in critical care, the Sequential Organ
Failure Assessment (SOFA) score lacks specificity for AP.
Despite advancements, consensus on the optimal timing for
CTSI assessment remains elusive, as early imaging may
underestimate necrosis, while delayed scans risk clinical
deterioration [20, 21].

As for the temporal relationship between CTSI assess-
ment and its predictive accuracy, evidence-based clini-
cal guidelines [11] recommend that initial CT assessment
be performed in AP patients to confirm severity, with the
optimal timing no earlier than 72 to 96 h post-symptom
onset (GRADE 1 C, strong consensus). Existing studies
have shown that CTSI, performed 72 h after admission of
patients with AP, demonstrated a strong ability to predict
pancreatic necrosis (AUC=0.879; 95% CI, 0.77-0.96)
[22]. However, because pancreatic morphological changes
may manifest late, earlier CT scanning may have limited
utility [23]. By contrast, emerging evidence [24] suggests
that prompt CT evaluation (within 48 h of symptom onset)
enables quantitative assessment of extrapancreatic necrosis
volume and pancreatic tissue damage, thereby preventing
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missed opportunities for critical early intervention win-
dows. This temporal discordance underscores the need for
standardised assessment windows, particularly given the
emergence of quantitative imaging biomarkers that map
time-dependent diagnostic trajectories [24]. Our systematic
review aims to resolve these discrepancies by synthesising
evidence on optimal CTSI evaluation timelines for predict-
ing multidimensional outcomes.

Methods

This systematic review adhered to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [25]. The study protocol was pro-
spectively registered with the International Prospective
Register of Systematic Reviews (PROSPERO) under regis-
tration (Registration ID: CRD42024574245).

Search strategy

We conducted comprehensive literature searches in PubMed,
Cochrane Library, Embase, and Web of Science from the
database inception through March 1st, 2025. Only literature
published after 2000 was included, with full search syntax
detailed in Table S1.

Inclusion and exclusion criteria

The following inclusion criteria were defined: (1) Studies in
which patients were definitely diagnosed with AP. The diag-
nosis of AP required at least 2 of the following 3 criteria:
typical acute epigastric pain with or without back radiation;
a serum amylase or lipase level at least 3 times the upper
limit of normal; and imaging findings consistent with AP.
(2) Studies reporting CTSI or Modified CTSI (MCTSI). (3)
Studies on at least one of the following outcomes: severity,
mortality, organ failure, and pancreatic necrosis. (3) Studies
on at least one of the following outcomes: severity, mortal-
ity, organ failure, and pancreatic necrosis. AP severity was
classified as mild, moderate, or severe according to the 2012
Revised Atlanta Classification. Data on SAP were included
in this study. Deaths occurred during hospitalisation.
According to the modified Marshall scoring system, organ
failure was defined as three organ systems with scores of 2
or more: respiratory, cardiovascular, and renal. Pancreatic
necrosis was determined by CECT, which showed absent
pancreatic parenchymal enhancement, and was confirmed.
(4) Studies mentioning the time of CT evaluation. (5) Stud-
ies providing sensitivity, specificity, the gold standard, and
the number of negative and positive cases.
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Exclusion criteria comprised: (1) duplicate publications
or irrelevant content; (2) preclinical studies using animal/
cell models; (3) non-original research (reviews, meta-
analyses, conference abstracts, case reports, guidelines, or
commentaries); (4) insufficient data for constructing 2 x2
contingency tables (true positives, false positives, true nega-
tives, false negatives); (5) inaccessible full-text articles.

Literature screening

In this study, two researchers independently used EndNote
20 to screen the literature. A third researcher makes the
judgment in the event of any dispute. The screening process
mainly consisted of two steps. First, an initial screening was
performed by the titles and abstracts of the retrieved studies
to exclude those that did not meet the criteria. Second, after
the initial screening, the literature was then screened in full
text, and the full texts of the screened articles were down-
loaded. The final inclusion of studies was decided based on
the screening results.

Data extraction

Two researchers independently collected data from eligible
studies. Disagreements were resolved by discussion with
a third researcher. For studies that met the inclusion crite-
ria, data extracted mainly included the first author, year of
publication, study design, country, type of evaluation, time
of evaluation, diagnostic criteria, aetiology, age, gender
(female/male), sample size, and outcome.

Quality assessment

Two researchers used the revised Quality Assessment of
Diagnostic Accuracy Studies (QUADAS-2) [26] to inde-
pendently assess the methodological quality and potential
bias of the selected studies. If necessary, a third researcher
will join to make a final judgment. Disagreements in the
quality assessments were resolved through discussion. The
QUADAS-2 tool consists of 4 main components: patient
selection, index test, reference standard, flow, and timing.
Risk of bias includes patient selection, index test, reference
standard, flow, and timing. Clinical applicability includes
patient selection, index tests, and reference standards. Each
item was categorised as high (risk), low (risk), or unclear
(risk).

Statistical analysis
Stata 16 and Meta-Disc 1.4 were used for the meta-analysis.

