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Abstract
Purpose: To determine the test-retest reliability and variance of metrics 

obtained from pancreatic diffusion-weighted magnetic resonance imaging 
(DW-MRI) and T2-MRI (i.e., apparent diffusion coefficients (ADC) and T2-
relaxation times). 

Methods: A two scanning session, two observer test-retest study in healthy 
volunteers (N=10) at 1.5T was performed with DW-MRI and T2-mapping 
scans acquired. In addition to region-specific (head, neck, body and tail) ADC 
and T2-relaxation values, coefficients of variation (CVs) and Bland-Altman plots 
were calculated.  

Results: We observed mean ADC values (x 10-3 mm2/sec) of head: 1.50 
- 1.56, neck: 1.38 - 1.61, body: 1.32 - 1.37 and tail: 1.19 - 1.20. The mean T2-
relaxation times (msecs) were head: 60.23 - 63.14, neck: 57.80 - 58.63, body: 
58.78 - 59.69 and tail: 58.82 - 59.99. Based on CVs, lower inter-scan session 
and inter-observer variability were consistently calculated for T2-relaxation times 
(CV of ~4%) compared to ADCs (CV of ~18%). Bland-Altman analyses did not 
reveal any systematic trends in bias.

Conclusions: Given the superior test-retest reliability observed for T2-
mapping over DW-MRI, T2-mapping may enable more sensitive pancreatic 
lesion detection and monitoring. The current set of results can aid the study design 
of future longitudinal clinical trials, aiming to track the evolution or resolution of 
pancreatic pathology with DW-MRI or T2-mapping methodologies.  
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Introduction
In conditions such as acute pancreatitis, contrast-enhanced computed 

tomography (CT) is considered the primary imaging modality for revealing 
pancreatic disease severity, monitoring treatment response or providing 
diagnostic clarity [1, 2]. However, in patients for whom contrast-enhanced CT 
is contraindicated, magnetic resonance imaging (MRI) is a recommended and 
frequently utilized alternative to assessing pancreatic health. For longitudinal 
investigation of the diseased pancreas, where multiple imaging evaluations are 
needed within a short timeframe, MRI has the added value over CT given the 
lack of substantial radiation exposure or need for exogenous contrast agents that 
enable identification of pancreatic pathology. To date, MRI methods, mainly 
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diffusion-weighted MRI (DW-MRI) and T2-MRI, have 
shown sensitivity for detecting pathology in acute or chronic 
pancreatitis [3-7], autoimmune pancreatitis [8-10] and 
pancreatic cancer [11-13]. 

During early stages of pancreatic injury or inflammation, 
acinar cell injury, activation of pancreatic stellate cells and 
an invasion by leukocytes, neutrophils and macrophages are 
all known to exist [14]. Such intracellular, extracellular and 
intravascular pathological events modulate microstructural 
properties of affected pancreatic tissue, and in turn, alter the 
random Brownian motion of water molecules in each biological 
compartment. From DW-MRI experiments aimed at 
measuring apparent diffusion coefficients (ADCs), it is known 
that inflammatory compared to healthy pancreatic tissue is 
characterized as having restricted water diffusion (decreased 
ADCs), while less restricted water diffusion (increased ADCs) 
occurs in necrotic lesions [3, 11]. With respect to T2-MRI 
signals, presence of inflammatory infiltrates and parenchymal 
changes can be identified by regions of increased T2-weighted 
signal intensities or prolonged T2-relaxation times [5].

A substantial number of studies have independently 
demonstrated the utility of DW-MRI and T2-MRI for 
quantifying focal and diffuse lesions in various patient 
populations possessing compromised pancreatic function 
and structure. From this body of work, a better working 
understanding of optimal image acquisition and analysis 
parameters for pancreatic MRI studies is in place [15]. One 
methodological aspect in need of further inquiry pertains to 
the inter- scan session and inter-observer, test-retest reliability 
of DW-MRI and T2-MRI. Thus far, a limited number of 
investigations have reported on this topic [16-19]. Therefore, 
we aimed to perform a test-retest study in healthy volunteers 
and compare the variability and reproducibility of metrics 
obtained from DW-MRI (ADC) and T2-mapping (T2-
relaxation times) across 4 pancreatic regions (head, neck, 
body and tail). Using the results presented herein, guidance 
on methodological limitations, study design parameters and 
appropriate powering of study endpoints can be obtained for 
future DW-MRI or T2-mapping investigations, where the 
goal is to monitor pancreatic pathology or a novel therapy that 
is hypothesized to mediate pancreatic disease states.

