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Abstract

Purpose: To assess the effects of cardiovascular-induced motion on conventional diffusion-
weighted imaging (DW]1) of the pancreas, and to evaluate motion-robust DWI methods in a motion
phantom and healthy volunteers.

Methods: 3T DWI was acquired using standard monopolar and motion-compensated gradient
waveforms, including in an anatomically accurate pancreas phantom with controllable
compressive motion and healthy volunteers (N=8, 10). In volunteers, highly-controlled single-slice
DWI1 using breath-holding and cardiac gating, and whole-pancreas respiratory-triggered DWI were
acquired. For each acquisition, the ADC variability across volunteers, as well as ADC differences
across parts of the pancreas were evaluated.

Results: In motion phantom scans, conventional DWI led to biased ADC, while motion-
compensated waveforms produced consistent ADC. In the breath-held, cardiac-triggered study,
conventional DWI led to heterogeneous DW signals and highly variable ADC across the pancreas,
whereas motion-compensated DWI avoided these artifacts. In the respiratory-triggered study,
conventional DWI produced heterogeneous ADC across the pancreas (head:
1756+173x10~5mm?/s; body: 1530+338x10-mm?/s; tail: 1388+267x10~8mm?/s), with ADCs in
the head significantly higher than in the tail (p<.05). Motion-compensated ADC had lower
variability across volunteers (head: 1277+102x10~mm?/s; body: 1204+169x10-5mm?/s; tail:
1235+178x10-5mm?/s), with no significant difference (p=0.19) across the pancreas.

Conclusion: Cardiovascular motion introduces artifacts and ADC bias in pancreas DWI, which
are addressed by motion-robust DWI.

Correspondence: Diego Hernando, PhD, Departments of Radiology and Medical Physics, University of Wisconsin-Madison,
Madison, 53705, USA. dhernando@wisc.edu, Twitter: @dherarr.
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Introduction

Diffusion-weighted imaging (DWI) has the potential to add value in the detection (1-3),
diagnosis (4,5), and treatment response prediction of pancreatic diseases (4,6—-8). DWI has
been shown to have a similar accuracy as contrast-enhanced MRI for the diagnosis of
pancreatic cancer and pancreatic neuroendocrine tumors (9). Furthermore, quantitative
measurements derived from DW images constitute promising biomarkers for pancreas
imaging applications. For example, measurement of the apparent diffusion coefficient
(ADC) in the pancreas has been shown to correlate well with histopathological markers,
such as the proportion of collagenous fibers (10). Further, ADC measurements may enable
differentiation of malignant lesions from healthy tissue (2), mass-forming pancreatitis
(11,12), and other benign lesions (13,14). Moreover, recent studies have shown that ADC
measurements can help differentiate accessory spleen from small islet cell tumors (11),
differentiate near solid serous cystadenomas from neuroendocrine tumors (15), and
potentially determine the tumor grade (16,17). DWI has also shown potential to enable an
early prediction of treatment response (6-8), as early therapy-induced effects can be
reflected in tissue reorganization, changes in cellularity, and vascularization, or metabolic
activity, before measurable changes in tumor volume become apparent. Furthermore, DWI
can be useful for detecting autoimmune pancreatitis and evaluating the effect of steroid
therapy (4). In addition, an increase in tumor ADC values in unresectable pancreatic cancer
during chemotherapy predicts better survival (7), pancreatic ductal adenocarcinomas with
lower baseline ADC respond poorly to standard chemotherapy and would benefit from
intensified treatment (8), and a lower ADC obtained from high b-value DWI in patients with
advanced pancreatic cancer may be predictive of early progression in chemotherapy-treated
patients (6).

