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Conclusion:

©RSNA, 2016

To determine the diagnostic performance of intravoxel incoherent mo-
tion (IVIM) parameters and apparent diffusion coefficient (ADC) to as-
sess response to combined chemotherapy and radiation therapy (CRT)
in patients with rectal cancer by using histogram analysis derived from
whole-tumor volumes and single-section regions of interest (ROIs).

The institutional review board approved this retrospective study of
31 patients with rectal cancer who underwent magnetic resonance
(MR) imaging before and after CRT, including diffusion-weighted
imaging with 34 b values prior to surgery. Patient consent was not
required. ADC, perfusion-related diffusion fraction (f), slow diffu-
sion coefficient (D), and fast diffusion coefficient (D*) were calcu-
lated on MR images acquired before and after CRT by using biexpo-
nential fitting. ADC and IVIM histogram metrics and median values
were obtained by using whole-tumor volume and single-section ROI
analyses. All ADC and IVIM parameters obtained before and af-
ter CRT were compared with histopathologic findings by using t
tests with Holm-Sidak correction. Receiver operating characteristic
curves were generated to evaluate the diagnostic performance of
IVIM parameters derived from whole-tumor volume and single-sec-
tion ROIs for prediction of histopathologic response.

Extreme values aside, results of histogram analysis of ADC and IVIM
were equivalent to median values for tumor response assessment
(P > .06). Prior to CRT, none of the median ADC and IVIM diffu-
sion metrics correlated with subsequent tumor response (P > .36).
Median D and ADC values derived from either whole-volume or
single-section analysis increased significantly after CRT (P = .01)
and were significantly higher in good versus poor responders (P =
.02). Median IVIM fand D* values did not significantly change after
CRT and were not associated with tumor response to CRT (P >
.36). Interobserver agreement was excellent for whole-tumor vol-
ume analysis (range, 0.91-0.95) but was only moderate for single-
section ROI analysis (range, 0.50-0.63).

Median D and ADC values obtained after CRT were useful for dis-
crimination between good and poor responders. Histogram metrics
did not add to the median values for assessment of tumor response.
Volumetric analysis demonstrated better interobserver reproducibility
when compared with single-section ROI analysis.

©RSNA, 2016

Online supplemental material is available for this article.
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hanges in the treatment of pa-

tients with locally advanced rectal

cancer highlight the need for ac-
curate assessment of tumor response
to combined chemotherapy and radia-
tion therapy (CRT). In the past, CRT
was followed by surgical resection in
nearly all patients, irrespective of re-
sponse to CRT (1-4). However, new
data suggest that surgery may not be
necessary in patients with complete
response (5-8). Several imaging mo-
dalities allow noninvasive evaluation
of morphologic and functional chang-
es in tumors after CRT. Fluorine 18
fluorodeoxyglucose positron emission
tomography (9,10) and conventional

Advances in Knowledge

B Extreme values aside, histogram
analysis findings of apparent dif-
fusion coefficient (ADC) and
intravoxel incoherent motion
(IVIM) metrics were equivalent
to median values for the assess-
ment of tumor response to com-
bined chemotherapy and radia-
tion therapy (CRT) (P > .06).

B There was no association
between median ADC or IVIM
values prior to CRT and the sub-
sequent tumor response to CRT
(P> .306).

B Median slow diffusion coefficient
(D) and ADC values increased
significantly after CRT (P = .01)
and were significantly higher in
good responders to CRT versus
poor responders (P = .02).

B Median perfusion-related diffu-
sion fraction and fast diffusion
coefficient values did not signifi-
cantly change after CRT and
were not associated with the
degree of tumor response to CRT
(P > .36).

B Median whole-tumor volume
analysis of diffusion metrics had
more robust interobserver
agreement (range, 0.91-0.95)
when compared with median sin-
gle-section region of interest
(ROI) analysis (range,
0.50-0.63).

