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Abstract
Purpose: To illustrate our experience 
using diffusion-weighted (DW) derived 
IVIM perfusion fraction ƒ images 
(ƒ-maps) for the delineation of solid 
pancreatic lesions. Particular attention is 
given to the comparison of this experi-
mental technique with the clinically es-
tablished technique of ADC-mapping.

Methods: Seven representative cases 
(1 healthy volunteer, 4 pancreatic ade-
nocarcinoma cases, and 2 pancreatitis 
cases) are presented. Each were exam-
ined with contrast-enhanced T1 and T2-
weighted magnetic resonance (MR) and 
with echo-planar MR diffusion-weighted 
imaging (DWI) using eleven different 
b-values ranging from 0–800 s/mm2. 
The DWI data was fitted to both the 
“Incoherent Intra-Voxel Motion” (IVIM) 
model and a linear apparent diffusion 
constant (ADC) equation, and the perfu-
sion fraction ƒ and ADC-maps were cal-
culated. As a novel approach, ADC and 
ƒ-map data was combined to identify 
vascular (high perfusion but low ADC) or 
bile duct (low perfusion but high ADC) 
voxels which were then color tagged on 
the ƒ-map images.

Results / Conclusion: When compared 
to ADC-maps, ƒ-maps improved the 
distinction between lesion and vessels, 
while ADC-maps more accurately iden-
tified adjacent pancreatic ducts. Images 
which integrate f and ADC data provided 
better lesion delineation than could be 

achieved with either technique alone. 
Since ƒ-maps do not require ionizing 
radiation nor contrast agent, they could 
be considered an alternative to CT and 
contrast-enhanced MRI techniques in 
patients with specific contraindications 
as well as in screening and follow-up 
imaging programs.

Introduction
Contrast-enhanced magnetic resonance 
(MR) and computed tomography (CT) 
 imaging are currently the standard imag-
ing modalities for pancreatic lesions [1–3]. 
Their high diagnostic value unconsidered, 
they require intravenous contrast agent 
and, in the case of CT, ionizing  radiation. 
Diffusion-weighted imaging (DWI) could 
prove a non-invasive alternative, since 
recent advances in scanner technologies, 
fast pulse sequences and parallel imaging 
have permitted its use in the abdomen 
where organ motion and tissue inhomo-
geneity have long prevented robust 
diffusion measurements [4–6]. Reports 
have shown that the DWI-derived appar-
ent diffusion constant (ADC) can be used 
to monitor the pancreatic exocrine func-
tion in chronic pancreatitis [7, 8], for 
characterizing cystic lesions of the pan-
creas [9], and for  detecting pancreatic 
cancer, which has a significantly lower 
ADC value than normal pancreas tissue 
[10–12].
Recently there has been growing interest 
in extracting perfusion information 
from diffusion-weighted data based on 
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the intravoxel incoherent motion (IVIM) 
model [13–15] first presented by LeBihan 
in 1986 [16, 17]. In this model, the diffu-
sion-weighted signal is considered to be 
effected by two distinct types of molecu-
lar motion: diffusion, due to thermal 
Brownian motion, and perfusion, due to 
the microcirculation in capillaries. The 
IVIM model is represented mathemati-
cally by the equation:

 
where S/S0 is the signal decay measured 
in each individual voxel in the diffusion-
weighted image, the b-value represents 
the strength of the diffusion weighting, 
D is the diffusion constant, D* is the 
pseudo diffusion coefficient, and ƒ is the 
perfusion fraction. This equation is a 
biexponential with the first term repre-
senting the pure diffusion influence on 
the diffusion-weighted signal, while the 
second term represents the pure perfu-
sion influence on the diffusion-weighted 
signal. The perfusion fraction (ƒ) indi-
cates the relative influence of the second 
perfusion term and thus is correlated to 
the perfusion or microcirculation in the 
capillaries of the tissue under study. In a 
 recent work, ƒ was shown to be signi-
ficantly lower within pancreatic tumors 
than in healthy pancreatic tissue [18]. 
Another study showed similar results for 
chronic pancreatitis mass formations 
[19]. Furthermore, ƒ was shown to be 

quantitatively superior to both ADC and D 
for characterizing pancreatic lesions [18]. 
Images created by mapping the ƒ param-
eter as a gray scale (ƒ-maps), hold impor-
tant clinical information for both diagnos-
ing and differentiating pancreatic lesions, 
but so far the reading of ƒ-maps is unfa-
miliar to general radiologists. Thus, this 
pictorial essay aims to familiarize the clini-
cian with this emerging imaging method. 
This work was generated within a coop-
erative project of Siemens Healthcare and 
the German national cancer center, 
diagnostic imaging for radio-oncology.