Despite this potential, the ability to differentiate between malignant and benign lesions and
to predict treatment response based on ADC measurements remains limited, due to
substantial variability and overlap in the quantitative measurements (12,18). ADC values for
normal and diseased pancreas have shown a broad variability within studies (6,9,19-22), and
substantial overlap in ADC values among normal and diseased pancreas and various tumor
grades have been reported (9,22,23). In particular, the reported ADC values for the different
parts (head, body, and tail) of the normal pancreas have seen large differences across studies
(5,11,19,20,23,24). This overlap and variability in ADC measurements are likely due in part
to the presence of multiple technical challenges, particularly physiological motion, that
affect DWI of the pancreas. Due to its location within the retroperitoneum, the pancreas may
be affected by respiratory, peristaltic, and cardiovascular-related motion (1). The extent of
pancreatic motion due to respiration has been studied previously (25), and is routinely
addressed in DWI through respiratory triggering (12,26). Further, peristaltic motion can be
minimized through the use of gastrointestinal motility inhibitors such as glucagon (27-30).
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However, the effect of cardiovascular-related motion, due to both direct cardiac motion and
pulsation of large blood vessels, are not understood in the context of DWI of the pancreas.
Cardiovascular-induced motion of organs adjacent to the heart (e.g. the liver) or large blood
vessels (e.g. the pancreas) occurs throughout the cardiac cycle (31), and therefore its effects
may not be fully avoidable using cardiac gating. Conventional DWI is acquired using
monopolar DW gradients with elevated motion moments (i.e. motion sensitivity), and
generally leads to artifacts in the presence of cardiovascular-induced compressive motion.
Indeed, cardiovascular-induced compressive tissue motion often leads to signal dropouts and
ADC bias in abdominal organs such as the liver (particularly in the left lobe) (31).

We hypothesize that, similar to the liver, cardiovascular-related motion may lead to artifacts
in DWI of the pancreas and thus ADC bias. In current literature, reduction of ADC
measurements from pancreatic head to tail has been observed (19,24,32-34). Importantly,
the pancreatic head is closest to large blood vessels such as the portal vein, inferior vena
cava, aorta, and mesenteric superior artery. Indeed, artery pulsation and other cardiac-related
motion may lead to rapid compressive motion of pancreas tissue, leading to signal dropouts
and ADC bias in conventional DWI acquisitions performed with monopolar DW gradient
waveforms. Thus, the apparent ADC heterogeneity observed across the parts of the healthy
pancreas in previous studies may be due to cardiovascular-induced artifacts, analogously to
the heterogeneity observed across the liver lobes.

Motion-compensated (MOCO) diffusion-encoding gradient waveforms with nulled first
and/or second-order gradient moments (M1, M2) have been proposed to mitigate sensitivity
to bulk motion. For example, velocity-compensated (M1= 0) diffusion-encoding gradient
waveforms implemented in the liver enable improved ADC reproducibility without cardiac
triggering (35,36). Importantly, conventional MOCO diffusion encoding utilizes a multipolar
gradient waveform that substantially increases the echo time (TE) compared to monopolar
encoding, leading to degraded SNR (37). Optimized methods for motion-robust DWI with
minimized TEs have been recently proposed (37-39). These methods generally lead to
asymmetric waveforms that optimally utilize the available diffusion encoding time.
Although these asymmetric diffusion waveforms may introduce additional challenges (e.g.,
concomitant gradient effects), these challenges can be often addressed within the
optimization formulation itself (e.g., by including a concomitant gradient nulling constraint
as performed in this work (39)). By applying optimized motion-compensated DW gradient
waveforms, these methods are able to avoid signal dropouts in the presence of
cardiovascular-related motion while maximizing SNR, potentially enabling motion-robust
DWI. Although motion-robust DWI methods have been demonstrated in various applications
of DWI, including in liver (38,39) and cardiac (37) imaging, their performance in the
pancreas remains unknown.

Based on these observations, we hypothesize that: 1) cardiovascular-related motion leads to
artifacts and bias in conventional DWI of the pancreas, and further 2) these artifacts can be
mitigated through the use of recently proposed motion-robust DWI methods. Therefore, the
purpose of this work is to evaluate the effects of cardiovascular-related motion on
conventional DWI1 of the pancreas, and to assess the performance of motion-robust DWI
methods in a motion phantom and in healthy volunteers.
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In this IRB-approved study conducted with informed written consent, we visualized the
effects of cardiovascular-related motion using cardiac-gated cine acquisitions in healthy
volunteers. Next, we evaluated these effects in a custom anatomically accurate 3D-printed
pancreas motion phantom using DWI under various motion conditions. Finally, we assessed
the artifacts and quantified the ADC bias in the pancreas of healthy volunteers using
conventional DWI, and evaluated the performance of a recently developed motion-robust
DWI method (39). All scanning was performed at 3T (GE Signa Premier) using flexible
coils (AIR Technology, GE Healthcare, Waukesha, WI). A safe upper bound of slew rate
(150 mT/m/msec) was used for optimization, well below the peak gradient slew rate of 200
mT/m/msec. These acquisitions and analyses are described in detail next.

