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Background: Microstructure analyses are gaining interest in cancer MRI as an alternative to the conventional apparent dif-
fusion coefficient (ADC), of which the determinants remain unclear.
Purpose: To assess the sensitivity of parameters calculated from a double diffusion encoding (DDE) sequence to changes
in a tumor’s microstructure early after radiotherapy and to compare them with ADC and histology.
Study Type: Cohort study on experimental tumors.
Animal Model: Sixteen WAG/Rij rats grafted with one rhabdomyosarcoma fragment in each thigh. Thirty-one were imaged
at days 1 and 4, of which 17 tumors received a 20 Gy radiation dose after the first imagery.
Field Strength/Sequence: 3T. Diffusion-weighted imaging, DDE with flow compensated, and noncompensated measurements.
Assessments: 1) To compare, after irradiation, DDE-derived parameters (intracellular fraction, cell size, and cell density) to
their histological counterparts (fraction of stained area, minimal Feret diameter, and nuclei count, respectively). 2) To com-
pare percentage changes in DDE-derived parameters and ADC. 3) To evaluate the evolution of DDE-derived parameters
describing perfusion.
Statistical Tests: Wilcoxon rank sum test.
Results: 1) Intracellular fraction, cell size, and cell density were respectively lower (−24%, P < 0.001), higher (+7.5%,
P < 0.001) and lower (−38%, P < 0.001) in treated tumors as compared to controls. Fraction of stained area, minimal Feret
diameter, and nuclei count were respectively lower (−20%, P < 0.001), higher (+28%, P < 0.001), and lower (−34%,
P < 0.001) in treated tumors. 2) The magnitude of ADC’s percentage change due to irradiation (16.4%) was superior to the
one of cell size (8.4%, P < 0.01) but inferior to those of intracellular fraction (35.5%, P < 0.001) and cell density (42%,
P < 0.001). 3) After treatment, the magnitude of the vascular fraction’s decrease was higher than the increase of flow
velocity (33.3%, vs. 13.3%, P < 0.001).
Data Conclusion: The DDE sequence allows quantitatively monitoring the effects of radiotherapy on a tumor’s microstruc-
ture, whereas ADC only reveals global changes.
Evidence Level: 2.
Technical Efficacy: Stage 4.
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DIFFUSION MAGNETIC RESONANCE IMAGING
(dMRI) is sensitive to the random Brownian motion of

water molecules within the tissue microenvironment, thereby
reflecting its structure at a voxel scale.1 The simplest metric

giving insight into the tissue’s microstructure is the apparent
diffusion coefficient (ADC), which features the global free-
water diffusivity in a voxel.1 Since the early 1990s, ADC has
been investigated in a wide range of pathologic conditions
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and is currently routinely used in cancer imaging for both
diagnosis and posttreatment follow-up.2 In tumors, the ADC
is usually lower than in healthy tissues, mainly due to their
higher cell density, which impedes water mobility. However,
correlations between the ADC and the actual cell density
have been investigated and appear to be dependent on the
tumor type.3,4 To elucidate the link between diffusion mea-
surements and histological features of tumors, microstructure
dMRI has recently emerged as a microstructural technique.5,6

The standard diffusion sequence, also referred to as single
diffusion encoding (SDE), uses two diffusion encoding gradients
separated by a diffusion time Δ. The strength of diffusion
weighting is usually expressed with the b-value, but can also be
described in terms of the q-value defined by q=: γGδ* in
mm−1, where G is the gradient strength in mT/m, δ* is the
gradient’s effective duration in msec, and γ is the proton’s gyro-
magnetic ratio (42.576 MHz/T). The two are related by:
b = (2πq)2(Δ − δ*/3). In double diffusion encoding (DDE),
two identical gradient pairs separated by a mixing time (tm) are
used for diffusion encoding.7 DDE offers two additional degrees
of freedom, as tm and the relative angle ψ between the direc-
tions of the two gradient pairs can be varied. When tm tends to
0, displacements during the two encoding periods become corre-
lated and varying ψ was shown to reveal high sensitivity to pore
shape.8 Although DDE should offer significant microstructural
information, its clinical applicability remains difficult, mainly
because of its inherently long echo time (TE) resulting in poor
signal-to-noise ratios (SNRs) or longer scan times, related to the
limited gradient strengths available on many clinical systems.9