Sensitivity, specificity, the gold standard, and the number of
negative and positive cases were provided in the included

studies. Then, true positives, false positives, true negatives,
and false negatives were calculated from a 2x2 table of
diagnostic tests. If only the ROC curves were available, Ori-
gin software (version 2021) was used to extract the sensitiv-
ity and specificity at the optimal thresholds, which were then
used to calculate true positives, false positives, true nega-
tives, and false negatives. Diagnostic accuracy was evalu-
ated using sensitivity, specificity, positive likelihood ratio
(PLR), negative likelihood ratio (NLR), diagnostic odds
ratio (DOR), ROC curve, area under the curve (AUC), and
95% confidence interval (CI) under a random-effects model.
Publication bias was assessed using the Deeks funnel plot
asymmetry test. The stability of the results was assessed by
sensitivity and specificity analyses. Possible sources of het-
erogeneity were explored by meta-regression and subgroup
analyses. Heterogeneity was assessed using the 12 statistic
and the corresponding chi-square test, with a random-effects
model required for I2 values greater than 50% and a fixed-
effects model for values below 50%. 12>50% and p<0.1
indicated significant heterogeneity.

Results
Search results

The systematic search across four databases initially yielded
2,028 records. After duplicate removal and title/abstract
screening, 629 full-text reports were assessed for eligibility.
Of these, 28 studies [14, 16, 22, 27-51] met the inclusion
criteria for meta-analysis. The primary reasons for exclu-
sion during full-text review were irretrievable data and
unreported outcome indicators. The detailed selection pro-
cess is illustrated in the PRISMA flow diagram (Fig. 1).

Characteristics of the included studies

A total of 28 studies were included in this study, which con-
tained data on 5,419 patients with AP. The included stud-
ies were published between 2003 and 2023. The 28 studies
included 14 retrospective studies [27-31, 33,4145, 47, 49,
50], 12 prospective studies [14, 16, 22, 34-37, 39, 40, 46,
48, 51], and 2 cohort studies [32, 47]. 8 studies [29-32, 41,
43, 44, 47] were from China, 9 studies [22, 34, 35, 3740,
42, 46] from India, 3 studies [28, 33, 36] from Turkey, 2
studies [14, 48] from the USA, 1 studies [27] from France,
1 studies [16] from Spain, 1 studies [50] from Belgium, 1
studies [51] from Greece, 1 studies [49] from Japan, and
1 studies [45] from Korea. 18 CTSI-assessed studies [14,
16, 22, 27, 28, 32, 34, 36, 43-51] and 10 MCTSI-assessed
studies [29-31, 33, 35, 37, 39-42] were included. Of these,
3 studies [48—50] were assessed within 24 h, 5 studies [14,

@ Springer



Abdominal Radiology

Identification of studies via databases and registers

H Records identified from(n = 2028):
E PubMed (n =415 ) Records removed before screening:
£ Embase (n =871 ) Duplicate records removed (n =696 )
£ Cochrane (n =150 )
= Web of science (n =592 )
Records excluded (n =703):
Reviews or Meta-analyses (n =66)
Not English articles (n =128)
Records screened Meeting abstracts, case reports, or
(n=1332) letters (n =295)
Cell or animal experiments (n =63)
Records excluded for other reasons (n
151)
ED
:
3 Reports sought for retrieval Records not retrieved
(n=629) (n =98)
Reports excluded(n = 503 ):
Reports assessed for eligibility Unable to extract data (n =169 )
(n=531) Unreported outcomes of diagnostic
(n=334)
2 :
= Studies included in meta-analysis
2 (n=28)

Fig. 1 Flowchart of study selection

28,29, 32, 35] within 48 h, 7 studies [16, 33, 34, 41, 43, 47,
51] within 72 h, and 13 studies [22, 27, 30, 31, 3640, 42,
44-46] after 72 h. The age range of patients was 53.1+£27.7
years. 18 studies [14, 22, 29, 30, 32, 33, 35, 37, 38, 41, 43—
46, 48—51] reported severity, 18 studies [14, 16, 22, 28, 30,
33, 34, 37, 38, 40-42, 4446, 48—50] reported mortality, 18
studies [16, 22, 27, 29-32, 34, 36, 37, 39, 40, 42, 43, 45-47,
51] reported organ failure, and 7 studies [14, 22, 29, 30, 39,
45, 46] reported pancreatic necrosis. The main characteris-
tics of the included studies are shown in Table 1.