T1- and T2-weighted magnetic reso-
nance (MR) imaging have been exten-
sively studied for this purpose (11-
13). However, diagnostic assessment
by using either of these techniques is
hampered by difficulties in differenti-
ating residual tumor from radiation-
induced fibrosis (14). In other studies,
investigators have suggested that add-
ing diffusion-weighted imaging (DWI)
to conventional MR imaging can aid in
this differentiation and thus improve
the prediction of response after neo-
adjuvant therapy (15-23). However,
the literature on use of the apparent
diffusion coefficient (ADC) for assess-
ment of rectal tumor response to CRT
is inconsistent. While some authors
found lower pre-CRT ADC values in
good responders compared with poor
responders (15), others reported
no difference (24). Several studies
have demonstrated significantly high-
er mean posttreatment ADC values
in complete responders compared
with patients with residual disease
(17,22,24), whereas others reported
no difference (19). These conflicting
conclusions may be attributed to sev-
eral factors, including technical differ-
ences between DWI sequences used in
each study (eg, the use of different b
values and failure to distinguish perfu-
sion effects from true tissue diffusion
when using monoexponential fitting of
the DWI signal across b values) and
inability to capture tumor heteroge-
neity when calculating mean or min-
imum diffusion parameters obtained
from single-section regions of interest
(ROIs). We hypothesize that issues re-
lated to the technical aspects of DWI
could be overcome by using sufficient
b value sampling and a biexponential

Implication for Patient Care

B [VIM parameter D may be useful
for assessment of tumor
response to CRT in rectal cancer;
whole-tumor volume is preferred
over single-section ROI analysis
because of its superior interob-
server agreement and the poten-
tial to better capture the intratu-
moral heterogeneity.

curve fit analysis with the intravoxel
incoherent motion (IVIM) model,
while issues related to tumor hetero-
geneity could be addressed by means
of histogram analysis of the entire tu-
mor volume. Thus, the purpose of our
study was to determine the diagnos-
tic performance of IVIM parameters
and ADC to assess response to CRT
in patients with rectal cancer by us-
ing histogram analysis derived from
whole-tumor volumes and single-sec-
tion ROIs.

Materials and Methods

Our institutional review board approved
this retrospective study and waived the
requirement for written informed con-
sent. A search of the pathology database
in the electronic medical records system
at our institution yielded 123 patients

Published online before print
10.1148/radiol. 2016150702 ~ Content codes: [ GI ]
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Abbreviations:

ADC = apparent diffusion coefficient
AUC = area under the ROC curve

CRT = combined chemotherapy and radiation therapy
D = slow diffusion coefficient

DWI = diffusion-weighted imaging
D~ = fast diffusion coefficient

f= perfusion-related diffusion fraction
IVIM = intravoxel incoherent motion
ROC = receiver operating characteristic
ROI = region of interest
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with pathologically proven rectal adeno-
carcinoma between May 2012 and May
2014. Among them, 31 patients (mean
age, 65 years [range, 32-84 years]|; 22
men [mean age, 64 years; range, 52-84
years|; and nine women [mean age,
67 years; range, 32-83 years|; P = .5)
satisfied the following inclusion crite-
ria: (a) histologically confirmed rectal
adenocarcinoma; (b) locally advanced
rectal cancer (stage T3-T4) at pre-CRT
MR imaging; (c) pre- and post-CRT MR
imaging, including DWI sequences with
multiple b values; (d) neoadjuvant CRT;
and (e) surgical resection. Ninety-two
patients were excluded for the following
reasons: poor image quality (n = 9),
lack of DWI sequences with multiple
b values (n = 70), or stage T1 or T2
disease (n = 13).

The median time intervals were
as follows: 124 days (range, 65-254
days) between pre-CRT MR imaging
and surgery, 88 days (range, 56-210
days) between pre- and post-CRT MR
imaging, and 36 days (range, 1-58
days) between post-CRT MR imaging
and surgery. The median time interval
between the completion of CRT and
surgery was 66 days (range, 53-81
days).

