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Abstract

Chemoradiation therapy (CRT) of locally advanced esophageal cancer (LAEC), al-
though improving outcomes of patients, still results in 50% of local failure. An early
prediction could identify patients at high risk of poor response for individualized
adaptive treatment. We aimed to investigate physiological changes in LAEC using dif-
fusion and perfusion magnetic resonance imaging (MRI) for early prediction of treat-
ment response. In the study, 115 LAEC patients treated with CRT were enrolled (67
in the discovery cohort and 48 in the validation cohort). MRI scans were performed
before radiotherapy (pre-RT) and at week 3 during RT (mid-RT). Gross tumor volume
(GTV) of primary tumor was delineated on T2-weighted images. Within the GTV,
the hypercellularity volume (V,c) and high blood volume (V) were defined based
on the analysis of ADC and fractional plasma volume (Vp) histogram distributions
within the tumors in the discovery cohort. The median GTVs were 28 cc + 2.2 cc at
pre-RT and 16.7 cc + 1.5 cc at mid-RT. Respectively, V- and V,,;,, decreased from
4.7cc+0.7ccand 5.7 cc+0.7 ccatpre-RTto 2.8 cc+ 0.4 ccand 3.5 cc + 0.5 cc at mid-
RT. Smaller V|, at mid-RT (area under the curve [AUC] = 0.67, P = .05; AUC = 0.66,
P = .05) and further decrease in V,,. at mid-RT (AUC = 0.7, P = .01; AUC = 0.69,
P =.03) were associated with longer progression-free survival (PFS) in both discovery
and validation cohort. No significant predictive effects were shown in GTV and V5,
at any time point. In conclusion, we demonstrated that V. represents aggressive
subvolumes in LAEC. Further analysis will be carried out to confirm the correlations
between the changes in image-phenotype subvolumes and local failure to determine

the radiation-resistant tumor subvolumes, which may be useful for dose escalation.
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1 | INTRODUCTION

Concurrent chemoradiotherapy (CRT) has been the standard ther-
apy for patients with inoperable locally advanced esophageal cancer
(LAEC). Although significantly improving in local/regional control and
overall survival (OS), it still results in local failure in 50% of cases.’
Higher radiation dose has been explored as a potential improvement.*”
However, the results were controversial with higher treatment toxicity
and limited survival benefit. Therefore, an early prediction of treatment
outcome during therapy using noninvasive imaging could identify the
patients at high risk for failure for individualized adaptive treatment.

2-deoxy-2-[fluorine-18] fluoro-D-glucose positron emission to-
mography/computed tomography (*8F-FDG PET/CT) has been em-
ployed for predicting early responses to CRT for esophageal cancer
(EC) patients by using the metabolic parameters including metabolic
tumor volume (MTV) and the maximum of standard uptake value
(SUVmax). Besides, total lesion glycolysis (TLG) was suggested to
be more reliable to predict the treatment response to neoadjuvant
therapy in a smaller number of patients, reflecting both mean meta-
bolic FDG uptake and tumor volume.®** However, this method has
not yet been established in routine clinical practice.*?*3

Presently, the role of magnetic resonance imaging (MRI) has been
investigated for prediction of treatment failure in EC.}*> Diffusion-
weighted (DW) imaging, a quantitative measure of water motion in
tissue and sensitive to cellularity, has shown that an increase in ap-
parent diffusion coefficient (ADC) of the EC during neoadjuvant CRT
(nCRT) is associated with positive therapy response.'®'” Additionally,
dynamic contrast-enhanced (DCE)-MRI assesses relative tumor blood
volume (BV) and vascular permeability, which are associated with
neoangiogenesis and tumor growth.*®* Poorly perfused and highly
hypoxic tumors all have been correlated with worse outcomes in EC.?°
The predictive effects of perfusion MRl in LAEC are largely unknown.