Materials and methods
Study population
This work was generated within a cooper-
ative project of Siemens Healthcare and 
the German national cancer center, diag-
nostic imaging for radio-oncology. The 
study protocol was approved by the Insti-
tutional Review Board. Informed consent 
was obtained from all subjects prior to 
the examination. In 2008 (June- Decem-
ber), 3 healthy volunteers, 14  patients 
with histopathologically proven pancre-
atic carcinoma (11 men and 3 women, 
age range 43–82, mean age 62.6) and 8 
histopathologically verified pancreatitis 
patients (7 men and 1 woman, age range 
40–74, mean age 55.5) were included 
consecutively during this period. 

MR examination
MR imaging was performed using a 1.5T 
scanner (MAGNETOM Avanto, Siemens 
Healthcare, Erlangen, Germany) with a 
maximum gradient strength of 45 mT/m 
using a six-element body-phased array 
coil and a 24-channel spine array coil. 
The routine pancreatic MR imaging pro-
tocol for the patient group consisted of 
TrueFISP imaging sequences (sagital, 
 axial and coronal) (TR/TE = 437.2/1.16 
ms), breathhold (in expiration) dual 
gradient echo (2D) T1-weighted (T1w) 
i maging in transversal orientation (TR/TE 
= 110/4.82 ms), breathhold (expiration) 
single-shot turbo spin-echo T2-weighted 
(T2w) imaging in transversal and coro-
nal orientation (TR/TE = 250/20 ms) and 
MR cholangiopancreatography in breath-
hold (expiration) single-shot turbo spin-
echo (TR/TE = 4500/789 ms).
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1 Axial T1-weighted 
image of a healthy 
volunteer.

1 In the ADC-map 
it can be seen that 
the pancreas (green 
arrow) appears iso-
intense to the liver.

1 In the ƒ-map, 
the pancreas 
(green arrow) 
shows a mixed 
hypo- and hyper-
intense signal. 
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3 Axial T1w image (A), ƒ-map (B) and ADC map (C) in the same patient with pancreatic cancer as shown in figure 2. The carcinoma can be seen 
as a hypointense area in both the ƒ and the ADC-map (green arrowhead). Note that the hypointense area in the ƒ-map is larger than that in the 
ADC-map because in the ƒ-map the dilated pancreatic duct (long arrows) adjacent to the tumor is as hypointense as the tumor itself. Also appreciated 
in these images are the superior mesenteric artery (SMA) and superior mesenteric vein (SMV) (green arrows), which both  appear bright in the ƒ-map 
and in the T1w image. In the ADC-map, the SMV is visible but the SMA is not. The tumor is more easily evidenced in the ƒ-map than in the conven-
tional imaging. (T = tumor; DP = ductus pancreaticus (yellow arrow); SMA = superior mesenteric artery; SMV = superior mesenteric vein).

4 Patient with pancreatic cancer tumor in the head of the pancreas (green arrowhead). The tumor is better delineated in the ƒ-map (B) than in 
the ADC-map (C). Contact with the adjacent superior mesenteric vein (SMV) can be seen in all three images. Note that the superior mesenteric 
 artery (SMA) is visible in the ƒ-map but not in the ADC-map. T1w image (A) also provided for comparison. (white rectangle in T1w image = region 
displayed in other images; T = tumor; SMA = superior mesenteric artery; SMV = superior mesenteric vein).

5 Axial T1w image (A), ƒ-map (B) and ADC-map (C) in a patient with pancreatic cancer in the head of the pancreas (green arrowhead). The  tumor 
margins are better seen in the ƒ-map than in the ADC-map. Furthermore, the superior mesenteric artery (SMA) and vein (SMV) can be seen in 
the ƒ-map (green arrows) but not in the ADC-map. (White rectangle in T1w image = region displayed in other images; T = tumor; SMA = superior 
mesenteric artery; SMV = superior mesenteric vein).

2 Axial contrast-enhanced CT (A), contrast-enhanced T1w image (B) and T2w image (C) for a patient with chronic pancreatitis with calcifications 
(red arrows) within the pancreatic head (see CT on the left) as well as pancreatic cancer (green arrowhead). The dilated pancreatic duct can also 
be appreciated (yellow arrows). (T = tumor; DP = ductus pancreaticus).

