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Dynamic Contrast-enhanced Area-detector CT vs Dynamic
Contrast-enhanced Perfusion MRI vs FDG-PET/CT:
Comparison of Utility for Quantitative Therapeutic Outcome
Prediction for NSCLC Patients Undergoing Chemoradiotherapy

Shinichiro Seki'?, Yasuko Fujisawa®, Masao Yui?, Yuji Kishida?*,
Hisanobu Koyama?, Shigeharu Ohyu?, Naoki Sugihara®, Takeshi Yoshikawa'?,
and Yoshiharu Ohno'*

Purpose: To directly compare the utility for therapeutic outcome prediction of dynamic first-pass
contrast-enhanced (CE)-perfusion area-detector computed tomography (ADCT), MR imaging assessed
with the same mathematical method and 2-[fluorine-18]-fluoro-2-deoxy-p-glucose-positron emission
tomography combined with CT (PET/CT) for non-small cell lung cancer (NSCLC) patients treated with
chemoradiotherapy.

Materials and Methods: Forty-three consecutive stage IIIB NSCLC patients, consisting of 25 males
(mean age + standard deviation: 66.6 & 8.7 years) and 18 females (66.4 £ 8.2 years) underwent PET/CT,
dynamic CE-perfusion ADCT and MR imaging, chemoradiotherapy, and follow-up examination. In each
patient, total, pulmonary arterial, and systemic arterial perfusions were calculated from both perfusion
data and SUV_, on PET/CT, assessed for each targeted lesion, and averaged to determine final values.
Receiver operating characteristics analyses were performed to compare the utility for distinguishing
responders from non-responders using Response Evaluation Criteria in Solid Tumor (RECIST) 1.1 criteria.
Overall survival (OS) assessed with each index were compared between two groups by means of the
Kaplan-Meier method followed by the log-rank test.

Results: Area under the curve (Az) for total perfusion on ADCT was significantly larger than that of pulmonary
arterial perfusion (P < 0.05). Az of total perfusion on MR imaging was significantly larger than that of pul-
monary arterial perfusion (P < 0.05). Mean OS of responder and non-responder groups were significantly
different for total and systemic arterial (P < 0.05) perfusion.

Conclusion: Dynamic first-pass CE-perfusion ADCT and MR imaging as well as PET/CT are useful for
early prediction of treatment response by NSCLC patients treated with chemoradiotherapy.

Keywords: computed tomography, magnetic resonance imaging, non-small cell lung cancer, positron emission
tomography combined with computed tomography, therapeutic effect

Introduction

Based on the evidence of a meta-analysis showing the supe-
riority of concurrent chemotherapy and thoracic radiation
therapy (i.e. chemoradiotherapy) to sequential chemoradio-
therapy for unresectable stage III non-small cell lung cancer

(NSCLC), with a 2- and 5-year absolute survival benefits of
10% and 4.5%, respectively,' radiation oncologists must eval-
uate whether the patients are suitable for chemoradiotherapy.
Until now, the eligibility criteria for chemoradiotherapy were
not precisely defined. In addition, early prediction of thera-
peutic effect may make it possible for physicians including
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radiation oncologists, oncologist, pulmonologist and patients to
consider treatment options for personalized medicine, and
thus has the potential to improve quality of life for NSCLC
patients both during and after treatment.

For this clinical issue, two dynamic imaging techniques,
dynamic contrast-enhanced (CE) perfusion CT and dynamic
CE-MR imaging, diffusion-weighted MR imaging and posi-
tron emission tomography (PET) or PET combined with CT
(PET/CT) using 2-[fluorine-18]-fluoro-2-deoxy-D-glucose
(FDG) has been suggested as useful for evaluating tumor
perfusion parameters as well as glucose metabolism, etc.>™!
Moreover, dynamic CE-perfusion CT using a 320-detector
row CT scanner with an area detector CT (ADCT) has been
recommended as a useful tool for quantitative perfusion
evaluation for lung nodule, therapeutic effect prediction in
NSCLC patients.'s!8 In addition, a mathematical model was
found to be an important factor for quantitative perfusion
parameter evaluation in this setting. On the other hand, quan-
titatively assessed dynamic CE-perfusion MR imaging has
been introduced as useful for evaluation of diagnosis of ther-
apeutic effect as well as assessment of disease severity of
pulmonary vascular diseases.!** Under these circumstances,
there seems to be an urgent need for reproducible assessment
of quantitative pulmonary perfusion parameters on dynamic
CE-perfusion CT and MR imaging using the same mathe-
matical models at 3T MR system. To the best of our knowl-
edge, however, no studies have been reported of a direct
comparison of dynamic CE-perfusion ADCT and MR
imaging, which are analyzed using the same mathematical
model, with PET/CT for therapeutic effect prediction for
NSCLC patients treated with chemoradiotherapy.