Preoperative CRT

All patients underwent three-dimen-
sional conformal treatment planning
by using computed tomographic (CT)
simulation (PQ 2000 CT Simulator;
Marconi Medical Systems, Cleveland,
Ohio). Preoperative radiation ther-
apy at a dose of 45 Gy in 25 fractions
was delivered to the pelvis in 22 pa-
tients (22 of 31 patients, 71%). Nine
patients (nine of 31, 29%) received a
boost of 5.4 Gy in three fractions and
in a limited volume. Chemotherapy
was performed concomitantly with ra-
diation therapy by using capecitabine
(Xeloda, Roche, Basel, Switzerland;
800 mg/m? twice daily during radiation
therapy days) in 21 patients (21 of 31,
68%) or oxaliplatin (Eloxatin, Sanofi-
Aventis, Paris, France; 85 mg/m? on
day 1) plus leucovorin (Elvorin, Sanofi-
Aventis; 200 mg/m? on days 1 and 2)
and fluorouracil (Sanofi-Aventis; 400-
mg/m? bolus followed by a 600-mg/m?

DWI and T2-weighted Pulse Sequence Parameters

Parameter IVIM Sequence T2-weighted Sequence
Acquisition plane Axial, angled perpendicular to tumor Axial, angled per
pendicular to tumor
Repetition time (msec)/echo 3925/minimum 3000/102
time (msec)
b values (sec/mm?) 0,10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75, 80, 85, 90, 95, 100,
105, 110, 115, 120, 125, 130, 135,
140, 145, 150, 155, 160, 800, 1500
Echo train length 22
Section thickness (mm) 6 3
Intersection gap (mm) 0 0
Imaging time (min) 5 5
Acquisition matrix 126 X 256 256 X 256
Parallel imaging factor 2
Echo-planar imaging factor 64 ..
No. of signals acquired 1 below b values of 800 sec/mm? and 8 for 3

b values of 800 sec/mm? and higher

infusion over 22 hours on days 1 and 2)
in 10 patients (10 of 31, 32%).

MR Imaging Technique

Pre- and post-CRT MR imaging was per-
formed with a 1.5-T imaging unit (Signa
EXCITE HD; GE Medical Systems, Mil-
waukee, Wis) by using an eight-element
pelvic phased-array surface coil. The
examination protocol did not change
over the 2-year study period. Pulse
sequences and pulse sequence param-
eters are detailed in Table 1 and are
briefly described as follows.

T2-weighted imaging was per-
formed in the axial oblique, coronal,
and sagittal planes. The axial oblique
planes were angled perpendicularly
along the long axis of the tumor by us-
ing the sagittal plane, as described by
Brown et al (25).

The DWI pulse sequence was per-
formed in the same orientation as ax-
ial oblique T2-weighted imaging by us-
ing respiratory-triggered fat-saturated
spin-echo echo-planar imaging. The
following 34 b values were used: 0, 10,
15, 20, 25, 30, 35, 40, 45, 50, 35, 60,
65, 70, 75, 80, 85, 90, 95, 100, 105,
110, 115, 120, 125, 130, 135, 140, 145,
150, 155, 160, 800, and 1500 sec/mm?.
The distribution of b values was chosen
to cover both the initial pseudodiffusion

decay (=200 sec/mm?) and the molec-
ular diffusion decay (>200 sec/mm?).
We used a large number of lower b
values for more accurate calculation of
the fast diffusion coefficient (D*).

The total acquisition time was ap-
proximately 30 minutes, including the
IVIM sequence, which lasted 5 minutes.
Patients did not undergo bowel prepa-
ration or receive antispasmodic medi-
cation or intravenous contrast material.
Our routine protocol did not include
rectal distension. However, if the tumor
was too small to identify on the sagittal
T2-weighted images after CRT, a small
amount of gel (Lumirem; Guerbet, Vil-
lepinte, France) was instilled into the rec-
tum prior to further image acquisition.

