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Conclusion:

©RSNA, 2011

To prospectively evaluate apparent diffusion coefficient
(ADC) histograms in the prediction of chemotherapy
response in patients with metastatic ovarian or primary
peritoneal cancer.

Research ethics committee approval and patient writ-
ten informed consent were obtained. Diffusion-weighted
(DW) magnetic resonance (MR) imaging was performed
through the abdomen and pelvis before and after one and
three cycles of chemotherapy in 42 women (mean age,
63.0 years = 11.4 [standard deviation]|) with newly di-
agnosed or recurrent disease. Reproducibility and intra-
and interobserver agreement of ADC calculations were
assessed. Per-patient weighted ADC histograms were gen-
erated at each time point from pixel ADCs from five or
fewer target lesions. Mean ADC, percentiles (10th, 25th,
50th, 75th, 90th), skew, kurtosis, and their change were
analyzed according to histologic grade, primary versus
recurrent disease status, and response, determined with
integrated biochemical and morphologic criteria, with a
linear mixed model. Areas under receiver operating char-
acteristic curve (AUCs) for combinations of parameters
were calculated with linear discriminant analysis.

Coefficients of variation for repeat measurements and for
within and between observers were 4.8%, 11.4%, and
13.7%, respectively. Grade and disease status did not sig-
nificantly affect histogram parameters. Pretreatment ADCs
were not predictive of response. In responders, all ADCs in-
creased after the first and third cycle (P < .001), while skew
and kurtosis decreased after the third (P < .001 and
P = .006, respectively); however, in nonresponders, no pa-
rameter changed significantly. Percentage change of the 25th
percentile performed best in identifying response (AUC = 0.82
and 0.83 after first and third cycle, respectively), whereas
combination of parameters did not improve accuracy.

An early increase of ADCs and later decrease of skew and
kurtosis characterize chemotherapy response. Quantita-
tive DW MR imaging can aid in early monitoring of treat-
ment efficacy in patients with advanced ovarian cancer.

©RSNA, 2011
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pithelial ovarian cancer is the most

lethal gynecologic malignancy be-

cause of its often metastatic stage
at presentation and the almost in-
evitable development of resistance to
various chemotherapeutic agents dur-
ing the course of disease (1). Although
response to primary chemotherapy
with a platinum-taxane combination is
70%-80% (2), most patients relapse
after a median progression-free interval
of 18 months and achieve increasingly
poorer response rates to second- or
third-line regimes (3). In these patients,
individualized prediction of chemo-
sensitivity would be highly desirable
to avoid toxicity of inefficient agents.
Monitoring response to chemotherapy
currently relies on biochemical (serum
CA-125 level) and imaging (size reduc-
tion) criteria, the combination of which

Advances in Knowledge

B [n patients with metastatic ovar-
ian or primary peritoneal cancer
with CA-125 level and Response
Evaluation Criteria in Solid
Tumors response, a significant
increase of mean and percentile
apparent diffusion coefficients
(ADCs) is seen on histograms of
whole tumor burden after the
first cycle of chemotherapy, with
a decrease of ADC histogram
skew and kurtosis after the third
cycle.

B Responders had a greater change
in all ADC histogram parameters
after the first and third cycle
than nonresponders, with
changes of the 25th ADC percen-
tile being most discriminatory at
both time points.

B After the first cycle of chemo-
therapy, an increase of the 25th
ADC percentile, which was
greater than the 95% confidence
interval of reproducibility, had an
improved positive predictive
value over conventional biochem-
ical and morphologic criteria
(89.8% vs 64.8%), with a similar
negative predictive value (36.0%
vs 35.7%).

describes global clinical response after
completion of treatment. However, the
predictive value of these biomarkers is
limited, and the magnitude of change
required to signify response is rarely at-
tained early in the course of treatment,
thus failing to facilitate a timely change
of clinical treatment in nonresponders
(4.5).

Diffusion-weighted (DW) magnetic
resonance (MR) imaging is a functional
technique that develops image contrast
through the inhibitory effect of cell
membranes on the mobility of water
molecules in tissues. As a result of their
dense cellularity, malignant lesions have
restricted diffusion, which is reflected
in their low mean apparent diffusion
coefficients (ADCs). This parameter
has been used to characterize tumors
and quantify treatment-induced changes,
which may occur earlier than conven-
tional morphologic alterations (6-8). In
addition to the use of an average ADC,
histogram analysis of ADCs can inter-
rogate the biologic heterogeneity of tu-
mor by classifying domains of different
diffusivity, which may have prognostic
and predictive implications (9,10).

In advanced ovarian cancer, qualita-
tive DW MR imaging has been shown to
improve staging accuracy by enhancing
the detectability of peritoneal implants
(11), while the feasibility of quantita-
tive DW MR imaging in multiple sites
of disease, including primary ovarian
and metastatic peritoneal or omental,
has been reported (12). However, the
use of ADC histograms as a surrogate
marker of chemotherapy response has
not, to our knowledge, been explored
yet. We hypothesized that the pattern
of ADC change may differ between re-
sponding and nonresponding patients.

