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Planar Imaging: Implications for
Abdominal Diffusion Imaging
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Purpose: The goal of this study was to determine the
effect of contrast media on the signal behavior of single-
shot echo planar imaging (ssEPI) used for abdominal dif-
fusion imaging.

Materials and Methods: The signal of an ssEPI spin echo
sequence in a water phantom with varying concentrations
of gadolinium was modeled with Bloch equations and the
predicted behavior validated on a phantom at 1.5T. Six
volunteers were given gadolinium contrast and signal in-
tensity (SI) time courses for regions of interest (ROIs) in
the liver, pancreas, spleen, renal cortex, and medulla
were analyzed. Student’s t-test was used to compare pre-
contrast SI to 0, 1, 4, 5, 10, and 13 minutes following
contrast.

Results: The results show that following contrast ssEPI
SI goes through a nadir, recovering differently for each
organ. Maximal contrast-related signal losses relative to
precontrast signal are 20%, 20%, 53%, and 67% for the
liver, pancreas, renal cortex, and medulla, respectively.
The SIs remain statistically below the precontrast values
for 5, 4, and 1 minute for the pancreas, liver, and spleen,
and for all times measured for the renal cortex and
medulla.

Conclusion: Abdominal diffusion imaging should be per-
formed prior to contrast due to adverse effects on the sig-
nal in ssEPI.
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DIFFUSION-WEIGHTED IMAGING (DWI) is a long-
established technique for evaluation of the neurologi-
cal system, but is relatively new in body imaging. It
has, however, quickly become an important tool in the
evaluation of abdominal pathology and function in the
liver (1–4), pancreas (5–7), and kidneys (8–10). Appli-
cations include (but are not limited to) liver tumor
detection and characterization of small lesions, evalu-
ation and quantitation of hepatic fibrosis, diagnosis
and characterization of solid and cystic pancreatic
masses, evaluation of pancreatic exocrine function,
evaluation of renal parenchymal disorders, and char-
acterization of renal masses (1–10). An open clinical
question is whether abdominal diffusion images
should be acquired prior to or following contrast
administration. The effect of contrast material could
conceivably have positive, negative, or neutral effects
on lesion conspicuity and detection, based on the var-
ious competing effects of contrast on signal intensity.
Given the time pressure on the modern scanner
schedule, it would be ideal to fit diffusion imaging
into the present imaging protocols without expending
additional table time. The typical abdominal imaging
protocol consists of precontrast imaging, followed by
multiple timed postcontrast series imaged at 20–180
seconds postcontrast, and then delayed imaging at 4–
6 minutes postcontrast and in some cases 10–15
minutes postcontrast (for example, in the evaluation
of cholangiocarcinoma). Thus, there is a window of
�1–3 minutes between the 3- and 4–6-minute post-
contrast scans which could potentially be used for
diffusion imaging. There are published studies in
the literature stating that the signal intensity (SI)
and measured apparent diffusion coefficient (ADC, a
quantitative measure of the diffusivity) in the brain
are not affected by administration of contrast (11–13)
and that the same is true in the liver (14).
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The anecdotal experience of the authors, however,
has been to the contrary: DWI of the abdomen
obtained for clinical purposes appeared to be of
higher quality if obtained before, rather than after,
contrast. This hypothesis, however, must be proven
with data.

Gadolinium contrast agents are utilized primarily
for their T1 shortening effects, but it is well known
that these agents also cause T2 shortening (15). The
two properties have opposite consequences—T1 short-
ening causes an increase in SI, particularly on T1-
weighted images, while T2 or T2* shortening causes a
decrease in SI. The latter effect can dominate at high
gadolinium concentrations, a phenomenon that is
seen, for example, in the bladder when gadolinium
concentrates there after contrast excretion. The two
effects are expected to also have opposing effects on
lesion detectability—the improved signal-to-noise ratio
(SNR) caused by T1 shortening will improve the avail-
able signal for additional diffusion weighting and also
likely improve lesion detection, while the T2 shorten-
ing will degrade the signal, causing opposing effects
on image quality, lesion detectability, and ADC quan-
tification. Thus, the purpose of this study was to
quantitatively evaluate the effect of gadolinium
administration on the quality of DWI. It was hypothe-
sized that T2 shortening provided by circulating con-
trast media significantly decreases the SNR in the
heavily T2-weighted, single-shot echo planar imaging
(ssEPI), leading to image degradation. This hypothesis
was tested with theoretical calculation and experi-
mental verification of predicted SI in a simple spin
echo EPI experiment on a gadolinium phantom of
varying concentrations and time-course experiments
on human volunteers.

