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Abstract 

Objectives To determine the role of diffusion-weighted imaging (DWI) for predicting response to neoadjuvant 
therapy (NAT) in pancreatic cancer.

Materials and methods MEDLINE, EMBASE, and Cochrane Library databases were searched for studies evaluating 
the performance of apparent diffusion coefficient (ADC) to assess response to NAT. Data extracted included ADC 
pre- and post-NAT, for predicting response as defined by imaging, histopathology, or clinical reference standards. ADC 
values were compared with standardized mean differences. Risk of bias was assessed using the Quality Assessment 
of Diagnostic Studies (QUADAS-2).

Results Of 337 studies, 7 were included in the analysis (161 patients). ADC values reported for the pre- and post-
NAT assessments overlapped between responders and non-responders. One study reported inability of ADC 
increase after NAT for distinguishing responders and non-responders. A correlation with histopathological response 
was reported for pre- and post-NAT ADC in 4 studies. DWI’s diagnostic performance was reported to be high in three 
studies, with a 91.6–100% sensitivity and 62.5–94.7% specificity. Finally, heterogeneity and high risk of bias were iden-
tified across studies, affecting the domains of patient selection, index test, reference standard, and flow and timing.

Conclusion DWI might be useful for determining response to NAT in pancreatic cancer. However, there are still too 
few studies on this matter, which are also heterogeneous and at high risk for bias. Further studies with standardized 
procedures for data acquisition and accurate reference standards are needed.

Clinical relevance statement Diffusion-weighted MRI might be useful for assessing response to neoadjuvant 
therapy in pancreatic cancer. However, further studies with robust data are needed to provide specific recommenda-
tions for clinical practice.

Key Points 

• The role of DWI with ADC measurements for assessing response to neoadjuvant therapy in pancreatic cancer is still unclear.

• Pre- and post-neoadjuvant therapy ADC values overlap between responders and non-responders.

• DWI has a reported high diagnostic performance for determining response when using histopathological or clinical reference 
standards; however, studies are still few and at high risk for bias.
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Introduction
Pancreatic cancer is one of the most lethal cancers world-
wide, with surgical resection as the only potentially cura-
tive therapeutic option [1, 2]. Nevertheless, most patients 
are not surgical candidates, many presenting with locally 
advanced disease. These patients can undergo neoadju-
vant chemotherapy or chemoradiotherapy, attempting to 
downstage the disease and allowing a successful surgical 
resection [3]. Evaluating these patients, however, is a dif-
ficult task, as imaging studies do not accurately reflect 
response to neoadjuvant therapy (NAT) [4–7]. Tradi-
tional size criteria in cross-sectional imaging are known 
to be unreliable, as the primary pancreatic lesion may 
undergo minimal or no size reduction, due to remaining 
tumoral fibrotic stroma even when a response in the can-
cer cells has already occurred [8].

Diffusion-weighted MRI (DWI), quantified by apparent 
diffusion coefficient (ADC), is a cornerstone in the MRI 
evaluation of pancreatic cancer, especially for diagnos-
tic purposes [9]. This technique probes microstructural 
characteristics of biological tissues, namely cell density 
and extracellular compartment’s composition, therefore 
being regarded as a useful biomarker for characteriz-
ing neoplastic lesions [10, 11]. However, its value in the 
assessment of response to NAT in pancreatic cancer is 
still undetermined, as studies have reported inconclusive 
and diverse results, both regarding the classification of 
patients as responders and non-responders and the cor-
relation with histopathological response [12–16].

This study aims to determine the role of DWI in the 
evaluation of response to NAT in pancreatic cancer, by 
systematically reviewing the published literature and per-
forming a meta-analysis of reported data.

Materials and methods
This study is presented according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) [17]. The study protocol was registered 
in an international database prior to data search and col-
lection — PROSPERO: CRD42022309467 [18]. Eligibility 
criteria were defined according to the following PICOs: 
(P) patients with pancreatic cancer undergoing neoad-
juvant chemotherapy, radiotherapy, or chemoradiother-
apy; (I) diffusion-weighted MRI (DWI) is the index test; 
(C) no comparison is to be performed; (O) outcome is 
assessed with an acceptable reference standard for deter-
mining response status to NAT — post-operative histo-
pathology, clinical follow-up, imaging follow-up.