Materials and Methods 
Healthy volunteers 

Pancreatic MRI data was collected in ten healthy 
volunteers (9 females, 1 male, aged 22-68 years). Institutional 
Review Board approval was obtained prior to the study, and all 
subjects gave informed consent to participate. 

MRI data acquisition 
Subjects were scanned in the supine position. Images of 

the abdominal region including the pancreas were obtained 
using respiratory gating and fat saturation. Positioning was 
identical for DW-MRI and T2-mapping scans. Each subject 
underwent two scanning session in a single day, where the 
delay between repeated scans ranged from 30-60 mins. The 

MRI protocol included a three-plane localizer, axial and 
coronal T2-weighted MRI, DW-MRI and T2-mapping 
scans. All data were collected using a 1.5T Siemens Aera 
system (Erlangen, Germany) and phased array torso coil 
enable full coverage of the pancreas (Figure 1A). This study 
was performed at 1.5T given the substantial body of prior 
pancreatic MRI investigations performed at this field strength, 
which the current set of results could be compared to, as well 
as guidance around MRI protocol optimization at 1.5T [15]. 

DW-MRI parameters: Pulse Sequence = Echo Planar 
Imaging Spin-Echo, TR/TE = 5000/68 msecs, matrix = 
134x134, Slice Thickness = 6 mm with 20% slice gap, NSA = 1, 
Bandwidth 2332 Hz/Px, Diffusion Directions = 3 (orthogonal 
weighting), b-values = 0, 150, 450 and 900 secs/mm2 and Scan 
Time = 2 mins.

T2-Mapping parameters: Pulse Sequence = Spin Echo, 
TE = 6 echos (15-90 msecs), TR = 1800 msecs, matrix = 
192x192, Slice Thickness = 6 mm with 20% slice gap, # of 
averages = 3, Bandwidth 130 Hz/Px and Scan Time = 8 mins. 
Both DWI and T2-mapping were acquired with 40 cm FOV 
and 70% phase resolution.

Data analysis 
Pancreatic sub-regions (head, neck, body and tail) were 

identified for each subject and visit manually via tracing with 
a computer mouse by two radiologists using custom, in-house 
image analysis software (BioTelemetry Research, Rochester, 
NY, USA) (Figure 1B). Tracing was performed independently 
on DW-MRI and T2-mapping data, with each radiologist 
blinded to the other’s results and scan session. Readers had 
access to all acquired b-values during the DWI analysis and 
to all echoes during the T2-mapping analysis and were able 
to see how the applied contours fit to each image. Readers 
were instructed to include the maximum practical portion 
of the organ, while excluding regions of clear partial volume 
effects. ADC and T2-relaxation times were calculated at each 
pixel in the images, as described below. Mean values for each 
parameter were then generated from the set of pixels fully 

Figure 1: A) A coronal Half-Fourier Acquisition Single-shot Turbo Spin 
Echo Image (HASTE) image showing positioning of axial slice position 
for subsequent DW-MRI and T2-mapping MRI. B) Pancreatic sub-
regions (head: red, neck: green, body: yellow and tail: blue) were manually 
segmented for each subject.  A single-subject, single observer example is 
shown here. 
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contained within the boundaries for each of the four pancreatic 
sub-regions. A total of twelve diffusion images were acquired 
at each location: three directions (x, y, z) and four b-values (0, 
150, 450, and 900 secs/mm2). This allowed for the calculation 
of nine diffusion coefficients Dx,i, given by:

Dx,i = ln[S(b0)/S(bi)]/bi,                                                  …………….. (1)

where S(bi) is the observed signal at b-value i. The ADC 
at each pixel was then given by the arithmetic mean of the 
nine calculated diffusion coefficients.