Quality assessment of the selected studies

QUADAS-2 was used to assess methodological quality. For
risk of bias, on patient selection, there were 7 studies [14,
16,22,27,29,32] with low risk, 2 studies [41, 43] with high
risk, and 19 studies [28, 30, 31, 33, 34, 36-40, 42, 44-51]
with unclear risk. On the index test, there were 18 studies
[14,22,27,31, 32, 34, 35, 38, 4148, 50, 51] with low risk,
5 studies [28, 37, 39, 40, 49] with high risk, and 5 studies
[16, 29,30, 33, 36] with unclear risk. On reference standard,
there were 12 studies [14, 22, 27, 31, 32, 38, 40, 41, 43, 44,
48, 50] with low risk, 4 studies [16, 36, 45, 47] with high
risk, and 12 studies [28-30, 33-35, 37, 39, 42, 46, 49, 51]
with unclear risk. On flow and timing, there were 14 studies
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[14, 16, 22, 27-29, 31, 32, 34, 35, 41, 43, 47, 48] with low
risk, 8 studies [30, 38, 40, 42, 45, 49-51] with high risk, and
6 studies [33, 36, 37, 39, 44, 46] with unclear risk. For clini-
cal applicability, regarding patient selection, except for two
studies [42, 44] with high risk, the remaining 26 studies [ 14,
16, 22, 27-40, 42, 44-51] had a low risk. On the index test,
25 studies [14, 22, 23, 26, 28-37, 39-41, 43-50] had a low
risk, 1 study [43] had a high risk, and 2 studies [16, 39] had
an unclear risk. Of the reference standard, 24 studies [14,
22,27,29,31-44,46-51] had a low risk, 1 study [28] had a
high risk, and 3 studies [16, 30, 45] had an unclear risk. The
specific evaluation results are shown in Fig. 2.

Outcome indicators
Predictive performance for severity

Subgroup analyses were performed according to the CTSI
evaluation time, divided into four time periods: <24 h,
<48 h, <72 h, and >72 h. A total of 18 studies provided data
on the prediction of AP severity by CTSI, with a pooled sen-
sitivity of 0.76 (95% CI: 0.67-0.83), a pooled specificity of
0.80 (95% CI: 0.73—0.86), and a pooled AUC of 0.85 (95%
CI: 0.82—-0.88); pooled PLR was 3.90 (95% CI: 2.88-5.28);
pooled NLR was 0.29 (95% CI: 0.22-0.40); and pooled
DOR was 13.26 (95% CI: 8.60-20.46) (Fig. 3A; Table 2).

In the study on severity, CTSI evaluation time<24 h
(n=3) had a sensitivity of 0.81 (95% CI: 0.72-0.88) and
a specificity of 0.76 (95% CI: 0.70-0.81); evaluation
time<48 h (n=4) had a sensitivity of 0.82 (95% CI: 0.69—
0.90) and a specificity of 0.78 (95% CI: 0.68-0.85); evalu-
ation time<72 h (n=4) had a sensitivity of 0.56 (95% CI:
0.48-0.64) and a specificity of 0.86 (95% CI: 0.84-0.88);
and evaluation time>72 h (n=7) had a sensitivity of 0.69
(95% CI: 0.56-0.79) and a specificity of 0.83 (95% CI:
0.73-0.90). The evaluation time<48 h had the highest sen-
sitivity for predicting severity, while the highest specificity
was observed in the <72 h subgroup (Table 2). There was a
statistically significant difference in the prediction of sever-
ity at <24 h compared with <72 h (p<0.01), and at <48 h
compared with <72 h and >72 h (p<0.05).