MATERIALS AND METHODS

Model/Phantom Experiment

The expected relaxation rates R1 and R2 in a satura-
tion recovery experiment in the presence of various
concentrations of contrast agent were modeled by the
well-accepted relationships (16):

R1ðCÞ ¼ 1=T1;0 þ a1C (1)

and R2ðCÞ ¼ 1=T2;0 þ a2C; (2)

where C is the concentration, T1,0 and T2,0 are the
published intrinsic T1 and T2 values without contrast
(6), and the longitudinal and transverse relaxivities a1

and a2 were obtained experimentally from measure-
ments on gadolinium solutions. An expected signal
versus concentration curve for water was generated
from simple Bloch equations assuming TR/TE of
2400/71 msec. Imaging was performed on a 1.5T Sie-
mens Espree (Siemens Medical Solutions, Erlangen,
Germany). All data analysis was performed offline in
MatLab (MathWorks, Natick, MA). The predicted
behavior for water was tested on spin echo EPI on a
phantom with gadolinium solutions of various con-
centrations ranging from 0–5 mM (imaging performed
with a 12-channel body array coil, ssSE-EPI, TR/TE

¼ 2400/71 msec, parallel imaging factor 2, 38 cm
field of view [FOV], 150 � 150 matrix [MX], 5 mm slice
thickness).

Volunteer Study

The study was performed under a protocol approved
by the Institutional Review Board (IRB) and is HIPAA-
compliant. Informed written consent was obtained
from all participants. Asymptomatic volunteers with
no known renal dysfunction were administered gado-
linium contrast (n ¼ 6, gadoversetamide, Optimark,
Mallinkrodt, St. Louis, MO; 0.1 mmol/mL, 0.1 mmol/
kg up to maximum volume of 20 mL, 2 cc/sec fol-
lowed by a 20-mL saline push), and serial ssSE-EPI
images were obtained every minute (TR/TE 2400/71
msec, 36–38 cm FOV, 162 � 162 matrix, 5 mm slice
thickness, b ¼ 0 and 500 s/mm2). SI was measured
in 0.2 cm2 ROIs in the renal cortex and medulla, liver,
pancreas, and spleen from the b ¼ 0 images, at two
timepoints prior to contrast, and then at 13 time-
points separated by 1 minute each, beginning imme-
diately following contrast and ending at 13 minutes
postinjection. A total of 15 timepoints were thus
measured. In the case of the kidneys, SI time courses
were measured for the renal cortex and medulla bilat-
erally. Since MRI SI is in arbitrary units and can vary
widely across subjects, the measured SI at each time-
point was normalized for each subject and each organ
by dividing the SI by the mean initial SI over the two
measurements at 1 and 2 minutes prior to contrast
administration. The mean SI at each timepoint was
also calculated and plotted for each organ over the
individual subject time courses. The error on the
mean SI was plotted as the standard deviation (SD)
on the mean at each timepoint. An overall mean time
course with error bars was plotted for each organ to
compare the SI behaviors of the organs. SNR meas-
urements were not used because with multicoil, par-
allel imaging data, noise is not uniform across the
image and SNR measurements are not accurate. How-
ever, since noise is expected to be relatively stable
over the timescale of these experiments, measuring a
signal change in an ROI over time should be directly
proportional to underlying changes in SNR.

For each organ the normalized mean SI prior to
contrast was compared to the intensity immediately
postcontrast, and 1, 4, 5, 10, and 13 minutes follow-
ing contrast, using a two-tailed paired Student’s t-test
to analyze statistical differences in SI.