We hypothesized that quantitatively assessed dynamic
CE-perfusion ADCT and MR imaging using the same math-
ematical model have potential for therapeutic effect predic-
tion similar to that of PET/CT for NSCLC patients treated
with chemoradiotherapy. The purpose of this study was
therefore to directly compare the utility for therapeutic out-
come prediction of dynamic CE-perfusion ADCT and
MR imaging assessed with the same mathematical method
and FDG-PET/CT for NSCLC patients treated with
chemoradiotherapy.

Materials and Methods

Subjects

This prospective study was approved by the Institutional
Review Board of Kobe University Hospital and written
informed consent was obtained from all patients.

From January to December 2016, a total of 53 patients,
consecutively and pathologically diagnosed with NSCLC
and clinically diagnosed as stage I1IB, comprised of 29 men
(mean age + standard deviation: 68.1 + 11.3 years) and 24
women patients (67.1 £ 9.4 years) and underwent dynamic
CE-perfusion ADCT, dynamic CE-perfusion MR imaging
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and FDG-PET/CT. All radiological examinations were per-
formed in random order within 2 weeks (mean: 6 days; range:
1-14 days). The diagnosis was based on the results of
contrast-enhanced whole-body CT, FDG-PET/CT, contrast-
enhanced brain MRI, body MR imaging including diffusion-
weighted imaging, bone scintigraphy and pathological
examination of specimens obtained by transbronchial and/or
CT-guided biopsies according to the criteria for staging by
the International Union Against Cancer. All studies were per-
formed in random order within 3 weeks of diagnosis and
before treatment. The patients included in this study were
selected according to the following criteria: a) tumor meas-
uring 10 mm in diameter or more; b) no prior history of
chemotherapy or thoracic radiotherapy; c) Eastern Coopera-
tive Oncology Group performance status <1; d) age < 75
years; e) leukocytes > 4000/uL, platelets > 100000/uL,
hemoglobin > 9.5 g/dL, serum creatinine < normal institu-
tional upper limit, 24-h creatinine clearance > 60 ml/min,
bilirubin < 1.5 mg/dL, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) < 2.0 x normal upper limit,
and partial pressure of arterial oxygen > 70 mmHg. Patients
were excluded if they had 1) pulmonary fibrosis, 2) other
active, invasive malignancies during the 3 years leading up to
protocol entry, 3) malignant effusion, 4) pyrexia of 38°C or
more at baseline, 5) infections, 6) significant cardiac disease,
7) uncontrolled diabetes mellitus, 8) paresis of the intestine
ileus, or 9) regular use of corticosteroids.

Ten patients did not meet the inclusion criteria, so that the
eventual study group comprised 43 consecutive patients, 25
males (mean age = SD: 66.6 & 8.7 years) and 18 females
(66.4 + 8.2 years). Pathological examination results identified
35 patients with adenocarcinoma, seven with squamous cell
carcinoma, and one with large cell carcinoma. All patients
were treated with chemoradiotherapy consisting of concurrent
administration of thoracic radiotherapy and chemotherapy.

Therapeutic regimen for chemoradiotherapy

During thoracic radiotherapy (TRT) administration, all
patients underwent concurrent chemotherapy. The latter con-
sisted of vindesine (3 mg/m?) on days 1 and 8, cisplatin
(80 mg/m?) on day 1, and mitomycin (8 mg/m?) on day 1. The
chemotherapy was repeated every 4 weeks for a total of four
courses. On day 2 of chemotherapy, TRT was begun at a dose
of 2 Gy/fraction administered in 15 fractions over 3 weeks,
followed by a rest period of 1 week. Radiation was resumed at
a dose of 2 Gy/fraction administered in 15 fractions over
3 weeks. The total dose of radiation administered was 60 Gy.

