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in a 1.5-T whole-body magnetic resonance scanner on 2 different days: a first scan after fasting for
at least 8 hours and a second scan 30 minutes after intake of a standardized caloric either a proteinor carbohydrate-rich meal. Diffusion-weighted spin-echo echo-planar magnetic resonance images were
acquired at b values of 0, 50, 150, 250, 500, 750, and 1000 s/mm. In addition, portal vein flow was
quantified with 2-dimensional phase-contrast imaging (velocity encoding parallel to flow direction, 60
cm/s). Mean ADC values for regions of interest in 3 different slices were measured from b50 to b250
and from b500 to b1000 images. RESULTS: Carbohydrate- and protein-rich food intake both resulted
in a substantial increase in the portal vein flow (fasting state, 638.6 ± 202.3 mL/min; after protein
intake, 1322 ± 266.8; after carbohydrate intake, 1767 ± 421.6). The signal decay with increasingly strong
diffusion weighting (b values from 0 to 1000 s/mm2) exhibited a triexponential characteristic, implying
fast, intermediate, and slow-moving water-molecule proton-spin ensembles in the liver parenchyma. Mean
ADC for high b values (b500-b1000) after fasting was 0.93 ± 0.09 × 10 mm/s; that after protein intake,
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(b50-b250), the signal-decay constants were 1.27 ± 0.14 × 10 mm/s, 1.28 ± 0.15 × 10, and 1.31 ± 0.09
× 10, respectively. There was no statistically significant difference between fasting and caloric challenge.
CONCLUSIONS: The postprandial increase in portal vein flow is not accompanied by a change of liver
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ORIGINAL ARTICLE

Magnetic Resonance Imaging of the Liver
Apparent Diffusion Coefficients From Multiexponential Analysis of b Values Greater
Than 50 s/mm2 Do Not Respond to Caloric Intake Despite Increased
Portal-Venous Blood Flow
Shila Pazahr, MD,* Daniel Nanz, PhD,* Cristina Rossi, PhD,* Natalie Chuck, MD,* Ingo Stenger, MD,Þ
Moritz C. Wurnig, MD, MSc,* Fritz Schick, MD, PhD,þ and Andreas Boss, MD, PhD*

Purpose: The purpose of this study was to measure potential changes of the
apparent diffusion coefficient (ADC) in diffusion-weighted imaging of the
liver before and after caloric challenge in correlation to the induced changes in
portal vein flow.
Materials and Methods: The study was approved by the local ethics committee. Each of 10 healthy volunteers underwent 4 measurements in a 1.5-T
whole-body magnetic resonance scanner on 2 different days: a first scan after
fasting for at least 8 hours and a second scan 30 minutes after intake of a
standardized caloric either a protein- or carbohydrate-rich meal. Diffusionweighted spin-echo echo-planar magnetic resonance images were acquired
at b values of 0, 50, 150, 250, 500, 750, and 1000 s/mm2. In addition, portal
vein flow was quantified with 2-dimensional phase-contrast imaging (velocity
encoding parallel to flow direction, 60 cm/s). Mean ADC values for regions
of interest in 3 different slices were measured from b50 to b250 and from b500
to b1000 images.
Results: Carbohydrate- and protein-rich food intake both resulted in a substantial increase in the portal vein flow (fasting state, 638.6 T 202.3 mL/min;
after protein intake, 1322 T 266.8; after carbohydrate intake, 1767 T 421.6).
The signal decay with increasingly strong diffusion weighting (b values from
0 to 1000 s/mm2) exhibited a triexponential characteristic, implying fast, intermediate, and slow-moving water-molecule proton-spin ensembles in the
liver parenchyma. Mean ADC for high b values (b500-b1000) after fasting
was 0.93 T 0.09  10j3 mm2/s; that after protein intake, 0.93 T 0.11  10j3;
and that after carbohydrate intake, 0.93 T 0.08  10j3. For intermediate b
values (b50-b250), the signal-decay constants were 1.27 T 0.14  10j3 mm2/s,
1.28 T 0.15  10j3, and 1.31 T 0.09  10j3, respectively. There was no statistically significant difference between fasting and caloric challenge.
Conclusions: The postprandial increase in portal vein flow is not accompanied by a change of liver parenchymal ADC values. In clinical diffusion imaging, patients may be scanned without prescan food-intake preparations. To
minimize interference of perfusion effects, liver-tissue molecular water diffusion should be quantified using high b values (Q500 s/mm2) only.
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magnetic resonance imaging
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D

