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Abstract

Purpose: To demonstrate the feasibility of non-invasively measuring pancreatic perfusion
using pseudo-continuous Arterial Spin Labeling (ASL) and to derive quantitative blood-

flow and transit-time measurements in healthy volunteers.

Methods: A pseudo-continuous ASL sequence with background suppression and a single-
slice single-shot Fast-Spin-Echo readout was acquired at 3 Tesla in 10 subjects with a
single standard post-labeling delay (PLD) of 1.5s and in 4 additional subjects with 4 PLD
from 0.7 to 2s. An imaging synchronized breathing approach was used to minimize motion
artifacts during the 3 minutes of acquisition. Scan-rescan reproducibility was assessed in 3
volunteers with single-delay ASL. Quantitative blood-flow and arterial transit-time (ATT)
were derived and the impact of ATT correction was studied using either subject-specific
ATT in the second group or an average ATT derived from the group with multi-delay ASL
for subjects with single-delay ASL.

Results: Successful ASL acquisitions were performed in all volunteers. An average
pancreatic blood-flow of 201+40 mL/100g/min was measured in the single-delay group
using an assumed ATT of 750 ms. Average ATT measured in the multi-delay group was
1029+£89ms. Using the longer, measured ATT reduced the measured flow to 162+12 and
168+28 mL/100g/min with subject-specific or average ATT correction, respectively. ASL
signal heterogeneities were observed at shorter PLD, potentially linked to its complex

vascular supply and islet distribution.

Conclusions: ASL enables reliable measurement of pancreatic perfusion in healthy
volunteers. It presents a valuable alternative to contrast-enhanced methods and may be
useful for diagnosis and characterization of several inflammatory, metabolic and neoplastic

diseases affecting the pancreas.



Introduction

Non-invasive functional pancreas imaging presents high clinical relevance to diagnose,
grade and monitor multiple neoplastic, inflammatory or metabolic diseases. For instance,
pancreas perfusion could be a valuable marker of endocrine dysfunction in diabetes (1),
assess necrosis and fibrosis in acute/chronic pancreatitis, help discrimination between
benign and malignant pancreatic masses (2) or different disease phenotypes (3) and assess
treatment response in pancreatic cancer, for example by monitoring anti-angiogenic effects

of targeted therapies (4).

Arterial Spin Labeling (ASL) (5,6) is an interesting alternative to more widely used
contrast-enhanced modalities (3O-PET, CT perfusion or DCE-MRI)(1,7,8) due to several
advantages, such as repeatability due to the absence of contrast agent injection or ionizing
radiation, applicability in patients with poor renal function, and simplified straightforward
quantification compared to DCE-MRI. However, while clinically relevant, abdominal ASL
has not been as successfully translated to clinical applications as in neuroimaging. Some
challenges of abdominal ASL include intrinsic low sensitivity, respiratory and
physiological (cardiac, peristalsis) motion leading to signal instability and errors when
subtracting control and label experiments, as well as magnetic (Bo) and radiofrequency
field (B1) inhomogeneities affecting labeling efficiency (9). These must all be addressed
for robust and reproducible body imaging, especially at 3 Tesla (T). Finally, although
straightforward, ASL-based blood-flow quantification relies on prior knowledge or
measurement of T relaxation and arterial transit-time (ATT) between the labeling location

and tissue of interest.

Among the reports using ASL in abdominal organs, applications in the pancreas are rare in
the literature due to the above-mentioned challenges but also relatively short longitudinal
relaxation time T (10) causing rapid signal decay. A few previous studies (11,12) have
reported the use of ASL with pulsed-labeling methods such as FAIR at 1.5T in healthy

subjects, mainly demonstrating the feasibility of the technique and calculating regional



blood-flow modulation following secretin injection (13). While successful pioneering
studies, image quality assessment is not possible from the published work nor did they
measure ATT, an essential determinant of both blood flow quantification and optimal

labeling timing.

In the current work, we sought to investigate the performance of pancreatic perfusion
measurement in healthy volunteers at 3T with ASL, offering higher signal-to-noise ratio
(SNR) than 1.5T. This work also differs from previous studies by using a pseudo-
continuous ASL (pCASL) labeling method (14), known for having an increased sensitivity
compared to FAIR strategies and by using very strong background suppression (15) to
minimize the effects of bulk and physiological motion. After first demonstrating perfusion
images in the pancreas and quantifying absolute blood-flow, we emphasized measuring
ATT from multiple post-labeling delays (PLD) to assess its influence on blood-flow

quantification.