IVIM  analysis.—Diffusivity values
were set as follows: 1, diffusion coeffi-
cient of slow or non-perfusion-related
diffusion, which represents true mo-
lecular diffusion, termed D (given in
units of X107% mm?/sec); 2, diffusion
coefficient of fast or perfusion-related
diffusion, termed D* (given in units of
x107% mm?/sec); 3, perfusion-related
diffusion fraction, which represents
fractional volume occupied in the voxel
by flowing spins, termed f (given as a
percentage); and 4, monoexponential
ADC, which was noted as ADC (and
given in units of X107% mm?/sec).
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These diffusivity values were calcu-
lated by using the IVIM model equation
described by Le Bihan (26) and Le Bi-
han et al (27):

% =(1— f)xexp™+ frexp™,

where S is the mean signal intensity, Sb
is the signal intensity in the pixel with
diffusion gradient b, and SO is the signal
intensity in the pixel without diffusion
gradient.

The calculation was performed by
using Olea Medical Software (Olea
Medical, La Ciotat, France) that pro-
vided the D, D*, f, and ADC metrics
mapped on a pixel-by-pixel basis (Fig 1).
The mean processing time to automati-
cally generate the IVIM parameters was
5 minutes 37 seconds.

Whole-tumor volume analysis.—For
each patient, two readers who were
blinded to the histopathology results
(fellowship-trained radiologists with 5
years [S.N.] and 10 years [H.A.V.] of
experience in oncologic body imaging) in-
dependently determined the whole-tumor
volume before and after CRT by manually
tracing the outer edge of the lesion on
each D image with reference to the T2-
weighted image (fused D and T2-weighted
images). Whole-tumor volume was auto-
matically calculated by summing each of
the cross-sectional volumes (multiplying
cross-sectional area by section thickness)
with the same dedicated software (Olea
Medical Software; Olea Medical).

The software automatically copied
and pasted whole-tumor volumes onto all
other IVIM (D*, f) and ADC images (Fig
1). When no residual tumor was seen
on the post-CRT images obtained with
the DWI pulse sequence (three cases),
tracings were placed on the rectal wall
at the site of prior tumor. Each of the
ADC, D, D*, and f values per pixel from
the whole-tumor volume were imported
into R version 2.15.2 (R Foundation for
Statistical Computing, Vienna, Austria).
The minimum, 10th, 25th, 50th, 75th,
and 90th percentile pixel values and the
maximal pixel values were generated,
and the skewness and kurtosis of the
histogram were recorded. Skewness and
kurtosis reflect the shape of a histogram

and were used to measure the asym-
metry of the ADC, D*, D, and f value
distribution around the mean. Skewness
is positive if most of the data are concen-
trated on the left of the histogram and
negative if most of the data are concen-
trated on the right. Kurtosis represent-
ed the concentration of values around
the mean and reflected the peak of the
distribution. In a normal distribution,
skewness is 0, and kurtosis is 3.

Percentage changes in ADC (ADC%
in the following equation) and D (D% in
the following equation) were calculated
as follows:

_ (ADCpos — ADCpre)

ADC% x 100
ADCpre
and
DY%=— (Dpost—Dpre) %100,

Dpre

where ADCpost represents post-CRT
ADC values, ADCpre represents pre-
CRT ADC values, Dpost represents
post-CRT D values, and Dpre repre-
sents pre-CRT D values.

Single-section ROI analysis.—For
the single-section ROI analysis, the
same two readers independently drew a
single freehand ROI that contained the
largest available tumor area on a single
representative section. Pre- and post-
CRT D and ADC histogram values were
obtained from the single-section ROls
by using the same method detailed
earlier. Since the initial f and D* data
obtained from the whole-tumor volume
analysis were not useful for the subse-
quent analysis, these IVIM measures
were not reported in the single-section
ROI methods for the sake of simplicity.

Surgical Resection

One colorectal surgeon (P.R., with 18
years of experience) performed all sur-
gical resections, consisting of total me-
sorectal excision, at a minimum. The
mesorectum was transected, along with
an adequate distal margin according to
the tumor level. All surgical procedures
are summarized in Table 2.

