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ARTICLE INFO ABSTRACT

Keywords: Purpose: To investigate whether the apparent diffusion coefficient (ADC), intravoxel incoherent motion (IVIM),

DwI and stretched exponential model (SEM) based on histogram analyses derived from the whole-tumor volume

Multiple mathematical models combined with prognostic factors can be used to assess the response to chemotherapy and radiation therapy

Histogram analysis (CRT) in locally advanced rectal cancer (LARC).

rg:;};tzg:;rl_‘;’;;uz:tal cancer Materials and methods: This St121dy included 60 patients with LARC who underwent diffusion-weighted imaging

Response prediction with 9b values (0-1000s/mm~) before CRT. Histograms derived from the whole-tumor volume were used to
obtain the ADC, IVIM (Dgjow, Drast, and f), and SEM parameters (distributed diffusion coefficient (DDC) and o).
The histogram metrics and prognostic factors before CRT were compared between pathological complete re-
sponse (pCR) and non-pCR patients. The receiver operating characteristic (ROC) and the area under the ROC
curve (AUC) were generated to analyze the histogram metrics and prognostic factors.
Results: A significant difference was only found in the tumor volume between the pCR and non-pCR groups
(p = 0.033, AUC = 0.740). The ADC mean, DDC median, and most of the histogram metrics were significantly
lower in the pCR group than the non-pCR group (p = 0.000-0.025), and AUC was highest for the ADC mean
(0.890). Only the Dgon median differed significantly between the two groups (p = 0.023, AUC = 0.721).
However, the Dy, f, and o histogram metrics did not differ significantly between the pCR and non-pCR groups.
The AUC for the ADC mean combined with the tumor volume was 0.908, with a sensitivity of 100% and spe-
cificity of 81%. The inter-observer agreements were good or excellent for the ADC and SEM histogram para-
meters but generally fair for IVIM.
Conclusion: The whole-tumor ADC mean combined with the tumor volume was highly accurate for predicting
PCR. The IVIM models were inferior to ADC and SEM at predicting pCR.

1. Introduction

Preoperative chemotherapy and radiation therapy (CRT) followed
by surgical resection has been utilized as the standard therapeutic
schedule for locally advanced rectal cancer (LARC) [1,2]. However,
new data suggest that surgery may not be necessary in patients who
achieve a pathological complete response (pCR) and these patients
should be allocated to a “watch and wait” policy [3,4]. After a long
course of preoperative CRT, approximately 5-45% of patients may
achieve pCR [5,6]. By contrast, most of the remainder still exhibit
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tumor downstaging, no treatment response, and disease progression
[7]. The early detection of poor responders may provide an opportunity
to adjust the treatments for these patients, such as a higher radiation
dose, second-line chemotherapy, or moving directly to surgery. Thus,
predicting the treatment response is essential for individualizing LARC
treatment according to good responders and poor responders. A method
that can predict the therapeutic reaction before treatment would have
significant clinical benefits. However, there are no reliable, noninvasive
tests for predicting pCR.

Classic prognostic factors have been

reported, including
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carcinoembryonic antigen (CEA), inflammatory cells, and tumor size
[8-10]. Furthermore, pretreatment high-resolution magnetic resonance
imaging (HR MRI) for rectal cancer is increasingly recommended be-
cause it allows preoperative identification of important surgical and
pathological prognostic factors, such as the circumferential resection
margin (CRM) and extramural venous invasion (EMVI) [11]. However,
the conventional MRI sequence cannot give a reliable prediction of a
tumor’s response to CRT because it is difficult to differentiate the re-
sidual tumor from fibrosis induced by radiation [12] and it is not re-
liable for evaluating nodal involvement [13]. The conventional MRI
sequence is insufficient for reliably addressing these critical challenges,
so new techniques such as diffusion-weighted imaging (DWI) could
potentially be employed to address this problem [14]. For example,
several studies have identified associations between the apparent dif-
fusion coefficient (ADC) values derived from DWI and rectal tumor
response to CRT [15,16], whereas this association was not significant in
other studies [14,17].