Visualization of cardiovascular-related pancreas motion

Eight healthy volunteers were scanned with cardiac-gated SSFP of the pancreas in three
orthogonal orientations (coronal, parasagittal, and axial) in separate breath-holds to visualize
the bulk and compressive motion of the pancreas associated with cardiovascular-related
motion. For each orientation, cine images were obtained for 20 frames within the cardiac
cycle. For visualization, a radiologist (J.S.) with 9 years of experience in abdominal MRI
contoured the pancreas borders on each of the 20 frames acquired within the cardiac cycle.

Evaluation in a motion phantom

Phantom construction: A custom phantom was fabricated for testing motion-
compensated diffusion MRI. This phantom consisted of an anthropomorphic hydrogel
“pancreas” (see below) embedded in silicone (40). Polyacrylamide hydrogel was used for
the pancreas model in order to enable tissue-mimicking compressive motion. To create the
anthropomorphic hydrogel model, the pancreas was segmented from a set of T2-weighted
MR images of a healthy volunteer and a 3D digital model of the pancreas was exported in
STL format. The model was first 3D-printed with polyvinyl-alcohol (PVA) filament on an
Ultimaker (Utrecht, Netherlands) S5 machine. The PVA pancreas was then coated in liquid
latex rubber. Once the rubber coating had dried, the inner PVA pancreas volume was
dissolved with water, leaving a pancreas-shaped void in a rubber shell. Hydrogel with 8%
acrylamide/bis-acrylamide concentration was then poured into the rubber mold and allowed
to polymerize. Once cured, the hydrogel pancreas was extracted from the rubber, placed in a
water-tight container, and surrounded with silicone. Compliant tubing was then run over the
top of the pancreas model and fixed within the water-tight container filled with silicone (see
Supporting Information Video S1). The ends of the tubing were then integrated into a flow
loop with a pulsatile positive displacement pump (BDC PD-1100, BDC Laboratories, Wheat
Ridge, CO).

Motion setup: Water was pumped through the system, causing deformation of the
compliant tube and adjacent hydrogel pancreas model at a frequency of one hertz. This setup
was intended to mimic the cyclic motion induced by the cardiovascular-induced compressive
motion of the vessels surrounding the pancreas in-vivo, as shown in the videos in Supporting
Information Video S1. A phantom similar to the one in the photograph was used, with
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opagque silicone surroundings and pancreas neck placed between the tube and the container
bottom to facilitate compressive motion in the pancreas. The videos show increased flow
amplitude leads to increased pulsation of the tube, causing more severe deformation of the
pancreas model.

Acquisition: At various flow velocities (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 liters/min), DW
images using standard monopolar (TE = 49 ms) and optimized motion-compensated (TE =
65 ms) waveforms were acquired. Motion-compensated waveforms were designed using the
Optimized Diffusion-weighting Gradient waveform Design (ODGD) method (39). In this
work, ODGD was used to achieve the desired b-values with minimum TE, first order motion
moment nulling and concomitant gradient (CG) nulling. For each type of gradient
waveforms (monopolar and motion-compensated), three orthogonal diffusion directions
were obtained, each with two b values (b = 50, 500 s/mm2, with 2 and 4 repetitions,
respectively).

Analysis: One representative slice containing the head, body, and tail of the pancreas
model was selected. The DW images and ADC maps were compared between standard
monopolar and motion-compensated DW waveforms, in the absence of motion, as well as in
the presence of various levels of motion. The histograms of the ADC values in the pancreas
segmented within the selected slice were generated, with mean and standard deviation
calculated for each histogram, to compare the ADC distributions of both waveforms.