Implication for Patient Care

B [n patients with metastatic ovar-
ian or primary peritoneal cancer,
diffusion-weighted MR imaging
has potential for monitoring
treatment efficacy, because
changes on ADC histograms cor-
relate with and often precede
size and tumor-marker evidence
of response.

The purpose of this study, therefore,
was to investigate the value of ADC
histogram analysis in the assessment
of chemotherapy response in patients
with metastatic ovarian cancer.

Materials and Methods

Patients

This prospective single-institution study
was local research ethics committee ap-
proved. All patients participating gave
written informed consent. During a
22-month period (November 2008 to
September 2010), 59 consecutive fe-
male patients were recruited. The in-
clusion criteria were (a) histopathologic
diagnosis of primary ovarian or perito-
neal cancer, either newly diagnosed or
recurrent; (b) presence of a minimum
of one peritoneal or omental lesion,
measuring at least 10 mm in maximum
diameter at computed tomography (CT)
or MR imaging; (c) being scheduled to
receive platinum- or taxane-based che-
motherapy; and (d) no contraindica-
tions to MR imaging. Inclusion of both
newly diagnosed and recurrent disease
in patients ensured that sufficient num-
bers of responders and nonresponders
would be available for analysis, be-
cause response rates vary remarkably
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between primary and recurrent disease
status (13). Among these patients, we
excluded those in whom lesions were
not deemed evaluable with DW MR im-
aging results because of artifact (n = 7),
those who did not receive chemother-
apy (n = 4) or whose chemotherapy
was discontinued (n = 1), those in
whom the intratreatment MR imaging
study was delayed beyond 21 days after
the previous cycle of chemotherapy
(n = 2), those in whom main disease
burden consisted of lymphadenopathy
(n = 1), and those in whom definitive
histopathologic diagnosis was different
from initially presumed ovarian cancer
(n = 2). The reason for excluding the pa-
tient with primarily nodal disease was
that this cohort has been associated with
a different prognosis than other types of
stage Il ovarian cancer (14). Finally, 42
patients (mean age, 63.0 years = 11.4
[standard deviation|; range, 34-835 years)
composed the study population.

Imaging Schedule

MR imaging was performed at base-
line and after one and three cycles of
a six-cycle chemotherapy scheme. In
platinum-based regimens (n = 42), the
agent was administered on day 1 of a
21-day cycle. In taxane-based regimens
(n = 3), the agent was administered on
days 1, 8, and 15 of a 28-day cycle. The
median time interval between baseline
study and start of chemotherapy was
4 days (range, 0-13 days), that between
day 1 of the first cycle and the first in-
tratreatment MR imaging was 10.5 days
(range, 2-18 days), and that between
day 1 of the third cycle and the second
intratreatment MR imaging was 7 days
(range, 1-18 days).

All MR imaging studies were per-
formed with a 1.5-T system (Avanto;
Siemens Medical Systems, Erlangen,
Germany) with two six-channel phased-
array body coils for anatomic coverage
of the abdomen and pelvis. Antispas-
modic hyoscine butylbromide (Buscopan;
Boehringer, Ingelheim, Germany) (20 mg
intramuscularly) was administered be-
fore image acquisition to reduce mo-
tion artifact. Morphologic imaging was
performed with axial T1-weighted
gradient-recalled-echo and T2-weighted

turbo spin-echo sequences. DW MR
imaging was performed with an axial
free-breathing single-shot echo-planar
technique with parallel imaging (accel-
eration factor of two) and spectral adi-
abatic inversion-recovery fat suppres-
sion. Diffusion gradients with b values
of 0, 600, 900, and 1050 sec/mm? were
applied in three orthogonal directions
and were averaged to provide isotropic
trace images. Imaging parameters were
as follows: repetition time, 6300 msec
for abdomen and 7900 msec for pel-
vis; echo time, 69 msec for abdomen
and pelvis; flip angle, 90°; number of
sections, 40 for abdomen and 50 for
pelvis; section thickness, 5 mm; no in-
tersection gap; voxel volume, 3 X 3 X
S5 mm; number of signals acquired, five;
matrix, 128 X 128 interpolated to 256 X
256; field of view, 380 mm; and band-
width, 1776 Hz per pixel. Average DW
MR imaging acquisition time was 5 min-
utes 35 seconds in the abdomen and
7 minutes in the pelvis. The entire MR
imaging examination lasted approxi-
mately 35 minutes.

Lesion Evaluation and ADC Histograms

Image analysis was performed off-line
by a radiologist (S.K., with 2 years of
experience in body DW MR imaging)
who was blinded to clinical response
status. Up to five largest measurable le-
sions were selected in each patient. For
each lesion, size (the maximum diam-
eter measured with a caliper tool to the
nearest millimeter on axial T2-weighted
images) and site (peritoneal, omental,
ovarian, and visceral) were recorded.
Dedicated IDL-based (Research
Systems, Boulder, Colo) software
(DiffusionView; Institute of Cancer
Research, London, England) was used
for ADC calculation, segmentation of
regions of interest (ROls), and image
registration. ADC maps were generated
through monoexponential fitting of sig-
nal intensity for all four b values. ROls
were grown on the b = 1050 sec/mm?
DW MR images with a computer-
assisted interactive technique, whereby
the operator positioned a seed within
the lesion and defined the standard
deviation of signal intensity values to
be included. Cystic or necrotic areas