In a recent study, an intravoxel incoherent motion (IVIM) bi-ex-
ponential model that separates blood perfusion from true diffusion ef-
fects was shown to be widely applicable to tumors in the brain [18],
lung [19], liver [20], kidney [21], and prostate [22]. This model is
more detailed than the mono-exponential model, but the bi-exponential
model exhibits poor repeatability and reproducibility [23]. Thus, the
stretched exponential model (SEM) was used at high b values by Ben-
nett et al. to overcome the inhomogeneity of tumor tissues [24].
Moreover, instead of using mean value measurements, histogram ana-
lysis based on the whole-tumor volume was employed to examine the
heterogeneity in these studies [17,25]. There have been no previous
applications of IVIM and SEM in rectal cancer. Given the value of
whole-tumor volume IVIM metrics for characterizing other tumors, we
hypothesize that this approach could be combined with prognostic
factors for assessing the response of LARC to CRT.

Therefore, in this study, we explored the diagnostic performance of
multiple mathematical models (ADC, IVIM, and SEM) according to
histogram analyses derived from the whole-tumor volume combined
with prognostic factors in order to assess the response of LARC to CRT
by using the tumor regression grade (TRG) as the reference standard.

Pre-CRT MRI examinations for evaluation of
rectal neoplasm (n=203)
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2. Materials and methods

Institutional review board approval was obtained from our hospital
for this retrospective study and all patients gave written informed
consent.

2.1. Patients

In total, 203 consecutive patients who received pre-CRT MRI ex-
aminations to evaluate rectal neoplasms at our department between
October 2015 and November 2017 were enrolled in this single-in-
stitution study. Among these patients, 60 (mean age + standard de-
viation = 54.63 *+ 8.5 years) were selected according to the following
inclusion criteria: (1) pathologically proven rectal adenocarcinoma; (2)
underwent pretreatment MRI, including DWI with 9b values based on
3T MRI for preoperative evaluation; (3) LARC (stage T3-T4) at pre-
treatment MRI; (4) no evidence of distant metastases; and (5) surgical
resection 6-8 weeks after neoadjuvant CRT. Among the 203 patients,
143 were excluded because of the reasons listed in Fig. 1. Furthermore,
all patients had CEA and routine blood tests before treatment.

2.2. Histopathologic TRG

All histopathologic examinations were performed by a team of pa-
thologists who had more than 10 years of experience in rectal pa-
thology. The tumor response to CRT was evaluated according to TRG as
described by Dworak et al. [26]. Regression was from a complete re-
sponse (grade 4) to no tumor regression (grade 0). Patients with TRG 4
were categorized as pathological complete response (pCR) with no
tumor cells and only fibrotic mass (total regression or response),
whereas TRG 0-3 were categorized as non-pCR.

2.3. MRI examination
All pre-CRT MRI examinations were performed with a Philips

Achieva 3 T MR scanner (Philips Healthcare Inc, Best, The Netherlands)
with a 16-channel SENSE-XL-Torso coil. The T2-weighted imaging

A\ 4

Excluded(n=143)

(1) poor image quality (n=10); -

(2) mucinous adenocarcinoma or adenocarcinoma
pathologically proven by biopsy (n=12);

(3) rectal cancer (stage T1-T2) or distant metastasis
evaluated by imaging examination or biopsy (n=54);

(4) did not receive neoadjuvant therapy or rejected
surgery after neoadjuvant therapy(n=67). -

A

Final study cohort(n=60)