Search strategy
MEDLINE, EMBASE, and Cochrane Library (Cochrane 
Database of Systematic Reviews, Cochrane Central Reg-
ister of Controlled Trials, Cochrane Clinical Answers) 

databases were used for the literature search, and the 
final search was undertaken on 17/01/2023. The search 
strategy was first defined by an abdominal radiologist 
with 4  years of experience (C.B.), and reviewed by two 
radiologists (L.A. and C.M., with 7 and 35 years of expe-
rience, respectively). The search query including title 
and abstract was the following: “pancreatic OR pancreas 
AND neoadjuvant OR chemotherapy OR radiotherapy 
OR chemoradiotherapy AND diffusion OR apparent dif-
fusion coefficient OR ADC OR diffusion-weighted MRI 
OR DWI.” Only studies in the English literature were 
included; study publication dates were not restricted to a 
certain period.

The search results were first filtered for relevance by 
title and abstract review by two reviewers (C.B. and L.A.); 
the same reviewers then independently performed the 
full-text reviews of the resulting studies, determining if 
these fulfilled the criteria for inclusion and solving dis-
crepancies in a consensus meeting. Finally, reference lists 
of the included studies were additionally searched for 
more relevant studies.

Inclusion criteria
Patients were included according to the following: diag-
nosis of pancreatic cancer; NAT was performed with 
chemo-, radio-, or chemoradiotherapy; DWI with 
retrievable ADC measurements was reported for tumor 
imaging before, after, or before and after NAT; a measure 
of response to NAT was provided, including histopatho-
logical response scores, clinical follow-up evaluation, 
correlation with RECIST criteria.

Exclusion criteria
If studies were found using overlapping groups of 
patients, one of the studies would be excluded to avoid 
duplication of included patients. Studies where a refer-
ence standard was not used to determine response to 
NAT were excluded. Studies including metastatic (stage 
IV) patients were excluded, in order to exclude patients 
undergoing palliative and not neoadjuvant therapy. As 
only human data was collected, studies performed in ani-
mals were excluded. Conference abstracts, letters, and 
comments were excluded from the analysis.

Risk of bias assessment
A QUADAS-2 assessment tool was used, based on the 
domains of patient selection, index test, reference stand-
ard, and flow and timing [19]. The tool was adapted to 
the current review by C.B. and L.A. in consensus, defin-
ing quality standards for each of the domains assessed, 
and then applied by both authors independently to the 
included studies. Discrepancies in evaluation between 
both readers were solved in a consensus meeting.
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Data extraction
Two authors (C.B. and L.A.) independently extracted 
the following data: first author name, year of publica-
tion, journal name, type of study (retrospective, prospec-
tive), institution(s) and study dates, number of patients, 
patients’ age, resectability status, chemotherapy and/
or radiotherapy details (protocols and timings), MR sys-
tem field strength, DWI acquisition b values, DWI tim-
ing (before and/or after NAT), MRI readers’ experience, 
tumor location in the pancreas, tumor size pre- and post-
NAT, ADC values pre- and post-NAT for responders 
and non-responders, histopathological analysis for NAT 
response grading, clinical follow-up data when used to 
determine response to NAT.

Whenever possible, ADC data was retrieved as a 2 × 2 
table, as defined: true positives were cases where a posi-
tive index text was confirmed with the reference stand-
ard; true negatives were cases where a negative index test 
was confirmed with the reference standard; false posi-
tives were cases where a positive index test was not con-
firmed with the reference standard; false negatives were 
cases where a negative index test was not confirmed with 
the reference standard.

When available, Pearson’s correlation coefficient val-
ues between ADC and histological response grades were 
retrieved, including ADC measurement timing (pre- or 
post-NAT) and histological grading system (based either 
on Evans or College of American Pathologists classifica-
tion systems) [20, 21].

When the published data for any specific study was 
considered insufficient or incomplete, an attempt to 

contact the study’s corresponding author by e-mail was 
conducted, and the new data added to the analysis, if 
then provided.

Data analysis
The collected data regarding pre-NAT ADC values in 
responders and non-responders were summarized in for-
est plots.

Standardized mean differences with random effects 
and Z test for overall effects were used for comparing 
ADC values in the pre-NAT period, between responders 
and non-responders.

Sources of heterogeneity between studies were 
recorded and qualitatively discussed [22].

Data extraction and analysis were performed using 
Microsoft Excel® and Review Manager (RevMan) 5.4. 
(The Cochrane Collaboration, 2020).

Results
The initial search yielded 337 studies; after removal of 
duplicates, title and abstract screening, and full-text 
screening, 7 studies with 161 patients (6–41 patients 
per study) were finally included (Fig. 1) [12–14, 23–26]. 
One study’s corresponding author was contacted with a 
request for further information: however, a reply was not 
obtained.