Heterogenicity in EC has been recognized.?®?! Also, RT effects
on high and low diffusion and perfusion regions may be different. All
these indicate that an analysis of the maximum, median, or mean im-
aging parameters within the whole tumor volume may be inadequate.
Because hypercellularity and poor perfusion reflect subvolumes with
distinct biologic characteristics associated with treatment resistance,
we hypothesized that these subvolumes defined by functional MRI
could be useful to predict the response to CRT in LAEC. Therefore,
we investigated the physiological changes in LAECs during the course
of CRT using diffusion and perfusion MRI for early prediction of
treatment response and correlated the changes in image-phenotype
subvolumes with local failure to determine the radiation-resistant

tumor subvolumes, which may be useful for dose escalation.

2 | MATERIALS AND METHODS
2.1 | Patient population and treatment

As shown in Figure 1 and Figure S1, 115 consecutive patients

with inoperable LAEC were enrolled in an institutional review

H 5047
Cancer Science NI ana

board-approved study and signed informed consents. Patients were
allocated to discovery and validation cohorts according to the time
of radiotherapy in a 1:1 ratio; the first 67 patients were allocated
to the discovery cohort, and the subsequent 48 were allocated to
the validation cohort. All patients received definite thoracic radio-
therapy (RT) and concurrent chemotherapy. RT was delivered with
intensity-modulated RT with a median dose of 50 Gy in 25 fx to the
primary tumor and involved lymph nodes positive on CT or PET and
a boost to the primary tumor for a total of 60 Gy (range from 58 to
64 Gy). Chemotherapy was administered concurrently with RT to all
patients consisting of 5-fluorouracil with either platinum- or taxane-

based regimen.

2.2 | MRIscans

Patients underwent MRI scanning at two time points: within 1 week
before RT (pre-RT) and during RT at a median of 3 weeks (range
from 2.4 to 3.3 weeks) after initiation of RT (mid-RT). All MRI
scans were performed on a 3T scanner (Skyra, Siemens), including
post-contrast T1-weighted images, T1-weighted dynamic contrast-
enhanced (DCE) images, T2-weighted images, and diffusion-
weighted images (DWI). Detailed image acquisition parameters are

presented in Doc. S1.

2.3 | Image analysis and registration

BV maps were quantified from T1-weighted DCE-MRI using the
modified Tofts model implemented in an in-house analysis tool.?!
The ADC maps were derived from DWI with b-values of 0 and 800 s/
mm? by in-house software. DWI were coregistered to post-contrast
T1-weighted images for each patient using rigid body transforma-
tion. The post-contrast T1-weighted images were used as target for

registration of BV and ADC maps.

2.4 | Tumor volumes and subvolumes

Gross tumor volume (GTV) of primary tumor was delineated
based on T2-weighted images by three radiation oncologists with
a median of 5 years of experience in interpreting MRI scans and
estimating GTV. Inter- and intraobserver reproducibility of GTV
delineation were initially analyzed with the GTV data of 30 ran-
domly selected patients. To ensure reproducibility, each oncolo-
gist repeated delineating the GTVs twice with an interval of at
least 2 weeks, following the same procedure. Intraclass correlation
coefficients (ICCs) were used for evaluating the intra- and inter-
observer agreement in terms of GTV delineation. We interpreted
an ICC of 0.81-1.00 as almost perfect agreement, 0.61-0.80 as
substantial agreement, 0.41-0.60 as moderate agreement, 0.21-
0.40 as fair agreement, and 0-0.20 as poor or no agreement.22

An ICC greater than 0.6 was considered a mark of satisfactory
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Validation cohort

48 LAEC patients treated with CRT
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MRI scans at pre-RT and mid-RT
Including DWI and DCE-MRI
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to define Vyc and Viey

Physiological changes in LAEC using diffusion and perfusion MRI for early prediction of CRT

FIGURE 1 Patient recruitment and study design. In total, 115 locally advanced esophageal cancer (LAEC) patients with pre-RT and mid-
RT multiparametric magnetic resonance imaging (MRI) were enrolled in this study. ADC, apparent diffusion coefficient; BV, blood volume;
CRT, chemoradiotherapy; DCE, dynamic contrast-enhanced; DWI, diffusion-weighted images; RT, radiotherapy; Vg, high BV volume; V.,

hypercellularity subvolume

intra- and interobserver reproducibility. To ensure the accuracy
of tumor masking, the GTV delineations were evaluated following
the same guideline by another radiologist with 6 years of estimat-
ing GTV.