Fig. 1. Patient flow diagram.
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(T2WI) data included the axial oblique, coronal, and sagittal planes.
The axial oblique planes referred to as HR-T2WI were perpendicular to
the long axis of the tumor in the sagittal plane. An axial HR-T2WI se-
quence was acquired with the following parameters: repetition time
(TR) = 3906 ms, echo time (TE)=100ms, field of view
(FOV) = 200 x 200 mm?, voxel size = 0.63 x 0.63 x 3 mm?, matrix
size = 318 x 314, thickness = 3mm, and number of signal averages
(NSA) = 3, with 28 axial slices to cover the whole tumor without inter-
slice gaps. Furthermore, a multiple-b DWI pulse sequence was obtained
in the same orientation as the axial HR-T2WI imaging by using a single-
shot echo-planar imaging pulse sequence with the following para-
meters: TR = 2000ms, TE = 60ms, FOV = 240 x 240 mm?, voxel
size = 2 x 2 x 4mm®, matrix size = 120 x 118, thickness = 3mm
with a gap of 0.4 mm, NSA = 3, and 9 b values (0, 10, 20, 40, 80, 150,
300, 600, and 1000s/mm?). Finally, pre- and post-contrast axial T1-
weighted imaging (T1WI) was performed before and after injecting the
contrast media, followed by a 20 ml saline flush (15 mL Omniscan at a
rate of approximately 4 mL/s using a power injector, and 20 mL of
saline flush was injected at the same rate immediately afterward) with
the following parameters: TR = 3.6 ms, TE = 1.35ms,
FOV = 342 x 260 mm?, voxel size =1.5 x 1.5 x 3mm? matrix
size = 228 X 172, thickness = 3 mm, and 133 slices axial with a gap of
-1.5mm.

During acquisition, the patients who were injected with 10 mg an-
isodamine hydrochloride (654-2) to prevent intestinal peristalsis half an
hour before the scan were placed in a supine position in the gantry of
the scanner and movement was limited. The total acquisition time was
about 30min, including the multiple-b DWI pulse sequence, which
lasted 8 min.

2.4. Histogram analyses and volume measurements

The ADC, IVIM (Dgjow, Drast, and f), and SEM (distributed diffusion
coefficient (DDC) and a) maps were generated with an in-house de-
veloped program, where they were fitted on a voxel-by-voxel basis
using the nonlinear Levenberg-Marquardt method with the following
multiple mathematical models.

1 Mono-exponential model: S(b)/S(0) = exp(-b x ADC), where b is
the level of diffusion weighting. ADC was calculated from a mono-
exponential fit using 9 b values (0, 10, 20, 40, 80, 150, 300, 600,
and 1000s/mm?).

2 Bi-exponential model: S(b)/S(0) = f X exp(-b X Dge) +(1 - f) X
exp(-b X Dgow), where f is the diffusion fraction linked to micro-
circulation, which is also called the perfusion fraction, D¢, is the
fast diffusion rate constant, and D, is the slow diffusion rate
constant.

3 SEM: S(b) /S(0) = exp{(-b X s)*}, where DDC is a measure of the
mean intravoxel diffusion rate in the presence of heterogeneity and
the heterogeneity index a characterizes the deviation of the signal
attenuation from mono-exponential form, which is limited to values
between zero and one.

Two radiologists who were blinded to the clinical and pathological
details, (XXX with 7 years of experience in abdominal MRI and XXX
with 4 years of experience in oncologic body imaging) independently
positioned a whole-tumor volume of interest (VOI) by manually en-
closing the lesion in each HR-T2WI axial slice using commercially
available software (TK-SNAP, version 3.4). In addition, VOIs were
outlined in the DWI with a b-value of 1000s/mm? by referring to the
HR-T2WI. Areas containing air, vessels, and artifacts were avoided
when positioning the VOI.

The software automatically copied and pasted the VOIs derived
from DWI images onto all the other maps mentioned above. Histograms
were calculated from the VOIs in order to assess the distribution of
parameters in the whole tumor and the following parameters were

European Journal of Radiology 110 (2019) 249-255

calculated: mean, minimum, maximum, standard deviation (SD),
skewness, kurtosis, and the 5th, 10th, 25th, 75th, 90th, and 95th per-
centiles for ADC, Dgjow, Dfast, f, DDC, and a (Fig. 2). Moreover, each
tumor volume was automatically calculated by summing each of the
axial slice volumes (axial slice area X slice thickness) derived from VOI
of HR-T2WI with the same dedicated software, and the final value was
the average determined by the two radiologists. In addition, CRM and
EMVI were recorded according to the MRI report.