RESULTS

The predicted SIs for a simple spin-echo experiment
for water in the presence of various gadolinium con-
centrations and the measured SI on a phantom are
shown in Fig. 1 in blue and green, with the measured
intensities tracking with the theoretically predicted
values.

Normalized signal time course data from volunteers
for the liver, pancreas, spleen, renal cortex, and renal
medulla are shown in Figs. 2–6. Each individual time
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course from a given subject is plotted with a different
symbol and connected by corresponding lines, and
the average time course (average � SD) is shown as a
thick solid red line. For the renal cortex and renal me-
dulla, the time courses for the right side in each sub-
ject are plotted as described above, while the time
courses on the left side are connected by a dashed
line. The average time course is plotted as for the
other organs. The average time course for each
organ/region is also plotted in Fig. 7, to summarize
these data and allow comparison between different
organs. Finally, Fig. 8 depicts images of the right kid-
ney at 0, 1, 2, and 5 minutes postcontrast adminis-
tration, illustrating the effect of contrast on ssEPI of
the kidneys. Note the severe degradation of the image
quality in the b ¼ 0/500 s/mm2 images in Fig. 8g,h.

Table 1 summarizes normalized signal intensities
prior to contrast (�1 minute), immediately postcon-
trast (0 minute), and at 1, 4, 5, 10, and 13 minutes

postcontrast. The two-tailed paired Student’s t-test
comparisons between the precontrast (t ¼ �1 minute)
and the postcontrast timepoints above are given in
parenthesis within the same table. Comparisons
reaching statistical significance (P < 0.05) are shown
in bold.

DISCUSSION

As can be seen from Fig. 1, at very low gadolinium
concentrations water SI is expected to increase, but
then decrease as gadolinium concentration increases.
The measured phantom data (green) follow the pre-
dicted trend, although at higher contrast agent con-
centrations measured SIs are slightly lower than the
model. This may relate to variations in contrast agent
concentration, and also to the fact that the model we
employ is simplistic, using only pure T1 and T2 effects
in the Bloch equations, and not taking into account

Figure 1. Simulation (blue) and measured phantom (green)
SI for the predicted and actual behavior of a single-shot spin-
echo EPI sequence at different gadolinium concentrations.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 2. Individual time course and average (thick red line)
normalized SI (SI/SIave) in the liver. Error bars for the average
SI are calculated as the SD on the mean for each timepoint.
[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 3. Individual time course and average (thick red line)
normalized SI (SI/SIave) in the pancreas. Error bars for the
average SI are calculated as the SD on the mean for each
timepoint. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4. Individual time course and average (thick red line)
normalized SI (SI/SIave) in the spleen. Error bars for the
average SI are calculated as the SD on the mean for each
timepoint. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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other mechanisms of signal loss such as off-reso-
nance distortions or relaxation during RF pulses. The
important point, however, is that at higher concentra-
tions of contrast agent the signal loss caused by T2

decay outweighs the enhancement effect of the agent.
Since adding diffusion weighting causes a significant
net loss of signal, the goal is generally to preserve as
much signal as possible so that there is sufficient sig-
nal to allow acquisition of higher b-value DWI, and
improve lesion detection and characterization. At
higher concentrations of gadolinium, this experiment
clearly shows that the baseline SI for EPI would be
nonideal (ie, nonmaximal) for DWI.

The volunteer time course data show reproducible
signal behavior in EPI images of the liver, pancreas,
spleen, and renal cortex and medulla (Figs. 2–7, nu-
merical comparisons in Table 1). These organs/
regions were chosen because these are the major
areas of interest in the upper abdomen, and DWI of

the regions must be performed with these regions in
mind. There is a statistically significant drop in signal
in all organs after injection of contrast. With the
exception of the spleen, in which there is a recovery of
signal within 2 minutes, it takes several minutes for
the signal in the remaining organs to return to statis-
tical baseline (presumably the T1 shortening effects of
the contrast agent dominate in the spleen). An addi-
tional observation about signal behavior in the liver is

Figure 5. Individual time course and average (thick red line)
normalized SI (SI/SIave) in the renal cortex. Error bars for
the average SI are calculated as the SD on the mean for each
timepoint. For each subject, data for the right and left kid-
neys are plotted as solid and dotted lines, respectively.