iffusion-weighted imaging (DWI) is increasingly included in clinic liver magnetic resonance imaging (MRI) protocols. Liver DWI
was demonstrated to provide important clinical information on the
degree of liver fibrosis,1Y4 on the presence and characteristics of
benign and malignant liver lesions,5Y8 as well as on treatment response,
for example, after transarterial chemoembolization.9Y12
Up to now, no consensus has been established for the standardization of liver imaging protocols or for the methodology of apparent
diffusion coefficient (ADC) map calculations from diffusion-weighted
images. The reproducibility of ADC measurements is compromised
by intraindividual and interindividual fluctuation, as described in previous studies that found a relatively large test-retest variability of 7% to
14% for the liver parenchyma of healthy volunteers.13Y15 Recent studies described an at least biexponential behavior of the diffusionweighted signal amplitude decay with increasing b values,16Y18 which
is something that has to be taken into account when comparing computed or reported ADC values. Reference ADC values for healthy liver
parenchyma are necessary for characterization of diffuse liver pathologies and focal liver lesions.13,19Y21 Furthermore, Annet et al22 measured a diffusion restriction in the liver of an animal model of liver
fibrosis, which was only present in living animals and which was not
observed when DWI was performed ex vivo. This result suggests that
liver DWI may be influenced by hepatic perfusion. Several studies
confirmed these results.7,23Y27 At the same time, it is well known that
the portal flow rate increases after food intake.28Y32 Up until now,
diffusion-weighted MRI examinations of the liver are done without
standardization of the actual nutrition stage. However, it seems conceivable that postprandial changes in the portal blood flow may affect
quantitative measurements of water diffusion in the liver parenchyma.
The aim of our study was to measure potential changes of the
ADC in DWI of the liver before and after caloric challenge.

MATERIALS AND METHODS
Study Participants
During a 3-month period (November to January 2011), 10 healthy
volunteers (6 women and 4 men; mean [SD] age, 23.2 [2.8] years;
range, 20Y28 years; mean [SD] body mass index, 21.37 [2.6] kg/m2;
range, 17.6Y25.3 kg/m2) were included in this prospective study,
which was approved by the local ethics committee. Informed consent
was obtained from each volunteer. The volunteers had no history of
liver-related diseases. None of the participants used any medication,
except oral contraceptives (n = 6).

Magnetic Resonance Scanner
Magnetic resonance studies were performed on a 1.5-T MRI
unit (GE Signa; General Electric, Milwaukee, WI) using a 12-channel
phased-array flexible body-array coil. All imaging was performed in
supine position.
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Study Design
Each volunteer underwent 4 examinations with the same imaging protocol in the same magnetic resonance (MR) system on
2 different days. All volunteers were scanned after fasting for at least
8 hours in the first part. In the second part, on the same day, the
volunteers were scanned 30 to 35 minutes after intake of a protein
drink (commercially purchasable whey protein powder dissolved in
water [100% microfiltered whey protein, Lee-Sport; 100 g: 383 kcal,
80-g protein, 16-g branched-chain amino acids, 3.7-g carbohydrates,
and 1.7-g fat]). On the second date, the volunteers were first scanned
after fasting for at least 8 hours, followed by an MR examination
30 to 35 minutes after an intake of a carbohydrate-rich meal (commercially purchasable durum wheat pasta [Combino,100 g: 357 kcal,
73-g carbohydrates, 12-g protein, 1.2-g fat, and 3-g dietary fiber]).
Food intake was adapted to body weight: The volunteers obtained
one thirds to one half of their daily energy requirement adapted to
their weight, height, and age (400Y1100 kcal). The mean (SD)
elapsed time between the first 2 examinations and the last 2 examinations was 22 (12) days (median, 27.5; range, 1Y35 days).