2.5. Statistical analyses

Statistical analyses were performed using a statistical software
package (SPSS, version 22). The inter-observer variability in the tumor
volume and histogram parameters were analyzed based on intraclass
correlation coefficients (ICCs: 0.00-0.20 = poor correlation; 0.21-0.40
= fair; 0.41-0.60 = moderate; 0.61-0.80 = good; and 0.81-1.00 =
excellent). Continuous variables were represented as the mean *+ SD
and compared with the Student’s t-test or Mann-Whitney U test.
Categorical variables were expressed as counts and compared using the
x2-test or Fisher’s exact test. Receiver operating characteristic (ROC)
curve analysis was performed to analyze the histogram metrics and
prognostic factors in order to evaluate their diagnostic accuracy for
predicting pCR. The parameters were selected by multiple logistic re-
gression analysis to assess the utility of adding the results obtained for
prognostic factors to histogram analysis parameter. The selected para-
meters were combined by binary logistic regression analysis, which was
used to obtain a generalized linear model, as shown in Eq. (1). The
prediction probabilities(p) were calculated according to regression
equations and the corresponding probability was used as an additional
parameter, which was further assessed by ROC analysis. Moreover, the
best cut-off was selected in terms of the sensitivity and specificity.
Analyses were two-sided and differences were considered significant at
p < 0.05.

In(p /1 — p)) = Bo + PBix1 + ... +PmXm [@))

3. Results

Patient demographic data, the radiological stages based on pre-CRT
MRI, and the pathological stages are shown in Table 1. After surgery,
13/60 patients achieved pCR (TRGO = 21.7%), whereas the other 47
patients were classified according to the non-pCR group (TRG1-4 =
73.8%).

In terms of the reproducibility, the ICCs for the ADC and SEM his-
togram parameters obtained from pre-CRT had good or excellent cor-
relations. However, the ICCs for IVIM mostly indicated fair correlations
(Table 2).

3.1. Prediction and diagnostic performance of response: prognostic factors

None of the laboratory examination parameters (CEA and leuko-
cytes) obtained before treatment differed significantly between the pCR
and non-pCR groups (Table 1).

The mean tumor volume was 19.93 cm® (range = 3.38-98.41 cm®)
and there was a significant difference between the pCR (11.50 + 6.93
cm®) and non-pCR groups (22.26 * 17.32 cm®, p = 0.033). In addi-
tion, the AUC for the tumor volume parameter to predict pCR was 0.740
(p = 0.009, 95% confidence interval (95% CI) = 0.600-0.880), with a
sensitivity of 84.6% and specificity of 57.4%.

According to pre-CRT MRI, mrCRM + was found in the images for
28/60 patients and there was no significant difference between the two
groups. In terms of mrEMVI, mrEMVI + was slightly higher in the non-
PCR group compared with the pCR group, but the difference was not
significant (p = 0.755), and further details are shown in Table 1.
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Fig. 2. T3N2 rectal cancer with pathological complete response based on pre-CRT MRI images, including DWI (a), ADC map (b), Dgjow (c), and DDC map (d). Regions
of interest were manually circumscribed in DWI. Graphs show the corresponding ADC histogram (e) and DDC histogram (f).

3.2. Prediction and diagnostic performance of response: histogram analyses

Tables 3 and 4 show the histogram parameters for the whole lesions
(mean, median, variance, skewness, kurtosis, and 5th, 10th, 25th, 75th,
90th, and 95th percentiles) for the ADC, Dgjow, Drast, f, DDC, and a
metrics in the cohort subsets.

The ADC mean, median, SD, and 10th, 25th, 75th, 90th, and 95th
percentiles were significantly lower in the pCR group than the non-pCR
group (p = 0.001-0.025). Table 5 shows that the highest diagnostic
performance was obtained for the ADC mean (AUC = 0.890, p =
0.000, 95% CI = 0.806-0.974) with a sensitivity of 100% and speci-
ficity of 70.2%, and the optimal cutoff was 1.15 X 10> mm?/s.