In a T2-weighted image, the signal intensity, S, can be 
represented as a constant B times an exponential decay, as:  	

					       ……..…... (2)

where TE is the echo time. Taking the natural log of the 
signal yields:

					       ………….. (3)

The resulting equation is a line with slope of -1/T2. To 
estimate the value of T2, a linear regression is performed on 
the natural log of the signal intensities:

	 				  
   	 		    .........…….. (4)

where TEn is the echo time of the nth echo, Sn is the signal 
intensity of the nth echo, and N is the number of echoes. Note 
that while T2-relaxation times can be estimated from as few 
as two echoes, more echoes will provide a better estimate of 
the slope in the presence of noise [20]. Selection of echo times 
is constrained by two factors: greater time between echoes 
minimizes the effect that noise will have on the estimated 
slope. However, if the echo time becomes too large, the signal 
will be dominated by noise for short T2-decay times. The set 
of echo times selected for this study, ranging from 15 mecs – 
90 mecs, was intended to optimize the tradeoff between these 
two constraints.

Statistical analysis 
In order to identify statistically significant inter-scan 

session and inter-observer differences, two-tailed, paired 
t-tests were utilized. Variability and reproducibility of regional 
ADCs and T2-relaxation times were obtained by calculating 
the coefficients of variation (CV) and using the Bland-Altman 
analysis method (GraphPad Prism 6.0), where the bias and 
95% confidence interval of the mean absolute difference (i.e., 
Scan session 1 – Scan session 2 and Observer 1 – Observer 
2) were obtained. A two-tailed, Mann-Whitney U test was 
used to test for significant differences in CVs between ADCs 
and T2-relaxation for each pancreatic sub-region and each 
observer.

Results
Upon visual inspection, T2-mapping data at each echo 

enabled clear delination of the pancreas as well as other 
abdominal structures with little to no image artifact present 
(Figure 2). As expected, DW-MRI data qualitatively showed 
poorer image quality compared to T2-maps, particularly at the 
higher b-values (Figure 3). However, no trends in DW-MRI 
data quality were observed with respect to diffusion direction. 
All DW-MRI and T2-mapping datasets were judged by both 
blinded observers as possessing sufficient data quality and 
subsequently quantified.

Across the 4 pancreatic sub-regions, 2 scan sessions and 
2 observers, ADCs and T2 relaxation times ranged from 1.19 
- 1.61 x 10-3 mm2/secs and 57.80 - 63.14 msecs, respectively 
(Table 1). A significant (uncorrected for multiple comparisons, 
p = 0.04) inter-scan session difference was solely observed 
for mean ADC values for observer 2 in the neck region. 
Significant inter-scan session differences for T2-relaxation 
were not present. 

Inter-scan session and inter-observer CVs for ADCs as 
well as T2 relaxation times are given in table 2. Independent 
of the pancreatic sub-region, test-retest ADC variability was 
consistently and substantially higher compared to variability 
measured for T2-relaxation times. The neck region ADCs 
possessed particularly high ranges of variability for both 
observers. Inter-observer CVs were comparable and of low 
magnitude for either metric.   

Figure 3: Axial images depicting the pancreas and acquired from DW-
MRI are shown for a single, representative healthy volunteer.  The 
corresponding T2-mapping data for this subject is shown in figure 2.  
Axial diffusion-weighted images are shown for each b-value as well as 
each diffusion direction utilized in the current investigation. 

Figure 2: Axial images depicting the pancreas and acquired from T2-
mapping are shown for a single, representative healthy volunteer.  Data is 
shown for each echo time utilized in the current investigation.  
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Bland-Altman plots were assessed for ADCs (Figure 4) 
and T2-relaxation times (Figure 5). Significant positive or 
negative correlations between mean differences and averages 

were not found for either MRI metric or for any pancreatic 
sub-region. Neck region ADCs did show a greater magnitude 
of bias compared to the head, body and tail. With exception to 
the neck region ADCs, the magnitude of bias as a percentage 
of the mean was comparable between ADCs and T2-relaxation 
times.