Imaging Protocol
The imaging protocol started with gradient-echo localizers
in all 3 directions for anatomical orientation. An axial and coronal
2-dimensional T2-weighted single-shot fast spin echo sequence was
acquired for visualization of the liver morphology and depiction of
the portal vein (Figs. 1A, B) (repetition time [TR]/echo time [TE],
1248.9/87.1 milliseconds; bandwidth, 244.14 hertz per pixel; slice
thickness, 5 mm; in-plane resolution, 0.82  0.82 mm; matrix, 512 
512 pixel). Portal vein flow was quantified immediately before the
DWI sequence as well as 30 and 60 minutes after caloric intake with
a single-slice 2-dimensional phase contrast sequence without fat saturation (TR/TE, 11.5/5.5 milliseconds; flip angle, 20 degrees; bandwidth, 61.05 hertz per pixel; slice thickness, 10 mm; in-plane resolution,
0.78  0.78 mm; matrix, 512  512 pixel; acquisition time, approximately 24 seconds acquired during 1 single breath-hold; 20 cardiac
phases; velocity encoding parallel to flow direction, 60 cm/s) in endexpiration using pulse gating (peripheral plethysmograph).28,33,34 The
image plane was selected perpendicular to the portal vein (Figs. 1A, B).
For diffusion imaging, a spin-echo echo-planar imaging sequence with
the following sequence parameters was applied during shallow breathing:
TR/TE, 6300 milliseconds/76.3 milliseconds; parallel imaging acceleration factor, 2; 75% phase partial Fourier, spectral fat suppression,
diffusion-sensitizing gradients applied in 3 orthogonal directions separately; b values, 0, 50, 150, 250, 500, 750, and 1000 s/mm2; slice
thickness, 5 mm, receiver bandwidth, 1953 hertz per pixel; 6 averages;
in-plane resolution, 1.56  1.56 mm; matrix, 256  256 pixel; acquisition
time, 12 minutes 5 seconds. The participants were previously instructed
to breath shallowly during the acquisition of the DWI sequence.

Data Evaluation
Phase Contrast Imaging
From the phase contrast data set, the flow rate of the portal vein
was calculated from 20 images reconstructed over a cardiac cycle using
a dedicated software (ReportCard 4.0) on a GE (General Electric,
Waukesha, WI) workstation. Region of interest (ROI) was defined on the
phase image as an area comprising the complete portal vein (Fig. 1C).

Determination of the Diffusion Model
In the DWI data sets, the mean signal intensity was measured
using ROIs drawn in the right hepatic lobe (Couinaud liver segments
* 2014 Lippincott Williams & Wilkins
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6 and 7). The ROI was defined on the b0 image and subsequently
copied to images acquired with the other b values of the same data
set. The signal behavior was mathematically modeled in dependence of
the b value with monoexponential, biexponential, and triexponential
signal decays obtained by linear least-squares fitting to the normalized
logarithm of the signal curve. The accuracy of the diffusion model was
quantified through computation of the mean difference between the
normalized measurement points and the respective values computed
from the mathematical model at the corresponding b values. All evaluations were performed with dedicated routines written in the programming language MATLAB (The Mathworks, Inc, Natick, MA).

Computation of ADC Maps
The ADC maps were calculated using a triexponential diffusion model with a linear fit to logarithmic signal intensities at b = 0 to
50 s/mm2 (low b values), b = 50 to 250 s/mm2 (intermediate b
values), and b = 500 to 1000 s/mm2 (high b values) on a pixel-bypixel basis using a homemade MATLAB computer script (Fig. 2).
Similar to the lowYb-values scheme, also for all b values greater than
50 s/mm2, a 2-point calculation of the ADC with b0 was performed
to allow for comparison with previously published data. The ROI
analysis was performed on the computed ADC maps by the same
radiologist (S.P., with more than 3 years of experience in MRI). Freeform ROIs were defined in the parenchyma of the liver segments
6 and 7, avoiding areas affected by cardiac motion-related artifacts as
described before.35Y37 Care was taken also to exclude recognizable
vessels, bile ducts, and motion artifacts to avoid partial volume effects. The ROI sizes were typically between 20 and 80 mm2. The ROI
measurements were obtained in 3 different slices of each liver: in the
level of the portal vein and 3 slices above and below the portal vein
(covering 3.0 cm in the craniocaudal direction), respectively.