All of the Dy, histogram parameter values were lower in the pCR
group than the non-pCR group, but only the Dy, median differed
significantly between the two groups (p = 0.032). ROC curve analysis
showed that the Dy, median could differentiate pCR and non-pCR
with a sensitivity of 84.6% and specificity of 61.7% (AUC = 0.721,
p = 0.015, 95% CI = 0.584-0.858) at the optimal cutoff of
0.76 x 107> mm?/s. Unfortunately, none of the Dy, and f histogram
parameters differed significantly between the pCR and non-pCR groups.

The mean, median, skewness, kurtosis, and 25th, 75th, 90th, and
95th percentiles for the DDC maps were lower in the pCR group com-
pared with the non-pCR group (p = 0.000-0.013). When these eight
parameters were tested separately by ROC curve analysis, the AUC

Table 1

Demographic, laboratory examination, radiological, surgery, and pathology data for the patients.
Characteristic ALL Response to chemotherapy p-value

pCR(n = 13) Non-pCR(n = 47)

Patient sex: Men/Women 46/14 1172 35/12 0.444
Age(y) 54.63 = 8.5 54.31 = 10.1 54.72 = 8.1 0.386
Laboratory examination
CEA(ug/ml) 14.76 = 26.18 15.3 + 28.86 14.4 = 25.7 0.089
Leukocytes(lOg/L) 7.09 = 2.14 7.6 £ 2.07 6.93 = 2.16 0.294
Radiology(Pretreatment MRI)
Location”(0-5.0 cm/5.1-10.0 cm/10.1-15 cm) 32/22/6 8/4/1 24/18/5 0.796
Tumor volume(cm®) 19.93 = 16.24 11.50 = 6.93 22.26 = 17.32 0.033
mrCRM(+/-) 28/32 6/7 22/25 0.967
mrEMVI(+/-) 24/36 5/8 22/25 0.755
mrT stage(3/4) 39/21 8/5 31/16 0.767
mrN stage(0/1/2) 0/6/54 0/2/11 0/4/43 0.465
Pathology
TRG(4/3/2/1/0) 13/28/10/6/3 13/0/0/0/0 0/28/10/6/3 0.000
pT stage(0/1/2/3/4) 13/3/15/16/13 13/0/0/0/0 0/3/15/16/13 0.000
PN stage(0/1/2) 47/9/4 12/1/0 35/8/4 0.348

Note: pCR, pathological complete response; *Location: Distance of the tumor from the anus; Significant results are printed in bold.
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Table 2
Inter-observer intra-class correlation coefficients between two readers for all of
the values obtained by histogram analysis.

parameters Mono- Bi-exponential (IVIM) Stretched-
exponential exponential
ADC Dijow Diast f DDC a
Mean 0.82 0.65 0.54 0.56 0.84 0.81
Median 0.84 0.73 0.52 0.55 0.85 0.75
SD 0.81 0.62 0.40 0.48 0.84 0.80
5th percentile 0.74 0.68 0.55 0.53 0.81 0.75
10th percentile 0.76 0.60 0.47 0.51 0.77 0.76
25th percentile  0.80 0.70 0.53 0.50 0.80 0.84
75th percentile 0.82 0.63 0.45 0.53 0.78 0.71
90th percentile 0.74 0.59 0.56 0.55 0.84 0.72
95th percentile 0.79 0.62 0.50 0.51 0.74 0.81
Skewness 0.81 0.67 0.43 0.54 0.82 0.83
kurtosis 0.82 0.54 0.47 0.44 0.80 0.81

value for the DDC median (0.866, p = 0.000, 95% CI = 0.771-0.960)
was highest, followed by that of the DDC mean, and the AUC value was
lowest for the DDC 95th percentile. In terms of the a value, none of the
histogram metrics differed significantly.

3.3. Diagnostic performance: histogram analyses combined with prognostic
factors

The AUC value for the ADC mean, which had the highest diagnostic
performance among the histogram parameters combined with the
tumor volume, was 0.908, with a sensitivity of 100% and specificity of
81% (Fig. 3).

4. Discussion

To the best of our knowledge, few previous studies of rectal cancer
DWI have used histogram analysis with multiple mathematical models
[27], and none have directly assessed the diagnostic performance of
DWI histogram analyses combined with clinical prognostic factors for
rectal cancer.