Over the last decade, estimating mean cell sizes has been a recur-
rent topic in dMRI, mainly in microstructure imaging.10–13 Cell
shrinkage or swelling occurs in many pathological/therapeutical
processes involving different cell death pathways,14 of which
pore sizing could therefore act as a biomarker. Pore sizing with
DDE has been investigated in a wide variety of tissues,15–18 but
remains challenging on clinical systems.19

Besides temperature-induced Brownian motion, flow
within the microcirculation may also be a source of incoher-
ent motion and therefore may have an impact on dMRI mea-
surements.20 Diffusion sequences can be sensitive to blood
flowing in microvessels, which can even be used for quantita-
tive assessment of microcirculation.21 For instance, a DDE
sequence using only 0 and 180� relative angles and small b-
values has been proposed to characterize the micro-
vascularization of the brain.22 The reason for using 0 and
180� relative angles is that the former is compensated for bal-
listic flow to which, in turn, the latter has a maximal sensitiv-
ity. The notion of ballistic flow refers to the hypothesis that
flowing spins have rectilinear trajectories during Δ, which
becomes more realistic as Δ is reduced.

A recent study described a DDE sequence with multiple
q-values using only 0 and 180� relative angles implemented
on a clinical scanner with a clinically-compliant scan time

and gradient strength.23 The sequence was applied on an ani-
mal grafted with two rhabdomyosarcomas. These results
suggested that the DDE sequence is sensitive to both
restricted diffusion and ballistic flow. It was also able to iden-
tify cell size variations between viable and necrotic tissues and
could discriminate between normally perfused and ischemic
tumor subareas. Irradiation has been shown to impact not
only the cell density, but the whole tumor microenviron-
ment.24 Therefore, estimating biomarkers that are closely
related to a tumors’ microenvironment using an MR
sequence sensitive to both restricted diffusion and ballistic
flow could be particularly relevant in radiotherapy.

In this work our main goal was to investigate if
radiation-induced microstructural changes in tumors could be
detected by the DDE sequence and if microstructure model-
ing of the data could yield parameters that were consistent
with histological resections. Furthermore, we aimed to assess
the value of the DDE-related microstructural parameters
compared to the standard ADC in monitoring the effect of
radiations. As the DDE sequence is also sensitive to ballistic
flow, the last purpose of the study was to evaluate how radio-
therapy impacts the parameters describing the perfusion in
the microstructure model.

Materials and Methods
Theory: Signal Modeling
The key concept of microstructure imaging is to model the dMRI
signal S as the sum of several signals arising from several compart-
ments within a tissue voxel. For instance, in the VERDICT
(Vascular, Extracellular and Restricted Diffusion for Cytometry in
Tumors) model, the intracellular compartment is modeled by spins
diffusing in impermeable spheres and the extracellular matrix is
modeled by spins diffusing freely in a tortuous medium,6 the former
and latter featuring restricted and hindered diffusion, respectively.
The third compartment takes the vascularization into account. In
the VERDICT implementation for the prostate, it is formed by iso-
tropically distributed sticks (zero radius cylinders) in which a high
ADC value reflects the global contribution of diffusion and blood
flow.25

Nonlinear fitting methods may be employed to estimate
microstructural parameters but it involves tedious calculations. To
overcome this, the Accelerated Microstructure Imaging via Convex
Optimization (AMICO) framework has been proposed to linearize
the problem by modeling the signal as:

S g tð Þð Þ =
XNc

i = 1
Ei g tð Þð Þ

Ei g tð Þð Þ =
XNi

k = 1

Si,kE g tð Þ,Pi,kð Þ ð1Þ

where Nc is the number of compartments and each compartment is
subdivided into Ni terms corresponding to Ni values of a descriptor
parameter, Pi,k, specific to each compartment (eg, the mean cell
size). In Eq. ((1), g(t) is the diffusion encoding gradient waveform of
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a particular measurement, E is the signal attenuation, and, Si,k is the
signal amplitude. The Ei’s can therefore be calculated for predefined
values of Pi,k before the fitting procedure.26 With a linear least-
squares procedure, signal amplitudes can all be estimated, allowing
quantifying total contributions (fractions) of each compartment and
estimating mean values of Pi,k therein. In this study, signals were
modeled as previously,23 where more details can be found about the
parameter estimation. Briefly, it consists of an AMICO-VERDICT
framework26 adapted for ballistic flow, and made of three
compartments:

• An intracellular compartment made of impermeable spheres for
which the descriptor parameter P is the radius Rk. Five (N1 = 5)
equidistant radii were used in the interval [5; 20] μm.