Studies’ and patients’ characteristics
The included studies’ characteristics are described 
in Table  1. Most studies were recent (6/7 from 2017 
onwards; date range of publication: 2014–2022), and 

Fig. 1 Study flowchart
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prospective (5/7 prospective). Five out of seven stud-
ies were performed on 3-T MRI systems, and most (6/7) 
used high b values for DWI (800 s/mm2 and higher). All 
studies used mono-exponential models for ADC calcula-
tions. The number and experience of readers were incon-
sistently reported. Most studies (5/7) performed DWI 
before and after NAT. For determining response to NAT, 
4 studies used histopathological criteria (3 using a modi-
fied Evans classification, 1 using the College of American 
Pathologists classification), 2 studies used RECIST 1.1 
criteria, and 1 study used clinical criteria (multidiscipli-
nary assessment of surgical indication).

Included patients’ characteristics are summarized in 
Table  2. The number of patients included in each study 
ranged from 6 to 41, and the patients’ mean age ranged 
from 52.5 to 69  years. Most studies (5/7) included bor-
derline resectable patients; 2/7 included locally advanced 
patients. Six studies described tumor locations, most 
often in the head of the pancreas (5/6). Mean tumor size 
pre-NAT ranged from 27.8 to 51.5  mm, and post-NAT 
ranged from 22.3 to 55.5  mm. Chemotherapy regimens 
varied, gemcitabine being included in most studies (6/7); 
4 studies included radiotherapy.

DWI for response assessment
Table  3 summarizes ADC measurements and their per-
formance in assessing response to NAT. ADC values 
overlapped for responders and non-responders between 
studies: in the pre-NAT period, these ranged from 1.0 
to 1.61 ×  10−3  mm2/s for responders, and from 1.25 to 
1.5 ×  10−3  mm2/s for non-responders. In the post-NAT 
period, only one included study reported ADC values: 
1.4 ×  10−3  mm2/s for responders, and 1.3 ×  10−3  mm2/s 
for non-responders. One study reported ADC increase 
from the pre- to the post-NAT period: 14.9% for respond-
ers and 10.3% for non-responders.

Two studies, both using RECIST 1.1 criteria for assess-
ing response status, reported no significant differences 
in ADC values for differentiating responders from non-
responders [14, 25]. All other studies (5/7) reported ADC 
being able to determine response status, using histo-
pathological or clinical criteria as reference standard. The 
4 studies evaluating histopathological response (Table 4) 
reported a correlation between both pre- and post-NAT 
ADC values and response grade, which was positive 
when using the modified Evan’s classification and nega-
tive when using the College of American Pathologists’ 
classification [13, 23, 24, 26].

Three studies reported DWI’s diagnostic perfor-
mance, with sensitivity values ranging from 91.6 to 
100% and specificity values from 62.5 to 94.7% [12, 13, 
26]. Noteworthy, these studies used different criteria for 
determining response status: stationary vs. regressive 

ADC; pre-NAT ADC ≥ 1.2 ×  10−3  mm2/s; post-NAT 
ADC ≥ 1.4 ×  10−3  mm2/s.

Synthesis of collected data
Figure  2 summarizes the pooled analysis for pre-NAT 
ADC values reported in responders and non-respond-
ers. When testing for overall effects, ADC values were 
not significantly different between groups of patients 
(Z = 1.39, p = 0.16, I2 = 30%).

Studies were considered too few and heterogeneous 
to perform a pooled analysis regarding post-NAT ADC 
values (1 study), ADC variance from pre- to post-NAT (1 
study), and diagnostic performance with summary ROC 
statistics (3 studies with high heterogeneity).

Risk of bias and heterogeneity
Figure  3 illustrates the QUADAS-2 evaluation results, 
regarding risk of bias and applicability concerns. High 
risk of bias and applicability concerns were identified 
across studies, especially for patient selection, but also 
for the other domains. The main causes for concern 
regarding patient selection were the exclusion of bor-
derline or locally advanced stages, retrospective stud-
ies, non-disclosure of resectability criteria, and patients 
excluded due to missing or inadequate index test. For the 
reference standard, the dependance on RECIST criteria, 
interpretation of the reference standard with knowledge 
of the index test (DWI), and the use of clinical multidis-
ciplinary evaluation were considered the major causes 
of concern. Regarding the index test, the major sources 
of concern stemmed from reader’s number and experi-
ence not being disclosed, region of interest (ROI) draw-
ing process not being disclosed or vaguely described, the 
use of poorly defined diagnostic criteria, and the use of 
highest b values lower than the usual standards (500  s/
mm2). Finally, in the flow and timing domain, concerns 
were expressed due to widely variable MRI timings both 
before and after NAT.