We found that the mean values were better than or equal to the
histogram metrics, as also shown in a previous study [28], thereby
suggesting that the mean values may be suitable for use in everyday
clinical practice. In the present study, ADC histogram analysis based on
pre-CRT MRI could discriminate pCR from non-pCR. In particular, the
ADC mean value obtained from the pre-CRT ADC histogram had the
best diagnostic performance according to histogram analysis. A recent

Table 3
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study also that suggested a low pre-CRT ADC was helpful for detecting
PCR [10]. It is possible that tumors with low pre-CRT ADC values are
likely to be less necrotic with a higher cell density than those with high
ADC values. It has been demonstrated that regions with a high cell
density within a tumor may be associated with greater tissue perfusion,
thereby resulting in better delivery and retention of chemotherapeutic
drugs in these areas and a higher response to chemotherapy [29]. With
the exception of the DWI parameters from the mono-exponential model,
the DDC values derived from SEM histogram analysis could also dif-
ferentiate the responders. Similar to a previous study [30], we found
that a lower pre-CRT DDC was probably linked with pCR. We suggest
that the association between a high DDC and more necrotic, less viable
lesions is the same as a high ADC, which indicates that DDC can be
interpreted in the same manner as ADC within the microenvironment.
There was no significant difference in the diffusion index a between the
PCR and non-pCR groups, but lower values were obtained for non-re-
sponsive lesions. A lower a value indicates vascular heterogeneity and
the presence of microscopic necrosis, thereby making it more aggressive
and less sensitive to chemotherapy [28].

Our results showed that the whole-tumor ADC mean combined with
the tumor volume obtained the highest AUC values and this could be a
promising method for predicting pCR. Consistent with previous studies
[10,31], a smaller tumor size was a clinical predictor of achieving pCR,
possibly because large tumors are linked with an increased risk of
lymph node-positivity and metastases, and thus a poor prognosis [28].
However, using the tumor size alone to assess the tumor response to
CRT is inadequate. Bakke [32] found that combining the f value with
the tumor volume could significantly predict the tumor response, but
they did not assess the diagnostic performance. However, we did not
find that adding laboratory indexes (CEA and leukocytes) enhanced the
prediction of the prognosis, unlike Giessen et al. [8], and this dis-
crepancy might have occurred because only T3 and T4 were included in
our cohort, thereby leading to selection bias. In contrast to a previous
study [33], we found that mrCRM and mrEMVI had limited use in
predicting a tumor’s response to CRT, possibly because they are sub-
jective parameters and susceptible to inter-observer variation.

We also found that the bi-exponential IVIM model performed worse
compared with the mono-exponential model and SEM (DDC value)
derived from the whole lesion in terms of predicting pCR as well as the
reproducibility. In recent years, IVIM models have been used widely to
evaluate the response of tumors to therapy [18-22], but f and Dy,
derived from the IVIM model had inferior reproducibility according to
the inter-observer variability test in our study. In order to improve the
repeatability and stability, we used whole lesion analysis, where we
considered the entire tumor to capture the inherent tumor hetero-
geneity and we used 9b values to capture the various diffusion

Differences in histogram analyses of apparent diffusion (ADC) and stretched-exponential model (DDC and ) maps between the pathological complete response (pCR)

and non-pCR groups.