A hypercellularity subvolume (V) of the primary tumor
was defined as ADC < 1.86 x 10° mm?/s within the GTV,
and high blood volume (V) was defined using the threshold
of BV > 18.2 ml/100 g within the GTV. The threshold of BV and
ADC were defined based on the analysis of fractional plasma
volume (Vp) and ADC histogram distributions within the tu-
mors in the discovery cohort. The lumen of esophagus, whose
ADC values and BV values exceeded the thresholds, was ex-
cluded automatically from the subvolumes of V. and V..
Afterward, we checked again and manually removed the obvi-
ous blood vessels and cavities within the subvolumes to reduce
their influence on the results. Representative images are shown
in Figure 2.

The subvolumes in lymph nodes were not investigated in this

analysis because of the limited spatial coverage by diffusion imaging.

2.5 | Follow-up

After treatment, the patients were followed up with physician visits,
CT or PET/CT scans, and laboratory examinations every 2-3 months.
The date of progression was defined according to the clinical and
radiographic criteria as determined by the multidisciplinary team in
the course of clinical care as documented in the medical records.
Progression and regression were assessed by both gastrointestinal
oncologists and radiation oncologists according to RECIST criteria.
Progression-free survival (PFS) was defined as the interval from the
date of diagnosis to the date of local progression, death, or last fol-
low-up. OS was defined as the interval from the date of diagnosis to

death from any cause or last follow-up.
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FIGURE 2 Representative images

of two patients with local failure and
local control. Gross tumor volume (GTV)
of primary disease was delineated

based on T2-weighted images (left). A
hypercellularity subvolume (V) of the
primary tumor was defined as apparent
diffusion coefficient (ADC) <1.86 x 107
mm?/s within the gross tumor volume
(GTV) (second left), and the high BV
volume (V) by using the threshold

of blood volume (BV) >18.2 ml/(100 g)
within the GTV (second right). Patients
with larger V- at mid-RT had a worse
prognosis and showed recurrence within
V,c at mid-RT. RT, radiotherapy

Local Failure

Pre-RT

Mid-RT

Local Control

Pre-RT

Mid-RT

2.6 | Data and statistical analysis

Descriptive statistics were summarized as mean + SD. The relative
changes of the subvolumes were compared between pre-RT and
mid-RT using the Mann-Whitney U test or t-test for quantitative
variables and with the chi-square test or Fisher's test for qualitative
variables. The area under the curve (AUC) of the receiver operating
characteristic (ROC) curve was calculated to assess the prediction
abilities of the imaging metrics for CRT outcomes. Associations of
the imaging metrics pre-RT and mid-RT and their changes during RT
with PFS and OS of patients were analyzed by Cox proportional haz-
ards regression analysis. All statistical analyses were two sided and
P-values less than .05 indicating statistical significance. The statisti-

cal analyses were performed using SPSS software, version 21 (SPSS).

3 | RESULTS

3.1 | Associations of patient characteristics with
tumor pre-RT subvolumes

Between January 2016 and January 2020, a total of 115 consecutive
patients with newly diagnosed LAEC who underwent standard diag-
nostic work-up signed informed consent. Characteristics of patients
are listed in Table 1 and Table S1. Histologic tumor types were squa-
mous cell carcinoma (SCC) for all patients. There were no significant
differences in clinical characteristics between the discovery and val-
idation cohorts (Table S1). Also, no significant associations were ob-

served in age, gender, Karnofsky Performance Status (KPS) score,

clinical T stage, and tumor location with tumor pre-RT subvolumes in

the discovery and validation cohorts (Table 1).
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GTV

3.2 | Changes of GTV and image-phenotype
subvolumes during RT

Satisfactory inter- and intraobserver reproducibility of GTV delin-
eating was achieved with ICC >0.6 both among the GTVs delineated
by the three oncologists at baseline and among the GTVs from the
same oncologist at baseline and at least 2 weeks later.