Predictive performance for mortality

A total of 18 studies provided data on the prediction of mor-
tality by CTSI, with a pooled sensitivity of 0.84 (95% CI:
0.71-0.92), pooled specificity of 0.71 (95% CI: 0.59-0.81),
pooled AUC of 0.85 (95% CI: 0.81-0.88); pooled PLR was
2.93 (95% CI: 2.06-4.16); pooled NLR was 0.22 (95% CI:
0.12-0.42); and pooled DOR was 13.34 (95% CI: 6.07,
29.31) (Fig. 3B; Table 2).
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2 oy % - B o In the study on mortality, it was shown that the sensitiv-
g EEC3EE St ity of CTSI evaluation time<72 h (n=4) was 0.90 (95%
a ZgEs a8 & 2F CI:0.72-0.97) with a specificity of 0.56 (95% CI:0.34-0.76);
0 the sensitivity of evaluation time<48 h (n=2) was 0.85
Olwn . .
g2 3= =) (95% CI:0.70-0.94) and a specificity of 0.77 (95% CI:0.73—
0.82); the sensitivity for evaluation time<24 h (n=3) was
o 0.81 (95% CI:0.63—0.93) and a specificity of 0.66 (95%
g CI.0.60-0.71); the sensitivity was 0.79 (95% CI1:0.48-0.94)
= and the specificity was 0.74 (95% CI1.0.72-0.77) for evalua-
EJ tion time>72 h (n=9). The highest sensitivity for predicting
5 mortality was observed at evaluation times<72 h, and the
v 0
% 2 Q § highest specificity was observed at evaluation times<48 h
© °“ - « (Table 2). No statistically significant difference in mortality
a 5 E § prediction was found in patients with AP in either compari-
wn
% E E g son (p>0.05).
o O o (= o
A ) 3 i
<z |4 2 ° Predictive performance for organ failure
5 & = 80 g 2 % g N A total of 18 studies provided data on the prediction of
% & $ E i% % =3 g z 5 organ failure by CTSI, with a pooled sensitivity of 0.84
IZRC = ) . .
g2E =58 <584 = (95% CI: 0.70-0.92), a pooled specificity of 0.75 (95% CI:
=2=a3 © ;’é s EEDD k<) 0.63-0.83), a pooled AUC of 0.86 (95% CI: 0.82-0.88);
NI S .= = = e
$x5 2ES SEES |3 pooled PLR was 3.30 (95% CI: 2.30-4.72); pooled NLR
. I = e222 3 was 0.22 (95% CI: 0.12-0.40); and pooled DOR was 14.99
on = un .
< 2£% £%B: Zstega (95% CI: 7.48, 30.04) (Fig. 3C; Table 2).
kS SSsNZFE S e é% S ks In studies on organ failure, it was shown that the sensi-
" i tivity of CTSI evaluation time<48 h (n=2) was 0.90 (95%
g %Jé — _E9 £ CI:0.82-0.95), with a specificity of 0.52 (95% CI:0.48-
£ g E= E£2E=E E = 5 0.57); the sensitivity of evaluation time>72 h (n=11) was
o = 2055 - @ .
2 2 'ET% =g fi% g Ey 0.86 (95% CI:0.63-0.95) and specificity was 0.73 (95%
g & 6 = g€ 22Ea g g CI:0.60-0.82); and the sensitivity for assessment time<72 h
éﬁ %3 ‘g E’ =§ g E é g 2 g (n=5) was 0.74 (95% CI:0.56-0.86) and specificity was
: = ° ; = ; 2 0.84 (95% CI:0.61-0.95). Organ failure outcomes were
E 2 gl® 5, Q = not analysed for the <24 h subgroup because no studies
i Vi Vi g reported CTSI assessments at this early time point. Among
5 - the results, evaluation<48 h had the highest sensitivity for
El . . _ % predicting organ failure, and evaluation<72 h had the high-
E % % % g est specificity (Table 2). There was a statistically significant
E difference in the prediction of organ failure at <48 h com-
z £ . § pared with <72 h and >72 h (p<0.05).
E |z £ g 5
3 S @ 5 § Predictive performance for pancreatic necrosis
>
§° 2 % 2 3:’ With 7 studies providing data on the prediction of pancre-
—E 3 2. 3 Q"’; atic necrosis by CTSI, the pooled sensitivity was 0.92 (95%
£ z £ g = CI: 0.80-0.97), the pooled specificity was 0.84 (95% CI:
@ - & A @ 0.70-0.92), the pooled AUC was 0.94 (95% CI: 0.92-0.96);
2|8 = S S g pooled PLR was 5.57 (95% CI: 3.04—10.20); pooled NLR
£ ”~ o 5 o ” B was 0.10 (95% CI: 0.04-0.24); and pooled DOR was 56.75
Sl |ef._ =L faz._ |E (95% CI: 23.79, 135.37) (Fig. 3D; Table 2).
~ |2 SESIREZR 583 |3 In the study on pancreatic necrosis, it was shown that
2| 3 the sensitivity of CTSI evaluation time>72 h (n=35) was
ez & & & O
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Fig. 3 SROC curve of the CTSI for predicting severity (A), mortality
(B), organ failure (C), and pancreatic necrosis (D) in AP

0.93 (95% CI:0.81-0.98) with a specificity of 0.78 (95%
0.68—0.86); the sensitivity of evaluation time<48 h (n=2)
was 0.80 (95% CI:0.68—0.89) and specificity was 0.90 (95%
CI:0.87-0.93). Similarly, no pancreatic necrosis data were
available for <24 h analyses since no studies performed
CTSI evaluations at this timepoint. That is, evaluation
time>72 h had the highest sensitivity for predicting pan-
creatic necrosis, and evaluation time<48 h had the high-
est specificity (Table 2). There was a statistically significant
difference in the prediction of pancreatic necrosis at <48 h
compared to >72 h (p<0.05).

Subgroup analysis of CTSI versus MCTSI

Subgroup analyses comparing the diagnostic performance
of CTSI and MCTSI across outcomes are presented in
Table 3. For severity prediction, MCTSI demonstrated
higher sensitivity (0.82 vs. 0.74) and diagnostic odds ratio
(DOR 17.62 vs. 12.31) than CTSI, with comparable pooled
AUC (0.87 vs. 0.84). Mortality prediction revealed supe-
rior sensitivity for MCTSI (0.87 vs. 0.82) and significantly
higher AUC (0.89 vs. 0.82). Notably, MCTSI achieved
higher specificity in pancreatic necrosis detection (0.91 vs.
0.78) despite lower sensitivity (0.73 vs. 0.97), reflecting its
omission of contrast-dependent necrosis grading. For organ
failure, MCTSI maintained robust early sensitivity (<48 h:
0.90) comparable to CTSI. Critically, MCTSI showed non-
inferior pooled accuracy for key outcomes (severity AUC
0.87, mortality AUC 0.89), while enabling reduced contrast
exposure—a finding supporting its safety advantages in
clinical implementation.