were excluded by visual matching with
anatomic T2-weighted images. In 12 le-
sions (two ovarian, five peritoneal, four
omental, and one visceral), ROIs were
drawn manually because subtle signal
intensity differences between the tu-
mor and surrounding tissue were be-
yond the segmentation capacity of the
software. ROlIs were then registered
to the corresponding ADC maps, and
ADCs were recorded for each pixel.
After summation of pixel ADCs from
all target lesions, per-patient ADC his-
tograms (bin width, 1 X 1078 mm?/sec)
were generated, in which the con-
tribution of each individual lesion
was weighted according to its volume.
Histogram-derived parameters were
(a) mean ADC; (b) 10th, 25th, 50th,
75th, and 90th percentiles (which in-
dicated the pixel ADC below which the
corresponding percentage of all ADCs
lie); and (c) skew, or vy, and kurtosis,
or K (measures of the asymmetry of
ADC distribution). Percentage change
of ADC mean and percentile points for
intratreatment time point t was calcu-
lated as follows: %AADC, = [(ADC, -
ADC,)/ADC ] X 100, where ADC, and
ADC, were ADC parameters obtained
at follow-up and baseline, respectively.
Change in skew and kurtosis was de-
fined as follows: Ay, = v, - vy, and AK, =
K, - K,, where v, and K, represented
skew and kurtosis at follow-up and vy,
and K represented skew and kurtosis
at baseline, respectively. The width of
ADC histograms was assessed as the
difference between the 90th percentile
and the 10th percentile to exclude outli-
ers. Lesions in which maximal diameter
decreased to less than 10 mm as a result
of treatment were not deemed assess-
able and were withdrawn from analysis
at the corresponding time point.

Reproducibility and Intra- and
Interobserver Agreement

To assess the short-term reproducibility
of the technique, 10 randomly selected
patients underwent repeated DW MR
imaging after completion of the standard
imaging protocol. Prior to repetition,
the imaging table was moved, patients
were dismounted and remounted, and
a new imaging survey was performed.

184

radiology.rsna.org = Radiology: \olume 261: Number 1—October 2011



>
i

S
=

S
s

GENITOURINARY IMAGING: Apparent Diffusion Coefficient Histogram for Therapy Response

Kyriazi et al

The time interval between the two DW
MR imaging acquisitions was approxi-
mately 10 minutes.

The assessment of intra- and in-
terobserver agreement was powered
according to previously reported coef-
ficient of ADC reproducibility in ab-
dominal organs of 14% (15). To detect
a difference of this magnitude with
80% power and .05 significance level, a
sample size of 54 matched lesions was
calculated and randomly selected with
software (SPSS, version 18.0; SPSS,
Chicago, Ill). Intraobserver variability
was assessed in two sessions, 15 weeks
apart, by a radiologist (S.K.) who was
blinded to the results of the first ses-
sion with regard to shape and size
of ROI and ADC measurements. For
assessment of interobserver variability,
ROIs were drawn with the same seg-
mentation software in the designated
lesions by a second radiologist (C.M.,
with 3 years of experience in body DW
MR imaging) who had no access to the
results of the first observer.

Assessment of Chemotherapeutic
Response

Standard treatment monitoring com-
prised serum CA-125 level measure-
ments and CT imaging results before
and after the third and sixth cycles of
chemotherapy. Response was deter-
mined at the end of treatment with
the integrated biochemical and mor-
phologic criteria for ovarian cancer
clinical trials, whereby a reduction of
serum CA-125 level by more than 50%
with concomitant imaging assessment
other than progressive disease (includ-
ing complete and partial response and
stable disease) in up to five target le-
sions according to Response Evalua-
tion Criteria in Solid Tumors (RECIST)
are needed to classify response (16).
Nonprogressive disease according to
RECIST is defined as absence of new le-
sions and reduction of any magnitude or
increase of less than 20% in the sum of
maximum diameters (17). Inversely, pro-
gressive disease according to RECIST
accompanied by any change in serum
CA-125 level signifies lack of response
(14). The same target lesions as in
DW MR imaging analysis were used

for morphologic response assessment.
According to guidelines, in 12 patients
who underwent interval debulking sur-
gery after three cycles of neoadjuvant
chemotherapy, response assessment was
undertaken after the third cycle to ex-
clude the effect of surgical cytoreduction
on disease burden (16).