Figure 6. Individual time course and average (thick red line)
normalized SI (SI/SIave) in the renal medulla. Error bars for
the average SI are calculated as the SD on the mean for each
timepoint. For each subject, data for the right and left kid-
neys are plotted as solid and dotted lines, respectively.

Figure 7. Normalized SI (SI/SIave) time courses in the liver,
pancreas, spleen, renal cortex, and renal medulla.

Figure 8. Single-shot EPI images cropped from a single time
course to show the kidneys with b ¼ 0 (a–d) and b ¼ 500 s/
mm2 (e–h), at times 0 (a,e), 1 minute (b,f), 2 minutes (c,g),
and 5 minutes (d,h) postcontrast administration.
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that there is a second sharp decrease in SI between 2
and 3 minutes after contrast. This drop (�8%) is also
found to be significant (P ¼ 0.005) and may relate to
arrival and concentration of contrast from the portal
circulation, although this hypothesis would require
further experimental testing.

There is actually a reversal of cortex/medulla con-
trast in the kidney roughly 2 minutes after injection
(Figs. 5–8). Importantly, for the liver, pancreas, renal
cortex, and medulla there are contrast-related signal
losses of 20%, 20%, 53%, and 67%, respectively, all of
which are statistically significant. The signal is meas-
ured to be statistically below baseline for the first 4
minutes for liver, first 8 minutes and at 13 minutes
for pancreas (signal measurements and t-test calcula-
tions for minutes 6–8 are not shown in Table 1), and
beyond 13 minutes for either renal cortex or medulla.
These results confirm the preliminary observations on
a single subject published in abstract form previously
(17). The results for these organs indicate that if
images are obtained after contrast injection there
would be loss of valuable signal, a key problem for an
already SNR-starved technique such as DWI, which
relies on further signal loss to achieve the desired
image contrast and quantification. Moreover, since
dynamic contrast-enhanced images are typically
obtained at 20–180 seconds after contrast, if the DWI
were to be performed postcontrast, images would be
most likely obtained 4–6 minutes after injection, the
signal nadir for the kidneys and pancreas, and a time
at which liver signal is also low. This means that the
DWI would be performed at the most suboptimal time
if the organ of interest is any of these three. Even if
diffusion imaging is performed more than 10 minutes
postinjection of contrast, the situation is suboptimal
for evaluating the kidneys, pushing forward a strong
argument that diffusion weighting should not be per-
formed in the postcontrast set of sequences in the ab-
domen and doing so could negatively affect the diag-
nostic performance of the sequence. The drop in
signal could result in low SI lesions to drop to noise
level, rendering them undetectable, and could
adversely affect the conspicuity of other lesions.
Quantitation of ADC in lesions and surrounding pa-
renchyma will be adversely affected because less sig-
nal will be available to obtain higher diffusion weight-

ing, and also quantitation of the ADC is less accurate
with noisier data.

The observed behavior is different from that
reported in the literature on the brain, where it has
been shown that the presence of gadolinium contrast
has little effect on DWI (11–13). This difference likely
relates to a higher concentration of contrast agent in
abdominal organs (particularly the kidney), and the
absence of a blood–brain barrier in the abdomen.
Also, the dynamic nature of enhancement in the
abdomen has a clear effect on the signal behavior in
the abdomen after contrast administration. The most
likely explanation for the difference between these
results and those reported for the liver previously,
which suggested that there is no difference in the SNR
of liver DWI obtained before and after contrast, is that
the single timepoint used for postcontrast imaging
in the previous study is long enough postcontrast that
the liver signal had recovered to baseline or near
baseline (14). Also, the previous study was performed
at 3.0T and the present study was at 1.5T. Relaxation
properties due to contrast agent are different at high
fields, and thus time course SIs could differ as well.