Discussion
Several useful observations can be made based on the data 

presented above. First and most obviously, a T2-MRI based 
assessment is significantly less variable between scan sessions 
and observers than DW-MRI. This should not strictly mean 
that T2-MRI necessarily provides a more useful target in any 
given clinical situation, however, as the critical metric in this 
case is the ratio of the variability to the magnitude of change 
expected due to either disease progression or response to 
treatment. It is also interesting to note that the inter-observer 
coefficient of variation for ADC assessment across all regions 
was roughly one third of the inter-scan CV. This indicates 
majority of the variability seen in this measure is the result not 
of observer error, but rather of differences in the scans. This 
was not true for T2-mapping, where inter-observer variability 
was similar to inter-scan variability. The latter observation 
reinforces the fact that pancreatic ADCs were inherently more 
variable than T2-relaxation times. 

The region-specific, ADCs reported herein for healthy 
pancreatic tissue agree with past investigations [6, 16, 18, 19, 
21-23]. In a recent review by Barral et al., the mean ADC 
across numerous studies and normal pancreatic head, neck, 
body and tail were 1.52, 1.27, 1.48, and 1.36 x 10-3 mm2/secs, 
respectively [15]. An insignificant trend towards decreasing 
ADCs from the head to tail regions, is also commonly 
observed amongst the current and previous DW-MRI studies 

[6, 19, 21]. From a microstructural perspective, a healthy 
pancreas may be considered homogeneous in comparison to 
other organs such as the brain. However, prior investigations 

Table 2: Coefficients of variations (%) for ADC and T2-relaxation times

Coefficients 
of Variation

(95% CI)
Inter-Scan Session

(ADC)

Coefficients 
of Variation

(95% CI)
Inter-Scan Session

(T2-Relaxation Times)

p-value Coefficients 
of Variation

(95% CI)
Inter-Observer

(ADC)

Coefficients of 
Variation
(95% CI)

Inter-Observer
(T2-Relaxation 

Times)

Head
Observer 1 
Observer 2

11.29 (6.68 - 15.90)
17.23 (9.70 - 24.76)

4.75 (0.77 - 8.73)
4.49 (0.59 - 8.39)

0.009
0.005

5.15 (2.63 - 7.67) 4.46 (2.09 - 6.83)

Neck
Observer 1 
Observer 2

24.57 (9.28 - 39.86)
19.08 (7.13 - 31.03)

5.10 (2.72- 7.48)
3.62 (1.93 - 5.31)

0.002
0.05

8.63 (5.24 - 12.02) 2.55 (1.61 - 3.50)

Body
Observer 1 
Observer 2

16.10 (4.05 - 28.15)
19.98 (7.38 - 32.58)

3.51 (1.34 - 5.69)
2.64 (1.87 - 3.41)

0.007
0.001

4.92 (1.24 - 8.60) 1.75 (0.87 - 2.63)

Tail
Observer 1 
Observer 2

18.56 (7.55 - 29.57)
13.91 (5.81 - 22.01)

2.47 (1.29 - 3.65)
4.55 (1.86 - 7.24)

0.0002
0.04

6.81 (3.56 - 10.06) 3.85 (2.51 - 5.19)

Table 1: A) Mean pancreatic ADC across sub-regions and observers.  
B) Mean pancreatic T2-relaxation times across sub-regions and observers
A)

ADC (mean ± SD) x 10-3 mm2/sec
Scan Session 1

(mean ± SD) x 10-3 mm2/sec
Scan Session 2

Head
Observer 1 
Observer 2

1.50 ± 0.28
1.50 ± 0.33

1.53 ± 0.30
1.56 ± 0.29

Neck
Observer 1 
Observer 2

1.42 ± 0.30
1.38 ± 0.31

1.57 ± 0.33
1.61 ± 0.32*

Body
Observer 1 
Observer 2

1.32 ± 0.32
1.33 ± 0.32

1.37 ± 0.20
1.32 ± 0.20

Tail
Observer 1 
Observer 2

1.19 ± 0.28
1.19 ± 0.20

1.20 ± 0.24
1.20 ± 0.19

B)