Statistical Analysis

Statistical analysis was performed with
software (SPSS, version 18.0; SPSS).
Reproducibility of mean ADC was as-
sessed by applying Bland-Altman analy-
sis (18), whereby the respective coeffi-
cients, indicating the greatest difference
between replicate ADC measurements
in 95% of paired observations, were
calculated as r = 1.96 X standard de-
viation of percentage ADC difference.
Intra- and interobserver agreement were
assessed with intraclass correlation co-
efficients (19), where an intraclass cor-
relation coefficient greater than 0.75
was considered indicative of good agree-
ment, and with Bland-Altman analysis
(18), where the difference in paired
mean ADCs was plotted against the av-
erage from the two readings. Pre- and
intratreatment ADC parameters and
their percentage change in responding
and nonresponding patients were ana-
lyzed with a linear mixed-effects model,
in which ADCs were the dependent
variables, while the independent vari-
ables were subject (random factor) and
primary versus recurrent disease sta-
tus, tumor grade, and response (fixed
factors). Spearman rank correlation
coefficient was used to assess the rela-
tionship across times between change
of ADC parameters and (a) percentage
volume change of disease burden (in-
ferred from cumulative pixel count of
target lesions on DW MR images) and
(b) percentage CA-125 level change.
The subset of ADC variables that would
optimally separate responders from
nonresponders was investigated with
leave-one-out linear discriminant analy-
sis (20), the output of which was used
to create receiver operating character-
istic curves, with the area under the
receiver operating characteristic curve
(AUC) as a measure of diagnostic per-
formance. In the cohort of responders,

6-month progression-free survival was
analyzed with multivariate Cox regres-
sion, where age, tumor grade, absence
of measurable disease and normal CA-
125 level at the end of treatment, and
the best ADC classifier were introduced
as covariates. A two-sided P value less
than .05 was considered to indicate a
statistically significant difference in all
analyses.

Demographics

Patient characteristics, histologic diag-
nosis, therapeutic history, and number
and site of analyzed lesions are sum-
marized in Table 1. Among 42 patients,
there were 32 (76%) responders (22
new diagnosis, 10 recurrent disease)
and 10 (24%) nonresponders (one
new diagnosis, nine recurrent disease).
Among 23 patients with newly diag-
nosed disease, 12 (52%) were deemed
initially inoperable and were treated
with three cycles of neoadjuvant chemo-
therapy and interval debulking surgery,
eight (35%) with measurable residual
disease after primary debulking sur-
gery underwent six cycles of adjuvant
chemotherapy, and three (13%) under-
went chemotherapy alone. All patients
who underwent interval debulking sur-
gery had complete macroscopic disease
clearance.

Measurable disease was present in
all 32 responders after the first cycle,
in 26 (81%) after the third cycle, and
in 10 (31%) at the end of treatment
(Fig 1). Fourteen (44%) of 32 respond-
ers achieved the integrated response
criteria after the first cycle, a further
17 (53%) after the third cycle, and one
(3%) after the sixth cycle. Because of
exclusion of lesions shrinking beyond
measurability, per-
formed in 118 lesions (92 in respond-
ers, 26 in nonresponders) at baseline,
113 lesions (87 in responders, 26 in
nonresponders) after the first cycle,
and 81 lesions (35 in responders, 26 in
nonresponders) after the third cycle.
In no patient was nonresponse deter-
mined because of the appearance of a
new lesion. Among 32 responders, 27

evaluation was
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Table 1

Patient Characteristics and Therapies

Characteristic Datum
No. of patients 42
Histologic diagnosis (ovarian carcinoma) 31

Serous papillary adenocarcinoma 27
Poorly differentiated 23
Moderately differentiated 2
Well differentiated 2

Endometrioid adenocarcinoma 4
Poorly differentiated 1
Moderately differentiated 2
Well differentiated 1

Primary peritoneal carcinoma* 11

Disease status
Primary 22
Recurrent 20
Current treatment

Carboplatin and paclitaxel 25

Single agent carboplatin 6

Carboplatin and doxorubicin 5

Carboplatin and capecitabine 1

Carboplatin and phenoxodiol 2

Single agent paclitaxel 3

Total no. of evaluated lesions 118
No. of evaluated lesions per patient

1 12

2 7

3 12

4 4

5 8

No. of evaluated lesions according to site

Ovarian 13

Peritoneal 84

Omental 19

Visceral 2

Median pretreatment serum CA-125 level (IU/mL)t

502 (61-6236)

Note.—Unless otherwise indicated, data are numbers of patients.

* All were poorly differentiated.
T Numbers in parentheses are ranges.

(84%) achieved 6-month progression-free
survival, of whom 24 (89%) had no
measurable residual disease and 22
(82%) had normal serum CA-125 level
at the end of treatment.

Reproducibility

Mean ADC from DW MR imaging re-
peated in 10 patients and 17 lesions
(mean pixel count, 791; range, 120-2061)
was calculated. For each lesion, the
difference in mean ADC between the
two series was expressed as percent-
age of the average ADC between the

series. There was no statistically sig-
nificant difference (P = .80) in mean
ADC between the two series (series 1,
1054 X 107% mm?2/sec; series 2, 1052 X
107¢ mm?/sec). Bland-Altman analysis
yielded a coefficient of variation of 4.8%.

Intra- and Interobserver Agreement

Among the randomly sampled lesions,
three were excluded because of pres-
ence of artifact, which left 51 analyz-
able lesions. Intraclass correlation co-
efficients were 0.93 (95% confidence
interval: 0.87, 0.96) and 0.86 (95%

confidence interval: 0.52, 0.94) for in-
tra- and interobserver comparisons,
respectively. Coefficients of intra- and
interobserver variability were 11.4%
and 13.7%, respectively.