For patients in the discovery cohort, the median pre-RT GTV was
28 cc + 3.2 cc, with adecrease of -32.5% + 7.2% to 16.5cc + 2.2 ccat
mid-RT. Respectively, V,,c and Vg, decreased from 5.6 cc + 1.1 cc
and 4.5 cc + 1.1 cc at pre-RT to 4.1 cc + 0.7 cc and 3.2 cc + 0.7 cc
at mid-RT. For patients in the validation cohort, the pre- to mid-RT
GTV shrinkage was 41.1%, from 25.7 cc + 2.6 ccto 17.0 cc + 2.1 cc,
and V. and Vg, shrank from 8.7 cc + 1.0 ccand 6.5 cc + 0.6 cc to
5.6cc+0.6ccand 4.4 cc + 0.5 cc, respectively. There were no signif-
icant differences in the image-phenotype subvolumes between the

discovery and validation cohorts (Table S1).

3.3 | Clinical outcomes

With a median follow-up period of 35.5 months, the median PFS
was 13.5 months for the discovery cohort and 13.1 months for the
validation cohort. The median OS was 18.0 months for the discov-
ery cohort and 18.4 months for the validation cohort. As shown in
Table 2, mid-RT V. and pre- to mid-RT V ,. shrinkage showed good
prediction performance for PFS with AUCs of 0.67 (P = .05) and 0.7
(P = .01) for patients in the discovery cohort. The prognostic ef-
fects of mid-RT V,, and early changes of V,,. during RT were also
observed in the validation cohort with AUCs of 0.66 (P = .05) and
0.69 (P = .03) (Table 2). In univariate analysis, smaller V. at mid-RT
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TABLE 2 AUCoofi -ph t
of Image-phenotype Validation cohort

L . Discovery cohort
subvolumes in discovery and validation Y

cohorts Cutoff AUC P-values Cutoff AUC P-values
GTV pre-RT 33.1cc 0.53 .67 19.0 cc 0.53 74
GTV mid-RT 13.3 cc 0.50 97 19.0 cc 0.61 .22
AGTV -54% 0.52 .78 -10.4% 0.61 .18
Vi pre-RT 7.3 cc 0.51 .89 5.2 cc 0.52 .82
V\c mid-RT 1.1cc 0.67 .05 2.5cc 0.66 .05
AV, -63% 0.70 .01 -35% 0.69 .03
Vygy Pre-RT 10.4 cc 0.52 .87 7.5 cc 0.57 42
V gy Mid-RT 3.3 cc 0.54 .63 5.5cc 0.60 .25
AVHBV -54% 0.58 .27 -44.5% 0.65 .07

and more shrinkage in V. at mid-RT were associated with longer
PFS and OS (Table 3). Kaplan-Meier curves of PFS and OS accord-
ing to V|, at mid-RT and the shrinkage in V- at mid-RT are shown
in Figure 3. In addition, patients with better clinical stage showed
more favorable PFS and OS in both the discovery and validation co-
hort. No significant predictive effects were shown in GTV, V., and
other clinical characteristics.

4 | DISCUSSION

The present study was designed to investigate the physiological
changes in LAECs during the course of CRT using diffusion and per-
fusion MRI for early prediction of treatment response. We found
that large V. delineated on DWI at 3 weeks after initiation RT and
increasing volumes in V|, during RT was associated with a worse
prognosis. It indicated that tumor subvolumes containing hypercel-
lularity represented radiation-resistant tumor subvolumes, which
may benefit from treatment intensification.

Concurrent CRT has been the standard therapy for inoperable
LAEC; although improving outcomes of patients, it still results in
local failure in 50% of cases. In an attempt to improve local con-
trol, escalation in radiation dose has been tried in several trials.*¢
In the INT 0123 trial, the higher radiation dose did not increase
survival or local/regional control. In a phase 1/2 trial conducted
by Welsh et al.,® the radiotherapy plan was 50.4 Gy to subclinical
areas at risk and 63 Gy to the gross tumor and involved nodes.
Of patients with relatively large boosted volumes, 22% devel-
oped acute grade 3 toxic events such as esophagitis, dysphagia,
and anorexia, and 7% developed late grade 3 toxic events such as
esophageal strictures. Higher radiation dose has been deemed to
be needed for SCC and often resulted in higher treatment toxicity
and limited survival benefit with large target volumes.?® Therefore,
determining the radiation-resistant subvolumes is much more im-
portant in patients with SCC to guide dose-escalated radiation.
This study provided an encouraging result for the potential value
of MRl in predicting treatment response to CRT, predicting sites of
local recurrence, and guiding dose-escalated radiation for patients
with LAEC.