Histopathologic Examination

Each specimen was opened along the
anterior border proximal to the tumor-

containing segment and was fixed with
total immersion into buffered formalin
for 48 hours. The longest dimension
was measured by using a metric ruler.
Embedded histopathologic slides were
evaluated by one pathologist (F.B., with
17 years of experience). Pathologic tu-
mor staging was performed according
to the TNM system (28). Evaluation of
the CRT response involved the tumor
regression grade, or TRG, system pro-
posed by Dworak et al (29), from no
tumor regression (grade 0) to a com-
plete response (grade 4). Patients with
TRG grades 0-2 are considered to have
a poor pathologic response, whereas
patients with TRG grades 3-4 are
considered to have a good pathologic
response.

Statistical Analysis

Interobserver agreement for whole-
tumor volume and single-section mea-
surements was analyzed by calculating
the interclass correlation coefficient
and was interpreted as follows: 0.00-
0.20, poor correlation; 0.21-0.40, fair
correlation; 0.41-0.60, moderate cor-
relation; 0.61-0.80, good correlation;
and 0.81-1.00, excellent correlation.
Since the interobserver agreement
for the whole-tumor volume was ex-
cellent, only the first reader results
were used for further analysis. The
differences in variance between ADC
and IVIM histogram metrics were
tested with the Pitman test for paired
data. Analysis of variance for repeated
measures with Holm-Sidak correction
for multiple comparisons was used to
compare pre- and post-CRT ADC and
IVIM measures. We used t tests with
Holm-Sidak correction to compare
ADC and IVIM diffusion metrics and
the variations between them for good
and poor responders to CRT. Receiver
operating characteristic (ROC) curves
were generated to evaluate the diag-
nostic performance of ADC and IVIM
histogram metrics and median values
for the assessment of histopathologic
response. The optimal threshold was
chosen according to the Youden in-
dex. Owing to the small size of the
data set and because we wanted to
improve the robustness of our results,
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(a) Axial T2-weighted MR image, (b—d)
parameter maps generated from IVIM MR
images (b, D* map reflecting perfusion or
microcirculation; ¢, f map reflection; and

d, D map reflecting pure molecular diffusion),
and (e) ADC map generated before CRT in a
62-year-old woman with rectal cancer. Dotted
lines show the tumor border. (f) Graph shows a
biexponential fitting curve with 34 b values. The
curve reflects biexponential decay with a fast
component at lower b values (b < 100 sec/mm?).
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Table 2 [ mables

Diagnostic Performance of Post-CRT D and ADC Histogram Metrics Obtained by Using
Whole-Tumor Volume Analysis for the Detection of Good Response to CRT

Baseline and Demographic Data in 31
Patients

Characteristic Value
Patient sex
No. of men 22 (71)
No. of women 9(29)
Age (y)
All patients 65 [32-84]
Men 64 [52-84]
Women 67 [32-83]
Distance of the primary
tumor from the anus
0-5.0 cm 10 (32)
5.1-10.0 cm 18 (58)
10.1-15.0 cm 3(10)
Surgery performed
Low anterior resection 4(13)
Proctectomy with coloanal 3(10)
anastomosis
Proctectomy with colorectal 24 (77)
anastomosis
Posttreatment pathologic
T (ypT) classification
YpTO 5(16)
YpT1-YpT2 12 (39)
YpT3 12 (39)
YpT4 2 (6)
Tumoral regression grade*
Grade 0 2(6)
Grade 1 5 (16)
Grade 2 7(22)
Grade 3 12 (39)
Grade 4 5(16)
Circumferential resection
margin at histopathologic
examination
=1mm 0(0)
>1mm 31 (100)

Note.—Continuous data are expressed as means, with
ranges in brackets. Categorical data are expressed as
numbers of patients, with percentages in parentheses.