• An extracellular compartment of free diffusion with reduced ADC
values representing the tortuosity. The descriptor parameter P is
the ADC, Dk, for which four (N2 = 4) equidistant values in [1;
2] μm2/ms were used.

• A vascular compartment displaying plug flow. The descriptor
parameter is the plug flow velocity vk and was evaluated with four
(N3 = 4) values equidistant in [2; 5]x10−4 m/s. This velocity
range was such that distances traveled by blood spins during both
diffusion encoding periods (Δ = 32 msec) range in [12; 32] μm
in the plug flow model. Those distances approximately go up to
several cell sizes, which we assume to be a reasonable maximum
to observe rectilinear motion trough vessels.

Animal Experiments
All animal experimentations were done according to our Institutional
Ethical Board for animal handling and manipulations (project num-
ber: 2017/UCL/MD/018). Sixteen male WAG/Rij rats (Charles
River, Saint Germain Nuelles, France) aged from 10–11 weeks were
grafted with rhabdomyosarcoma fragments of about 1 mm3 in each
thigh, leading to a total of 31 tumors, one tumor having not grown
at its grafting site. The model was developed and kindly given to us
by the Laboratory of Experimental Radiobiology of the Katholiek
Universiteit Leuven27 (Belgium). During the surgical procedure, ani-
mals were anesthetized with a mixture of ketamine (80 mg/Kg) and
xylazine (10 mg/Kg). During the whole period of growth, tumors’
volumes V were calculated daily using the following formula28:

V = LL:
L2s
2

ð2Þ

where LL and LS are respectively the longest and the shortest axes
measured with a caliper. After 10–12 days, tumors reached a volume
of 2–4 cm3 at the first MRI session, which defined day 1 of the
experiment. A second MRI session was performed 72 hours later, at
day 4. Immediately after the first MRI session, nine rats (17 tumors)
received a single 20 Gy dose using an IBL-637 137Cs irradiator
(ORIS, Gif-sur-Yvette, France), while the seven (14 tumors)
remaining were not irradiated. Ionizing rays were focused on tumors
using a 4-cm-thick lead block covering the entire animal pierced by
two holes of 4 cm in diameter. During irradiation and imaging
sessions, rats were anesthetized with 1.5% isoflurane flowing at
2 L/min in pure O2. Induction of anesthesia was performed in an
induction chamber with 4% isoflurane at 4 L/min in pure O2.

Eleven of the 16 rats (11 treated, 10 control tumors) were euthana-
tized after the second imaging session with twice the dose of the
ketamine/xylazine mixture. The five remaining rats (six treated and
four control tumors) were kept alive 3 more days after the second
imaging session to evaluate the response to the radiation therapy and
were thereafter euthanatized by the same technique as previously
described. For each tumor, the growing time was set as the time con-
stant of the volume’s exponential growth and was estimated from
the two volumes measured at the two imaging sessions.

Histology
Tumors were excised immediately after euthanasia. After extraction,
each tumor was immerged into a 4% formaldehyde buffered solution
during at least 4 days. A 3-mm-thick transverse slice was then cut in
the central part of the tumors. Slices were automatically embedded
in paraffin with a Tissue-Tek VIP (Sakura Finetek Europe, Alphen
aan den Rijn, The Netherlands) and sliced into 4-μm-thick slices
with a Leica rotary microtome (Leica Biosystems, Wetzlar, Ger-
many). Slides were stained with hematoxylin and eosin (H&E) and
finally scanned with a 40× objective in an automatic whole-slide
scanner, Leica SCN400.

Five fields of 600 × 330 μm2 were selected in the upper (near
the skin), lower (near the muscle), left, right, and central areas of
each tumor. The fields were all taken in viable tissue areas, avoiding
those where almost no living cells could be found, such as large
regions of ischemic or hemorrhagic necrosis, for instance. All ana-
lyses of microscopy slides were done with ImageJ (v. 1.50i, NIH,
Bethesda, MD).29

Three metrics were evaluated in each field: the fraction of sta-
ined area, the minimal Feret diameter, and the nuclei count.