Characterization and correction of motion artifacts in vivo

Evaluating single-slice breath-held cardiac-gated DWI:

Characterization under various cardiac trigger delays. The same eight healthy
volunteers scanned for the visualization of cardiovascular-related pancreas motion, were
scanned with standard monopolar diffusion waveforms. To maximally control the
acquisition timing relative to the cardiac cycle, single-slice DWI was acquired using breath-
holding and cardiac (peripheral) gating. Based on the observations from the SSFP images,
one axial slice that captured the compressive motion of adjacent vessels on the pancreatic
head and one axial slice that captured most of the rest of the pancreas were used for DWI.
DW images were acquired in a single end-of-expiration breath-hold. This acquisition was
repeated at three cardiac trigger delays (20, 100, and 200 ms after the R wave), and in three
diffusion directions using a standard monopolar waveform (TE = 50 ms), for a total of 9
breath-held monopolar DWI acquisitions per volunteer. Reduced field-of-view (41,42)
(readout x phase encode FOV = 32 cm x 12.8 cm) was used with spatial resolution of 2 mm
x 2 mm x 5 mm, with b = 50, 500 s/mm2.

Correction using motion-compensated DW waveforms: The same eight volunteers were
scanned within the same exams as above, in order to evaluate the performance of motion-
compensated DW waveforms. Single-slice DWI using a motion-compensated gradient
waveform (first order moment nulled with CG nulling, TE = 72 ms) (39) was tested using
the same parameters as the standard monopolar waveform, with trigger delay = 20 ms. Three
breath-held acquisitions were performed, one per diffusion direction. Other trigger delays
were not included due to scan time limitations.
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Evaluating whole-pancreas respiratory-triggered DWI: In order to evaluate
clinically relevant whole-pancreas DWI1 acquisitions, ten healthy volunteers (with an overlap
of 6 volunteers from the previous scans) were scanned. Whole-pancreas DWI was acquired
using respiratory-triggering with parameters similar to our local clinical protocol, including
three diffusion directions, with b = 50, 500 s/mm2. Two separate acquisitions were
performed, using standard monopolar and motion-compensated gradient waveforms,
respectively. The approximate acquisition time was 4 minutes. Detailed information on
imaging parameters is shown in Table 1. A triggering window of 30% was used to acquire
all slices covering the pancreas in one respiratory interval.

Image analysis and measurements: ADC measurements were performed in both
single-slice and whole-pancreas DWI acquisitions, each for both standard monopolar and
motion-compensated diffusion waveforms. For the single-slice study, region of interest
(ROI) measurements were performed on ADC maps derived from each combination of
cardiac trigger delay and diffusion direction to characterize the effects of cardiovascular-
related motion. Oval ROIs were drawn by a radiologist (JS) in the pancreatic head, body, and
tail in the b = 50 s/mm?2 DWI images (with b = 0 s/mm? as an anatomical reference), then
copied to the corresponding ADC map for measurement, to avoid reader bias in directly
placing ROIs in the ADC maps. For the whole-pancreas study, ROl measurements were
performed on ADC maps derived from the averaged DW images of all diffusion directions.
Oval ROIs were drawn on the slice that included most of each pancreatic part in the b = 50
s/mm2 DWI images (with b = 0 s/mm? as an anatomical reference), then copied to the
corresponding ADC map for measurement. For both studies, ROIs were drawn as large as
possible in each pancreatic part while avoiding peripheral regions with susceptibility
artifacts, resulting in ROI areas between 52 and 244 mm?.

Statistical analysis: Paired 7-tests were performed to evaluate the ADC differences in
different parts of the pancreas for both standard monopolar and motion-compensated
waveforms.

Effect of peristalsis: Single repetitions taken within the same breath-hold and at the same
cardiac trigger delay were compared qualitatively to assess the presence of non-
cardiovascular-related motion artifacts in the acquired pancreas DWI images.

Visualization of cardiovascular-related pancreas motion

Cardiac-gated dynamic SSFP images of the pancreas in coronal, parasagittal, and axial
views are shown in Supporting Information Video S2. Pulsation of the aorta, as well as
motion near the portal vein, inferior vena cava, and splenic vein caused substantial
translational and compressive motion of the pancreatic head and body.

Evaluation in a motion phantom

Figure 1 shows DW images and ADC maps of the pancreas motion phantom using both the
standard monopolar and motion-compensated DW waveforms. In the absence of substantial
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motion (zero or low flow amplitude in the tube), the ADC distributions were similar between
the two waveforms. In the presence of motion, the standard monopolar DW waveforms led
to artifacts in both b = 50 s/mm?2 and b = 500 s/mm?2 images, as well as biased
(overestimated) ADC values. The severity and extension of the artifacts and ADC bias
increased with larger flow amplitude. In contrast, with motion-compensated DW waveforms,
the DW signals appeared consistent regardless of the presence of motion. Further, motion-
compensated DW waveforms produced consistent and spatially uniform ADC values
throughout the hydrogel pancreas model, over a wide range of flow amplitudes.