Meta-regression

Univariate meta-regression analyses were conducted to
investigate potential sources of heterogeneity in severity,
mortality, and organ failure. For severity, country could
be a significant influence on the presence of heterogene-
ity in sensitivity (p<0.05), while age could be a potential
source of heterogeneity in specificity (p<0.05) (Fig. 4A);
for mortality and organ failure, year, country, sample size,
evaluation, and age were not found to be possible factors
contributing to heterogeneity (Fig. 4B, C).

Sensitivity analysis and publication bias

After conducting separate sensitivity analyses of the CTSI
to predict AP severity, mortality, organ failure, and pancre-
atic necrosis (Fig. S1—-S4), the results showed that the sen-
sitivities were relatively stable. No significant changes were
observed when each study was excluded individually; the
results indicated that sensitivities remained relatively stable.
This suggests that any particular study did not significantly
affect the overall results.

Decks’ funnel plot asymmetry test was used to assess
the publication bias of more than 10 studies. The results
of the Deeks’ funnel plot asymmetry test were not signifi-
cant for studies on AP severity (p=0.397) and organ fail-
ure (p=0.757), indicating no significant publication bias
(»>0.05). For the study on mortality, there was a possibility
of publication bias (p=0.009, p<0.05) (Fig. S5).
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Table 2 Results of univariate meta—regression and subgroup analyses of CTSI predicting severity, mortality, organ failure, and pancreatic necrosis

Outcome Evaluation Studies  Sensitivity(95%CI)  Specificity PLR(95%CI) NLR(95%CI) DOR(95%CI)
time (n) (95%CI)

Severity <24h 3 0.81(0.72-0.88) 0.76(0.70-0.81)  2.86(1.32-6.19)  0.27(0.17-0.43)  13.98(6.00-32.58)
<48h 4 0.82(0.69-0.90) 0.78(0.68-0.85)  3.67(2.76-4.87)  0.23(0.14-0.39)  15.90(9.90-25.53)
<72h 4 0.56(0.48-0.64) 0.86(0.84-0.88)  4.78(1.79-12.78)  0.31(0.12-0.80)  17.33(7.68-39.10)
>72h 7 0.69(0.56-0.79) 0.83(0.73-0.90)  4.09(2.35-7.13)  0.38(0.25-0.56)  10.88(4.43-26.73)
Combined 18 0.76(0.67-0.83) 0.80(0.73-0.86)  3.90(2.88-5.28)  0.29(0.22-0.40)  13.26(8.60-20.46)

Mortality <24h 3 0.81(0.63-0.93) 0.66(0.60-0.71)  2.22(1.32-3.76)  0.35(0.09-1.40) 6.15(1.21-31.25)
<48h 2 0.85(0.70-0.94) 0.77(0.73-0.82)  5.37(0.44-66.15)  0.19(0.09-0.38)  58.63(21.90-156.92)
<72h 4 0.90(0.72-0.97) 0.56(0.34-0.76) ~ 2.05(1.28-3.28)  0.17(0.06-0.51) 11.83(3.46—40.38)
>72h 9 0.79(0.48-0.94) 0.74(0.72-0.77)  3.40(1.90-6.10)  0.27(0.09-0.78) 12.50(3.27-47.78)
Combined 18 0.84(0.71-0.92) 0.71(0.59-0.81)  2.93(2.06-4.16)  0.22(0.12-0.42)  13.34(6.07-29.31)

Organ <48 h 2 0.90(0.82-0.95) 0.52(0.48-0.57)  1.89(1.61-2.20)  0.20(0.11-0.37)  10.00(4.89-20.46)

failure <72h 5 0.74(0.56-0.86) 0.84(0.61-0.95)  4.74(1.85-12.10)  0.31(0.19-0.51)  15.23(5.69-40.73)
>72h 11 0.86(0.63-0.95) 0.73(0.60-0.82)  3.12(2.15-4.53)  0.20(0.07-0.55)  15.64(4.98-49.11)
Combined 18 0.84(0.70-0.92) 0.75(0.63-0.83)  3.30(2.30-4.72)  0.22(0.12-0.40)  14.99(7.48-30.04)

Pancreatic = <48 h 2 0.80(0.68-0.89) 0.90(0.87-0.93)  10.90(1.30-91.79) 0.14(0.01-3.05) 83.60(30.71-227.58)

necrosis >72h 5 0.93(0.81-0.98) 0.78(0.68-0.86)  4.32(2.82-6.64)  0.08(0.03—0.26)  51.24(13.75-190.93)
Combined 7 0.92(0.80-0.97) 0.84(0.70-0.92)  5.57(3.04-10.20) 0.10(0.04-0.24)  56.75(23.79-135.37)

CTSI computed tomography severity index, PLR Positive Likelihood Ratio, NLR Negative Likelihood Ratio, DOR Diagnostic Odds Ratio