The fraction of stained area is the total number of pixels dis-
playing intensity superior to a fixed threshold due to eosin or hema-
toxylin staining divided by the total number of pixels in the field.
Images were first converted to grayscale. The fraction of stained area
was therefore an estimate of the fraction of the intracellular
environment.

Twenty-five cells exhibiting clearly delineable contours were
manually segmented in each field. For each of those cells the mini-
mal Feret diameter was calculated with the “Measure” tool of
ImageJ. The minimal Feret diameter is the smallest Feret diameter
over all orientations in the plane. This method was preferred to
avoid biased size measurements since the samples often included
fusiform cells. The minimal Feret diameter is less sensitive to the ori-
entation of nonspherical structures with respect to the cutting
plane.30

In the center of each of the five fields, a 263 × 143 μm2 sub-
field was taken to count the nuclei. This was simply done by mark-
ing all nuclei of the subfield with the “Cell count” tool of ImageJ.

For each tumor, the fraction of stained area, the minimal Feret
diameter, and the nuclei count were calculated as the mean over the
five fields.

MRI
The DDE sequence used in this study is schematized in Fig. 1. It
was implemented on a clinical MR system with a single-shot echo-
planar imaging (EPI) readout. More information on the sequence
can be found elsewhere.23 For each animal, similar DDE and
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standard diffusion-weighted imaging (DWI) protocols were per-
formed in the same three orthogonal directions in order to cope with
probable anisotropy in tumors. Rats were placed in the 4-channel
wrist coil on an Achieva 3T scanner (Philips Healthcare, Best, The
Netherlands) equipped with 80 mT/m gradients. Five 4-mm-thick
transverse slices were taken and aligned with the two tumors’ cen-
ters. The in-plane resolution was 2 × 2 mm2 with a field of view
(FOV) of 130 × 130 mm2. EPI and SENSE factors were 33 and
2, respectively.

For the DDE protocol, the following q-values were used:
0, 6.7, 13.3, 20, 26.7, 33.3, and 40 mm−1, corresponding to the
following b-values: 0, 100, 390, 890, 1580, 2460, and 3550 s/mm2,
respectively. Sequence timings were δ/Δ = 13/32 msec, echo time /
relaxation time (TE/TR) = 108/2000 msec, and tm = δ = 13 msec.
Gradient intensities and slopes were varied, with constant δ, to
achieve different q-values and were constrained to maximal values of
80 mT/m and 60 T/m/s, respectively. The applied gradient strength
was limited to 53 mT/m along each gradient axis to achieve the
maximal amplitude of 80 mT/m. Details about the applied gradient
directions can be found elsewhere.23 This emphasizes the potential
feasibility of the sequence on a system having (weaker) 53 mT/m
gradients. Each nonzero q-value was repeated for ψ = 0 and
ψ = 180�, resulting in 13 measurements. Furthermore, each mea-
surement was arithmetically averaged four times (NSA = 4) and four
more times with all diffusion gradients having opposed polarities
(four measurements with each polarity). The two sets were then geo-
metrically averaged to minimize gradient cross-term artifacts.31 In
total, the DDE acquisition time was 11 minutes 38 seconds, with
13 measurements being done for each of the three orthogonal
directions.

For the DWI protocol, 0 and 1000 s/mm2 b-values were used
in the same three orthogonal directions as for DDE. Sequence tim-
ings were δ/Δ = 8/27 msec and TE/TR = 55/2000 msec with four
signal averages for a total acquisition time of 42 seconds. No phase
cycling was used while averaging DDE or DWI data.

Note that the differences in TE and averaging schemes lead to
different SNRs between DWI and DDE sequences at b = 0. For a
particular sample, a given RF coil, and given that the DDE and
DWI sequences have the same EPI readout (same voxel size,

bandwidth, etc,), the ratio of SNRs SNRDDE/SNRDWI may be cal-
culated as the signals ratio SDDE/SDWI. A theoretical estimate of this
ratio may easily be calculated as R = SDDE/SDWI = exp(−TEDDE/

T2)√2/exp(-TEDWI/T2), where T2 is the T2 relaxation time of the

sample and the factor √2 comes for the doubled number of averages
of the DDE sequence. For T2 ranging between 50 and 100 msec, R
would be comprised between 0.5 and 0.83. Experimentally, the sig-
nals ratio R ranged between 0.5 and 1in our tumors.