Evaluation of chemoradiotherapy response

Chest radiography, complete blood count, and blood
chemistry studies were performed for all patients once a
week during the treatment. The response in all targeted
and non-targeted lesions was evaluated in accordance
with the Response Evaluation Criteria in Solid Tumors
(RECIST 1.1)!>% and by consensus of radiologists,
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radiation oncologists, pulmonologists and oncologists
who did not perform any of the image and/or statistical
analyses for this study and had more than 10 years’ experi-
ence in their respective specialties. After the treatment,
chest radiographs or chest contrast-enhanced CTs were
obtained every 3 months, and whole-body contrast-
enhanced CT, brain contrast-enhanced MR imaging, bone
scintigraphy and/or FDG-PET/CT every 6 months.

All patients were then divided into two groups, RECIST
responders, consisting of the complete response (CR) and
partial response (PR) groups, and RECIST non-responders,
consisting of the stable disease (SD) and progressive dis-
ease (PD) groups. Overall survival (OS) and progression
free survival (PFS) were evaluated for each group, with OS
defined as the time from diagnosis until death from any
cause, and PFS as the time between assignment for treat-
ment and disease progression, death, or last known follow-up.
The follow-up after finishing chemoradiotherapy ranged
from 3 to 36 months.

Dynamic first-pass CE-perfusion ADCT examination
All dynamic first-pass CE-ADCT studies were performed on
a 320-detector row CT scanner (Aquilion ONE; Canon Med-
ical Systems, Tochigi, Japan) by means of a volumetric cine
scan without helical scan.!*!% All dynamic first-pass CE-
perfusion ADCT were performed with volumetric scanning
at two or three different positions to cover the entire lung.
Dynamic ADCT examination was performed at an interval of
at least 5 min between each volume position. The estimated
volume computed tomography dose index (CTDI,,
[e.g., pitch]) displayed on the CT scanner console was
recorded for each patient. These values were based on the
weighted CTDI (CTDI, [e.g., tube voltage or tube current]).
CTDI,,, obtained with each of the dynamic first-pass perfu-
sion ADCT studies was 16.0 mGy. The estimated dose length
product was calculated as CTDI,; % scan length, which was
determined as 343.3-514.9 mGy x cm, with the effective
dose for this protocol estimated at 4.81-7.21 mSv. The details
of dynamic first-pass CE-perfusion ADCT examination are
described in the literature.!*!3

Dynamic first-pass CE-MR imaging with ultra-short
TE using a 3T MR system

All MR studies were performed with a 3T superconducting
magnet (Vantage Titan 3T; Canon Medical Systems) using a
phased array coil (SPEEDER coil; Canon Medical Sys-
tems) with parallel imaging capability. In each subject,
dynamic MR images (TR, 3.0 ms/TE, 1.1 ms/flip angle,
12°; reduction factor, 2; matrix, 256 x 64; reconstructed
matrix, 512 x 128; FOV, 500 x 350 mm) were acquired with
a 3D fast field echo sequence without fat suppression pulse.
A 3D-slab with a thickness of 135 mm including the tar-
geted lesions was used with 36 partitions in the coronal
plane in a left-to-right phase-encoded direction, resulting in
an effective partition thickness of 3.75 mm and real-phase
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encoding in the slice direction of 14 steps with partial Fou-
rier reconstruction. This means that the spatial resolution of
dynamic first-pass CE-MRI was 7.81 (x-axis) x 1.36 (y-axis)
x 7.5 mm (z-axis), and the temporal resolution was 1.565 s
(3 ms x 64 steps x 14 steps x 1/2 <reduction factor> with
21 ms fat suppression pre-pulse and 200 ms waiting time)
for each 3D data set. About 1.0 ml of gadolinium contrast
medium (Magnescope, Gadoterate meglumine [Gd-DOTA];
Guerbet Japan, Tokyo, Japan) was bolus administered to all
patients through a cubital vein with an automatic infusion
system (Sonic shot, Nemoto & Co., Ltd., Tokyo, Japan) at a
rate of 5 ml/s, followed by 20 ml of saline solution at the
same rate. The dynamic first-pass CE-MR sequence was
initiated at the time of the contrast medium injection. The
basic theory and application of dynamic first-pass CE-MR
imaging have been documented in previous publica-
tions.!*2* With each scan, 20 images were obtained during
32 s of breath holding at end-inspiration, and all 53 dynamic
first-pass CE-MR examinations were completed success-
fully without any adverse effects.