Some previous studies showed that sequential ®F-FDG PET/
CT during treatment can be used to predict outcomes after radio-
therapy and chemotherapy for EC.?* SUVmax, MTV, and TLG have
been approved as valuable metabolic parameters to predict tumor
response in PET/CT.?> A prospective multicenter study evaluated
the combined value of ®F-FDG PET/CT and DW-MRI during and
after nCRT to predict pathologic response in patients who undergo
nCRT for EC. It was found that a multimodality imaging approach,
instead of a single modality, may provide complementary value for
predicting pathologic response.15 Previous studies have shown
that '8F-FDG PET/CT and MRI are both well-tolerated imaging
procedures for evaluating the response to treatment of EC.% Also,
most previous studies demonstrated the predictive effects of 8F-

FDG PET/CT on the assessment of pathologic complete response

instead of long-term treatment outcomes, which may outweigh
short-term attributes.?” As ®F-FDG PET/CT scanning before and
during CRT are currently not included in standard imaging eval-
uation, the predictive value should be considered in light of the
associated costs and physical burden to the patients of repeated
imaging scans. In our study, only eight patients in the discovery
cohort and 12 patients in the validation cohort underwent PET/
CT scan, so we failed to analyze that imaging information. Further
study will be carried out to analyze the relationships bewteen the
changes in *8F-FDG PET/CT and those in DW-MRI and the predic-
tive effect of the combined multimodality imaging approach during
CRT for LAEC.

Until now, most MR imaging studies in EC treatment response

prediction have focused on the mean, median, or maximum imag-
ing parameters within the whole tumor volume or region of inter-
est (ROI).2>7 A pilot study explored the value of DW-MRI for the
prediction of pathological response to nCRT in EC.%® The median
ADC value of the whole tumor volume was used in that study. It
was found that the change in ADC during the first 2-3 weeks of
nCRT for EC seemed highly predictive of pathologic response.
These results were also validated in another pilot study.’” Besides
the tumor volume ADC mean value, the 25th and 10th percentiles
were found associated with pathologic response. Recently, a pro-
spective multicenter study with a larger cohort of 82 EC patients
evaluated the combined value of ®F-FDG PET/CT and DW-MRI
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TABLE 3 Univariable analysis of PFS and OS
Discovery cohort Validation cohort
PFS oS PFS oS
P
HR 95% Cl P-value HR 95% ClI P-value HR 95% ClI P-value HR 95%Cl value
Age 116 0.60-2.25 .67 1.26 0.61-2.60 .53 1.01 0.49-2.07 98 113 0.55-2.33 .74
Gender 200 0.84-476 .12 2.01 0.79-524 .14 091 0.41-2.04 .82 146 0.59-3.59 41
KPS 146 0.72-296 .30 140 0.64-3.07 .40 117 0.64-2.28 .65 0.76  0.37-1.56 .46
T stage 112 0.75-291 40 1.06 0.57-1.87 .52 115 0.65-2.03 .62 113 0.64-1.99 .68
Clinical stage 1.31  1.07-1.63  .02* 1.23 098-1.54 .06 1.63 1.23-219 .01* 155 1.07-2.23 .02*
Tumor sites 0.81 0.56-1.17 .26 0.87 0.58-1.29 .49 1.43 096-2.14 .08 1.29 0.85-1.96 .23
GTV pre-RT 1.59 0.88-2.88 .13 112 0.59-213 .73 1.28 0.64-2.62 .17 099 0.40-244 98
GTV mid-RT 1.06 0.63-1.74 .89 0.83 0.44-1.57 .57 149 0.73-3.06 .28 1.55 0.76-3.18 .23
AGTV 1.09 0.55-2.16 .80 093 046-1.88 .83 1.08 0.37-3.14 .89 0.79 0.24-264 71
Vc pre-RT 147 0.81-2.68 .21 1.26 0.65-2.41 .49 1.26 0.62-2.56 .52 177 0.54-2.33 .77
V\c Mid-RT 2.28 1.10-4.77 .03* 236 1.04-5.38 .04* 1.97 1.00-399 .05* 260 1.24-546 .01*
AV, 195 099-3.82 .05* 2.34 1.10-499 .03* 216 1.01-4.59 .04* 3.02 1.33-6.80 .01*
Vi gy Pre-RT 147 094-274 14 1.01 0.68-2.03 .86 0.67 0.32-141 .29 0.64 0.30-1.33 .23
V\ gy Mid-RT 1.29 0.71-2.34 .39 1.25 0.66-2.36 .49 0.97 0.46-2.08 .94 1.01 0.51-2.23 .87
AV 5y 145 0.75-279 .27 1.54 0.77-3.08 .22 0.88 042-1.84 .73 118 0.57-2.49 .65
HR, Hazard Ratio; Cl, Confidence Interval; *Statistically significant.
(A) Discovery cohort (B) Validation cohort
Ehywitin o] e
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Overall survival probs
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V¢ at mid-RT (AV,,() in the discovery cohort (A) and validation cohort (B). RT, radiotherapy