ADC Histogram Assessment

Median whole disease volume at baseline
(calculated as the product of cumulative
voxel count of target lesions at DW MR
imaging and a nominal voxel volume of
45 mm?®) was 209.2 X 10° mm? (range,
3.8-2947.0 X 10° mm?) and did not dif-
fer significantly according to histologic
grade (P = .69), primary or recurrent
disease status (P = .56), and response
outcome (P = .26). Absolute mean per-
centage change in whole disease volume
did not differ significantly between re-
sponders and nonresponders after the
first cycle (—21.3% = 33.3 vs —6.1% =
16.3, respectively, P = .06) but was sig-
nificantly higher in responders after
the third cycle (—61.4% = 34.7
vs —22.8% = 27.3, respectively, P=.003).
Absolute mean percentage change in
CA-125 level was higher in responders
than in nonresponders after the first
(—40.7% = 29.9 vs —1.8% = 33.8,
respectively, P = .001) and third
(=78.8% = 16.1 vs 1.4% * 67.3, re-
spectively, P = .004) cycle.

Tumor grade, disease, and response
status did not significantly affect ADC
histogram parameters at baseline (P =
.12 for all factors) (Table 2). Pairwise
comparisons demonstrated a significant
increase in all ADC parameters (P <
.001) after the first cycle in responding
patients, apart from histogram skew
and kurtosis, whereas in nonrespond-
ing patients, no parameter changed
significantly (P = .09). After the third
cycle, responders maintained the sig-
nificant increase in all ADC parameters
(P < .001), with a significant decrease
in skew (P < .001) and kurtosis (P =
.006) compared with baseline; in non-
responders, no parameter changed sig-
nificantly (P = .51) (Figs 2, 3). Mean
width of ADC histograms did not change
significantly between baseline and after
the first cycle in responders (.57 X 1073
mm?/sec = .18 vs .63 X 1072 mm?/sec =
.27, respectively, P = .11) or nonre-
sponders (.64 X 107% mm?/sec * .10 vs
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Table 2

ADC Histogram Values in Responders and Nonresponders at Each Chemotherapy Time Point

Responders Nonresponders
Baseline After First Cycle After Third Cycle Baseline After First Cycle After Third Cycle
Parameter (n=32) (n=32) PValue (n=26) PValue (n=10) (n=10) PValue (n=10) PValue
Mean ADC (X 102 1.08 =018 1.22 +0.22 <.001 1.30=*0.24 <.001 1.08 =0.15 1.11 =0.16 .26 112 + 26 .55
mm&/sec)
10th percentile (X 1073 0.81 + 0.15 0.94 = 0.21 <.001 1.03 +0.21 <.001 0.80 +0.13 0.81 =0.13 92 0.82 + 0.19 .70
mm?2/sec)
25th percentile (x 10-°  0.91 = 0.16 1.04 = 0.21 <.001 1.14=*0.23 <.001 0.90 +0.14 0.90 = 0.16 .83 0.93 = 0.22 .65
mm?/sec)
50th percentile (x 10~° 1.04 =0.19 1.18 = 0.23 <.001 127 =0.26 <.001 1.04+0.15 1.06 +0.17 52 1.08 = 0.27 51
mm?2/sec)
75th percentile (x 10=°  1.21 £0.21 1.36 = 0.25 <.001 1.43=*0.27 <.001 1.21 +0.17 1.27 +0.22 .09 1.26 = 0.31 .51
mm?2/sec)
90th percentile (x 10=°  1.38 = 0.24 1.56 = 0.29 <.001 1.60 = 0.30 <.001 1.44+019 151 +024 14 1.47 = 0.35 71
mm?2/sec)
Skew 1.03 = 0.64 0.95 *+ 0.65 .53 0.58 = 0.56 <.001 1.03 +0.51 0.98 + 0.50 71 1.11 = 0.55 .66
Kurtosis 2.60 =366 2.09+ 242 45 063114 .006 1.77 =181 1.30+1.66 45 1.77 = 2.03 .99

Note.—Data are interpatient means = standard deviations. P values refer to comparisons between pre- and posttreatment measurements in the responding and nonresponding groups.

.71 X 1073 mm?/sec * .22, respectively,

after the third cycle (P = .12 and .88

Recruited patients for responders and nonresponders,
(n=59) >
respectively).
Excluded Magnitude of change in ADC his-
(n=17) togram parameters did not differ sig-
nificantly according to tumor grade and

.4 — . disease status after the first (P = .08
Patients included in final analysis . A

(n=42) and .22, respectively) or after the third

| (P = .16 and .21, respectively) cycle.

| | The best discriminant parameter of

Primary disease Recurrent disease response after both the first and third

(n=23) (n=19) cycles was percentage change of the

25th percentile (%AC25) (AUC = 0.82

| ,_‘—\ and 0.83, respectively), which was sig-

| | nificantly higher in responders than in

R(iSEZnZS)e No reip1onse Response No response nonresponders but with considerable