Characterization and correction of motion artifacts in vivo

Characterization under various cardiac trigger delays: In the breath-hold study,
signal dropouts occurred in DW images in all three parts of the pancreas, in all diffusion
directions, and at all acquired trigger delay times. DW images of b = 500 s/mm? in the
pancreatic head, body, and tail are shown in Figure 2. Contours were drawn on the b =0
images and overlaid onto the b = 500 s/mm? images to indicate the location of the pancreatic
head. For each acquisition and each part of the pancreas, the mean and standard deviation of
the ADC measured across volunteers are noted in each sub-image. Signal dropouts were
consistent across repetitions acquired with the same cardiac phase and diffusion direction.
However, dropouts appeared at different locations for images acquired at different cardiac
phases (trigger delays) or in different diffusion directions. As a result of artifacts in DW
images, biased ADC values with a large variation across volunteers occurred for all trigger
delays and diffusion directions (Supporting Information Figure S1).

Correction using motion-compensated DW waveforms: With standard monopolar
DW waveforms, heterogeneous DW signals and ADC values occurred across the pancreas
for all diffusion directions (Figure 2). The measured ADCs had a large variability across
volunteers in all three diffusion directions at a trigger delay time of 20 ms (the range of
standard deviation across volunteers is 354 — 1590 x10~6 mm?/s for all parts of the pancreas
and in all diffusion directions). Heterogeneous ADCs across the parts of the pancreas were
observed, with significantly higher ADC in the head than in the tail (o <.05) in two of the
diffusion directions (RL and AP) (Figure 3). Using a motion-compensated DW waveform,
DW signals and ADC values were uniform across the parts of the pancreas (Figure 3), and
the measured ADCs had a much lower variability across volunteers (the standard deviation
of ADC across volunteers is 63 — 279 x1076 mm?/s for all parts of the pancreas and in all
diffusion directions). Finally, motion-compensated DW waveforms led to comparable ADC
in all three parts of pancreas, as shown in Figure 4.

Evaluating whole-pancreas respiratory-triggered DWI: Figure 5 shows examples of
DWI b = 500 s/mm? images and ADC maps acquired with respiratory-triggering using
standard monopolar and motion-compensated DW waveforms. Standard DW waveforms led
to localized regions of signal dropouts, resulting in heterogeneous ADC values across the
three parts of the pancreas. The mean ADC values for the pancreatic head was 1756 + 173
%1078 mm?/s and the median (IQR) was 1739 (1638 to 1856) x10~6 mm?/s. For the
pancreatic body: 1530 + 338 x10~% mm?/s and 1468 (1229 to 1938) x10~8 mm?/s. And for
the pancreatic tail: 1388 + 267 x107% mm?2/s and 1264 (1187 to 1598) x10~6 mm?/s. Using a
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motion-compensated DW waveform, the measured ADCs were comparable across the parts
of the pancreas (head: 1277 + 102 x10~6 mm?/s; body: 1204 + 169 x10~6 mm?/s; tail: 1235
+ 178 x107% mm?/s). Boxplots of ADC measurements of eight volunteers for the two
waveforms in respiratory-triggered study are shown in Figure 6. Using a standard monopolar
DW waveform, the measured ADCs in the pancreatic head and body were significantly
higher than in the tail (p < .05). Using motion-compensated DW waveforms, the measured
ADCs had a lower variability among volunteers and were comparable in all three parts of
pancreas (p = .54 between head and tail, p= .69 between body and tail, and p = .19 between
head and body).

Effect of peristalsis: The effect of additional sources of motion artifacts (e.g. peristalsis)
in breath-held, cardiac-triggered multi-repetition DWI was evaluated qualitatively. Examples
of individual repetitions of single-slice diffusion-weighted images with b = 0, 50, and 500
s/mm? in the Sl diffusion direction, at cardiac (peripheral-gating) trigger delay of 20 ms are
shown in Supporting Information Video S3. In the standard monopolar DW images, the
location of signal dropout regions appears largely consistent across repetitions within the
same breath-hold. However, residual variability across repetitions may be present, as
indicated by the yellow arrows. DW images across multiple repetitions appeared similar
when using motion-compensated waveforms.