Postprocessing and Data Analysis
All images were denoised with MatLab (R2017a, MathWorks,
Natick, MA) software using the algorithm described previously 32
After noise correction, tumor images were registered to their
corresponding q = 0 images with a rigid transformation to correct
for possible motion or image translation from gradient’s dynamic
instability. From the 13 DDE’s measurements, 13 different Sk,i were
obtained from Eq. (1) using the “lsqcurvefit” MatLab function, for
each of the three orthogonal directions. The following parameters
were therefore estimated in each direction and then averaged over
the three directions (see [Ref. 23]): the intracellular signal fraction
(fic), the extracellular signal fraction (fec), the vascular signal fraction
(fva), the cell radius (R), the extracellular diffusivity (D), and the
plug flow velocity (v). From these parameters, the cell density was
calculated as11:

CD =
f ic

4
3πR

3 ð3Þ

Finally, the ADC was calculated for each tumor from the
DWI measurements as:

ADC = −
ln Sb1000=Sb0ð Þ

b0
ð4Þ

where Sb1000 and Sb0 are signals for 0 and 1000 s/mm2 b-values.
Regions of interest (ROIs) enclosing the whole tumor volume

were manually delineated on each nondiffusion-weighted (q = 0)
DDE image by “G.D.” (unexperienced) with consensus of “J.A.Q.,”
who has more than 30 years of experience in animal experimenta-
tion. On these T2-weighted images, tumor tissues appeared as
hyperintense masses located on both rat’s thighs. For each tumor,
five ROIs corresponding to the five slices were drawn. DDE parame-
ters were therefore calculated for the whole tumor volume. Dura-
tions of denoising, registration and AMICO-fitting procedures were
respectively 10 seconds, 15 seconds, and 2 seconds on average for
one rat (two tumors) with a 3.4 Ghz quad-core processor and
16 GB of RAM.

Tumors were then classified into four groups: 1) controls at
day 1; 2) controls at day 4; 3) treated at day 1; and 4) treated at
day 4. Sensitivities of MR-derived parameters to radiation-induced
changes were evaluated through their percentage change between
day 1 and day 4.

Results of histology-derived parameters (fraction of stained
area, minimal Feret diameter, nuclei count) and their DDE-derived
counterparts (fic, R, CD) were compared between controls and
treated tumors at day 4.

FIGURE 1: Schematic representation of the DDE sequence.
Diffusion encoding gradients are represented for 0� and 180�

relative angle values that are compensated and not
compensated for ballistic flow, respectively. The diffusion time,
the mixing time, the gradient duration, and the gradient
intensity are represented by Δ, tm, δ, and G, respectively.
Imaging was performed with a single-shot EPI block following a
double spin echo pulse sequence and centered on the second
spin echo of the 90� excitation pulse.
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Finally, scatterplots of DDE and histology parameters were
drawn to further visualize if measurements of both techniques were
consistent. As fields taken on microscopy slides were located only in
viable tissue areas, voxels of nonviable tumor areas were excluded
when evaluating correlations between MRI and histology parameters.
Based on a previous study,23 a maximal ADC of 1.35 s/μm2 was
heuristically defined as a reasonable criterion to consider a voxel via-
ble. On average, this process led to the exclusion of 7 � 6% of
voxels per tumor.

Statistics
Data are represented as bar plots indicating medians of populations,
while error bars indicate distances from the median to the first and
third quartiles q1 and q3. In the text, data (d) are represented as [d,
QD], where QD is the quartile dispersion defined as: QD = (q3-
q1)/2. Significances of differences between medians of two
populations were calculated with a Wilcoxon rank sum test in
MatLab. In graphs, the significance of results is presented with sym-
bols ***, **, or * to indicate P-values inferior to 0.001, 0.01, 0.05,
respectively, while the P-value was specified for nonsignificant
results. In scatterplots, the Spearman correlation coefficient r was
shown together with the P-value of the correlation.

Results
The results showing the efficacy of the radiation therapy are
presented in Fig. 2. The growing time evaluated in the whole
cohort (31 tumors) between the two imaging sessions was sig-
nificantly longer for irradiated tumors ([2.7 days, 0.3 days
QD] vs. [3.8 days, 0.7 days QD], P < 0.01) (see Fig. 2a).
From this cohort, five animals (10 tumors) were sacrificed
only at day 7 instead of day 4. Their corresponding tumor
volumes are represented at the two sessions and at day 7 in
Fig. 2b.