Integrated FDG-PET/CT examinations

On FDG-PET/CT examination, each patient fasted for at
least 6 h before the intravenous administration of FDG at
a rate of 3.3 MBqg/kg body weight (BW), and images were
obtained from the skull to the mid-thigh 60 min after com-
pletion of the injection. All FDG-PET/CT examinations
were performed with a commercially available PET/CT
scanner (Discovery ST; GE Health Care, Milwaukee, WI,
USA) and a standard lung cancer staging protocol stated
in the past literatures.!4!8

Image analysis

Image analysis of dynamic first-pass CE-perfusion ADCT
and dynamic first-pass CE-perfusion MR imaging with
ultra-short TE

All dynamic first-pass CE-perfusion ADCT and dynamic first-
pass CE-perfusion MR imaging data were transferred to a per-
sonal computer (Precision, DELL, Kanagawa, Japan), and
automated 3D motion corrections were performed with soft-
ware, the details of which were published in a number of tech-
nical papers.'*8 In addition, dynamic ADCT data obtained at
each position were combined to generate dynamic first-pass
CE-whole-lung perfusion ADCT images by means of com-
mercially available software provided by Canon Medical Sys-
tems. Next, ROIs (diameter range: 6—79 mm) were placed by
a chest radiologist with 22 years’ experience (Y.O) over each
targeted lesion, the main trunk of the pulmonary artery, the
lung parenchyma and/or descending aorta. In addition, our
proprietary CT software (Advanced Body Perfusion; Canon
Medical Systems) and proprietary MR software (Canon Med-
ical Systems), which was still in the developmental stage and
not commercially available at the time, was used for all anal-
yses. All quantitatively analyzed ADCT and MR indices were
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analyzed on a pixel-by-pixel basis. An ROI was placed over
each targeted lesion, encompassing its entire cross-sectional
area, and made as large as possible to minimize the effects of
tumoral hemodynamic inhomogeneities. For perfusion param-
eter measurements, ROIs were placed over all slices of a tar-
geted lesion, and the indices determined for each slice were
also averaged. All targeted lesions of a given patient were
identified on the basis of RECIST criteria.'??> Density-time or
signal intensity-time curves for all the tumors were generated
for a mediastinal window setting or un-enhanced fast field
echo (FFE) image that ensured that the need for partial volume
averaging was minimized.

For this study, quantitatively analyzed ADCT and MR
indices were calculated using the dual-input maximum slope
method, selected on the basis of past study results.!*!'* To
correct differences in transit time due to pulmonary and
cardiac factors and calculate perfusion parameters by means
of dual- and single-input maximum slope methods, ROIs
were also placed over pulmonary artery and lung paren-
chyma in the opposite lung and aorta. All time-density course
curves were then visually assessed for the calculation of each
of the perfusion parameters while minimizing the above-
mentioned effects of the software.

For the dual-input maximum slope model, a modifica-
tion of the theories presented in previous publications!#!3
was used, which involved the calculation of total, pulmonary
arterial and systemic arterial perfusions within a lesion with
the following formulas [1] and [2]:

Pulmonary arterial perfusion =
Pulmonary arterial blood flow _ d[C, ()]/d7,.. [1]
Ca (tmax )

Volume of nodule

Systemic arterial perfusion =
Descending aorticbloodflow  d[C, (1)]/d¢ 2]
Gl

Volume of nodule

where C, is the concentration of contrast media within the
tumor, C, their concentration within the main trunk of the
pulmonary artery, C their concentration within the descending
aorta, ¢ the time after contrast media injection, and ¢, the
time at maximal C, or C..

Previous studies!*'® have reported that lung tumors are
supplied by both bronchial and pulmonary circulation, but
metastatic lymph node sites are supplied predominantly by
bronchial circulation. We therefore determined the total per-
fusion with the following formula [3]:

Total perfusion = Pulmonary arterial perfusion

+ Systemic arterial perfusion [3]
For the dual-input maximum slope method,'>!® total

perfusion, pulmonary arterial perfusion and systemic arterial

perfusion were calculated on the basis of systemic circula-

tion within each lesion and expressed in ml/100 m/min.
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To determine the utility for early prediction of therapeutic
effect using dynamic CE-perfusion ADCT and MR indices,
perfusion parameters within all targeted lesions were averaged
to obtain the respective perfusion index-based biomarkers for
the patients. Finally, each dynamic CE-perfusion index was
measured twice for all patients, and the final value was deter-
mined as the average of the first and second measurements.