Discussion

Cardiovascular-related motion leads to artifacts and bias in conventional DWI of the
pancreas. These artifacts and bias are mitigated through the use of recently proposed motion-
robust DWI methods. Cardiovascular-related motion induces complex compressive motion
of the pancreas, leading to signal dropouts in head, body, and tail, at various phases in the
cardiac cycle, and in various diffusion directions. Motion-compensated diffusion gradient
waveforms improved the DW signal reliability, resulting in more reproducible diffusion
quantification.

These results may have important implications for research and clinical applications of
pancreas DWI. As a result of artifacts in DW images, biased ADC values with a large
variation across volunteers occurred in all cases. Importantly, these artifacts and bias are
likely unavoidable by simply selecting a particular diffusion direction or trigger delay. A
large location and subject dependence on the occurrence of the artifacts was observed across
different trigger delays. At the same trigger delay, signal void artifacts occurred at different
slices for different subjects. Beyond the long scan times that would be needed for cardiac-
and respiratory-triggered DWI of the pancreas, our proof of concept study suggests that
there may not be an optimal cardiac trigger delay across slices and subjects. These results
highlight the value of motion-compensated gradient waveforms to provide consistent ADC
values across slices and subjects. Motion-robust DWI may reduce ADC bias and variability
in the clinic, with the potential to enable more accurate lesion detection and diagnosis, as
well as lesion characterization (e.g., for distinguishing benign versus malignant lesions) and
treatment monitoring.
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Cardiovascular-induced compressive motion is a major source of the signal dropouts
observed in pancreas DWI. The phantom study suggested that pulsation or motion within
blood vessels may induce pancreas deformation, and increased deformation led to increased
severity of DWI artifacts and ADC bias. Further, in the highly controlled cardiac triggered /in
vivo experiments using monopolar DW gradients, individual repetitions were examined
qualitatively. Importantly, for a BH acquisition with a fixed cardiac trigger delay (TD) time,
the location of the artifacts appeared consistent across repetitions. Also, the location of
artifacts appears different for different acquisitions performed at different TDs or different
diffusion directions. Therefore, the effect is likely to be highly periodic with the cardiac
cycle, which strongly suggests that the source is cardiovascular-related motion.
Nevertheless, additional sources of motion (e.g., peristalsis) may contribute to the observed
artifacts. Regardless of the specific source of motion, this study demonstrated the potential
for improved ADC reproducibility with motion compensated gradients.

Using monopolar diffusion waveforms showed heterogeneity of ADC measurements from
pancreatic head to tail (higher ADC in the head, and lower in the tail), which replicates the
results from various previous studies (19,24,32-34). One previous study reported that ADC
values in the pancreatic head were higher than in the tail, independently of gender, age and
BMI (34). Schennagel et al. proposed the cause for the different ADC values in pancreatic
head, neck, and tail to be due to the heterogeneity of the pancreatic tissue composition.
However, our results suggest that these differences may be artifactual and due to
cardiovascular-related mation effects. Importantly, in our study, this heterogeneity in ADC
across different parts of pancreas disappeared when using motion-compensated gradient
waveforms.

The motion artifact correction achieved by motion-compensated gradient waveforms in
pancreas DWI bears resemblance to that in other organs. The effects of motion-compensated
gradient waveforms to mitigate motion-induced ADC biases have been demonstrated in the
liver MRI literature (37-39). In previous studies, monopolar-based ADC showed significant
bias in the left lobe relative to the right lobe due to its sensitivity to motion, while DWI with
motion-compensated waveforms showed no significant ADC bias in the left lobe relative to
the right lobe, demonstrating robustness to cardiac-induced motion (37-39).