DWI was performed in addition to the 
routine MR imaging protocol. Diffusion-
weighted images were acquired using a 
single-shot echo-planar imaging (SE-EPI) 
pulse sequence in end expiration breath-
hold with the following imaging param-
eters: TR = 1300 ms, TE = 60 ms, FOV = 
350 × 273 mm², matrix size = 100 × 78, 
14 slices, slice thickness/gap = 5/0.25 
mm, 4 averages, bandwidth = 3000 Hz/
Px, k-space based parallel imaging tech-
nique (syngo GRAPPA; Siemens Health-
care) used with an acceleration factor of 
two, b-values = 0, 25, 50, 75, 100, 150, 
200, 300, 400, 600 and 800 s/mm² and a 
total measurement time of twelve 
 minutes. The diffusion weighting was 
accomplished with a twice-refocused 
spin echo (TRSE) diffusion preparation 
and three orthogonal gradient directions 
(1,1,-1/2), (1,-1/2,1) and (-1/2,1,1) to 

obtain trace-weighted images. The 
 acquisition was separated into blocks (b0, 
b25), (b0, b50)…(b0, b800) and each 
block was acquired in a single breathhold 
(TA = 26 s) to avoid motion artifacts. 

CT examination
Computed tomography (CT) scans of the 
patients were obtained from referring 
institutions.

Post processing and data analysis
DW-images were post-processed using 
software developed in-house based 
on the open source imaging software 
 ImageJ (http://rsb.info.nih.gov/ij) 
applying two approaches:
■  biexponential Levenberg-Marquardt 

based fitting to the IVIM-model equa-
tion (1) (see above) separating the 
contribution of microperfusion and 

real diffusion in a DWI measurement. 
In this fit, the perfusion fraction ƒ 
and the diffusion coefficient D were 
taken as free parameters, whereas 
the pseudo Diffusion Coefficient D* 
was fixed at 20 μm²/ms.

■  monoexponential linear least squares 
fitting to equation (2):

using the total set of b-values yielding 
the Apparent Diffusion Coefficient ADC. 
The ƒ parameter obtained through the 
first approach and the ADC parameter 
obtained through the second approach 
were mapped as a gray scale to create 
multi-slice ƒ-map and ADC-maps.
For two specific cases, the ƒ and ADC 
data were combined to identify vascular 

 = –b(ADC)In

and bile duct voxels. Voxels with high 
perfusion (ƒ > 0.35) but low ADC (ADC 
between 0.81 and 2.1 μm2/ms) were 
classified as vascular while those with 
low perfusion (ƒ < 0.15) but high ADC 
(ADC between 1.5 and 2.5 μm2/ms) were 
classified as ductal. A color overlay was 
then used to depict vascular  (red) and 
bile duct (blue) voxels on the ƒ-maps.
Images and parameter maps were read 
by two experienced radiologists in con-
sensus. Pancreatic lesions were first 
identified in the routine CT and MR 
images. The lesions were then visually 
identified in the corresponding ADC
 and ƒ-maps.

Results
Healthy volunteer
An example of normal ADC and ƒ-map 
findings, taken from one of the healthy 

volunteers is provided in figure 1. It can 
be seen that the pancreas (arrow) appears 
isointense to the liver in the ADC-map. 
In the ƒ-map, the pancreas shows a 
mixed hypo- and hyperintense signal.

Pancreatic adenocarcinoma
Four cases of histopathologically con-
firmed adenocarcinoma are shown in 
figures 2 through 6.
Figure 2 shows a venous phase contrast 
CT, venous phase contrast T1w and T2w 
MRI for the first carcinoma case in which 
a lesion in the head of the pancreas is 
hypodense in CT and hypointense in 
both T1w and T2w MRI. Also note the 
 dilated pancreatic duct (DP). The ADC, 
and ƒ-map for this case, presented in 
figure 3, clearly show the lesion as an 
area of low apparent diffusion on the 
ADC and hypo-perfusion (hypointense) 