Heterogeneity was also analyzed in a qualitative man-
ner across studies. Regarding the reference standard, the 
use of RECIST 1.1 criteria was considered a probable 
source of heterogeneity, as the two studies using it did 
not report ADC to be of diagnostic value while all oth-
ers did, when using either clinical or histopathological 
criteria. For the studies using histopathological response 
assessment, the correlation coefficients with ADC values 
were positive when using the modified Evans classifica-
tion and negative when using the College of American 
Pathologists classification [20, 21]. Since these classifi-
cations’ gradings are the inverse of each other — higher 
tumor cell destruction translates into higher degrees 
in the Evans but lower degrees in the College of Ameri-
can Pathologists classifications — the results between 
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Table 3 ADC measurements and response assessment

R, responders; NR, non-responders; pre-ADC, ADC value pre-neoadjuvant therapy; post-ADC, ADC value post-neoadjuvant therapy; ND, non-disclosed; NA, not 
assessed. ADC values (×  10−3  mm2/s) are expressed as means ± standard deviations or medians and ranges (in parentheses)

Study R: pre-ADC NR: pre-ADC R: post-ADC NR: post-
ADC

R: ADC 
increase

NR: ADC 
increase

Response 
assessment

Diagnostic performance

Criteria Sensitivity/
specificity

Cuneo KC, 
et al [23]

1.61 ± 0.05 1.25 ± 0.16 ND ND ND ND Pre-ADC 
correlates 
with patho-
logical 
response 
grade

NA NA

Dalah E, et al 
[24]

ND ND ND ND ND ND Post-ADC 
correlates 
with patho-
logical 
response

NA NA

Hussien N, 
et al [12]

1.0 (1.0–1.3) 1.4 (1.0–1.4) 1.4 (1.3–1.7) 1.3 (1.0–1.7) ND ND ADC increase 
in responders

Stationary 
vs. regressive 
ADC

100%/94.7%

Kang JH, et al 
[14]

1.46 ± 0.23 1.40 ± 0.19 ND ND 14.9 ± 13.8% 10.3 ± 27.6% No significant 
differences 
in ADC

NA NA

Kinh Do R, 
et al [25]

1.60 ± 0.17 1.50 ± 0.05 ND ND ND ND No significant 
differences 
in ADC

NA NA

Okada KI, 
et al (2017) 
[26]

ND ND ND ND ND ND Pre- 
and post-
ADC 
correlate 
with patho-
logical 
response 
grade

Pre-ADC 
(≥ 1.2)

100%/75%

Okada KI, 
et al (2020) 
[13]

ND ND ND ND ND ND Pre-ADC, 
post-ADC, 
and ADC 
increase 
correlate 
with patho-
logical 
response 
grade

Pre-ADC 
(≥ 1.2)

91.6%/62.5%

Post-ADC 
(≥ 1.4)

100%/81%

Table 4 Correlation coefficients of studies using histopathological criteria to determine response to neoadjuvant therapy

* Modified version of the Evans classification [20]. Pre, pre-neoadjuvant therapy; Post, post-neoadjuvant therapy

Study Classification DWI timing Correlation coefficient

Cuneo KC, et al [23] Evans* Pre 0.94* (p = 0.001)

Dalah E, et al [24] College of American Pathologists Post  − 0.52 (p < 0.05)

Okada KI, et al (2017) [26] Evans* Pre 0.63 (p = 0.001)

Post 0.41 (p = 0.144)

Okada KI, et al (2020) [13] Evans* Pre 0.63 (p < 0.001)

Post 0.71 (p < 0.001)

Pre/Post Difference 0.29 (p = 0.138)
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studies can be considered concordant, as higher pre- and 
post-NAT ADC values correlate with higher tumor cell 
destruction. Another identified source of heterogeneity 
directly influencing ADC values obtained in each study 
was the variability in b values used for ADC calculation. 
Although 1/7 studies used low b values for ADC cal-
culation, also used for IVIM (intravascular incoherent 
motion) assessment, this study also used a mono-expo-
nential calculation method for ADC. Also, 1/7 stud-
ies used highest b values lower than the usual standards 
(500  s/mm2), while all other studies used b values of 
800–1000 s/mm2.