As long as the DWI is performed at a time where the
signal behavior of the sequence is not dynamically
changing, one would not expect the ADC to change
significantly due to the presence of contrast. These
experiments show (Figs. 2–7 and Table 1), however,
that dynamically changing signal behavior would be
nearly impossible to avoid after contrast, particularly
in the kidneys. The adverse effect of data noise on the
accuracy of calculated diffusion coefficients in both
isotropic and anisotropic diffusion was not evaluated
here, but has been previously well documented (18–
20).

As mentioned previously, lesion characterization
and ADC quantification, especially tumor detection
and characterization in the liver, pancreas, and kid-
neys are critical reasons to perform diffusion imaging
in the abdomen. Therefore, an important additional
consideration is the effect of contrast on tumors. The
dynamics of contrast behavior in tumors and the
effects on EPI are not predictable, and indeed likely
vary from tumor to tumor. In the liver, for example,
the contrast-related alteration in ssEPI signal behav-
ior may be drastically different for an arterially

Table 1

Change in Normalized Signal Intensities Over Time

Time postcontrast (minutes) Liver Pancreas Spleen Renal cortex Renal medulla

�1 0.99 1.00 1.00 0.99 0.98

0 0.87 (0.002) 0.82 (0.01) 0.90 (0.01) 0.69 (0.000002) 0.82 (0.0001)

1 0.80 (0.00001) 0.80 (0.002) 0.99 (0.68) 0.57 (0.00000001) 0.47 (0.000002)

4 0.90 (0.02) 0.87 (0.004) 1.13 (0.11) 0.63 (0.0000002) 0.35 (0.00000002)

5 0.95 (0.14) 0.86 (0.001) 1.13 (0.04) 0.69 (0.000001) 0.41 (0.0000001)

10 1.04 (0.11) 0.94 (0.12) 1.12 (0.08) 0.77 (0.00002) 0.68 (0.0001)

13 1.02 (0.41) 0.94 (0.01) 1.18 (0.01) 0.82 (0.0001) 0.75 (0.0005)

Mean normalized signal intensity (SI/SIave) in the liver, pancreas, spleen, renal cortex, and renal medulla prior to (�1 min) contrast, and

at 0 minute, 1 minute, 4 minutes, 5 minutes, 10 minutes, and 13 minutes following contrast. P values from two�tailed paired Student’s

t�test comparing normalized signal intensities for each organ/region at times prior to contrast (�1 min) with normalized signal intensities

at 0 minute, 1 minute 4 minutes, 5 minutes, 10 minutes, and 13 minutes following contrast are given in parentheses. Comparisons reach-

ing statistical significance are shown in bold (P < 0.05).
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perfused tumor such as hepatocellular carcinoma
than for a relatively poorly perfused mass such as
cholangiocarcinoma. It is not possible to say a priori
whether a given tumor will behave like the renal cor-
tex/medulla in which the SI is adversely affected 13
minutes or more beyond the administration of con-
trast, or more like the spleen, where there may even
be an increase in baseline signal due to contrast. If
for a given mass at a given timepoint there is a con-
trast-related signal loss sufficient to drop the higher b
value SI to noise levels, then the measured ADC
would also be affected (the calculated ADC can be
predicted to be lower than the actual value due to the
SI hitting a noise floor and not changing due to
increased diffusion weighting). This unpredictable
behavior is another reason to avoid diffusion imaging
in the abdomen after contrast.

In conclusion, this work shows that in planning
whether to place the diffusion sequences for the abdo-
men before or after contrast, the effect of the contrast
on the EPI SI should be taken into account, and
assuming normal physiology, the DWI should be per-
formed before contrast. If the decision is made to
place the diffusion imaging after contrast, a minimum
of 6 minutes postcontrast should be allowed when
normal circulation is expected, in which case the
effect of changing signal behavior in the ssEPI
sequences generally employed will likely preclude
accurate characterization of the kidneys.
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