T2 Relaxation Times (mean ± SD) msecs
Scan Session 1

(mean ± SD) msecs
Scan Session 2

Head
Observer 1 
Observer 2

60.93 ± 6.55
60.23 ± 3.82

60.35 ± 4.65
63.14 ± 7.01

Neck
Observer 1 
Observer 2

58.38 ± 3.38
58.12 ± 4.06

57.80± 5.75
58.63 ± 4.75

Body
Observer 1 
Observer 2

58.98 ± 4.55
59.69 ± 5.42

59.85 ± 6.80
58.78 ± 5.28

Tail
Observer 1 
Observer 2

58.94 ± 2.92
58.82 ± 4.40

58.94 ± 3.80
59.99 ± 4.25

*p < 0.05
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have reported biological differences between pancreatic 
regions, where age, gender and fat content may contribute 
to heterogeneous ADCs reported either between studies 
or between pancreatic sub-regions [24, 25]. Nonetheless, 

inter-regional variability in ADCs may stem from technical 
reasons and requires further investigation (potential factors 
contributing DW-MRI variability in the pancreas are 
discussed below). What between-study differences in ADCs 

Figure 4: Bland-Altman plots for ADCs for each pancreatic sub-region.  Plots were individually derived for Observer 1 (A.) and Observer 2 (B.), where 
values from scan sessions 1 and 2 were averaged.  For inter-observer Bland-Altman plots, ADC values were averaged between the two observers (C.). 

Figure 5: Bland-Altman plots for T2-relaxation times for each pancreatic sub-region.  Plots were individually derived for Observer 1 (A.) and Observer 
2 (B.), where values from scan sessions 1 and 2 were averaged.  For inter-observer Bland-Altman plots, T2 relaxation times were averaged between the 
two observers (C.).
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are present likely arise from the wide range of data acquisition 
and analysis procedures implemented. For example, while 
more than two b-values were utilized in some studies [3, 16], 
including the current one, others estimated ADCs using just 
2 b-values (e.g., 0 and 800 secs/mm2) [19, 22]. The presence 
of intravoxel incoherent motion in DW-MRI data and how 
this effect was or was not accounted may have also influenced 
computed ADC values, particularly when low b-values were 
utilized [26]. Other procedural anomalies contributing to 
between-study ADC variability include but are not limited to 
implementation of breath-hold, triggering methodology, use 
of 1.5T or 3T scanners, landmarks used to segment pancreatic 
sub-regions or how ADCs are calculated (e.g., mono- vs. bi-
exponential modeling). Pancreatic T2-relaxation times in this 
study fell within a range of 57.80 - 63.14 msec. By comparison, 
de Bazelaire et al. and Hoad et al., measured lower mean T2 
relaxation times in normal pancreas to be 42 ± 20 (@ 3T), 
43 ± 7 (@ 3T) and 46 ± 6 (@ 1.5T) msecs [27, 28]. Similar 
to DW-MRI studies, inter-study differences in T2-mapping 
acquisition parameters also exist. For example, here a multi-
slice acquisition was used to cover the entire pancreas, whereas 
Hoad et al., sampled the pancreas with a single 10 mm coronal 
slice. Moreover, the implemented echo time range was also 
variable across investigations.

With exception to the neck region ADCs for observer 
2, significant inter-scan session differences were not detected 
for either ADC or T2 relaxation times. Significant inter-
observer differences for either metrics were undetected. Across 
the two observers and 4 pancreatic sub-regions, a mean CV 
of ~18% was calculated, which is similar to abdominal, DW-
MRI investigations by Braithwaite et al. and Rosenkranz 
et al. By comparison, the mean CV for T2 relaxation times 
was substantially lower at ~4%, suggesting that detection of 
treatment effect may be more viable with T2-mapping than 
DW-MRI. However, whether DW-MRI or T2 mapping is 
more sensitive towards detecting pancreatic tissue pathology 
or treatment response is projected to also depend upon the 
disease state or stage affecting pancreatic microstructure, type 
of tissue pathology (e.g., edema, inflammation, hemorrhage, 
fibrosis and necrosis) or therapeutic strategy. 