parameters ADC(10 > mm?/s) p-value DDC(10 > mm?/s) p-value a p-value

pCR non-pCR pCR non-pCR pCR non-pCR

(n=13) (n=47) (n=13) (n =47) (n=13) (n = 47)
Mean 1.04 = 0.07 1.22 = 0.18 0.001 0.78 + 0.07 0.93 = 0.16 0.001 0.70 = 0.04 0.69 = 0.05 0.964
Median 0.97 = 0.06 1.14 = 0.18 0.001 0.71 = 0.06 0.88 = 0.19 0.000 0.69 = 0.06 0.68 = 0.07 0.741
SD 0.39 = 0.08 0.49 = 0.14 0.025 0.32 = 0.06 0.35 = 0.08 0.132 0.20 = 0.03 0.19 = 0.03 0.334
5th percentile 0.53 + 0.11 0.61 + 0.17 0.145 0.38 + 0.09 0.42 + 0.17 0.121 0.37 = 0.06 0.39 = 0.06 0.325
10th percentile 0.63 + 0.09 0.73 = 0.14 0.017 0.45 = 0.66 0.54 = 0.15 0.054 0.43 = 0.06 0.44 = 0.07 0.574
25th percentile 0.78 = 0.07 0.92 + 0.13 0.001 0.57 = 0.06 0.69 = 0.14 0.002 0.54 = 0.05 0.54 = 0.07 0.899
75th percentile 1.22 = 0.09 1.43 = 0.27 0.006 0.92 = 0.09 1.10 = 0.22 0.002 0.87 = 0.07 0.87 = 0.08 0.898
90th percentile 1.51 = 0.14 1.81 = 0.36 0.006 1.20 = 0.15 1.41 = 0.24 0.004 0.99 = 0.03 0.97 = 0.06 0.513
95th percentile 1.73 = 0.19 2.10 + 0.44 0.004 1.42 = 0.21 1.61 = 0.25 0.013 1.00 *+ 0.009 0.98 *= 0.03 0.264
Skewness 1.54 = 0.50 1.63 = 0.53 0.611 1.18 = 0.09 0.76 = 0.48 0.000 —0.06 = 0.28 0.07 = 0.24 0.454
kurtosis 8.44 + 3.21 8.77 = 3.19 0.734 5.21 * 1.16 4.16 + 1.25 0.008 2.16 + 0.29 2.12 + 0.35 0.663