Phantom Measurement
To validate the DWI sequence and processing methodology, a
water phantom was measured using the DWI parameters as described
before and applying the identical coil setup as in the volunteer
measurements at a room temperature of 22-C. The phantom was
filled with an aqueous solution of 1000-mL demineralized water and
770 mg/L of CuSO4I5(H2O). The DWI signal behavior was measured by drawing a rectangular ROI placed within the center of the
phantom in 3 different slices of the phantom examination.

Statistical Evaluation
The change of portal flow rate and ADC values caused by
food intake was calculated as follows: percentage of change =
(postprandial measurement j fasting measurement)  100/fasting
measurement. To avoid cluster bias, the mean of the measured data
points for each study participant and examination was calculated; this
mean value was used as 1 data point for each person and measurement session in the further statistical evaluation. All final results were
described as mean (SD), and the data were descriptively reviewed and
statistically tested for normality with the Kolmogorov-Smirnov test.
P values were calculated by using the Student t test for paired samples. A P value less than 0.05 was considered significant. In cases
where the analysis of variance results indicated that the imaging
sessions had no significant effects on the ADC measurements, the
coefficient of variation (CV = standard deviation divided by mean
and multiplied with 100) was calculated across the imaging sessions
for each participant and each ADC map (low, intermediate, and high
b values). To estimate the size of a treatment effect that would be
detectable in liver DWI, we used the calculated CV.13 All statistical
analyses were performed using commercially available software
www.investigativeradiology.com
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FIGURE 1. Axial and coronal T2-weighted single-shot fast spin echo morphological scout images after fasting for at least 8 hours (A) and
after a protein-rich meal with a filled stomach (B). C, Multiphase gradient-echo magnitude (left) and phase-contrast (right) images
acquired for measurement of blood volume flow in the portal vein (arrows). The imaging plane in C was oriented perpendicular to the
portal-vein long axis (white lines in A and B). C, The common hepatic artery, located above the portal vein, is marked with a star.

(Statistical Package for the Social Sciences, release 17.0; International
Business Machines, Armonk, NY).

RESULTS
Portal Vein Flow
The mean (SD) portal blood volume flow after fasting for at least
8 hours was 639 (202) mL/min (range, 302Y1033 mL/min; n = 20). The
140
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mean (SD) blood volume flow showed a significant increase 30 minutes
after the volunteers had a protein- or a carbohydrate-rich meal to 1322
(267) mL/min (range, 938Y1689 mL/min; n = 10; P G 0.0001) and 1767
(422) mL/min (range, 1178Y2420 mL/min; n = 10; P G 0.0001),
respectively (Fig. 3). The increase in portal volume flow after an intake
of carbohydrate-rich food was significantly higher than that after
an intake of protein-rich food (P = 0.014). The mean (SD) change
of portal volumetric flow rate after a meal was 161.4% (97.1%) (range,
* 2014 Lippincott Williams & Wilkins
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FIGURE 2. Diffusion-weighted imaging for b500 (left column) and the corresponding ADC maps for the same slice calculated
pixel-by-pixel for the acquired intermediate b values (b50, b150, and b250 s/mm2) (center column) as well as for the high b values
(b500, b750, and b1000 s/mm2) (right column) after fasting for at least 8 hours (A) and after a protein-rich meal with a filled
stomach (B).

52.6%Y352.1%; n = 20). No correlation was found between the portal
vein flow and any of the ADC evaluation schemes.

Choice of Diffusion Signal Model
A typical normalized DWI signal curve and the corresponding
logarithmic signal curve are depicted in Figure 4. In case of a
monoexponential decay, the logarithmic curve should be a straight
line with a slope that directly reflects the ADC value. The measured

liver-signal decay clearly deviates from a monoexponential mode.
For a satisfying modeling of the curve, 3 different components were
needed as recently described18: a component of fast signal decay
(between b = 0 and b = 50 s/mm2), an intermediate component (b values:
50, 150, and 250 s/mm2), and a slow component (b, 9500 s/mm2). The
accuracy of this triexponential model was demonstrated with the computation of the mean differences between the normalized measurement
points and values from the respective exponential model, which was

FIGURE 3. Blood volume flow in the portal vein derived from phase-contrast images acquired 30 and 60 minutes after
corresponding caloric intake; the graphs represent the changes after a protein-rich meal (A) or after a carbohydrate-rich meal (B)
for each of the 10 study participants.
* 2014 Lippincott Williams & Wilkins
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0.5% in intermediate and 0.3% in high b values (Table 1). Each of the
3 phases was fitted separately, instead of applying a sum of the
3 mathematical terms of the 3 phases within 1 fit. The reason for this
approach was that nonlinear regression with a similar number of data
points and fitting variables is typically mathematically ill-conditioned,38
resulting in instability of the fit parameters depending on the starting
values as observed.