* According to Dworak et al (29).

the discriminative ability of the model
was estimated by using a leave-one-out
approach. For each data set with one
removed value, the optimal threshold
and the accuracy of these values were
calculated, and the removed value
was compared with the prediction to
estimate the predicted power of the
model. ROC curves of histogram met-
rics for the discrimination between

10th 25th 50th 75th 90th
Post-CRT Metric Minimum  Percentile Percentile Percentile Percentile  Percentile  Maximum
D
Area under the 0.77 0.97 0.98 0.98 0.98 0.96 0.6
ROC curve (AUC)
Confidence interval  0.6,0.9 0.8, 1 0.8,1 0.8,1 09,1 0.8,1 0.4,0.7
Sensitivity (%) 94 94 94 94 94 100 71
Specificity (%) 57 92 100 100 92 77 57
Pvalue .0012 .0001 .0001 .0001 .0001 .0001 3
Cutoff calculated 0.1 0.7 0.85 1 1.1 1.1 1.7
ADC
AUC 0.8 0.88 0.90 0.86 0.85 0.87 0.6
Confidence interval  0.6,0.9 07,09 0.8,1 07,09 06,09 07,09 04,08
Sensitivity (%) 9 76 82 82 88 88 58
Specificity (%) 64 85 92 85 78 85 78
Pvalue .001 .0001 .0001 .0001 .0001 .0001 A
Cutoff calculated 0.433 0.45 1.1 1.3 1.3 15 2.3

good and poor responders were com-
pared with each other to assess poten-
tial differences. A P value of less than
.05 was considered to indicate a sta-
tistically significant difference. Statisti-
cal analyses were performed by using
GraphPad software (Prism 6; Graph-
Pad Software, La Jolla, Calif) and R
version 3.1.1 (R Foundation).

Clinical Characteristics

Of the 31 patients, five patients (16%)
had complete response to CRT, and 17
patients (55%) had good response to
CRT (Table 2).

Whole-Tumor Post-CRT ADC and IVIM
Histogram Metrics over Median Values

Aside from the upper and lower ex-
treme values, the post-CRT histogram
metrics were significantly associated
with tumor response to CRT (Table 3;
Tables E1-E6 [online]). No difference
in variance was found between the
minimum, 10th, 25th, 75th, and 90th
percentiles of D over the median D
value (P = .12, .31, .63, .6, and .5,
respectively). Likewise, no difference
in variance was found between the

minimum, 10th, 25th, 75th, and 90th
percentiles of ADC over the median
ADC value (P = .06, .28, .97, .75, and
.51, respectively). Maximum histo-
gram metrics of D and ADC showed
wider variance compared with the me-
dian value (P < .0001 and P = .003,
respectively).

Post-CRT D and ADC histogram
metrics (10th, 25th, 50th, 75th, and 90th
percentiles) had similar AUC values and
were equivalent to each other for the
detection of good responders to CRT
(Table 3). Minimum and maximum D
histogram metrics had significantly
lower AUCs when compared with 10th,
25th, 50th, 75th, and 90th histogram
metrics (P = .02 and P < .01, respec-
tively). Maximum ADC histogram met-
rics had significantly lower AUCs when
compared with 25th, 50th, 75th, and
90th percentiles (P < .01).

Since histogram metrics were not
significantly better than median values
for the assessment of treatment re-
sponse and for the discrimination be-
tween good and poor responders to
CRT, all subsequent analysis was re-
stricted to median values. Complete
analysis is shown in Tables 1-3, Tables
E1-ES8 (online), and Figures E1 and E2
(online).
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Whole-Tumor Pre- and Post-CRT Median
ADC and IVIM Values for Response
Assessment

Median D and ADC values increased
significantly between pre- and post-
CRT MR imaging studies (P < .0001
and P = .0009, respectively) and were
significantly higher in good versus poor
responders to CRT (P < .0001 and P =
.002, respectively; Tables E2, E3 [on-
line]). The median D was lower than
the median ADC before and after CRT
(P = .0001 and P = .01, respectively).
The relative change in these same pa-
rameters was significantly greater in
the good responders compared with
the poor responders (P < .0001 and P
= .004, respectively; Table E4 [online];
Figs E1, E2 [online]). Prior to CRT,
none of the median f, D*, D, and ADC
values were significantly different be-
tween good and poor responders (Table
E3 [online]).