Note: Significant results are shown in bold.
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Table 4
Differences in histogram analyses of intravoxel incoherent motion (IVIM) maps between pathological complete response (pCR) and non-pCR groups.
parameters Dgase(10 3 mm?/s) p-value Dsiow(10 3 mm?/s) p-value (%) p-value
pCR non-pCR pCR non-pCR pCR non-pCR
(n=13) (= 47) (0 =13) (0 =47) (n=13) (0 =47)
Mean 53.57 + 7.03 54.93 + 6.75 0.526 0.76 + 0.05 0.84 + 0.13 0.052 12.26 + 2.60 12.68 + 1.87 0.515
Median 23.60 + 7.64 24.63 + 7.67 0.669 0.73 = 0.05 0.81 = 0.13 0.032 11.63 = 2.57 11.78 = 2.15 0.841
SD 64.16 = 4.72 64.99 + 5.38 0.620 0.22 = 0.04 0.25 = 0.09 0.196 8.60 = 1.56 9.42 + 1.74 0.129
5th percentile 3.38 = 1.00 3.02 = 0.54 0.226 0.48 = 0.08 0.47 = 0.15 0.922 0.49 = 1.21 0.10 = 0.57 0.280
10th percentile 3.93 + 231 3.49 + 1.36 0.524 0.53 * 0.07 0.56 + 0.12 0.474 1.00 + 2.25 0.84 + 1.46 0.748
25th percentile 8.35 = 4.36 8.37 = 3.85 0.984 0.62 = 0.06 0.68 = 0.11 0.087 5.36 = 2.88 5.09 = 2.60 0.749
75th percentile 72.45 + 18.47 76.42 + 18.18 0.490 0.87 = 0.06 0.98 = 0.21 0.069 17.80 = 3.27 18.54 + 2.50 0.380
90th percentile 191.76 * 14.44 189.67 * 17.71 0.699 1.04 + 0.08 1.16 + 0.23 0.079 23.41 * 3.98 25.10 * 3.80 0.166
95th percentile 200 = 0.00 199.94 + 0.35 0.603 1.17 = 0.11 1.29 + 0.25 0.091 27.22 + 4.65 29.61 + 4.67 0.108
Skewness 1.41 = 0.26 1.33 £ 0.23 0.365 0.89 = 0.58 0.64 = 0.61 0.210 0.65 = 0.27 0.71 = 0.24 0.405
kurtosis 3.65 + 0.81 3.45 + 0.73 0.402 5.54 + 1.28 4.86 + 1.19 0.133 3.67 + 0.94 3.63 + 0.71 0.886
Note: Significant results are shown in bold.
Table 5
Diagnostic performance of MRI histogram parameters.
MRI parameters AUCs p-value Sensitivity(%) Specificity(%) Youden index Cutoff value
ADC mean 0.890 0.000 100.0 70.2 0.70 1.15
ADC median 0.871 0.000 92.3 72.3 0.65 1.06
ADC SD 0.712 0.020 100.0 46.8 0.47 0.49
ADC 10th percentile 0.741 0.008 84.6 63.8 0.48 0.71
ADC 25th percentile 0.822 0.000 100.0 59.6 0.60 0.91
ADC 75th percentile 0.881 0.000 100.0 63.8 0.64 1.35
ADC 90th percentile 0.838 0.000 92.3 76.6 0.69 1.65
ADC 95th percentile 0.825 0.000 92.3 72.3 0.65 1.90
DDC mean 0.838 0.000 92.3 63.8 0.56 0.87
DDC median 0.866 0.000 100 63.8 0.64 0.80
DDC 25th percentile 0.818 0.000 100 66.0 0.66 0.64
DDC 75th percentile 0.827 0.000 92.3 61.7 0.54 1.03
DDC 90th percentile 0.763 0.004 92.3 48.9 0.41 1.38
DDC 95th percentile 0.718 0.017 76.9 63.8 0.41 1.55
DDC Skewness 0.825 0.000 92.3 78.7 0.71 1.07
DDC kurtosis 0.779 0.002 92.3 61.7 0.54 4.17
Dyiow median 0.721 0.015 84.6 61.7 0.46 0.76
ROC curve properties of tissues. Unfortunately, the reproducibility was still poor
10 for f and Dy, These findings indicate that the models may be more
' sensitive to noise and artifacts [27], especially in the rectum, which is a
hollow organ that contains gas and feces. By contrast, the mono-ex-
ponential model parameter ADC and the SEM parameter DDC were
0.8 highly repeatable, which suggests that the parameters obtained from
these two models are robust and they can be employed as reliable
quantitative tools. Similarly, a previous study also showed that SEM
2 0.6- obtained high ICC measures [30].
S Our study had several limitations. First, our study cohort only in-
'E cluded patients who received surgical resection after CRT, so selection
5 0.4 bias was inevitable because our final binary outcome assessment of the
wn - Reference Line response to CRT was defined according to the TRG. Second, we only
ADCrmean vs tumor volumn focused on the response of the tumor to CRT and we neglected lym-
0.908(0.836,0.981) phadenopathy. Third, we did not analyze the post-CRT MR images, so
0.2 ——  tumor volumn further studies of both pre- and post-CRT MR images would be helpful
0.740(0.600,0.880) for predicting the therapeutic response, which we plan to investigate.
Aol Finally, we performed DWI using 9 b-values (from 0 to 1000s/mm?) but
0.890(0.806,0.974) ; >Hle 20T :
0.0 . . . | we did not evaluate the variability in the multi-b value DWI by per-
Q ™ ™ ® Q forming repeated measurements, and we did not employ ADC mea-
Q' Q’} Q~ Qo Q. \0

1 - Specificity

Fig. 3. Receiver operating characteristic (ROC) curve and the corresponding
area under the ROC curve (AUGCs) for parameters that significantly predicted
the pathological complete response. Numbers in parentheses represent 95%
confidence intervals.

surements obtained from only 2 b-values (0 and 1000s/mm?) used by
Kim et al. [15]. In the further research, we will explore different b-value
combinations to provide more valuable information.

In conclusion, we found that combining the whole-tumor ADC mean
with the tumor volume was highly accurate at predicting the response
of LARC to CRT. Furthermore, our preliminary results indicated that the
mean value was better than or equal to histogram analysis, and thus the
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mean value may be suitable for use in everyday clinical practice.
Finally, according to our results, IVIM models were inferior to mono-
exponential modeling and SEM in terms of predicting pCR as well as
their reproducibility.
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