Image analysis of integrated FDG-PET/CT

For FDG-PET/CT images, standardized uptake value (SUV)
data were overlaid on a conventional plain multiple detector
CT with the lung window set for an FDG-PET/CT section
thickness of 5 mm. ROIs (diameter range: 10-85 mm) were
then placed by a general radiologist (T.Y) with 21 years’
overall experience and more than 10 years’ experience as a
PET physician over all targeted lesions in each of the slices
with reference to RECIST criteria!??® for determination of
the maximum value of SUV (SUV,_, ). To minimize the
effects of metabolic inhomogeneities within a targeted lesion,
the ROI was made as large as possible and placed over the
lesion so as to encompass its entire cross-sectional area. The
SUV,.« values for the slices were then averaged to obtain
the mean SUV, . value at each of the measurement time
points. SUV,_ . was measured twice and averaged to obtain the
final value for a lesion as determined by each investigator.

Statistical analysis

For intra-observer agreement evaluation, the Bland—Altman
analysis was used to compare the reproducibility coefficients
of all dynamic first-pass CE-perfusion ADCT and MR
indices,”?” while correlations between first and second
measurements of each index were assessed by means of
Pearson’s correlation.

The relationship between dynamic first-pass CE-perfusion
ADCT and MR imaging for each perfusion index was deter-
mined by means of Pearson’s correlation. In addition, intra-
method agreement for the perfusion index was assessed by
means of Bland—Altman analysis.

For evaluation of differences between RECIST responders
and non-responders for each dynamic CE-perfusion ADCT
and MR index and SUV_ as well as for gender, age, perfor-
mance status (PS), histological subtypes and tumor markers,
all indices for the two groups were compared by means of y?
test, Wilcoxon’s signed-rank test or Student’s #-test. In addi-
tion, mean PFS and OS of the responder group were also sta-
tistically compared with those of the non-responder group
using the Kaplan—Meier method followed by the log-rank test.

To determine the utility of each perfusion index and
SUV .« as a marker for differentiation between RECIST
responders and non-responders, receiver operating character-
istics (ROC) were analyzed to determine feasible thresholds
for all perfusion indices used to identify significant differences
between the two groups. This was followed by a comparison
of sensitivity, specificity and accuracy of the perfusion indices
by means of McNemar’s test.

Magnetic Resonance in Medical Sciences




To evaluate the capability of each index to have a signifi-
cant influence on step-wise regression analysis for thera-
peutic effect prediction, PFSs and OSs for responder and
non-responder groups in relation to each of the indices were
compared using the Kaplan—-Meier method followed by the
log-rank test. In addition, a Cox proposal hazard regression
model was applied as multivariate analyses for determination
of predictors of PFS and OS including age, sex, patient’s
performance status, tumor marker and each index to have a
significant influence on step-wise regression analysis for
therapeutic effect prediction.

A P-value <0.05 was considered significant for all statis-
tical analyses.

Results

Representative cases are shown in Fig. 1. These cases showed
no adverse effects from the procedures used for this study.
In addition, there were no patients who were excluded
from image analysis due to poor image quality or the impos-
sibility of body registration. Therapeutic effect evaluation
was categorized into 23 cases as PR, 15 as SD and 5 as PD.
The RECIST responder group consisted of 23 cases and the
RECIST non-responder group of 20 cases.

Intra-observer agreement assessments

Correlation between the first and second measurements of
each index on dynamic first-pass CE-perfusion ADCT,
dynamic first-pass CE-perfusion MR imaging and PET/CT
was significant and excellent (» = 0.99, P < 0.0001). On
dynamic first-pass CE-perfusion ADCT, mean difference and
reproducibility of all indexes between first and second meas-
urements were as follows: total perfusion, 0 and 2.8 ml/100
ml/min; pulmonary arterial perfusion, 0 and 2.6 ml/100 ml/
min; and systemic arterial perfusion, 0 and 2.4 ml/100 ml/
min. On dynamic first-pass CE-perfusion MR imaging, mean
difference and reproducibility coefficients for all indices
between first and second measurements were as follows:
total perfusion, 0 and 3.4 ml/100 ml/min; pulmonary arterial
perfusion, 0 and 3.0 ml/100 ml/min; and systemic arterial
perfusion, 0 and 3.1 ml/100 ml/min. Moreover, the mean dif-
ference in SUV_, between first and second measurements
was 0, while the reproducibility coefficient for SUV_, was
0.1. The reproducibility coefficient for each index was <10%
and thus satisfactory for clinical purposes.