MR sessions, after fasting and after a carbohydrate-rich meal: 4.78 T
0.61  10j3 mm2/s and 4.85 T 0.94  10j3 mm2/s (P = 0.37), respectively (Fig. 5). Mean (SD) paired intraindividual differences between fasting and a protein- or carbohydrate-rich food intake was 21.6%
(20.7%) and 16.0% (11.3%). The calculated CVs for each participant
and each session were 14.1%, 14.4%, 14.0%, and 13.1%, (overall CV
for intermediate b values, 13.9%).

Apparent Diffusion Coefficient Measurements for
Low b Values (b0Yb50)
Mean measured ADC values after fasting (4.57 T 0.93 
10 mm2/s) were not significantly different from the measurements of the examinations after a protein-rich meal (4.56 T 0.89 
10j3 mm2/s; P = 0.17). Similar results were obtained for the 2 last
j3

& Volume 49, Number 3, March 2014

Apparent Diffusion Coefficient Measurements for
Intermediate b Values (b50Yb250)
The measured mean ADC values for intermediate b values
after fasting were 1.26 T 0.06  10j3 mm2/s. There were no significant differences of the ADC values 30 minutes after intake of a
protein-rich meal (1.28 T 0.13  10j3 mm2/s; P = 0.68). Nearlyidentical mean ADC values were obtained in the last 2 sessions for
both fasting (1.28 T 0.12  10j3 mm2/s) and 30 minutes after intake
of a carbohydrate-rich meal (1.31 T 0.06 10j3 mm2/s) (P = 0.70)
(Figs. 5, 6). Mean (SD) paired intraindividual differences between
fasting and a protein- or carbohydrate-rich food intake was 10.0%
(10.6%) and 11.1% (12.4%), respectively. The calculated CVs for
each participant and each session were 8.2%, 7.2%, 7.8%, and 5.7%
(overall CV for intermediate b values 7.2%); (demonstrated in Table 2).

Apparent Diffusion Coefficient Measurements for
High b Values (b500-b1000)
Mean ADC values after fasting and after a protein-rich meal
were 0.91 T 0.04  10j3 mm2/s and 0.93 T 0.06  10j3 mm2/s,
respectively (no statistically significant difference: P = 0.80). In the
last 2 sessions, ADC values after fasting were 0.94 T 0.08  10j3 mm2/s
and 0.93 T 0.07  10j3 mm2/s after a carbohydrate-rich meal
(no statistically significant difference: P = 0.45) (Figs. 5, 6). Mean
paired intraindividual differences between fasting and a protein- or
carbohydrate-rich food intake were 10.5% (11.6%) and 9.8% (7.7%),
respectively. We obtained similar mean (SD) paired intraindividual
differences between the first session of fasting and the third session of
fasting (11.8% [7.7%]). The calculated CVs for each participant and
each session were similar to the ADC measurements for the intermediate b values (9.3%, 9.0%, 5.5%, and 6.0%, respectively). The
overall CV for high b values was 7.5% (Table 2). The measured mean
ADC values for high b values were significantly lower compared
with the ADC values for intermediate b values for all measurements
(P G 0.001).