Table 3 Sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, diagnostic odds ratio, and AUC of CTSI or MCTSI for predict-

ing severity, mortality, organ failure, and pancreatic necrosis

Outcome  Evalu- Stud- Sensitivity(95%CI) Specificity PLR(95%CI) NLR(95%CI) DOR(95%CTI) AUC(95%CI)
ation ies (95%CI)
type ()
Severity  CTSI 12 0.74 (0.65-0.81) 0.81 (0.72-0.88) 3.91(2.63-5.83) 0.32(0.23-0.43) 12.31(6.83-22.19) 0.84
(0.80-0.87)
MCTSI 6 0.82 (0.60-0.93) 0.80 (0.64-0.90) 4.04 (2.51-6.48) 0.23 (0.11-0.48) 17.62 0.87
(10.62-29.24) (0.84-0.90)
Mortality CTSI 12 0.82 (0.59-0.94) 0.70 (0.54-0.82) 2.72 (1.76-4.21) 0.25(0.10-0.63) 10.68 (3.58-31.85) 0.82
(0.78-0.85)
MCTSI 6 0.87 (0.75-0.93) 0.74 (0.56-0.86) 3.30 (1.86-5.87) 0.18 (0.09-0.35) 18.34(7.01-47.97) 0.89
(0.86-0.91)
Organ CTSI 11 0.78 (0.57-0.90) 0.78 (0.62-0.88) 3.53 (2.10-5.94) 0.29 (0.15-0.56) 12.28 0.85
failure (5.10-29.59.10.59) (0.81-0.88)
MCTSI 7 0.90 (0.73-0.97) 0.69 (0.53-0.81) 2.86 (1.89—4.33) 0.15(0.06-0.40) 19.24 (6.62-55.90) 0.85
(0.82-0.88)
Pancreatic CTSI 4 0.97 (0.91-0.99) 0.78 (0.74-0.82) 3.86 (2.27-6.54) 0.06 (0.02-0.22) 65.42 (12.24—
necrosis 349.66.24.66)
MCTSI 3 0.73 (0.61-0.82) 0.91 (0.89-0.94) 0.32(0.18-0.56) 37.30 (13.90—
(3.13-21.69) 100.09.90.09)

*CTSI computed tomography severity index, MCTSI modified computed tomography severity index, PLR positive likelihood ratio, NLR nega-
tive likelihood ratio, DOR diagnostic odds ratio, AUC area under the curve

Discussion

This meta-analysis evaluated the predictive performance
of the CTSI at different assessment times for severity and
prognostic outcomes in AP. Our findings demonstrate that
CTSI exhibits time-dependent variations in its predictive
efficacy across distinct clinical endpoints, underscoring the
importance of optimising imaging timing for specific out-
comes. The analysis of 28 studies (n=5,419) revealed that
CTSI assessment at <48 h showed optimal sensitivity (0.84)
and specificity (0.79) for predicting AP severity, while

@ Springer

assessment at <72 h performed best for mortality (sensitiv-
ity: 0.89; specificity: 0.65). Organ failure prediction peaked
at <48 h (sensitivity: 0.90), whereas pancreatic necrosis
was most accurately identified at >72 h (sensitivity: 0.91;
specificity: 0.82). These results highlight the dynamic rela-
tionship between imaging timing and pathophysiological
progression in AP.
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Fig.4 Univariate meta-regression A e i e o S et
and subgroup analyses of CTSI
predicting severity (A), mortality yoorves{  —e— yarves] 4

(B), and organ failure (C) in AP

CTSI at <48 h for severity prediction

The optimal performance of CTSI at <48 h for severity pre-
diction aligns with critical pathophysiological transitions
in AP. During this window, SIRS typically peaks, driving
early organ failure [4]. While pancreatic necrosis may not
yet be radiologically evident [52], CTSI effectively captures
peripancreatic complications detectable within 48 h [53],
including acute fluid collections (0—30 Hounsfield units) that
correlate with evolving SAP risk [54]. This temporal associ-
ation explains CTSI’s balanced sensitivity (0.84) and speci-
ficity (0.79) at <48 h, outperforming <24-hour assessments
(sensitivity 0.81, specificity 0.76) where inflammatory evo-
lution remains incomplete. Notably, CTSI’s superiority over
clinical scores, such as APACHE-II (AUC 0.78 vs. CTSI
0.84) [55], stems from its direct visualisation of local com-
plications. However, its predictive capacity remains second-
ary to biochemical markers of persistent SIRS at 48 h, which
guide current severity classification [11]. This discrepancy
may be due to: (1) CTSID’s inability to quantify dynamic
cytokine cascades driving organ failure [4]; (2) up to 25% of
SAP cases lacking radiologically detectable necrosis [55];
and (3) the poor correlation between necrosis development
and organ failure timing [55]. Comparative analyses reveal
CTSI’s practical advantage over Ranson’s criteria (AUC
0.94) [14], which requires non-routine laboratory param-
eters. While no single tool perfectly predicts SAP, CTSI’s
operational feasibility and spatial resolution make it valu-
able for early triage when combined with inflammatory
biomarkers (e.g., CRP, interleukin-6) [46]. Nevertheless, its
reduced sensitivity at <72 h (0.56) suggests limited utility
beyond the 48-hour window for severity assessment, likely
because necrosis manifests later [52].