Material and Methods

Study design

Two different sub-studies are presented in the current work:
- #1: assessing whether measuring pancreatic perfusion is feasible when single-delay
pCASL is used at 3T
- #2: quantifying ATT and determining its influence on blood-flow quantification

using multi-delay ASL

Cohort

A total of 14 (7 men and 7 women, mean age 29+8y.0, range 22-41y.0) healthy volunteers
were enrolled in this study. Written informed consent was obtained prior to scanning, and
the study protocol was approved by the institutional Committee on Clinical Investigations.
A first cohort of 10 volunteers underwent the single-delay ASL protocol and the remaining
4 volunteers underwent the multi-delay ASL protocol.

All scans were performed on a 3T scanner (Discovery MR750, GE Healthcare, Waukesha,
WI), with body coil RF transmission and signal reception using a 32-channel body array

coil.

MR Imaging

Three-plane localizers followed by axial and coronal breath-hold T»-weighted single-shot
Fast-Spin-Echo (SSFSE) scans were acquired for pancreas localization and ASL slice
positioning.

ASL was then acquired with a timed-breathing strategy, known to mitigate motion artifacts
(16,17) and the subjects were coached to hold their breath during the imaging readout (less
than a second) and breathe during the remaining time before the next readout window.
Perfusion images were acquired with a single-slice axial pCASL-SSFSE sequence with the

following readout parameters: TR/TE=6000/45ms, receiver bandwidth =19.23kHz, echo



spacing 5.9ms, 72 echoes echo train (1% 155° refocusing pulse followed by a train of 130°
flip angles) no parallel imaging, FOV=30-32cm, slice thickness 10mm, 128x128 matrix.
The slice was positioned to cover as much pancreatic tissue as possible based on Tz-w
localizers.

Fourteen pairs of label/control data were acquired as well as three reference images (one
pre-saturated PD-weighted and two inversion-recovery images with TI=190 and 1570ms
for My and T quantification purposes) in 3 minutes. In the volunteers with multi-delay
ASL acquisitions, four successive ASL sequences were acquired with different PLDs for

ATT quantification.

Arterial Spin Labeling

ASL was acquired using a background-suppressed unbalanced pCASL preparation (14)
with the following parameters: Hann-shaped 500us pulses, repetition rate 1.18ms, peak RF
amplitude 6.6uT, average/maximum labeling gradient strength 0.5/3.5mT/m. The lower
gradient strength than in many previous reports and recommendations (18) was employed
due to recent findings of increased robustness towards pulsatile flow and Bo
inhomogeneities (9). Labeling was applied with an average RF strength of 1.4uT for 1.5s,
followed by a variable PLD of 0.7, 1, 1.5 and 2s for the multi-delay group and 1.5s for the
single-delay group. More detailed descriptions of the labeling can be found in earlier
studies (16,17). The labeling was performed axially, around 7-8cm above the slice center
to label descending blood in the aorta (Figure 1).

The BS was implemented and optimized for each PLD as previously described using a
combination of inversion/saturation pulses (16,19,20) leaving around 1-2% of the static

tissue signal.

For qualitative comparison, we also acquired axial, single-slice pre-saturated FAIR
perfusion images at the same location in 3 volunteers (T1=2.5s, 7=1Is (first saturation
pulse), background suppression and inferior/superior saturation slabs) with an

implementation previously described (21,22).



Image reconstruction and processing

Image reconstruction

Data were saved as raw signal intensities and an offline reconstruction was performed using
MATLAB (R2015a, MathWorks, Natick, MA). Complex k-space subtraction of control
and label data (AM=Mcontrol-Miabel) Was performed followed by perfusion averaging for
each PLD dataset. Then Halt-Fourier homodyne reconstruction to a 256x256 matrix was

performed (23) followed by phased coil combination.

T1 and Arterial transit-time (ATT) estimation

For T quantification, a fitting from the two IR images normalized by the first saturated

image to the following signal equation was performed as described previously (16):
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For ATT quantification, the approach proposed by Dai et al. (24) was implemented as it
provides a more computational-time efficient quantification of transit times. Briefly, it

relies on the calculation of a signal-weighted delay defined as:

WD = [Z W AM (8, w))] /[Z AM(S, w))]

where wi (i=1,..,4) is the PLD used in each scan, and AM (&, w;) is the perfusion difference
for a transit delay & at the PLD wi. A range of WD was simulated for each T; value found
in each image pixel for transit delays from 0.7 to 2s and a fixed blood T of 1.66s. Then,
the ATT value for each pixel was obtained by numerically inverting the transit delay from
the WD, as this latter is a monotonic function of the assumed transit delay. It was found
that the Is PLD presented a systematically lower signal than theoretically expected,
inconsistent with the known perfusion signal kinetics. A search for the cause of attenuation

at this PLD located a sequence implementation error in the BS pulse timing for this delay



only that caused partial saturation of the image slice. Therefore, this PLD was excluded

from the ATT estimation.
Non-ATT corrected and ATT corrected absolute blood flow quantification