Illustrative parametric maps of a control and of an irra-
diated rat are displayed in Fig. 3.

Parameters estimated in the cohort from DDE and
DWI acquisitions are shown in Fig. 4. At day 4 and com-
pared to control tumors, fic was significantly smaller in treated
tumors ([0.21, 0.03 QD] vs. [0.17, 0.02 QD], ie, –24%,
P < 0.001), R was significantly larger in treated tumors
([10.7 μm, 0.2 μm QD] vs. [11.5 μm, 0.2 μm QD], ie,
+7.5%, P < 0.001) and CD was significantly smaller in
treated tumors ([5.2 10−5/m3, 0.6 10−5/m3 QD] vs. [3.2
10−5/m3, 0.5 10−5/m3 QD], ie, –38%, P < 0.001) (see
Fig. 4a).

From Fig. 4b, the magnitude of ADC’s percent change
in treated tumors ([16.4%, 2.9% QD]) was significantly
superior to those of R ([8.41%, 4.5% QD], P < 0.01) and D
([9.6%, 4.2% QD], P < 0.001). It was inferior to those of fic
([35.5%, 6.9% QD], P < 0.001), fva ([33.3%, 8.9% QD],
P < 0.001), and CD ([42.1%, 7.6% QD], P < 0.001) and
was not significantly different from those of fec ([15.1%,
4.2% QD], p = 0.76) and v ([13.3%, 6.4% QD], p = 0.27).
Finally, the relative decrease of fva in treated tumors was more
important than the relative increase in v ([33.3%, 8.9% QD]
vs. [13.3%, 6.4% QD], P < 0.001).

Histology-derived parameters were quantified from the
H&E-stained micrographs and are presented in Fig. 5. Com-
pared to controls, the fraction of stained area was significantly
smaller in treated tumors ([48.1%, 1.0% QD] vs. [38.5%,
2.3% QD], ie, –20%, P < 0.001), Minimal Feret diameter
was significantly larger in treated tumors ([9.9 μm, 0.3 μm
QD] vs. [12.7 μm, 0.4 μm QD], ie, +28%, P < 0.001) and
the nuclei count was significantly smaller in treated tumors
([121, 1.8 QD] vs. [79.9, 1.5 QD], ie, –34%, P < 0.001).
These outcomes were in line with those of fic, R, and CD
presented earlier (in Fig. 4).

Scatterplots between DDE, DWI, and histological esti-
mates of parameters describing the intracellular compartment

FIGURE 2: Efficacy of the radiotherapy protocol evaluated by tumor growth measurements. In (a), exponential time constants
estimated between the two imaging sessions are represented for the whole cohort (n = 31 tumors). In (b), tumoral volumes are
presented in a limited cohort (n = 10 tumors) that was sacrificed 3 days after the second session.
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are shown in Fig. 6. High correlation was observed between
the intracellular fraction and the fraction of stained area
(r = 0.70, P < 0.01). The mean radius vs. the minimal Feret
diameter (r = 0.79, P < 0.01), the cell density vs. the nuclei
count (r = 0.71, P < 0.01), and the ADC vs. the nuclei count
(r = −0.79, P < 0.01) displayed high correlation coefficients
as well. However, in these latter scatterplots, data seemed
more clustered in two groups corresponding to control and
treated tumors, reflecting rather the agreement between the
two methods for differentiating the two groups than the
actual relationship between MR and histology-derived param-
eters. Magnitudes of correlation coefficients were comparable
between the four comparisons.

Discussion
Irradiation had an impact on the microstructure, which was
reflected by a significant increase in growing times observed
within 3 days after radiotherapy. Microstructural changes
occurring in treated tumors were clearly reflected in the evo-
lution of DDE-derived parameters. These outcomes indi-
cated, among others, decreased intracellular fractions and cell
densities but increased cell sizes, which was confirmed by his-
tology. When evaluating the sensitivity of DDE’s microstruc-
tural parameters through their percentage change following
treatment, no particular advantage was found over the

standard ADC. Depending on their nature, some microstruc-
ture parameters showed higher, lower, or comparable magni-
tude of percentage change. Analyses of scatterplots showed
comparable agreement with histological data for ADC and
DDE parameters. Finally, parameters describing the perfusion
showed an evolution that would be, in our microstructure
model, interpreted as a decreased blood flow but with an
increased mean velocity.