The observed ADC bias with monopolar DW waveforms was larger in the highly-controlled
cardiac-triggered, breath-held acquisitions than in the respiratory triggered study. This is
likely due to the high consistency of signal dropouts across repetitions in cardiac-triggered,
breath-held acquisitions. In contrast, in the respiratory-triggered acquisitions without cardiac
triggering, many repetitions are acquired at different cardiac phases, which partially
averages out these signal dropouts, and leads to less pronounced (although still substantial)
ADC bias. Another possible difference is that cardiovascular-related compressive motion
may actually be different during a breath-hold compared to during free breathing. Before
holding their breath, volunteers were coached to take two rounds of deep inspiration and
expiration, as practiced in the clinic. Previous studies show that the diameters of portal,
splenic, and superior mesenteric veins (major veins by the pancreas) change significantly
between deep inspiration and expiration (43), which may have resulted in stronger venous
dilation and contraction, and increased compressive tissue motion. However, even in
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respiratory-triggered acquisitions the ADC bias and variability are still large and likely to
interfere with quantitative applications of ADC, such as lesion characterization. Importantly,
this bias and variability are reduced substantially with motion-compensated methods.

This study had several limitations. Since our study only included healthy volunteers, further
studies in patients are needed. Our results suggest that motion compensation may improve
the precision (e.g. test-retest repeatability) of ADC measurements in the pancreas (44).
However, assessment of repeatability was not directly performed in this work. Further
studies in volunteers and patients may also be needed to establish a clear separation of the
effects of tissue composition and motion artifacts. With reduced motion-induced artifacts as
enabled by motion-robust DWI methods, tissue heterogeneity may be more accurately
measured in subsequent studies. The motion phantom used in this work does not precisely
replicate the complex physiological motion of the pancreas. However, this phantom enables
the evaluation of diffusion-weighted imaging under highly-controlled pulsatile motion.
Remaining challenges in pancreas DWI are not addressed in this study, including
susceptibility-related distortions which may influence image quality, as well as non-
Gaussian diffusion which may require more advanced modeling of DW signals (45-48).
Nevertheless, the proposed motion-robust methods are compatible with other advances in
DWI, including low-distortion techniques (41,49,50), and the improved signal reliability
provided by motion-compensated DW waveforms may also enable improved performance of
advanced diffusion modeling methods. Remaining systematic differences may exist between
the ADC values derived from monopolar and motion-compensated waveforms, likely due to
multiple effects including IVIM (micro-perfusion) (51-53), echo time, and diffusion time.
For instance, motion-compensated diffusion acquisitions may lead to residual 1VIM-induced
dependence of pancreas ADC measurements on the choice of b values. This dependence of
ADC on the choice of b values is expected to be different for motion-compensated compared
to monopolar-based ADC measurements (Supporting Information Figure S2). Thorough
analysis of these multiple potential confounding effects is beyond the scope of this work.
One future consideration for deploying this technique across scanners is increased minimum
TR due to issues including gradient duty cycle and heating limitations, which may lead to
longer overall scan time (e.g. when the number of slices required to cover the whole liver is
large). Importantly, compared to monopolar diffusion waveforms, motion-compensated
waveforms enable improved ADC mapping in the pancreas by reducing motion-related bias
and variability.

Conclusion

Cardiovascular-related compressive motion introduces substantial artifacts and ADC bias in
pancreas DWI, which can be addressed by motion-compensated diffusion gradient
waveforms. These results may have important implications both for understanding the
current literature on DWI of the pancreas and for the design of improved DWI techniques
for clinical and research applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
DW images and ADC maps of the pancreas motion phantom using both the standard

monopolar and motion-compensated DW waveforms. With the standard monopolar DW
waveforms, artifacts appeared in both b = 50 s/mm?2 and b = 500 s/mm? images, resulting in
overestimated ADC values. The severity and extension of the artifacts and ADC bias
increased with larger flow amplitude in the tube. With motion-compensated DW waveforms,
however, the signals in the DW images appeared consistent, producing uniform ADC values
throughout the pancreas hydrogel model. With no or small pancreas deformation, the ADC
distributions were similar between the two waveforms. However, with large deformation, the
ADC histograms from standard waveforms were broader and shifted to higher ADC values.
With motion-compensated waveforms, DW images and ADC distributions were similar
regardless of the pancreas motion.
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Figure2.
Single-slice monopolar-based diffusion-weighted images with b = 500 s/mm? in three

diffusion directions. DWI was obtained at three different cardiac trigger delays, each
acquired in a separate breath hold. The yellow contours were drawn from the T2-weighted
image (b = 0 s/mm2, not shown) and overlaid on DWI b = 500 s/mm? to indicate pancreas
location. For each acquisition and each part of the pancreas, the mean and standard deviation
of the ADC measured across volunteers are noted in each sub-image. Using monopolar DW
gradients, signal dropouts occurred in DWI images in all three parts of the pancreas, in all
diffusion directions, and at all trigger delay times, resulting in biased ADC values with a
large variation across volunteers observed for each acquisition.
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Figure 3.
Single-slice breath-hold diffusion-weighted images with b = 50, 500 s/mm? and ADC maps

in three diffusion directions, at cardiac (peripheral-gating) trigger delay = 20 ms. The orange
contours were drawn from DWI b = 50 s/mm? and overlaid on DWI b = 500 s/mm? and