(n=1) (n=10) (n=9) overlap (Table 3, Fig 4). However, its

I | performance was not significantly supe-

| | | | rior to the percentage change of mean

Measurable disease | |No measurable disease| | Measurable disease | | No measurable disease ADC (%AADC, ) (P=.90and .87 after
after 3% cycle after 3% cycle after 3" cycle after 3 cycle first and third cycle, respectively). Ap-
(n=19) (n=3) (n=17) (n=3) . . . o L. .
plication of linear discriminant analysis
| | to all eight parameters (AUC ) and to
| | | | the best combination at each time point
Measurable No measurable || No measurable Measurable No measurable did not improve accuracy (after first
disease after 6"| | disease after 6" || disease following disease after 6" | disease after 6" cycle: AUC = 0.67, AUC, .0 cr
cycle cycle DS cycle cycle . all = | %AC254%AAD Cinean
(n=5) (n=2) (n=12) (n=5) (n=2) = 0.77; after third cycle: AUCall =0.72,
AUC,, (ea5ianpcmean = 0-78). Highest ac-
Figure 1:  Flowchart of patient results. /DS = interval debulking surgery. curacy was achieved with a cutoff value

of 5.3% increase in percentage change
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(a—e) Data in 69-year-old woman with single-site recurrent serous adenocarcinoma of the ovary. (a) Pretreatment axial T2-weighted MR image (echo

time msec/repetition time msec, 84/5530) shows peritoneal metastasis in the left vaginal vault (arrow), measuring 21 mm in maximum diameter. After the first
cycle of chemotherapy, no significant size change was evident (images not shown), but serum CA-125 level had decreased from 214 to 98 IU/mL (54.2% reduc-
tion). (b) After the third cycle, axial T2-weighted MR image (84/5530) shows the nodule (arrow) at 12 mm (43.8% size reduction), and corresponding CA-125 level
was 21 1U/mL (90.2% reduction). (c) Pretreatment and (d) after-third-cycle axial ADC maps show ROIs generated with computer-assisted segmentation for ADC
calculation. (e) Graph shows ADC histograms before treatment and after the first and third cycles, normalized for tumor volume. There is a continuing shift of the
histograms to the right and a reduction in skewness. Mean ADC increased by 5.0% after the first cycle and by 42.4% after the third compared with baseline. The
parameter with the highest percentage change after the first cycle was the 10th percentile (16.5% increase) and that after the third cycle was the 50th percentile

(48.2% increase).

of the 25th percentile after the first cy-
cle, which had 78.1% sensitivity, 80.0%
specificity, 92.6% positive predictive
value, and 46.2% negative predictive
value for identifying response; com-
bined CA-125 level and RECIST criteria
at this time point had 43.7% sensitiv-
ity, 100% specificity, 64.8% positive
predictive value, and 35.7% negative
predictive value. Applying a threshold
of 9.4% increase in percentage change
of the 25th percentile, in accordance
with the 95% confidence interval of

reproducibility, to the 28 patients whose
response status was inconclusive accord-
ing to conventional criteria after the first
cycle would have resulted in additional
correct classification of 10 of 18 subse-
quent responders and eight of 10 non-
responders, achieving a positive pre-
dictive value of 89.8% with a negative
predictive value of 36.0%.

There was a moderate inverse corre-
lation between percentage change of dis-
ease volume (calculated from total voxel
count) and percentage change of mean

ADC, percentage change of the 10th
percentile, percentage change of the
25th percentile, and percentage change
of the 50th percentile after the first cy-
cle; after the third cycle, the relationship
was stronger for all ADC parameters
(with a positive correlation for change in
skew and kurtosis) (Table 4). There was
a moderate inverse correlation of similar
magnitude between percentage change
in all ADC parameters (apart from skew
and kurtosis) and CA-125 level at both

intratreatment time points.
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Figure 3: (a—e) Data in 56-year-old woman with multisite relapsed serous adenocarcinoma of the ovary. (a) Pretreatment axial T2-weighted MR image (84/5530)
shows peritoneal metastasis in the gastric pylorus (arrow), measuring 81 mm. Other target lesions were located in the porta hepatis, falciform ligament, and rec-
tosigmoid. After the first cycle of chemotherapy, no significant size change was evident and CA-125 level had decreased from 502 to 475 IU/mL (5.4% reduction).
(b) After the third cycle, axial T2-weighted MR image (84/5530) shows the mass (arrow) at 82 mm, while the sum of maximum diameters of all target lesions had
decreased from 278 to 254 mm (8.6% size reduction) and CA-125 level was 310 IU/mL (38.2% reduction), indicating nonresponse. (c) Pretreatment and (d) after-
third-cycle axial ADC maps show ROIs generated with computer-assisted segmentation for ADC calculation. (e) Graph shows cumulative ADC histograms from target
lesions before treatment and after the first and third cycles, normalized for tumor volume. The shape and location of the histogram curves are similar between the
time points. Mean ADC increased by 0.4% after the first cycle and decreased by 7.3% after the third compared with baseline. Greatest percentage change after the
first cycle was 2.5% reduction for the 90th percentile and that after the third cycle was 9.6% reduction for the 75th percentile.