on the ƒ-map. Compared to the healthy 
volunteer, note the extensive area of 
 hypointensity in both the ƒ-map and the 
ADC in the tumor region. Also note that 
the tumor stands out most prominently 
on the ƒ-map. Furthermore, vessels are 
best delineated and hyperintense on the 
ƒ-map. However, there is no clear demar-
cation between the tumor and the dilated 
duct on the ƒ-map. This is better seen 
on the ADC map where the duct is rela-
tively hyperintense when compared to 
the tumor.
Figure 4 shows a venous phase T1w, ADC 
and ƒ-map for the second carcinoma 
 patient. The lesion again appears as 
 hypointense in T1w, as well as on both 
the ADC and ƒ-map. Again, note the 
 superior depiction of the tumor in the 
ƒ-map where once more the vessels 
in the vicinity of the tumor are delineated 
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6 Patient with a pancreatic cancer in the head of the pancreas. Like in the case presented in figure 3, in the ƒ-map (B) the lesion can not be sepa-
rately distinguished from the adjacent dilated pancreatic duct (DP), whereas the structures can be readily told apart in the ADC-map (C). However, 
the ƒ-map provides much better visualization of the vasculature than the ADC-map, i.e., one can identify the inferior vena cava (IVC), renal vein 
(RV) and aorta (A). T1w image (A) also provided for comparison. (White rectangle in T1w image = region displayed in other images; T = tumor; 
IVC = inf. vena cava, RV = renal vein, A = aorta).

7 Axial venous phase contrast-enhanced CT (A), portal phase contrast-enhanced T1w (B) and T2w (C) images of patient with histopatho-
logically proven chronic pancreatitis in the head of the pancreas (green arrowhead). Note the mass-forming aspect of the lesion, and  absence 
of calcifications in the CT.

8 Axial portal phase contrast-enhanced T1w (A), ƒ-map (B) and ADC-map (C) of the pancreatitis patient from figure 6. In the contrast- 
enhanced MRI a slightly hypointense lesion can be seen in the head of the pancreas (large white arrow). It appears markedly hypointense in 
the ƒ-map and only slightly hypointense on the ADC-map (white rectangle in T1w image = region displayed in other images).

9 Axial T1w (A), 
ƒ-map (B) and ADC-
map (C) for a second 
patient with histo-
pathologically proven 
chronic pancreatitis 
with mass-formation in 
the head of the pan-
creas (green arrow-
head). The lesion is 
seen as a well-delin-
eated, hypointense 
area in the ƒ-map, 
while it is less clearly 
delineated in the ADC- 
map. Also well-delin-
eated in the ƒ-map as 
in the T1w image, are 
the superior mesenter-
ic vein (SMV) and 
 superior mesenteric 
 artery (SMA) (green 
arrows). (SMA = supe-
rior mesenteric artery; 
SMV = superior mesen-
teric vein).

clearly and appear hyperintense. Since 
no pancreatic duct is present in this 
slice, the tumor size is depicted accu-
rately in the ƒ-map.
In the third carcinoma patient (Fig. 5), 
once more the tumor appears hypoin-
tense on the ƒ-map. Again, tumor con-
trast on the ƒ-map (5B) is higher than in 
the ADC-map (5C). In this case, the tumor 
appears larger than it is on the ADC-map 
because it is hardly discriminated from 
the neighboring vessel, whereas the 
ƒ-map, where the vessels are clearly 
seen as hyperintense, shows the tumor’s 
correct size.
Contrary the previous case, the carci-
noma in the fourth cancer patient (Fig. 6) 
is overestimated in the ƒ-map when com-
pared to the ADC-map because it lies 
close to the dilated duct, and both are 
hypointense. In the ADC-map, the duct 
appears hyperintense and is thus more 
readily distinguishable from the  lesion as 
previously seen in patient two (Fig. 4).

Chronic pancreatitis
Two cases of histopathologically 
confirmed pancreatitis mass lesions are 
shown in figures 7 through 9.
Figure 7 shows the venous phase con-
trast-enhanced CT, portal phase contrast-
enhanced T1w, and T2w for the first 
pancreatitis patient. Note the mass-form-
ing aspect of the lesion. On the ADC and 
ƒ-maps for the same case (Fig. 8), the 
pancreatitis lesion can be outlined as 
clearly hypointense in the ƒ-map. In the 
ADC-map, the lesion is partly hypo- and 
partly isointense compared to the sur-
rounding tissue, and therefore hard to 
delineate. Note again that the poor 
lesion/vessel contrast might cause an 
overestimation of the  total lesion size 
in the ADC-map (e.g. figure 5).
Figure 9 shows similar venous phase 
T1w, ADC, and ƒ-maps where the mass-
forming pancreatitis is hypodense in the 
CT and hypointense in T1w/T2w images. 
Compared to the previous case, note 
that the lesion is hard to detect on both 
the conventional MRI and the ADC-map, 
but that it stands out in stark contrast 
against both the non-affected pancreatic 
parenchyma and the surrounding vessels 
in the ƒ-map.
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10 Axial ADC-map (A) and ƒ-map (B) of the pancreatic carcino-
ma case previously presented in figures 2 and 3 along with an 
image which integrates both ADC- and ƒ-map data (C). In the 
 integrated image (C), a color mask is used to segment vascular 
(red) and ductal (blue) voxels according to ƒ and ADC ranges 
 described in the text. Note that the tumor is best delineated in 
the ƒ-map if the pancreatic duct, which due to its curved path 
almost completely surrounds the tumor, is color-tagged accord-
ing to the integrated data. (Dark blue rectangle in ADC-map = 
region of interest for calculating the color overlay; T = tumor; 
GB = gall bladder; DP = ductus pancreaticus; A = aorta).