Cell swelling is a common feature in radiation-induced
cell necrosis and mitotic catastrophe, which are some of the
possible cell death pathways for tumor cells undergoing radio-
therapy.14 Note that both an increase in mean cell size and a
decrease in intracellular fraction tend synergistically to lower
the cell density calculated by DDE, which can explain the
strong percentage changes observed in irradiated tumors. On
the other hand, the ADC has been shown to decrease with
cell swelling but increase with decreasing intracellular frac-
tion.33 This could explain why variations in cell densities
between treated and nontreated tumors were more than twice
higher than those of the ADC. Clearly, the ability of a bio-
marker to reveal a histological process depends on the degree
to which the biomarker is exclusively influenced by this pro-
cess. The ADC has long been recognized as a powerful bio-
marker of treatment response in tumors,34 with an inverse
relationship between the ADC and the cellularity as a com-
mon a priori postulate. In case of efficient treatment, cyto-

FIGURE 3: Illustration of parametric maps calculated from DDE and DWI data in a control and a treated rat. Fractions are unitless, R
is expressed in μm, D and ADC in μm2/ms, V in ×100 μm/s, and CD in ×10−5/μm3.
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reduction is reflected by increased free water mobility and
subsequently an increase in the ADC value. Although highly
influenced by cellularity, several confounding factors have
been shown to decrease the ADC even in the case of efficient
therapy, such as cell swelling, blood flow reduction, and
fibrosis.35 In this frame, the added value of estimating several
microstructural parameters with a simple biophysical interpre-
tation (instead of a single global metric) is rather to discrimi-
nate between different processes than to gaining more
sensibility of detection.

Signal attenuation arising from the vascular compart-
ment comes from the incoherent motion of blood flowing
through microvessels and is therefore tightly linked to the
perfusion of the tissues. Quantification of perfusion

parameters in tumors can be achieved in vivo with contrast
agent bolus tracking modalities such as dynamic contrast-
enhanced (DCE)-MRI.36 The team that provided us with the
rhabdomyosarcoma model had already investigated its
changes in perfusion parameters after irradiation with DCE-
MRI.37 They showed that the peak and initial slope of the
concentration curve were both reduced from 2 days to at least
10 days after receiving a single dose of 8 Gy or a fractionated
dose of 15 Gy.37 In our protocol, a single radiation dose of
20 Gy was delivered and microstructural changes were
recorded after 72 hours. Changes in perfusion parameters
reported previously37 are therefore very likely to occur in our
tumors, which are the same. These results are in line with
those of a study investigating the evolution of the time course

FIGURE 4: Parameters estimated from DDE and DWI sequences. In (a), parameters’ values are shown for control and irradiated
tumors at day 1 (left bars) and day 4 (right bars). In (b), percentage changes of individual tumors between day 1 and 4 are presented
for control and treated tumors.

September 2020 947

: Duchêne et al.: DDE in Tumors After Irradiation



FIGURE 5: Fraction of stained area, minimal Feret diameter, and nuclei count per surface unit estimated from H&E-stained
micrographs. On the left panel, bar graphs show differences between control and irradiated tumors. The right panel illustrates
binary images after thresholding, manual cell segmentations, and nuclei counting in a control tumor (top) and in an irradiated
(bottom) one. Blue horizontal bars represent 10 microns.

948 Volume 52, No. 3

Journal of Magnetic Resonance Imaging



of tumor perfusion following a single 10 Gy radiation dose.38

Therein, the authors pointed out that a transient elevation of
perfusion due to a drop in interstitial pressure can be
observed in the very early phase after radiotherapy, but was
rapidly followed by a decrease due to damage to capillaries,
thrombosis, and edema.38 In DCE-MRI, the initial slope and
peak of the concentration curve are mainly influenced by the
perfusion and may be related to the blood flow and func-
tional capillary volume.39 Those two parameters were reduced
previously.37 We think that the reduction of the vascular frac-
tion observed in our treated cohort is related to a decrease in
functional capillary volume. Blood flow is proportional to the
product of the vascular fraction and the mean flow velocity.
The former was proportionally more reduced than the latter
was increased. Therefore, we interpret this as a global decrease
in the blood flow, consistent with the outcomes observed in
Ref. 37.