Apparent Diffusion Coefficient Measurements Using
a Monoexponential Model
FIGURE 4. A typical DWI signal decay over the range of
sampled b values is displayed: black dots indicate normalized
DWI measurement points in the upper graph and logarithmic
normalized measurement points in the lower graphs.
Corresponding fitting curves are represented by different line
styles. The slope of each line in the lower graph corresponds to
a computed ADC value. Three different phases can be
distinguished. The line through the measurement points of the
first 2 b values (b0-b50 s/mm2) shows a steep slope with a
corresponding high ADC value (hypothesis: corresponding to
microcirculation in small vessels). The second fitting line of the
intermediate b values (b50/b150/b250 s/mm2) exhibits an
intermediate slope (hypothesis: representing sinusoidal blood
flow). The lowest slope and ADC value are found for high b
values (b500, b750, and b1000 s/mm2), presumably
representing pure water diffusion. The thick line corresponds
to a monoexponential diffusion model using only b0 and
b1000 s/mm2.
142
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The ADC values for each b value using a 2-point calculation
(assuming a monoexponential model) are provided in Table 3. The
mean ADC value for the monoexponential model for b values of
0 and 1000 s/mm2 was 1.21 T 0.09  10j3 mm2/s, which was significantly higher compared with the ADC values from the fit to the
highYb-values scheme by 0.28 T 0.12  10j3 mm2/s (P G 0.01).

Phantom Measurements
The phantom represented a model for water diffusion without
perfusion effects. The DWI signal of the examined phantom showed
a pure monoexponential dependence on the signal on the b value
(Fig. 7), thereby confirming the validity of the applied DWI imaging
protocol. Applying all acquired b values between b0 and b1000 for
the monoexponential fitting algorithm, an ADC of 2.17 T 0.04 
10j3 mm2/s was measured.

DISCUSSION
With this study, we demonstrate that the physiological postprandial changes in portal blood flow do not influence liver DWI and
* 2014 Lippincott Williams & Wilkins
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TABLE 1. Measured ADC Values and Mean Difference Between Normalized Signal Curve and Mathematical Model

Participant
1
2
3
4
5
6
7
8
9
10
Mean
SD

ADC Intermediate b Values,
10j3 mm2/s

$ Difference to the
Exponential Curve

ADC High b Values,
10j3 mm2/s

$ Difference to the
Exponential Curve

Fasting/Protein

Fasting/Protein

Fasting/Protein

Fasting/Protein

1.4/1.4
1.3/1.1
1.2/1.0
1.4/1.2
1.0/1.5
1.6/1.9
1.1/1.1
1.2/1.4
1.2/1.6
1.3/1.2
1.3/1.4
0.2/0.3

0.0007/0.0097
0.0083/0.0043
0.0043/0.0093
0.0063/0.0003
0.0046/0.0093
0.0093/0.0067
0.0067/0.0033
0.0033/0.0073
0.0010/0.0063
0.0020/0.0063
0.0047/0.0062
0.0029/0.0031

1.0/0.8
0.8/1.0
0.9/0.9
1.0/0.9
0.7/0.8
0.7/0.7
0.8/0.9
0.9/0.9
1.0/1.1
1.0/0.9
0.9/0.9
0.1/0.1

0.0010/0.0027
0.0017/0.0073
0.0013/0.0010
0.0057/0.0003
0.0067/0.0000
0.0060/0.0013
0.0053/0.0047
0.0017/0.0053
0.0033/0.0057
0.0003/0.0060
0.0033/0.0034
0.0024/0.0027

ADC indicates apparent diffusion coefficient.

the corresponding ADC values. The intraindividual ADC differences
between fasting and food intake are in the order of 10% or less.
According to these findings, a special preparation of patients regarding food intake before liver DWI is not necessary. Moreover, we
are able to show that liver DWI is a robust technique with little
intraindividual variability. A further finding of this study is that liver
DWI follows a triexponential signal decay, which confirms the
measurements of a previous study from Hayashi et al.18
A substantial increase in the portal venous flow was found
30 minutes after food intake. It has been previously reported that the