Changes in median f and D* values
before and after CRT were not associ-
ated with the degree of tumor response
(Tables E2, E3 [online]).

Median D values demonstrated a
tendency toward higher AUCs (AUC
of 0.98) than the median ADC values
(AUC of 0.86) for the assessment of
treatment response, but this difference
did not reach statistical significance (P =
.07; Table 3). However, when median D
values were used, leave-one-out cross-
validation showed that predictions were
correct in 28 of the 31 patients (90%) in
their initial groups. On the other hand,
when median ADC values were used,
leave-one-out cross-validation was used
to accurately assess CRT response in
only 20 of the 31 patients (64%).

Whole-Tumor Volume Analysis over
Single-Section ROI Analysis

The analysis of single-section ROI and
whole-tumor volume data produced
similar results regarding changes in dif-
fusion measures after CRT and discrim-
ination between good versus poor re-
sponders to CRT. Pairwise comparison
of ROC curves for D and ADC histo-
gram metrics computed by using whole-
tumor volumes and single-section ROls
demonstrated no statistically significant
differences. Median D and ADC values

obtained from single-section ROls in-
creased significantly after CRT (D for
reader 1, P = .01; D for reader 2, P
= .002; ADC for reader 1, P = .0006;
ADC for reader 2, P = .0002) and were
significantly higher in good versus poor
responders to CRT (D for reader 1, P
=.003; D for reader 2, P = .004; ADC
for reader 1, P = .02; ADC for reader
2, P = .02; Tables ES5, E6 [online]).
For response assessment to CRT, the
AUC of the median single-section ROI
D after CRT was higher than the me-
dian single-section ROI ADC (Table
E1 [online]) for both readers (reader
1, 0.84 vs 0.77, respectively; reader 2,
0.79 vs 0.74, respectively), although
the difference did not reach statistical
significance.

Whole-tumor volume analysis was
found to have excellent interobserver
agreement for pre- and post-CRT me-
dian D and ADC values (range, 0.91-
0.95). The interobserver agreement
was only moderate when median single-
section ROI analysis was used (range,
0.50-0.63). Interclass correlation co-
efficients between the two readers are
provided in Tables E7 and E8 (online).

We found that IVIM-derived diffusion
coefficient D and DWI-derived ADC
are useful for the assessment of tumor
response to CRT, in that they increased
significantly after CRT and were signif-
icantly higher in good versus poor re-
sponders. We found histogram metrics
to be equivalent to the median values,
which suggests that it is sufficient and
acceptable to use median values in ev-
eryday clinical practice. Finally, the
whole-tumor volume analysis led to
more reproducible results when com-
pared with single-section ROl analysis.

This association between tumor
response and ADC values has been re-
ported previously (18,24,30,31). Our
data demonstrated that the ADC values
before and after CRT were significantly
higher than their D values, supporting
the notion that perfusion contributes to
the ADC in rectal cancer, as observed
previously in other tumors and organs
(32-34). Microcirculation or perfusion

effects can be distinguished from the
true tissue diffusion by means of suffi-
cient b value sampling and a biexponen-
tial curve fit analysis by using IVIM im-
aging (26,27). With the use of the IVIM
method, both true molecular diffusion
and water molecule motion in the capil-
lary network can be estimated with a
single diffusion imaging acquisition.

We found that IVIM-derived f and
D* values did not significantly change
before and after CRT and were not
useful for the assessment of tumor re-
sponse to CRT. Our results are concor-
dant with those of prior studies that
were focused on the liver (32-34). The
limited value of D* was previously ex-
plained by its high uncertainty and poor
reproducibility (33,35-37). Similarly, in
our study, the interclass correlation co-
efficients for D* ranged from 0.23 to
0.82.