An absolute pancreatic blood-flow (PBF) was calculated using a standard kinetic model

(25,26) for both studies:

[
dM = 2M?aT1 tfe_m(e —-max (W=8,0)/T1t _ p—max (T+W—(5,0)/T1’t)/}\

With dM the measured perfusion difference, Mo, the estimated fully-relaxed
magnetization, t1=1.5s the labeling time, w=1.5s the PLD (for single-delay ASL), 6 the
arterial transit-time (estimated at 750ms originally), 77 ,=1.66s and 7, the blood and tissue
longitudinal relaxation times (27), A=0.9 the blood-tissue partition coefficient, =0.6 the
labeling efficiency (assumed to be 0.8 for labeling and 0.75 for the BS inversions) (28).
For Study 2 volunteers, with multi-delay ASL and quantified ATT, an additional blood-
flow map was calculated by using the subject-specific ATT map estimated previously.
Additionally, an ATT-corrected blood-flow was also calculated for the subjects scanned
with single-delay ASL in Study 1 using an average pancreatic ATT measured from Study
2.

Statistical analysis

To assess PBF reproducibility, three volunteers from the 1% group were scanned twice at
least one week apart to calculate an average coefficient of variation, defined as the mean
of the individual COVs:

OpBF

cov, =
PBE UpBF

With oppr and pppr the standard deviation (SD) and average of PBF measurements.
Additionally, we calculated an intra-subject correlation coefficient defined as the Pearson

correlation coefficient between the 15t and 24 measurement.



A relative SNR was calculated on the average perfusion difference for each subject by
dividing the mean signal value of a region of interest (ROI) in the pancreas by the standard
deviation of a ROI in the background noise. In addition, a relative SNR per unit of time
(rSNRt) was calculated as the SNR normalized by the square root of the acquisition time
(number of label/control pairs).

A ROI encompassing as much pancreatic tissue as could be reliably seen on the perfusion
difference image was used for all quantification. In the 1% study cohort, mean and in-ROI
SD of T}, and pancreatic blood-flow were calculated. In the 2" study cohort, the ATT was
quantified, as well as non-corrected and ATT-corrected pancreatic blood-flow. A paired
two-tailed Student t-test was performed to assess any significant difference of blood-flow
due to ATT correction.

Finally, the data for the 1% study cohort were additionally corrected for ATT using an
average ATT from the multi-delay cohort, and here again a paired two-tailed Student t-test
was performed to assess any significant difference of blood-flow due to ATT correction.
All statistics were performed using JMP Pro 13 (SAS, Cary, NC, USA), p-values <0.05

were considered statistically significant.



Results

Study 1: Pancreatic perfusion measurement feasibility and reproducibility

A reliable perfusion signal could be observed in the pancreas in all volunteers (Figure 2).

When comparing FAIR and pCASL perfusion-weighted images, significant vascular
contamination can be observed on the FAIR images (yellow arrows) arising in major
vessels. Reversely, the pPCASL images show only tissue perfusion in the pancreas, kidneys

and spleen, free from overwhelming vascular signal.

SNR and rSNRt measures (table 1) in the pancreas are sufficient, with an average SNR in
the pancreas close to 10. Even in cases with some missed breathing instructions
(Supplementary figure S1), the ASL image exhibits detectable perfusion in the pancreas.

Nevertheless, residual strong vascular signal could be observed in major vessels in some
cases (extreme left and middle-right images) leading to appreciable flow-artifacts in the

phase-encoding direction.

Pancreatic blood-flow, quantified with an assumed ATT of 750ms and an averaged
measured T of 852+82ms (in-line with previous literature reports) (10), was measured to
be an average of 201+40 mL/100g/min, consistent with some of the previously reported
values (11,12). It is worth noting the elevated within-ROI standard deviation, representing
on average 30% of the mean value, suggesting strong heterogeneity in pancreatic tissue
perfusion. Also, some inter-subject variability can be seen in PBF measurement, estimated

at 19%.

Scan-rescan reproducibility yielded an inter-scan COV=14% and an intra-subject

correlation of 0.79.

Study 2: ATT quantification and influence on blood-flow quantification and

retrospective correction
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A clear post-labeling delay dependence of ASL difference signal within the pancreas was
observed (figure 3). At longer PLDs, the ASL signal in the pancreas also appears more
homogeneous compared to shorter delays (1s and below), in which we can observe some
heterogeneity in the pancreatic perfusion signal, with an edge enhanced appearance.
Particularly, the pancreatic tail seems to be presenting a higher perfusion signal at shorter

delays.