FIGURE 5. Dot plot of mean ADC values for each of the 10 study
participants across all ROI measurements and sessions for low
b values (dots), intermediate b values (squares), and high b
values (triangles). The solid lines indicate the mean (SD) values.
Note that the interindividual variation is substantially higher
for low b values than for intermediate and high b values.
* 2014 Lippincott Williams & Wilkins

increase in the portal blood flow is maximal at approximately 30 to
45 minutes after food intake.39,40 We applied both, a protein- and
carbohydrate-rich meal, respectively, because previous studies demonstrated an important role of different food components. Compared
with protein-rich food, the increase in the portal volume was significantly higher after ingestion of carbohydrate-rich food. These results
are in good concordance with previously published studies.41Y43
The image quality of the DWI protocol is essential to assure
robustness. In our study, a single spin-echo echo-planar sequence was
applied during shallow free breathing in combination with a sensitivity encoding parallel imaging acceleration technique to reduce
the TE, which was reported to provide liver diffusion images with
higher image quality and improved signal-to-noise ratio compared
with breath-hold techniques.44,45 To allow for complete coverage of
the liver volume within practicable measurement time and to avoid
potential pseudoYanisotropy artifacts,46 a respiratory triggering technique, for example, using a breathing-belt or navigator-triggering
technique, was not applied. Respiratory-triggered liver DWI was
demonstrated to be less reproducible compared with free-breathing
techniques.45 Moreover, breath-hold echo-planar imaging sequences
were reported to be more sensitive to cardiac and bowel motion.47
In a previous study, Hollingsworth et al48 measured higher
postprandial ADC values in the anterior right lobe at high b values
(500 and 750 s/mm2) and at b = 200 s/mm2; they found a significant
increase of ADC in both anterior and posterior right lobes. These
results seem to be partly in contradiction to our measurements.
However, they used a monoexponential calculation of ADC values
including the b = 0 value, which, as we were able to show, overestimates true water diffusion including fast-moving spin ensembles
from flow and perfusion effects. However, even when using low and
intermediate b values, we did not find a measurable change of the
ADC value after food intake.
The ADC values for high b values found in our study are lower
than the measured ADC values from most previously reported studies
at 1.5 T.16,17 These studies used slightly different sequence parameters, acquisition protocols, and a different set of b values. However,
the main difference seems to lie in the postprocessing for the ADC
quantification. These previous studies calculated ADC values and
diffusion maps using the intravoxel incoherent motion theory, which
allows the separate calculation of perfusion and diffusion, on the
basis of the assumption of a biexponential behavior of the signal.16,17,23 In our study, the diffusion-related signal decay could be
www.investigativeradiology.com
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FIGURE 6. Comparison of the measured ADC values of the right liver lobe of the healthy study participants (n = 10) after fasting
for at least 8 hours and after a protein- or carbohydrate-rich meal using intermediate b values (b50, b150, and b250 s/mm2;
left graph) and high b values (b500, b750, and b1000 s/mm2; right graph).

well described by a triexponential approach, which was recently
reported by Hayashi et al18 as well. We interpreted the different
components as microscopic motion of water with different velocity.
We hypothesized that using low b values (b0-b50 s/mm2) predominantly
measures the blood flow of small vessels (venules), whereas intermediate
b values (b values in our study: b50, b150, and b250 s/mm2) potentially
correspond to sinusoidal blood perfusion. The monoexponential signal
decay observed for high b values (9b500 s/mm2) presumably only reflects ‘‘pure’’ water diffusion. In our postprocessing algorithm, a separate
fit for each b-value scheme was performed (low, intermediate, high
b values) instead of only 1 triexponential fit to the signal curve, which
was motivated by the fact that such a triexponential fit typically shows
only little stability regarding the starting values for the fit because of the
high number of fitting variables, which would be a prerequisite for
meaningful computation of diffusion parameters. Because the ADC
values for the different aspects of diffusion were separated in a previous
study,18 our approach seems justified because this indicates that the error
introduced by separate fitting is negligible. We were able to confirm this
by showing that the separate fitting of each phase results in an error of the
fitting curve of less than 0.5% from the measurement points while providing stable results. Still, this approach may have disadvantages such
as overfitting for instance. Further studies may want to investigate the
best-suited model for fitting such data. A possibility would be to use an
information criterion (for instance, the Bayes information criterion) to
select the best-suited model. However, this was beyond the scope of
this study.
Even when using low and intermediate b values, we did not detect
changes in mean ADC values despite significantly increased portal vein
flow. One explanation for this could be that the hepatic microcirculation is
under the control of an intrinsic mechanism called hepatic arterial buffer
response, which serves to maintain the liver perfusion as constant as
possible.49Y51 Furthermore, many hormonal, neural, and metabolic
mechanisms affect the hepatic microcirculation.51Y53 Therefore, the parenchymal liver perfusion seems predominantly unaffected by the increased portal venous flow. However, we cannot exclude the fact that
using b values lower than 50 s/mm2 potentially allows for detection of a
significant influence of the portal venous flow caused by spin components