ADC maps to indicate pancreas location. Using a standard monopolar DW waveform,
heterogeneous DW signals and ADC values were observed across the pancreas in all
diffusion directions. Using a motion-compensated DW waveform, DW signals and ADC
values appeared relatively uniform across the pancreas.
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Boxplots of ADC measurements of eight volunteers derived from diffusion-weighted images
acquired with b = 50 s/mm?2 and b = 500 s/mm?2 with standard monopolar and motion-
compensated gradient waveforms in three diffusion directions in the breath-hold study.
Using a standard monopolar gradient waveform, the measured ADCs had a large variability
among volunteers and were higher in pancreas head and body than in the tail. Using a
motion-compensated gradient waveform, the measured ADCs had a much lower variability
among volunteers and were comparable across the parts of the pancreas.
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Figureb.
Examples of DWI b = 500 s/mm?2 and ADC maps of the whole pancreas acquired with

respiratory-triggering using standard monopolar and motion-compensated DW waveforms.
Standard DW waveforms led to localized regions of signal dropouts, resulting in
heterogeneous ADC values across the three parts of the pancreas. Green arrows indicate
locations of artifactual signal dropouts. Since more repetitions and slices were acquired, the
signal dropouts were blurred compared to the highly controlled single slice acquisitions
shown earlier and the resulting elevated ADC values. Using a motion-compensated DW
waveform, the measured ADCs were comparable across the parts of pancreas.
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Figure 6.
Boxplots of ADC measurements of ten volunteers for the two waveforms in the respiratory-

triggered study. Using a standard monopolar DW waveform, the measured ADCs in the
pancreas head and body were significantly higher than in the tail. Using motion-
compensated DW waveform, the measured ADCs had a lower variability among volunteers
and were comparable in all three parts of pancreas.
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Table 1.

Imaging parameters used for the in-vivo study. Single-slice DWI was acquired using breath-holding and
cardiac (peripheral) gating. DW images were acquired in a single end-of-expiration breath-hold. This
acquisition was repeated at three cardiac trigger delays (20, 100, and 200 ms), and in three diffusion directions
using a standard monopolar waveform (TE = 50 ms). Reduced field-of-view (FOV = 40%) was used with
spatial resolution = 2mmx2mmx5mm. Single-slice DWI using a motion-compensated gradient waveform (TE
= 72 ms) was tested using the same parameters as standard monopolar waveform with trigger delay = 20 ms.
Whole-pancreas DWI was acquired using respiratory-triggering with parameters similar to our local clinical
protocol, including three diffusion directions. Two separate acquisitions were performed, using standard
monopolar and motion-compensated gradient waveforms, respectively.

Single-slice DWI Whole-pancreas DWI
DWI gradient Standard monopolar Optimized motion- Standard monopolar Optimized motion-
waveforms waveform compensated waveform waveform compensated waveform
Acquisition modes BH RT
TR (ms) 2069 1935 5000-10000
TE (ms) 412 72.7 48.7 72.7
Cardiac Trigger Delays B
(ms) 20, 100, 200 20
b-values (s/mm?)
(repetitions per direction) 0 (1), 50 (2), 500 (6) 50 (2), 500 (6) 50 (2), 500 (6)
Reduced Field of view 40% in phase 100%
Field of view 32cmx12.8cm 32cm x 32 cm
EPI echo train length 48 60
Effective phase encoding
bandwidith 31Hz 25Hz
Parallel imaging factor 1 2

Diffusion directions Phase, frequency, and slice (AP, RL, SI)

In-plane resolution 2mmx2mm
Slice thickness 5mm
Slice spacing 1 mm

Receiver bandwidth + 250 kHz
Partial Fourier 75%

*
1-2 respiratory intervals depending on the breathing pattern of the volunteer.
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