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Abstract

Background. Diffusion weighted imaging (DWI) has gained interest as an imaging modality for assessment of tumor exten-
sion and response to cancer treatment. The purpose of this study is to assess the impact of the choice of b-values on the
calculation of the Apparent Diffusion Coefficient (ADC) for locally advanced gynecological cancer and to estimate a stable
interval of diffusion gradients that allows for best comparison of the ADC between patients and institutions. Material and
methods. Six patients underwent a high resolution single shot EPI based DWI scan with 16 different diffusion gradients
on a 3 Tesla Philips Achieva MR-scanner. Data analysis was performed by applying a monoexponential and a biexponen-
tial model to the acquired data. The biexponential function models the effect of both perfusion and diffusion. Results and
conclusion. ADC changes of up to 40% were seen with the use of different b-values. Using a lower b-value =150 s/mm?
and an upper b-value =700 s/mm? limited the variation to less that 10% from the reference ADC value. By eliminating
the contribution of perfusion the uncertainty of quantitative ADC values were significantly reduced.

Diffusion is related to the Brownian or random
motion of water molecules. Using pure water at
body temperature (37°C) as a reference standard,
the average displacement of water molecules during
a 50 ms time is approximately 30 um [1]. Because
this is comparable to or greater than the dimensions
of cells, there is a high probability that water mole-
cules will interact with cells and their hydrophobic
membranes and macromolecules will slow down the
motion of water. As such, the observed or “appar-
ent” diffusion of water within tissues is typically
several-fold less than in pure water. Diffusion as
measured by MRI can be exploited to gain informa-
tion about the underlying physiological properties
such as cellular density and cell type [2—-4]. This
information has relevance in oncology for a wide
number of reasons. It has potential to be used for
tumor staging since the cellular properties of a tumor
is distinctively different from that in normal healthy
tissue [5]. It may be used as an early non-invasive

way of monitoring tumor response to cancer treat-
ment [6-8]. Also, the quantitative nature of the
Apparent Diffusion Coefficient (ADC) parameter
allows for absolute comparison between patients
and institutions. Much work has been done in this
area, but most studies have used a set of diffusion
sensitization values (also known as b-values) that
makes it difficult to compare these reports. The main
reason for this is that a simplified model has usually
been applied to an underlying physiology that is
far more complex. The monoexponential approach
assumes that the diffusing water molecules are pres-
ent in a homogeneous surrounding, but this is often
not the case. The more general approach is known
as the Intravoxel Incoherent Motion (IVIM) [9-11].
This method suggests that the water present in tissue
is divided into two non-exchanging compartments —
intra-vascular and extra-vascular. The extra-vascular
compartment consists of water inside and between
cells that move relatively slowly. This motion is what
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constitutes “apparent diffusion”. The intra-vascular
compartment contains the water molecules inside
the blood vessels. This water travels further distances
per unit time than extra-vascular water because intra-
vascular water flows along with the blood. This sec-
ond motion has been called “pseudo-diffusion”, but
has also been referred to as perfusion [12]. It is this
perfusion contribution to the signal attenuation
curve that is often neglected in data analysis. It has
been shown that it is possible to exclude these fast
perfusion-based effects by increasing the minimum
diffusion gradient [13]. By using b-values =150 s/mm?
the ADC values will not be influenced by perfusion
and will depend monoexponentially on b-values
[1,6]. The purpose of this study was therefore to
determine the dependence of ADC values on the
choice of b-values and quantify the deviation from
the ADC when influenced by perfusion for DW MRI
in locally advanced gynecologic cancer.

Material and methods
Patients

Patients with gynecological cancer who were candi-
dates for curative radiotherapy or combined cisplatin-
based chemoradiation therapy were eligible for this
study. The tumor staging was done according to the
International Federation of Gynecology and Obstet-
rics (FIGO) guidelines [14]. Patient relevant data is
summarized in Table I.

MR imaging

The data acquisition was done using a 3T MR-scanner
(Philips Achieva 3T-X) using single shot EPI based
DWI in six patients prior to radiotherapy. Five
patients had locally advanced cervical cancer and
one had vaginal cancer. Parameters for the MR dif-
fusion sequence was: TR = 2 000 ms, TE = 81 ms,
the number of averages 6, matrix size was 256 X
256, resolution 2.7 X 2.7 X 5 mm and total scan
time 18:30 min. Each scan consisted of 16 b-values
(o, 10, 30, 50, 75, 100, 125, 150, 200, 400, 700,

Table I. Patient specific data.

Patient

no Site  FIGO TNM Cell type VOI
1 Cervix IIB  T2NxMx Squamous cell 66 cm?
2 Cervix IIIA T3NOMO Adenocarcinoma 44 cm?
3 Cervix IIIB T3NxMO Squamous cell 85 cm?
4 Cervix IIB  T3NIMO Squamous cell 66 cm?
52 Vagina T2NOMO Squamous cell 74 cm?
6 Cervix IIB T2N1IMO Squamous cell 92 cm?