Limitations
Our study has some limitations. First, it assessed the ability
of the DDE sequence to detect cell size variations rather than
its accuracy in calculating the actual mean cell radius. Indeed,
the mean cell diameter was compared to the minimal Feret
diameter on histological specimens, which is by design always
smaller than the mean diameter. However, it was a more
robust method to detect changes in cell size in 2D micro-
graphs, as many fusiform cells were present in our tumor
model. Second, the estimate of the cell size may depend on
the actual cell structure including different components like
organelles, nuclei, etc. In particular, membrane permeability
may bias size estimates depending on the diffusion time.
Third, the plug flow we used to model the tissue perfusion is
clearly an oversimplification of the true blood flow. Subse-
quently, the precise meaning of the mean plug flow velocity
estimated by our DDE sequence remains uncertain and
would require further investigation. Plug flow was the sim-
plest model to take this ballistic flow into account and, at
least, to evaluate its influence on the total signal. Note that in
a previous study on the topic, excellent correspondence was

found between large ischemic necrotic areas of the tumors
and the vascular fraction map.23 Moreover, that study dem-
onstrated the presence of ballistic flow in this model and pro-
tocol.23 Fourth, the hypothesis of a purely ballistic flow in
capillaries becomes true only when the diffusion time tends
to zero. Conversely, Δ must be sufficiently long to keep sensi-
tivity to the intracellular restricted diffusion. A contribution
of pseudodiffusion within the vascular compartment is there-
fore unavoidable. A more refined model should take the bal-
listic and pseudodiffusion regimes into account for the
vascular compartment. Fifth, the DDE sequence implementa-
tion could be further improved with phase cycling to correct
for pulse imperfections and internal gradient fields. Note that
DDE can also be implemented with only one 180� pulse
between the two gradient pairs, but at the price of an
increased mixing time, which would decrease the sensitivity
to pore restrictions.8,23 Sixth, the performance of DDE-
derived parameters were compared to those of the ADC,
which remains the most popular metric used in clinical
dMRI. Our goal was to give insight into the potential
improvements that microstructure imaging with DDE could
bring into oncology imaging. However, DDE is not the only
advanced diffusion framework and a formal comparison of its
performance with, for instance, multiple-b SDE could be
done with acquisitions that have at least the same number of
measurements. Of course, as a general rule, the more parame-
ters estimated, the more data are needed. Furthermore, DDE
sequences generally have lower SNRs than a standard DWI
acquisition (second spin echo, thus longer TE, etc.), have a
much longer scan time (more than 15 times longer in this
study) and numerical procedures to fit microstructure param-
eters may be highly sensitive to noise (see previous
simulations,23 for instance). Conversely, the ADC is straight-
forward to estimate from DWI data, which makes it a robust,
precise, and easy metric to estimate in a routine protocol.
Last, additional studies featuring more tumors could
strengthen the conclusion that DDE microstructure parame-
ters feature histopathological evolutions that would be indis-
cernible with the standard ADC. An increased statistical

FIGURE 6: Correlations between MRI and histological estimates. Scatterplots of stained area vs. fic, minimal Feret diameter vs. the
mean cell radius, nuclei count vs. CD, and nuclei count vs. ADC are represented in (a–d), respectively. Spearman correlation
coefficients r and the significance are indicated in each plot.
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power could allow detecting subtle changes in control groups,
like necrosis progression, for instance. Furthermore, designing
a study with more subgroups receiving different dose levels
and monitored at several timepoints would be beneficial.

Conclusion
We used a multiple-q DDE sequence with flow compensated
and noncompensated measurements for probing the tumor’s
microstructure on a clinical scanner. Its sensitivity to changes
in cell size was demonstrated on irradiated tumors and the
related cell swelling was histologically validated. Furthermore,
intracellular fraction and cell density were also in line with
histological analyses. Without showing obviously increased
sensitivity to treatment-induced microstructural changes as
compared to the conventional ADC, DDE parameters
allowed us to distinguish between different mechanisms con-
tributing to changes in ADC values. And last, the vascular
fraction could be proposed as a biomarker of the actual tumor
perfusion. However, further studies focusing on tumor perfu-
sion are mandatory to elucidate what flow characteristics may
be retrieved with this kind of diffusion sequence.
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