ATT measurements (table 1) reveal a longer value than previously used in the preliminary
quantification (1029+89 versus 750ms), hence implying an initial overestimation of
pancreatic blood-flow. Similarly to PBF observations, it can be seen that the ATT presents
an important in-ROI variability, around 26% of the average ATT value. As seen on figure
4, the pancreatic tail appears to have a shorter ATT compared to the rest of the pancreatic
tissue. In contrast, the ATT inter-subject variation appears lower than PBF (8.6%).

Using measured subject-specific ATT values for quantification results in a lower PBF
compared to naively quantified PBF with an assumed ATT of 750ms (162+12 vs 191£15
mL/100g/min, p=0.005). Interestingly, one can appreciate on fig. 4 the effect of ATT
correction when looking at the heterogeneity of pancreatic blood-flow. The tail appears to
present a higher blood-flow than the rest of the pancreas, something not consistent with a

previous report (12).
Similar to the multi-delay results, blood-flow quantification using an average of the multi-

delay ATT led to a significantly lower estimated blood-flow, (201 vs 169 mL/100g/min for

the non-corrected vs corrected, p<0.0001).
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Discussion

We have shown that ASL at 3T using background-suppressed pseudo-continuous
ASL and a timed-breathing approach can provide reliable measurements of pancreatic
perfusion. Furthermore, we have quantified an average ATT and observed its influence on

the accuracy of PBF quantification.

This work considerably strengthens the literature on ASL of pancreas. As
previously mentioned, only a few reports of measurement of absolute pancreatic blood-
flow using ASL could be found in the literature. While these earlier reports calculated PBF
in regions of interest defined on anatomic images, they did not provide perfusion images,
or presented perfusion images compromised by large vessel signal in close proximity
(29,30). Our study clearly demonstrated pancreatic perfusion signal, permitting an
assessment of image quality, artifacts, and heterogeneity of flow, showing benefits of a
localized pCASL labeling strategy in the abdomen, where residual vascular signal
associated with a global labeling approach (e.g. FAIR) could compromise image quality
and robustness as seen in some earlier reports and in the current work. The absolute PBF
estimated in our study is nonetheless in-line with previous reports using MRI (11,12) and
['SOJH20-PET (1), although substantial variability was found in existing literature. For
instance, our results are in agreement with previous ASL work by Cox et al. (11) and DCE
by Bali et al. (7), but lower by 30% than another ASL study by Schraml et al. (12), while
remaining within the standard deviation of that study. In addition to a higher intra-
individual correlation (0.79) than a previous study (13), we report a scan-rescan COV of
14%. This latter could probably be improved by controlling systematically the scanning
conditions (fasting, physical activity).

We observed visible heterogeneity in both PBF and ATT that was confirmed by
quantification of within ROI wvariability. Several factors may contribute to these
heterogeneities. First, unlike some other abdominal organs (e.g. kidneys), the pancreas is
not solely supplied by one artery but by several arteries (branches of the SMA and splenic
artery). This may contribute to a heterogeneity in blood-flow and ATT between the
pancreatic head, body and tail, that has been previously highlighted (11,12) and can be seen

12



in the current work through potential edge enhancement effects at shorter delays.
Additionally, signs of edge enhancement in early delay images were observed, suggesting
initial arrival in vasculature near the outer surface of the pancreas that then gradually
penetrates into the deeper tissue.

Furthermore, as pancreatic islets are known to receive up to 20% of the total pancreatic
flow (31) while representing a small portion of its mass, it is possible that some blood-flow
and ATT heterogeneities could be related to the islet distribution heterogeneity,
considering that previous histological work have demonstrated that the islet concentration

is higher in the body-tail region of the pancreas (32).

Our measured transit time to the pancreas, 1029+89ms, represents the first reported
measurement attempt of ATT in the pancreas. Therefore, a longer PLD should be used to
remove potential transit-delay weighting and intravascular signal contamination as
observed in our data at short PLD (700ms), especially in major vessels (e.g. abdominal
aorta) in the phase-encoding direction. Vessel-suppression strategies as previously
described (24) could also be of assistance in limiting remaining intravascular signal. Future
studies may also benefit from ATT measurement methods with higher SNR and time
efficiency, including reduced resolution transit delay pre-scanning (24) or Hadamard time-
encoded ASL (33). Still regarding ATT, the effect of refocusing pulses and gradients in
sequences such as GRASE and FSE on vascular attenuation in ASL experiments has been
recently emphasized (34). Our estimate of diffusion sensitivity at k-space center using the
methods of Weigel et al. (35) is bes~2s/mm?. This modest diffusion sensitivity may
attenuate ASL signal in larger vessels, especially at short PLDs where some labeled blood
might still be in the vascular compartment, hence potentially overestimating ATT. Such
attenuation may merit further study, especially when more complex, two compartment

models for quantification are employed.