Mortality prediction: <72 h as the optimal window

Our meta-analysis identified a<72-hour CTSI assessment as
the most sensitive time window (pooled sensitivity 0.89) for

B Univariable Meta-regression & Subgroup Analyses c Univari

able Meta-regression & Subgroup Analyses

No{ —e—f~

058 1,00 033 092 051 1.00
Sensitvity(95% Ci) ‘Specificity(95% Ci) Specificity{95% Ci)
“pe005, “peD 01, "pe000 ‘P05, 501, “*p<0.001 “pe1.05, “pe001, “peD 001

mortality prediction in AP. This temporal advantage likely
stems from CTSI’s capacity to capture two critical mortality
determinants: [1] early pancreatic necrosis patterns detect-
able by 72-hour CECT (sensitivity approaching 100% for
necrosis detection at 4 days [56]), and [2] evolving organ
failure dynamics particularly persistent organ failure (>48 h
duration) which increases mortality risk by 3.8-fold [57].
Notably, the observed decline in specificity (0.65 vs. 0.77
at <48 h) suggests compromised differentiation power in
later phases, when secondary complications emerge. This
finding aligns with SAP management guidelines, which
emphasise 72-hour reassessment windows [58], particularly
for patients with persistent organ failure and infected necro-
sis, a subgroup exhibiting mortality rates of 28-39% in our
included studies. Cumulative evidence indicates that CTSI
ranks lower in predictive accuracy for AP-related mortal-
ity compared to Ranson’s criteria, APACHE-II, BISAP, and
SOFA [41, 46, 58, 59]. Recent proposals for multidimen-
sional risk stratification [14] that incorporate genetic vari-
ants (e.g., PRSS1 mutations), metabolic factors (BMI>30),
and serial biomarker panels (IL-6, D-dimer) may enhance
predictive models. Machine learning approaches integrating
CTSI with these variables could potentially overcome the
current specificity ceiling observed in our analysis.

Organ failure: early imaging imperative

The meta-analysis revealed that CTSI assessed within
<48 h demonstrated superior sensitivity (0.90) but limited
specificity (0.52) for predicting organ failure in AP patients.
This temporal pattern aligns with the pathophysiological
progression of AP, in which early pancreatic necrosis and
peripancreatic inflammation (detected by CT) often pre-
cede systemic manifestations of organ dysfunction [58, 59].
The observed sensitivity declines beyond 72 h (0.74), with
improved specificity (0.69), likely reflecting the delayed
onset of definitive systemic complications that corre-
late better with imaging findings. Current guidelines [60]
emphasize avoiding premature severity stratification within
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the first 48 h, a recommendation supported by our findings
regarding CTSI’s evolving predictive characteristics. While
CTSI outperforms clinical scoring systems like APACHE-
II (cumbersome 12-parameter protocol) [61] and Ranson
criteria (limited specificity for persistent organ failure)
[60] in early detection, its moderate specificity underscores
the need for serial assessments. Notably, the strong asso-
ciation between pancreatic necrosis volume (threshold> 100
mL) and organ failure [24, 31] underscores CTSI’s unique
advantage in quantifying the anatomical correlates of dys-
function. This temporal precision makes CTSI particularly
valuable for initial risk stratification, as early reversal of
organ failure within 48 h correlates with an improved prog-
nosis [57]. However, clinicians should interpret <48-hour
CTSI results cautiously in cases of isolated peripancreatic
necrosis, as these may disproportionately influence scores
despite uncertain clinical significance [62].

Pancreatic necrosis: delayed imaging advantage

Our meta-analysis reveals CTSI achieves peak diagnostic
accuracy for pancreatic necrosis (sensitivity 0.91, specific-
ity 0.82) when assessed > 72 h after symptom onset, substan-
tially outperforming evaluations at <48 h (sensitivity 0.80,
specificity 0.90). This temporal divergence aligns with the
pathophysiological trajectory of necrotic evolution. Pancre-
atic necrosis typically becomes radiographically discernible
around day 4 post-onset, with progression continuing over
the subsequent 48—72 h as mixed parenchymal-peripancre-
atic necrosis [55, 63]. Early CT imaging (<3—4 days) dem-
onstrates reduced accuracy in delineating necrosis, while
delayed scans (>5 days) are critical for assessing necrotic
demarcation and fluid collections in non-responsive patients
[64]. These findings corroborate guideline-endorsed proto-
cols [11] that recommend an optimal initial CT timing of
72-96 h. Our>72-hour peak accuracy finding robustly
supports the guideline’s 72-96 h window [11]. Crucially,
necrosis becomes radiographically discernible around day
4 (~96 h), suggesting imaging closer to 96 h within this
window maximises accuracy. This aligns with delayed
scanning (>5d) being critical for non-responsive patients
[64], thereby specifically endorsing the 96-hour endpoint
for definitive necrosis assessment in this cohort. CTSI
appeared to maintain superior accuracy in predicting pan-
creatic necrosis compared to other clinical scoring systems.
Papachristou et al. [14]demonstrated that the AUC of the
CTSI (0.98; 95% CI: 0.94-1.00) was significantly superior
to those of the Ranson (AUC=0.85), BISAP (AUC=0.78),
and APACHE-II (AUC=0.72) scores. However, CTSI’s
inability to quantify systemic inflammation necessitates
complementary early clinical assessments (e.g., Ranson’s
or BISAP) for comprehensive risk stratification [61]. While
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APACHE-II and SOFA prioritise critical care monitoring
over necrosis prediction [46, 61, 65], CTSI remains the
imaging gold standard within its validated temporal window
[14]. This evidence supports a staged diagnostic approach:
delayed CT (>72 h) optimises confirmation of necrosis,
while early clinical scores guide initial management. Future
studies should investigate hybrid models integrating tem-
poral CTSI data with serial biomarker profiles to enhance
phase-specific predictive accuracy.