3Patient 5 was a vaginal cancer and could not be staged under FIGO
guidelines.

1 000, 1 200, 1 500, 2 000, 2 500) s/mm? averaged
over three ortogonal directions.

Image analysis

The reference ADC value was calculated by
minimizing the biexponential model using the
Levenberg-Marquardt algorithm in the b-value range
[0, 1 000] s/mm?. This model takes into account
both perfusion (D*) and diffusion (D) and estimates
the perfusion fraction (f). Using the original nomen-
clature of Le Bihan.

S=8,-(fe ' +(1— e *P) 1

S is the signal intensity and S is the signal intensity
at b = 0 s/mm?. The data processing was done using
in-house scripts developed in Matlab®. The Volume
Of Interest (VOI) was chosen in the tumor region
guided by slices at b = 1 200s/mm?, as shown in
Figure 1. The reference ADC values were compared
to ADC estimates obtained by using the monoexpo-
nential model:

S=8,e "’ 2)

Figure 1. Volume of Interest (VOI). Transversal (top),
coronal (middle) and sagital (bottom) slice showing the VOI
for a patient with advanced cervical cancer. Overlaid is the dif-
fusion map calculated using a monoexponential model to the
b-values in the range 150-1 000 s/mm?2. The color scale has the
units X 10 mm?/s.
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In order to compare common b-value schemes
with the dataset that completely describes the
signal curve, ADC values were calculated for 11
combinations of b-values (Table II). The choice of
cut-off at the 150 s/mm? was based on supporting
literature [1].

Curvature

The curvature describes the rate of change of the
slope. A curvature of zero implies a stable slope
which indicates a region that can be approximated
by a monoexponential function. The natural loga-
rithm was applied to the expression of the biexpo-
nential model before computing the curvature:

2

d—z(ln(S(b)))
db

Curv(In(S(b))) = - % ©)

(1+2e(S®)Y)

S is the signal and b the variable b-value.

Results

The maximum curvature indicates the limit where the
contributions from perfusion and diffusion changes
dominance. This was for all patients found to be at
b = 43 *+ 15 s/mm? (Figure 2). Above this limit the
diffusion dominates the slope of the biexponential
function and below it is dominated by perfusion. In
order to avoid contamination from the perfusion
contribution a large margin from the cut-off b-value
was chosen and this corresponded well with a low
curvature.

Table II shows the percentage difference between
each b-value scheme and the reference ADC value.
The inclusion of b = 0 s/mm? in a monoexponential
fit resulted in overestimation of the ADC value by
10-55%. The most reliable schemes were found to
be those including b-values =150 s/mm? with at least
one b-value =700 s/mm?. This resulted in deviations
from reference values of less than or 10%. Using
400 s/mm? as upper b-value resulted in significant
overestimation (p < 0.001) (Figure 3). No signifi-
cant impact on the ADC value was found (Paired
Students t-test, p = 0.14) when an extra b-value of
400 s/mm? was included into a regime of b = 150 s/mm?
and 700 s/mm?. This indicates that it is sufficient to use
the monoexponential model with two b-values; a
minimum b-value =150 s/mm? and one b-value
=700s/mm?. The perfusion fraction (f) was estimated
from the biexponential model to be 10 = 3% for all
six patients. The perfusion coefficients (D*) calcu-
lated with the biexponential model had very large
variation between patients with mean and SD of
42 + 44 mm?/s.

Discussion

This study shows that ADC values calculated on the
basis of monoexponential fits including b = 0 s/mm?
leads to significant and systematic overestimation of
the ADC values of up to 40%. Consequently, ADC
values cannot be quantitatively compared if they
are not acquired according to the same choice of
b-values. The monoexponential region was well
described by using b-values of 150 s/mm?, 700 s/mm?
and no additional information was gained by includ-
ing a value in between (400 s/mm?). Therefore, scan
time can be minimized by not including b = 400 s/mm?.

Table II. Comparison of different combinations of diffusion gradients (b-values).

b-values [s/mm?] Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Average and SD
0 + 400 48% 20% 45% 32% 55% 37% 40 * 13%
0 + 700 27% 16% 27% 16% 32% 22% 23 £ 7%
0 + 1000 18% 10% 14% 7% 21% 15% 14 + 5%
0 + 400 + 700 25% 14% 29% 21% 38% 26% 26 = 8%
0 + 700 + 1000 18% 12% 16% 11% 25% 18% 17 = 5%
150 + 400 23% 20% 15% 10% 22% 19% 18 = 5%
150 + 700 10% 9% 8% 1% 11% 9% 8+ 3%
150 + 400 + 700 9% 10% 8% 3% 12% 11% 9+ 3%
150 + 1000 6% 4% -1% 4% 5% 5% 3+ 4%
150 + 700 + 1000 6% 5% 0% 2% 7% 7% 4+ 4%
All 150-1000 5% 5% 1% 2% 8% 6% 4+ 4%
Reference ADC 0.67 = 0.05 0.74 = 0.06 0.69 = 0.07 0.78 = 0.05 0.59 = 0.09 0.89 £ 0.06 0.72 = 0.1
[1073mm?/s]
Perfusion coefficient 11 £8 118 = 78 76 34 £ 20 14 £9 68 = 60 42 * 44

[1072mm?/s]

Deviation of ADC values from reference ADC for different combinations of b-values (monoexponential model). The reference ADC values

were calculated by using a biexponential model.
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Curvature vs b-value
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Figure 2. Curvature of the biexponential fits to the diffusion data. The maximum curvature indicates the limit where the contributions
from perfusion and diffusion changes dominance. This was consequently found to be at b = 43 + 15 s/mm?.