Discussion
This systematic review determines that DWI with ADC 
values for the assessment of response to NAT in pancre-
atic cancer may be useful, with reported high diagnostic 
performance. However, the included number of stud-
ies was small and high risk for bias was identified across 
studies, prompting a cautious interpretation of these 
results.

As ADC values observed across studies overlapped 
for responders and non-responders and no overall 
effects were seen in the pre-NAT period, an evaluation 

of absolute ADC values for this purpose appears to not 
be useful. The reproducibility of ADC values in the pan-
creas has been shown to be imperfect, and some variabil-
ity should be expected across individuals, MRI scanners, 
and even anatomical regions of the pancreas [27–31]. 
Despite this, a correlation between ADC values and his-
topathological response was reported in 4 studies, both 
for the pre- and post-NAT assessments; therefore, high 
ADC values may still have a role in predicting response 
to NAT, but more studies providing further characteriza-
tion in this regard are needed.

Technical issues affecting the reproducibility of ADC 
values were an important concern in this study, with val-
ues varying widely between studies, for both responders 
and non-responders. For future studies, the use of stand-
ardized protocols for image acquisition with motion-
robust techniques, post-processing and corrective 
methods should be effective for diminishing these differ-
ences and improve ADC values’ reproducibility [32–37]. 
Also, the process of ROI placement for ADC measure-
ment, which was inconsistently reported in studies in 
this review, is known to have inherent variability [38, 39]. 
This is another aspect that could be improved in further 
studies, exploring the variability of ADC measurements 

Fig. 2 Pooled analysis results of ADC values pre-neoadjuvant therapy. Test for overall effects was not statistically significant, with Z = 1.39 (p = 0.16)

Fig. 3 QUADAS-2 chart, representing the estimated risk for bias and applicability concerns for all studies included
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derived from the measurement process itself, and its 
effect on the magnitude of ADC differences between 
groups of responders and non-responders.

The diagnostic performance of DWI for determining 
response to NAT was high in all three included studies, 
which is encouraging for implementing its use in clinical 
practice. Nevertheless, studies used both different DWI-
based metrics (1/3 used an ADC increase measure; 2/3 
used cutoff ADC values) and different reference stand-
ards for this purpose (1/3 clinical; 2/3 histopathological). 
Therefore, the most adequate methodology when using 
DWI to differentiate responders from non-responders 
remains undetermined.

Response assessment after NAT in pancreatic cancer 
remains a challenge in clinical practice, with most cent-
ers relying on both analytical (serum CA19-9 concentra-
tion) and imaging data to assess response, the latter based 
on traditional size criteria: increase in tumor size being 
suggestive of progressive disease, stability or reduction 
in tumor size being considered a response and warrant-
ing surgical exploration [4, 40, 41]. This approach, how-
ever, may lead to unnecessary surgery being performed in 
cases of persistent advanced disease, or potentially resect-
able patients being excluded from surgery. Novel biomark-
ers have therefore been sought, with DWI emerging as a 
potential imaging candidate, but with inconclusive/insuffi-
cient results thus far [42–44]. Our analysis helps establish-
ing DWI with ADC measurement as useful biomarker for 
assessing response, but current data is still not enough to 
recommend its implementation in clinical practice.

This systematic review and meta-analysis is limited by the 
small number of studies, which precluded subgroup analy-
sis and statistical exploration of heterogeneity factors. Stud-
ies were also considered heterogeneous and at high risk 
for bias. We identified similar important sources for both 
heterogeneity and risk for bias, the most obvious being the 
variability in resectability status of patients included in each 
study, NAT regimens, DWI b values, readers’ experience, 
and reference standards (RECIST, clinical and histopatho-
logical). In an ideal world, we would expect studies to rep-
licate the best clinical practice and control for interfering 
variables — include all patients undergoing NAT, use only 
standardized NAT regimens and DWI acquisition param-
eters with experienced readers, and use the most accurate 
reference standards. However, these studies provide real-
world data, reflecting the difficulties in managing patients 
with pancreatic cancer, with imperfect staging systems 
after NAT, and the evolution of NAT regimens and treat-
ment recommendations in recent years [45, 46].

In conclusion, this systematic review and meta-
analysis helps establish DWI as a useful biomarker for 
determining response to NAT in pancreatic cancer. 

However, few studies were included and were consid-
ered heterogeneous and at high risk for bias. Further 
data, best provided by studies with standardized proce-
dures for data acquisition and accurate reference stand-
ards, are needed.
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