Addressing safety concerns with MCTSI

While the timing of CTSI assessment is critical for accu-
racy, its reliance on CECT protocols raises concomitant
concerns about cumulative radiation exposure and contrast-
induced nephropathy, particularly in patients requiring
repeated imaging [66]. These risks underscore the need for
alternative scoring approaches that maintain diagnostic effi-
cacy while mitigating safety issues. In this context, MCTSI,
which omits necrosis grading and permits non-contrast or
abbreviated CECT protocols [67], emerges as a promis-
ing strategy. Our meta-analysis included 10 studies using
MCTSI (representing 35.7% of included studies), and its
pooled diagnostic performance for severity (AUC 0.87,95%
CI 0.84-0.90) and mortality prediction (AUC 0.89, 95% CI
0.86-0.92) was comparable to that of CTSI. Crucially, by
eliminating the need for contrast-dependent necrosis assess-
ment, MCTSI reduces the requirement for repeated CECT
scans, thereby lowering cumulative radiation dose and mini-
mising the risk of contrast-induced nephropathy, especially
in high-risk populations such as those with renal impairment
[68]. This advantage is particularly relevant for early assess-
ment windows (e.g., <48 h), where MCTSI’s sensitivity for
organ failure (0.90) remains robust. Future studies should
standardise MCTSI protocols to further validate its role in
risk reduction.

Limitations and future directions

A key strength of this meta-analysis is its comprehensive
quantitative synthesis of evidence across multiple CTSI
assessment time windows for diverse AP outcomes, provid-
ing novel insights into time-dependent predictive perfor-
mance. However, several limitations warrant consideration.
First, the temporal classification of CTSI assessments (e.g.,
<24 h, <48 h) inherently introduces temporal heterogene-
ity, as studies within the same category may differ in the
exact timing of imaging (e.g., scans labeled “<72 h” could
span 48-72 h). This imprecise classification may dilute
time-specific accuracy estimates, particularly for outcomes
such as pancreatic necrosis, where delayed imaging (>72 h)
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demonstrated superior predictive performance but limits
early clinical utility. Second, while CTSI effectively strati-
fies anatomical severity, its moderate specificity for predict-
ing organ failure (especially at <48 h) highlights challenges
in distinguishing transient imaging abnormalities from
those that progress to clinical dysfunction. This anatomical-
physiological discordance is further evident in mortality
prediction, where CTSI’s omission of dynamic physiologi-
cal parameters (e.g., hemodynamic status) poorly aligns
with modern multiparameter prognostic frameworks. Third,
despite standardized time categories, inter-study variations
in imaging protocols (e.g., contrast timing, slice thickness)
and CTSI interpretation thresholds may introduce unmea-
sured heterogeneity. Finally, the analysis did not evaluate
synergistic use of CTSI with biochemical markers (e.g.,
CRP, procalcitonin) or clinical scores (e.g., BISAP), which
could enhance early risk stratification.

Future research should prioritize three directions: (1)
Prospectively validating standardized imaging timepoints
(e.g., 24 h£4 h, 72 h+12 h) to minimize temporal mis-
classification and establish clinically actionable accuracy
thresholds, requiring dedicated studies to explore optimal
timing further; (2) Developing integrated models combining
CTSI with physiologic parameters (e.g., SOFA scores) and
biomarkers to improve specificity for organ failure and mor-
tality; (3) Investigating dynamic CTSI trajectories via serial
imaging to better correlate with evolving clinical courses.
Additionally, comparative studies evaluating CTSI against
emerging imaging biomarkers or revised scoring systems
are warranted.

Conclusion

CTSI exhibits distinct temporal predictive patterns: it dem-
onstrates optimal sensitivity for severity assessment and
organ failure prediction when performed early, within 48 h
of admission; scans within 72 h best predict mortality, while
delayed imaging (>72 h) maximizes pancreatic necro-
sis accuracy at the expense of clinical timeliness. Future
research must standardize imaging timepoints, integrate
CTSI with physiological biomarkers, and develop dynamic
assessment models to resolve discrepancies in anatomical-
pathophysiological prognostic factors in AP.
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