The determined perfusion fraction is comparable to
reports in other sites [12].

Many publications reporting ADC values use
different schemes of diffusion gradients and often
only two points are used to retrieve the ADC
[3,15,16]. At least two b-values are required to solve
the monoexponential diffusion equation. b = 0 s/mm?
is widely used due to the fact that this DWI sequence
is equal to a T2-weighted sequence. It is also the
fastest DWI scan to acquire and a high signal-
to-noise ratio which are all relevant arguments, when
deciding on the choice of b-values. b = 0 s/mm? is
fastest because one diffusion direction is sufficient
instead of three. Speed of the diffusion scans has
been the main focus for most sites outside of the
brain since this will limit the effects of patient motion
artifacts. DWI has been prone to severe motion sen-
sitivity due to the long scan times. However, recent
advances in MRI hardware and sequencing have
opened the possibility for use in the abdominal and
pelvic regions [17].

In the study by Liu et al. b = 0 s/mm? and
b = 1 000 s/mm? were used to determine the ADC
value in uterine cervical cancer. This study nicely
shows how the cellular density correlates with
ADC. But since this ADC is influenced by the per-
fusion contribution their ADC values will accord-
ing to our findings be overestimated by around
15% (Figure 3). If the goal is to grade the tumor
on the basis of acquired ADC an improved accu-
racy is expected by excluding perfusion from the
signal (Table II).

An additional confounding factor in deter-
mination of ADC values is the documented
variability between scanners as showed by Sasaki

et al. [18]. This study uses b = 0 s/mm? and
b = 1 000 s/mm? and showed systematic difference
between different scanners. This indicates that in
addition to the ADC dependence of b-value scheme
there are further challenges for using ADC as a
quantitative parameter. For example, the ADC
values may be dependent on echo time, pulse dura-
tion, and magnetic field. The diffusion gradient is
related to the signal intensity (S) and the Diffusion
Coefficient as follows:

Signal decay vs. b-value

Log(signal)

0 500
b s/mm?2

1000

Figure 3. Variation of the apparent diffusion coefficient. The blue
line is the signal decay from patient 1. The red line corresponds
to an ADC of 0.99 mm?/s obtained by monoexponential fit using
b-values 0 and 400 s/mm?. The black line corresponds to an ADC
0.79 mm?/s (b-values 0 and 1000 s/mm?). The diffusion coefficients
are overestimated by 48% and 18%, respectively.
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The same b-value can be achieved with differ-
ent combinations of echo times (A), pulse duration
(0) and gradient strength. G is the field strength
and y is the gyromagnetic ratio. By changing
the echo time the scan becomes more or less
T2-weighted and therefore the contrast and signal
intensities are also affected. The ADC dependence
on these parameters should be investigated or at
least standardized.

Whether the biexponential model is the most
appropriate way of describing the signal decay can
also be questioned. There is still no clinical or
biological evidence that the biexponential model
is actually corresponding to an underlying physiol-
ogy of an intravascular (perfusion) and an extravas-
cular (diffusion) compartment. A cumulative Taylor
expansion of the monoexponential model may just
as well be an adequate description of the underly-
ing physiology [19]. In fact, if the zeroth, first and
second term is used, this model has only three
degrees of freedom instead of four, like the biexpo-
nential model.

Adaptive MRI guided radiotherapy is a promising
technique to increase tumor local control and reduce
normal tissue exposure in locally advanced cervix
cancer [20—23]. Further progress in image guide RT
in cervix cancer may be possible by including func-
tional imaging as has also been proposed and
acknowledged for many types of cancer, including
prostate cancer [24]. The concept of sculpting the
dose to the underlying physiological properties of the
tumor is often referred to as “dose-painting” [25]
and the potential role of diffusion weighted imaging
in this regard will depend on how robust the diffu-
sion can be estimated.

In conclusion, ADC values vary significantly
depending on which b-values are used. By choosing
b = 150 s/mm? as the lower b-value the perfusion
effects on ADC value are reduced. The upper choice
should be b = 700 s/mm?, this reduces the overesti-
mation to less than 10%. No extra information is
acquired if an intermediate point, like b = 400 s/mm?
is used.

Overall, many variables affect the ADC value;
field strength, b-value, vendor, temperature and more.
This study shows that by eliminating the contribution
of perfusion the uncertainty of quantitative ADC
values is significantly reduced.
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