Inter-method agreement assessment

Correlation for each index between the two methods were
significant and excellent for dynamic first-pass CE-perfusion
ADCT (r=0.99, P <0.0001) and for dynamic first-pass CE-
perfusion MR imaging (» = 0.99, P < 0.0001). The limits of
agreement between the two methods were determined as
follows: total perfusion, —=6.4 £ 1.1 ml/100 ml/min; pulmo-
nary arterial perfusion, —0.93 £ 0.2 ml/100 ml/min; and sys-
temic arterial perfusion, —6.0 = 1.1 ml/100 ml/min. The
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limits of agreement for each perfusion index between the two
methods were small enough for clinical purposes.

Comparisons of dynamic CE-perfusion ADCT
indices as well as other clinical and patient
parameters for RECIST responders and non-
responders groups

Comparisons of gender, age, performance status, histological
subtype, tumor marker, dynamic first-pass CE-perfusion
ADCT indices, PFS and OS for the RECIST responder and
RECIST non-responder groups are shown in Table 1. As for
dynamic first-pass CE-perfusion ADCT indices, there were
significant differences between the two groups for all perfu-
sion parameters (P < 0.05). There were also significant dif-
ferences for all perfusion parameters in terms of dynamic
first-pass CE-perfusion MR indices (P < 0.05), SUV .
(P =0.002), PES (P =0.04), and OS (P = 0.006).

Utility of radiological indices for differentiation of
RECIST responders from RECIST non-responders
The results of ROC analysis of radiological indices, which
disclosed significant differences between the RECIST
responder and non-responder groups, are shown in Fig. 2.
Area under the curve (Az) for each index on dynamic first-
pass CE-perfusion ADCT was as follows: total perfusion,
Az =0.87 (95% confidence interval [CI]: 0.73-0.95); pulmo-
nary arterial perfusion, Az = 0.72 (95% CI: 0.54-0.84); and
systemic arterial perfusion, Az = 0.84 (95% CI:0.69-0.93).
Moreover, Az for each index on dynamic first-pass CE-
perfusion MR imaging was as follows: total perfusion,
Az=0.90 (95% CI: 0.77-0.96); pulmonary arterial perfusion,
Az =0.72 (95% CI: 0.54-0.84); and systemic arterial perfu-
sion, Az = 0.84 (95% CI: 0.69-0.93). In addition, Az for
SUV, .. was assessed as 0.78 (95% CI: 0.60-0.90). Az for
total perfusion on dynamic first-pass CE-perfusion ADCT was
significantly larger than that for pulmonary arterial perfusion
with both methods (ADCT: P = 0.003, MR imaging:
P =10.003). Moreover, Az for total perfusion on dynamic first-
pass CE-perfusion MR imaging was significantly larger than
that of pulmonary arterial perfusion with both methods
(ADCT: P = 0.002, MR imaging: P = 0.002). The feasible
threshold values for all indices on dynamic CE-perfusion
ADCT were as follows: total perfusion, 29.2 ml/100 ml/min;
pulmonary arterial perfusion, 15.5 ml/100 ml/min; and sys-
temic arterial perfusion 11.0 ml/100 ml/min. Further, the fea-
sible threshold values for all indices on dynamic CE-perfusion
MR imaging were as follows: total perfusion, 37.5 ml/100 ml/
min; pulmonary arterial perfusion, 16.3 ml/100 ml/min; and
systemic arterial perfusion, 16.5 ml/100 ml/min, while the
feasible threshold value for SUV,_, was determined as 5.7.