Table 3
Average Change of Total ADC Histogram Values in Responders and Nonresponders at Each Chemotherapy Time Point
Before to After First Cycle Before to After Third Cycle
Responders Nonresponders Responders Nonresponders
Parameter (n=32) (n=10) PValue AUC (n=26) (n=10) P Value AUC
Percentage change
Mean ADC 135+ 12,6 28+73 .022 0.80 22.8 +18.7 2.6 157 .005 0.81
10th percentile 16.7 = 20.0 1.5+ 153 .098 0.78 27.4 = 27.6 2.4 +16.9 .013 0.79
25th percentile 14.4 =154 —9.8 = 30.5 .008 0.82 26.7 = 24.3 —57+318 .004 0.83
50th percentile 13.7 =136 2873 .021 0.78 25.3 = 21.7 33+x171 .007 0.79
75th percentile 128 =12.6 46+ 8.1 .054 0.73 221 +17.4 3.0 +£16.0 .004 0.79
90th percentile 13.8 = 16.5 5.0 =104 .159 0.67 19.7 =17.0 1.1 +16.0 .010 0.81
Change
Skew —0.08 = 0.68 —0.05 = 0.44 .595 0.46 —0.54 = 0.66 0.11 = 0.48 .010 0.80
Kurtosis —0.51 +£3.75 —0.47 = 1.86 973 0.48 —2.42 = 4.08 —0.01 +1.96 .083 0.74

Note.—Data are interpatient means + standard deviations. AUC is for discrimination of responders from nonresponders.
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Figure 4:  Box plots compare percentage change of 25th percentile (%A C25)
after the first and third cycle of chemotherapy between responders (R) and non-
responders (NR). Medians (lines through boxes) are higher in responders than in
nonresponders, although there is considerable overlap. O = outliers.

Progression-Free Survival

Absence of measurable disease (hazard
ratio of 0.01, P = .039) and normal-
ization of serum CA-125 level (hazard
ratio of 0.31, P = .046) at the end of
treatment were significant predictors
of 6-month progression-free survival,
whereas age, tumor grade, disease sta-
tus, and percentage change of the 25th
percentile after the first cycle were not
significant (Table 3).

We have shown that ADC histogram
parameters have predictive value in as-
sessing chemotherapy response defined
with integrated biochemical and mor-
phologic criteria, irrespective of histo-
logic grade and primary versus relapsed
disease status. Response was associated
with an early and sustained increase
of ADCs and a later decrease of skew
and kurtosis on cumulative histograms,
reflecting total disease burden. Visu-
ally, these diffusivity changes translated
into a shift of the histograms toward
the right and adoption of a more sym-
metrical shape, respectively. Lack of
response was associated with stability
of all histogram parameters. The pa-
rameter with the highest accuracy in
identifying responders was percentage

change of the 25th percentile, suggest-
ing that, within tumor, the domains of
lower diffusivity may be more sensitive
to cytotoxic processes. This is sup-
ported by the established inverse cor-
relation between ADC and cell density,
which implies that, in heterogeneous
tumors, regions of lower ADC are more
representative of grade and biologic be-
havior because of their increased cellu-
lar concentration (21-23). Interestingly,
the combination of best discrimina-
tory parameters did not improve ac-
curacy; a similar lack of improvement
in the extended model compared with
individual components has been previ-
ously observed in brain tumors and at-
tributed to the high intracorrelation of
ADC histogram parameters (24). Our
results indicated that computation of
percentage change of the 25th percen-
tile is sufficiently representative of ADC
histogram evolution to obviate complex
algorithms. However, in early assess-
ment of treatment response, percent-
age change of the 25th percentile can
improve the positive predictive value of
conventional CA-125 level and RECIST
criteria but not their negative predic-
tive value, which is required for timely
identification of nonresponders.

The histogram analysis approach
has been applied in other tumors, where

DW MR imaging has been used to
quantify water mobility changes before
macroscopic tumor shrinkage. Pixel-
by-pixel ADC histograms through the
entire tumor volume capture different
microenvironments of diffusivity, which
may be masked by mean ADC analy-
sis. Tozer et al (24) demonstrated that
percentiles below the 50th percentile,
histogram mode, and skew were dis-
criminant between astrocytomas and
oligodendrogliomas. Pope et al (10)
calculated separate mean ADCs for the
lower and higher components of bi-
modal ADC histograms in glioblastoma
multiforme and found that tumors with
lesser opposed to greater ADCs of the
lower curve had reduced progression-
free survival. Nowosielski et al (25)
showed that increasing skew in ADC
histograms of patients with recurrent
high-grade glioma predicted reduced
progression-free survival compared with
stable or decreasing skew. Outside the
brain, the use of ADC histogram analy-
sis to monitor chemotherapy effects is
not widely used, and this study illustrated
its potential.

The 4.8% coefficient of reproduc-
ibility in our replicate ADC measure-
ments indicated that changes greater
than 9.5% (95% confidence interval)
can be attributed with 95% probabil-
ity to an underlying biologic process
rather than physiologic or hardware
variability.

Percentage change in ADC histo-
gram parameters was higher in re-
sponders than nonresponders, which is
in agreement with results from breast
(26) and rectal (27) cancer. However,
the magnitude of change had substan-
tial variation, which did not appear to
depend on histologic grade or disease
status.