Although we did not demonstrate
the added value of f, this result should
be interpreted with caution. The f value
is affected by the T2 contributions of
both perfusion and pure molecular dif-
fusion compartments (36,38). The bi-
exponential [VIM model indicates that
fis defined as the signal intensity ratio
of blood capillaries and tumor tissues.
In this analysis, all relaxation effects are
ignored. This is acceptable as long as
the relaxation times of the tumor and
the capillary blood are similar. How-
ever, at times, the T2 contributions of
the tumor and blood capillaries can be
substantially different. It is well known
that after CRT, T2 of the tumor tends
to increase (38), which could artifi-
cially lower calculated f values. The un-
derestimation of f increases both with
the longer echo times and with the in-
creased differences in T2 between the
capillary blood and tissue.

To our knowledge, prior studies in
which investigators evaluated the value
of DWI in rectal cancer relied on the
selected ROIls that were placed in-
side a tumor on a representative sec-
tion. While it is a simple and practi-
cal approach, it is potentially limited
by the inaccuracies introduced by the
variations in ROI size and positioning
(15,22-24). In comparison to the sin-
gle-section ROI method, whole-tumor
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volume analysis involves sampling of the
entire tumor, which may minimize sam-
pling bias. Furthermore, whole-tumor
volume analysis may better capture the
inherent intratumoral heterogeneity
and improve its assessment (39). As
described previously (39,40), our re-
sults indicate that whole-tumor volume
analysis of diffusion metrics yields more
reproducible data than does single-sec-
tion ROI analysis. We also evaluated the
added value of histogram metrics over
the median values for the assessment
of tumor response to CRT. Histograms
have been applied to brain imaging
and, more recently, to the evaluation
of ovarian, prostate, and endometrial
cancers (41). We found that except for
extreme values, histogram metrics for
D and ADC obtained from the whole-
tumor volume were equivalent to the
median values for the assessment of
post-CRT treatment response and for
the discrimination between good versus
poor responders to CRT. Thus, our re-
sults suggest that in the routine clini-
cal setting, the use of median ADC and
IVIM values obtained by using whole-
tumor volume analysis is the preferred
approach for the assessment of tumor
response to CRT in rectal cancer. Fur-
thermore, the minimum and maximum
diffusion values should be avoided.

Our study has several limitations.
To begin with, the sample size was rela-
tively small. Since some imaging studies
were performed at outside institutions,
many patients were excluded from our
study cohort because of the lack of
pulse sequences with multiple b values
used to acquire either pre-CRT or post-
CRT MR images. Second, we did not
compare our findings with the tumor
perfusion data from the dynamic con-
trast material-enhanced acquisitions.
Third, the perfusion fraction f values
were not T2 corrected, as recommend
by some authors (36,38) and thus could
have been influenced by the T2 relaxa-
tion times of blood and tissues. Fourth,
when using volumetric analysis, there
is a possibility that misregistration ar-
tifacts could have been included for
extreme ADC, D, D* and f values. It
can be presumed that the 10th or 90th
percentile values obtained from ADC

histograms are less affected by these
artifacts and therefore would be more
reliable for histogram analysis than the
minimum or maximum ADC values. Fi-
nally, the evaluation was based on the
scoring system of Dworak et al (29) but
only had a final binary outcome assess-
ment of good or poor responders. Use
of an intermediate grade might improve
accuracy (42,43). Given the small sam-
ple of this preliminary study, this kind
of analysis was not possible.

In summary, our preliminary results
indicate that median ADC and D values
are useful for the assessment of tumor
response to CRT in rectal cancer and
for the discrimination between good
and poor responders. Larger, prefera-
bly prospective studies are needed to
further delineate the value of D as a
noninvasive imaging biomarker in rec-
tal cancer. Histogram analysis does not
yield better results than median values
and may not be necessary in routine
clinical practice. Whole-tumor volume
is preferred over single-section ROI
analysis because of its superior inter-
observer agreement and the poten-
tial to better capture the intratumoral
heterogeneity.
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