A limitation of the current work was the use of a single axial slice, precluding total
pancreatic coverage. Since we could not systematically obtain a single axial slice covering
pancreatic head/body/tail, one ROI covering the entire observable pancreas was drawn.

Implementing multi-slice or 3D readouts would enable better study of regional variations.

13



However, 2D multi-slice acquisitions are poorly compatible with background suppression
and 3D readouts still present long acquisition times potentially leading to degraded image

quality (17). Better spatial coverage of the pancreas is an important goal for future work.

The feasibility of obtaining high-quality perfusion data in the pancreas using ASL
demonstrated here suggests numerous potential clinical applications, especially for the
diagnosis or monitoring of inflammatory, metabolic or neoplastic pathologies affecting the

pancreas.
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Conclusion

In conclusion, pancreatic perfusion measurement using pCASL at 3T was proven to be
feasible, with high-quality images and satisfactory SNR obtained in 3 minutes using a
timed-breathing strategy. Thanks to multi-delay ASL acquisition, quantification of ATT
was possible, resulting in an average measured ATT of 1029+89ms, suggesting that a
longer post-labeling delay should be used than in prior studies. The average ATT-corrected
blood-flow was measured to be 162+12 mL/100g/min with subject-specific ATT
correction and 169+27 mL/100g/min with an average global ATT correction. Our
technique and findings help establish a baseline for future research and clinical

applications.
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Tables

Non-corrected Corrected BF
Group Subject T1 (ms) BF SNR rSNRt ATT (ms) (mL/100g/min
(mL/100g/min) )

1 1 816 £ 50 168 + 37 8.8 2.4 140 + 30
1 2 859 + 97 255 + 64 17.3 4.6 217 + 52
1 3 815 £ 121 214 + 64 10.2 2.7 177 + 49
1 4 914 + 67 150 + 33 11.0 2.9 130 + 29
1 5 740 £+ 120 271 + 103 9.9 2.6 N/A 217 + 77
1 6 1041 + 125 167 + 52 8.6 2.3 149 + 43
1 7 794 £+ 89 218 + 63 8.6 2.3 180 + 49
1 8 883 £ 77 165 + 58 8.9 2.4 141 + 47
1 9 843 + 117 205 £ 56 16.7 4.5 172 + 44
1 10 810 £+ 86 196 + 59 13.9 3.7 163 £+ 46
Mean 852 + 95 201 + 59 11.4 3.0 N/A 169 + 47
+SD 82 + 26 40 + 19 3.4 0.9 31 + 13
2 11 719 £ &9 213 + 61 998 + 242 177 + 61
2 12 902 + 244 183 + 80 N/A 935 + 354 165 + 71
2 13 892 + 191 185 + 68 1147 + 239 148 + 53
2 14 877 + 88 181 + 55 1036 + 247 158 + 55
Mean 848 + 153 191 + 66 N/A 1029 + 271 162 + 60
+SD 86 + 78 15 £ 11 89 + 56 12 + 8

Table 1 — Results from single and multi-delay ASL acquisitions
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Figures
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Figure 1 — Left - pCASL-SSFSE sequence timing. The green bars represent the various
background suppression inversion pulses while the blue bars represent the different
saturation pulses. Right - position of labeling plane (red), imaging slice (yellow) as well as
BS extent (green overlay) superior/inferior saturation slabs (blue overlay) on a coronal T»-

w SSFSE
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Figure 2 — My reference (top) and ASL perfusion difference images acquired with FAIR
(middle) and pCASL (bottom) in 3 volunteers highlighting significant perfusion signal in
the pancreas (red arrows). The yellow arrows on FAIR images highlight evidence of
vascular contamination. Additionally, strong signal can also be seen in the spleen and

kidneys
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Figure 3 — Evolution of the ASL signal with various PLDs.
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Figure 4 — Illustration of the influence of ATT correction on quantitative pancreatic blood-

flow
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Supporting figure S1 — Respiratory trace (left) and resulting ASL perfusion difference
image (right) in two cases with perfect compliance with breathing instructions (bottom)
and some missed instructions (top, materialized by red arrows). Ref/L/C refers to the

acquisition of reference, label and control images respectively
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