We found a significant inverse cor-
relation between ADC change and es-
tablished response biomarkers, which
was higher for volume change and for
the later intratreatment time point.
Correlations of similar magnitude have
been reported in liver (7) and cervical
(8) tumors, indicating that a decline in
disease activity can be inferred from
rising ADCs. However, the moderate
strength of correlation suggests that
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Table 4

Correlation between Change in Histogram Parameters and Percentage Change of Morphologic and Biochemical Biomarkers

After First Cycle After Third Cycle
Percentage Change of Tumor Percentage Change of Percentage Change of Tumor Percentage Change of
Histogram Parameter Burden Volume CA-125 Level Burden Volume CA-125 Level
Percentage change
Mean ADC —0.35(.020) —0.41(.007) —0.50 (.002) —0.40 (.017)
10th percentile —0.37 (.017) —0.34 (.029) —0.49 (0.003) —0.39(.018)
25th percentile —0.37 (.015) —0.40 (.010) —0.57 (<.001) —0.45 (.006)
50th percentile —0.30 (.048) —0.41 (.007) —0.48 (.003) —0.38(.023)
75th percentile —0.19 (.226) —0.39 (.011) —0.46 (.005) —0.36 (.034)
90th percentile —0.15(.361) —0.32 (.041) —0.45 (.0086) —0.33 (.047)
Change
Skew 0.02 (.883) 0.14 (.379) 0.51 (.002) —0.29 (.087)
Kurtosis 0.24 (.126) 0.20 (.199) 0.52 (.002) 0.25 (.139)

Note.—Data are Spearman rank correlation coefficients, with P values in parentheses. Percentage change of tumor burden volume was calculated from summated voxel counts from all target

lesions.

Table 5

Multivariate Cox Regression Analysis for 6-Month Progression in Responders

Variable Regression Coefficient Standard Error Hazard Ratio PValue 95% Confidence Interval
Age 0.06 0.09 1.06 488 0.89,1.27
Tumor grade 0.60 1.85 1.83 746 0.05, 69.00
Normal CA-125 level —3.49 1.75 0.31 .046 0.00,0.94
Absence of measurable residual disease —4.29 2.07 0.01 .039 0.00,0.80
Percentage change of 25th percentile —0.11 0.07 0.90 120 0.78,1.27

Note.—Normal CA-125 level and absence of measurable residual disease refer to the end of treatment. Percentage change of 25th percentile refers to after the first cycle.

diffusivity changes reflect a multitude of
structural and functional processes dur-
ing treatment.

Baseline diffusivity parameters
were not shown to be predictive of
morphologic and biochemical response.
The association between high pretreat-
ment ADCs and unfavorable response
reported in hepatic (7,28), breast (26),
and rectal tumors (29) may not apply
to all tumor types, as it has not been
confirmed in cervical (8) and head and
neck cancer (30).

As best ADC discriminant, percent-
age change of the 25th percentile did
not appear to be predictive of 6-month
progression-free survival. In central
nervous system tumors, low pretreat-
ment ADCs have been reported as inde-
pendent risk factors of reduced survival
(9,10,23,31). In comparison, advanced
ovarian cancer is an intrinsically het-
erogeneous disease, as adnexal lesions

coexist at presentation with peritoneal
and omental metastases, all of which
have unique histologic features. The
failure of ADC parameters to predict
clinical outcome may in part arise from
the endogenous diversity of lesions
composing total disease burden. Fur-
thermore, the small number of initial
responders who experienced relapse
and the relatively short observation pe-
riod may have obscured any association
of ADC change with clinical outcome.
Our study had limitations. First, we
generated cumulative ADC histograms,
weighted for individual lesion volume
and corresponding to whole disease
burden. The inherent disadvantage of
this method was the inability to quan-
tify within-patient and between-lesion
variability and thus to address differen-
tial response. Second, the small num-
ber of nonresponders was not sufficient
for the evaluation of multiparametric

regression models comprising CA-125
level, size, and ADC change, which
would be of clinical relevance. Third,
despite the prospective nature of the
study, there was inevitable variation in
the temporal window between chemo-
therapy administration and imaging,
which may have contributed to the dis-
persion of ADC changes, because dif-
fusivity patterns have been shown to be
in part time-dependent (29). Fourth,
concentrating on the five largest lesions
may have introduced selection bias.
Fifth, only short-term reproducibility
of ADC measurements was assessed.
Finally, lesions that shrunk to subcen-
timeter size were not analyzed further
because of spatial resolution limita-
tions. This may have led to overrepre-
sentation of less-responsive lesions on
the weighted ADC histograms.

In conclusion, ADC histogram anal-
ysis may be a useful adjunct tool to
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conventional biomarkers for monitoring
chemotherapeutic efficacy in advanced
ovarian or primary peritoneal cancer.
Our results indicated that an early and
sustained increase of ADC mean and
percentiles and later decrease of his-
togram skew and kurtosis can detect
response assessed with integrated mor-
phologic and biochemical criteria. The
ability of DW MR imaging and ADC
histograms to characterize different dif-
fusion microenvironments can be used
to quantify disease heterogeneity and
potentially use the information to refine
monitoring of treatment response.
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