during and after nCRT to predict pathologic response.’® All of the
above studies suggested the predictive value of DW-MRI, which
was consistent with our results. However, the imaging parameters

used by those previous studies neglected tumor heterogenicity,

@ % i 1% 20 2% a0
Follow-up times(years)

FIGURE 3 Progression-free survival and overall survival according to hypercellularity subvolume (V|,.) at mid-RT and the shrinkage in

which has been proved pivotal in tumor progression and response

to treatment. Therefore, we analyzed tumor subvolumes of low

ADC and high BV instead of the mean values of these imaging

parameters.
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The thresholds of BV and ADC were defined based upon the
analysis of Vp and ADC histogram distributions within the tumors
in the discovery cohort. Thresholds were used for determining the
subvolumes of HBV and low ADC; we used the threshold values
reported in the literature and compared them with our own data.
Nevertheless, we performed voxel-level correlations that were inde-
pendent of thresholds used and showed similar results.

Tumor perfusion situation has variable effects on treatment re-
sponse and prognosis in different tumor types. Poorly perfused and
highly hypoxic tumors have been correlated with worse outcomes in
head and neck squamous cell cancer (HNSCC).2%2? Persisting poorly
perfused tumor subvolumes during the course of radiotherapy have
been demonstrated associated with high risk of local failure, and
perfusion MRI and hypoxic PET have been used for boosting target
definition in HNSCC. However, elevated cerebral blood volume (CBV)
was an adverse prognostic factor in glioblastoma and was associated
with worse treatment response.'®?3%3 Tumor hypoxia has been con-
firmed in EC, but the prognostic value was not consistent across previ-
ous studies.® This might arise from different methodology for hypoxia
detection and quantification. PET-based hypoxia imaging has shown
potential in evaluating tumor hypoxic status,>>3# but DCE-MRI has not
been widely used for evaluating the outcomes in EC. In our results,
Vv Was not found associated with outcomes of patients. In further
studies, the combination of multiple imaging markers might be a po-
tential tool to evaluate the hypoxic status and individualized hypoxia-
adaptive treatment to improve radiotherapy response in EC patients.

4.1 | Limitations

There are some limitations of the current study. First, though the
sample size was relatively large, an external validation cohort from
another institution was absent to validate our results. Second, the
geometric distortion of ADC maps and the target displacement er-
rors between ADC maps and T2-weighted images need to be quanti-

fied and reduced in future analysis of patterns of failure.

5 | CONCLUSIONS

In conclusion, our study shows that large hypercellularity volumes de-
lineated on DWI during RT and increasing volumes in V- during RT
were associated with a worse prognosis. It indicated that tumor sub-
volumes containing hypercellularity represented radiation-resistant
tumor subvolumes, which may benefit from treatment intensification.
Additional larger prospective studies and other combined multimodal

imaging approaches are needed to validate these results.
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