with high flow velocity, which might not be detectable at b = 50 s/mm2
and that requires even lower b values.
Using the interpretation described previously, our results are in
good accordance to previous data. Perman et al54 omitted the b0
image to minimize the influence of the liver perfusion on the ADC
calculation and obtained ADC values similar to our measurements
(0.98  10j3 mm2/s). Studies, which included intermediate b values,
reported higher ADC4,6,7 because of the influence of the liver microcirculation on b values lower than 200 s/mm2. Braithwaite et al13
performed liver DWI on healthy volunteers in free breathing. They
showed that different ROI measurements within the right hepatic lobe
do not have relevant effects on ADC measurements with a measured
CVof 12.8% of the liver ADC. Our results confirm this intraindividual
stability of liver ADC values at 1.5 T (we detected CV of 7.2% for intermediate b values and 7.5% for high b values).
Our study has the following limitations:
1) To avoid cardiac motion-related artifacts, we evaluated only the right
hepatic lobe. The limitation of the measurement time did not allow for
cardiac gating.
2) Only protein- and carbohydrate-rich food was used. Previous studies
have demonstrated an important role of different food components in
terms of liver perfusion, including fat. We cannot exclude a potential
effect of fat-rich food, which was reported to induce the greatest increase in postprandial portal blood flow.41Y43
3) We measured the blood flow in the portal vein; however, we did not
measure the entire hepatic microcirculation (including arterial supply) with a reference method such as 15OH2 water positron emission tomography because this would have been out of the scope of
this study.
4) Our results were obtained at 1.5 T only. Three-tesla MRI is increasingly used in clinical practice for abdominal imaging. As previously

TABLE 3. Calculated ADC Values Using a 2-Point Calculation
(b0 and b50Y1000) Assuming a Monoexponential Model
b Value

TABLE 2. Comparison of the CV of Liver ADC Measurements of
Intermediate With High b Values Within the Different Imaging
Sessions
CV of Liver ADC
Measurements, %
Intermediate b values
High b values

Session Session Session Session
1
2
3
4
Overall
9.3
8.2

9.0
7.2

5.5
7.8

6.1
5.7

7.5
7.2

ADC indicates apparent diffusion coefficient; CV, coefficients of variation.
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50
150
250
500
750
1000

Fasting

30 Min After
Protein Intake

Fasting

30 Min After
Carbohydrate Intake

4.70 (0.80)
2.50 (0.43)
1.97 (0.29)
1.54 (0.12)
1.34 (0.09)
1.25 (0.12)

4.79 (1.00)
2.50 (0.33)
2.00 (0.24)
1.53 (0.14)
1.36 (0.10)
1.24 (0.11)

4.67 (0.99)
2.74 (0.55)
2.02 (0.37)
1.53 (0.19)
1.35 (0.16)
1.24 (0.13)

4.66 (0.80)
2.58 (0.27)
1.96 (0.17)
1.55 (0.10)
1.39 (0.14)
1.24 (0.07)

All values are expressed as mean (SD).
ADC indicates apparent diffusion coefficient.
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FIGURE 7. Water phantom scan: diffusion-weighted image at b = 500 s/mm2 (A) and corresponding ADC map (B) calculated using
all b values (b0, b50, b150, b250, b500, b750, b1000 s/mm2). C, Logarithmic plot of the monoexponential decay observed
in the phantom examination representing pure water diffusion.
reported, measured liver ADC values may depend on the field
strength.54,55
5) We evaluated only a cohort of healthy volunteers without history of
liver disease. Therefore, we neglected the assessment of liver fibrosis or liver fat content, which, in principle, could be measured as
well with MRI.56,57
In summary, we demonstrated that the physiological postprandial increase of the portal flow rate is not reflected in changes of
water diffusion in liver parenchyma measured by series of b-values
greater than 50 s/mm2. Diffusion-weighted imaging and quantitative ADC values are highly robust across fasting and postprandial
states, thus obviating the need for prescan food-intake precautions.
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