11 Patient previously presented in figure 6 with the ADC (A) 
and ƒ-map (B). Image (C) shows the ƒ-map with a vascular 
(red) and ductal (blue) segmentation overlay calculated by 
integrating the ADC and ƒ data. Note that the pancreatic duct 
inside the tumor region can be readily identified on the 
ƒ-map only with the help of the overlay. (Dark blue rectangle 
in ADC-map = region of interest for calculating color overlay; 
T =  tumor; GB = gall bladder; DP = ductus pancreaticus; 
A = aorta; K = kidney; B = bowel).

ƒ-maps with an ADC overlay
As seen in the previous cases, the ƒ-map 
is superior to the ADC-map considering 
tumor detection in general. Also, the 
ƒ-maps show an increased tumor/vessel 
contrast when compared to the ADC-
maps, but have the disadvantage that 
adjacent ductal structures may coalesce 
with the tumor. To circumvent this, we 
developed a method to integrate both ƒ 
and ADC in single parameter images 
where based on their unique combina-
tion of ranges of ƒ and ADC values, vox-
els were tagged as belonging to either 
vessels, ducts, or solid tissue. 
In figure 10, the ƒ and ADC-maps of the 
patient previously presented in figures 1 
and 2 are presented once more (10A, B). 
Figure 10C shows a color overlay on the 
ƒ-map where the pancreatic duct, the 
gall bladder and the bile ducts are 
marked blue and the vessels are marked 
red, defined by the previously described 
ƒ and ADC ranges. Note that the tumor 
size can now be estimated correctly.
Figure 11 shows the patient previously 
presented in figure 6 with the ADC and 
ƒ-map (11A, B). Note that the duct 
 inside the tumor region can be readily 
identified on the ƒ-map when the color 
tags are used. Other areas also marked 
blue include the kidney and the bowel.

Conclusion
in the cases presented, IVIM-based 
ƒ-maps calculated from multiple b-val-
ue-weighted magnetic resonance data 
enabled the delineation of pancreatic le-
sions and demonstrated advantages 
over ADC imaging in their ability to dis-
tinguish vessels from low-perfused le-
sions, a crucial element of pancreatic 
cancer staging. However, which is less 
apt for distinguishing between lesion 
and pancreatic or bile ducts as were the 
ADC-maps. By considering both ADC and 
ƒ-maps in combination, better lesion de-
lineation can be achieved than by consid-
ering either parameter separately. Con-
cerning lesion pathology differentiation: 
based on the current experience, it does 
not seem possible to differentiate be-
tween pancreatic carcinoma and pancre-
atitis using only the imaging aspects of 
the lesion in the ƒ-map. Further research 

should elucidate the potential of quanti-
tative  approaches as means to address 
this  issue. An advantage of ADC and f-
maps when compared to the current im-
aging standards of concentional CT and 
ceMRI, is that neither technique uses 
ionizing radiation nor contrast agent. 
Since the acquisition takes only approxi-
mately 10 minutes, they may be not 
only safer but also more cost-effective 
than CT or conventional MRI. Combined 
ADC/ƒ-maps may be particularly well 
suited for the assessment of lesions in 
patients who can not tolerate contrast 
agents. In these cases, appropriately 
combined non-contrast agent T1w/T2w 
MRI, ADC and ƒ-maps would be recom-
mended. This combination of non-inva-
sive, non-contrast agent techniques, 
also shows promise as a screening meth-
od for post-treatment follow-up.
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* WIP - Work in progress. This information about this 
product is preliminary. The product is under develop-
ment and not commercially available in the U.S., and 
its future availability cannot be ensured.