Test-retest reliability was evaluated by calculating inter-
scan session and inter-observer Bland-Altman analyses. These 
analyses demonstrated that the inter-scan session mean bias 
(in units of 10-3 mm2/secs) for ADCs and for both observers 
was of lower magnitude (range: -0.062 - 0.00094) for the head, 
body and tail compared to the neck (range: -0.23 - -0.14). Prior 
pancreatic, DW-MRI work performed at 1.5 T, show a bias 
(in units of 10-3 mm2/secs) for ADCs of -0.04 - 0.04 [19] or 
0.003 - 0.029 [16]. In agreement with the current study, Barral 
et al., reported 95% limits of agreement at 27% for the neck 
region, which was higher compared to other regions of the 
pancreas (< 11%). The smaller range in mean bias as well as the 
higher ADC values reported by Ye et al., are likely reflective of 
neck region ADCs not being quantified and implementation 
of 2 b-values (i.e., 0 and 600 secs/mm2) to estimate pancreatic 
diffusion properties. Inter-observer ADC variability as 
quantified by the mean bias was commonly low across current 
and past studies. A similar trend in inter-scan session bias was 

not observed for T2-relaxation times, where the neck region of 
the pancreas demonstrated higher variability. This may suggest 
that the pancreatic neck is particularly prone to raw signal 
abnormalities that subsequently contribute to the higher level 
of ADC variability. The magnitude of the bias relative to the 
mean T2 relaxation times was also lower at ~5% compared to 
~18% for ADC. Moreover, for either ADCs or T2 relaxation 
times, trends between mean differences and averages were not 
present.  

Comparing T2-mapping and DW-MRI images (Figure 
2 and 3), the latter show a higher level of image distortion 
within the pancreas and most notably when greater diffusion 
weighting was applied. While a single source could not be 
attributed for the poorer image quality observed for DW-
MRI data and in turn, susceptibility to inter-scan variability, 
we hypothesized the presence of multiple contributing factors. 
Of these, the high sensitivity to patient motion, including 
respiratory movement (even in respiratory-gated, DW-
MRI data), was considered a primary source of variability. 
Moreover, signal loss due to the presence of various tissue 
interfaces or partial volume effects likely confounded image 
quality and diminished test-retest reliability. To further 
minimize confounds stemming from partial volume effects 
specifically, acquisition of thinner slices or acquisition of slices 
in sagittal or coronal orientations may be considered in future 
investigations. Quantification of ADCs and T2-relaxation 
times using smaller regions of interest (ROI) should also be 
considered in order to better avoid partial volume effects. 
However, use of clear anatomical boarders delineating the 
pancreas or pancreatic sub-regions is considered pivotal for 
standardizing ROIs across time points or between observers. 

A limitation of this study relates to physiological 
differences between the healthy volunteer population 
investigated herein compared to patient population suffering 
from pancreatic pathology, where MRI-based assessments 
have been or would be applicable. For example, acute 
pancreatitis patients are often comorbid with conditions 
such as obesity [29]. The presence of visceral fat, specifically 
pancreatic adipose tissue, can affect DW-MRI signal despite 
the application of fat suppression techniques. Such a disparity 
may yield increased variability to MRI measures not present 
within a healthy volunteer population. Additionally, the 
time interval between two adjacent imaging evaluations of 
the pancreas may differ between an investigation involving 
patients and healthy volunteer studies. In the former case, 
execution of MRI would primarily be dictated by the need for 
diagnostic clarity in response to a medical event or monitoring 
of a potential treatment response, in which case, the inter-scan 
interval would be longer compared to the current study. A 
longer inter-scan interval may yield a different level of variably 
and reproducibility than that elucidate in our study. Therefore, 
subsequent work, which builds off the current dataset, should 
indeed involve the longitudinal evaluation of patients with 
pancreatic disease (e.g., patients with acute pancreatitis). 
Such investigations would further enable a determination 
of the utility of pancreatic MRI towards monitoring 
pancreatic pathology and potential treatment effect. Lastly, 
recent retrospective work has suggested that conventional 
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metrics such as the mean ADCs of the pancreas may not 
be as sensitive towards monitoring pancreatic pathology or 
treatment response as other diffusion MRI measures [4, 30, 
31]. Therefore, the variability and reproducibility of these 
novel approaches may be beneficial to consider.    

Conclusions 
In conclusion, this healthy volunteer study revealed 

better inter-scan session variability and reproducibility for T2 
-mapping than DW-MRI across 4 pancreatic sub-regions. 
Inter-observer variability and reproducibility was comparable 
between the two MRI approaches. The results of this work 
can further aid the study design of future DW-MRI and T2-
mapping studies aiming to longitudinally assess pancreatic 
injury or treatment effect on pancreatic injury using an MRI-
based approach.
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