Utility of all dynamic CE-perfusion ADCT and MR
indices and SUV_,  for differentiating the two groups is
shown in Table 2. In addition, there were no significant dif-
ferences among the indices in sensitivity, specificity, and
accuracy (P > 0.05).
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Fig. 1 A 81-year-old male patient with squamous cell carcinoma treated with chemoradiotherapy and assessed as NC. Progression-free
and overall survival at 15 and 24 months. (a) Thin-section MPR image from thin-section CT data (L to R: MPR images obtained pre- and
post-treatment at lung window setting) show lung cancer in the right upper lobe. This case was assessed as NC by response evaluation
criteria in solid tumors (RECIST ver.1.1). (b) Perfusion maps derived from dynamic first-pass CE-perfusion area detector CT assessed with
the dual-input maximum slope method (L to R: pulmonary arterial perfusion, systemic arterial perfusion and total perfusion maps) for
the same targeted lesion. Pulmonary arterial perfusion, systemic arterial perfusion and total perfusion were 13.6, 18.9, and 32.5 ml/100 ml/min,
respectively. This case was assessed as a RECIST-based non-responder for systemic arterial and total perfusions, and as true-positive.
(c) Source image and perfusion maps on dynamic first-pass CE-perfusion MR imaging assessed with the dual-input maximum slope
method (L to R: source image, pulmonary arterial perfusion, systemic arterial perfusion, and total perfusion maps) for the same
targeted lesion. Pulmonary arterial perfusion, systemic arterial perfusion, and total perfusion were 9.2, 28.9, and 38.1 ml/T00 ml/min,
respectively. This case was also assessed as a RECIST-based non-responder for systemic arterial and total perfusions, and as true-positive.
However, this case was evaluated as responder and as false-positive on the basis of pulmonary arterial perfusion findings. (d) PET/CT
demonstrates high uptake of 2-[fluorine-18]-fluoro-2-deoxy-p-glucose, and SUV, , was evaluated as 4.7. This case was evaluated as a
RECIST-responder and assessed as false-negative. PR, partial response; MPR, multiplanar reformatted; RECIST, Response Evaluation
Criteria in Solid Tumor; CE, contrast-enhanced; SUV, standardized uptake value; PET, positron emission tomography.
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Table 1 Comparisons of gender, age, performance status, dynamic first-pass CE-perfusion ADCT and MR indices, SUV,,., and length
of PFS and OS for RECIST responders and non-responders
Responders ~ Non-responders P

Gender

Male (cases) 14 11

Female (cases) 9 9 076
Age (years old) (Mean * standard deviation) 66.5 8.6 65.8 £9.0 0.06
Performance status (Mean = standard deviation) 0.1£0.4 0.2£0.7 0.26
Histological subtype

Adenocarcinoma 20 15

Squamous cell carcinoma 2 5 0.31

Large cell carcinoma 1
Tumor marker

Positive 11 14

Negative 8 20 020
Dynamic CE-perfusion ADCT

Total perfusion (ml/100 ml/min) (Mean * standard deviation) 38.6+17.6 22.4t6.1 0.0003

Pulmonary arterial perfusion (ml/100 ml/min) (Mean * standard deviation) 22.5+15.2 14.3+5.2 0.03

Systemic arterial perfusion (ml/100 ml/min) (Mean % standard deviation) 15.3+8.8 8.1+£2.8 0.001
Dynamic CE-perfusion MR imaging

Total perfusion (ml/100 ml/min) (Mean * standard deviation) 46.6 £18.5 27.2+7.1 <0.0001

Pulmonary arterial perfusion (ml/100 ml/min) (Mean * standard deviation) 23.6+159 15.0+£5.5 0.03

Systemic arterial perfusion (ml/100 ml/min) (Mean % standard deviation) 23.0+£13.2 122442 0.001
PET/CT

SUV,.., (Mean * standard deviation) 4.7+1.5 6.2+1.5 0.002
PFS (months) (Mean * standard error) 34.0+49 229+53 0.04
OS (months) (Mean + standard error) 38.9+5.6 29.4+7.1 0.006

ADCT, area detector computed tomography; CE, contrast-enhanced; OS, overall survival; PFS, progression free survival; PET, positron
emission tomography, RECIST, response evaluation criteria in solid tumors; SUV, standardized uptake value.

Utility of radiological indices with significant impact
for prediction of therapeutic effect on progression-
free and overall survival with Kaplan—Meier method
Results of comparison of PFS and OS of the responder and
non-responder groups for each perfusion index-based and
SUV,..-based biomarkers are shown in Table 3.

Application of each threshold value for differentiating
RECIST-based responders and non-responders showed that
mean PFS was significantly different for the two groups in
terms of total perfusion (P < 0.05) and systemic arterial
perfusion (P < 0.05).

A comparison of mean OS showed significant differences
between the responder and non-responder groups in terms of
total perfusion (P < 0.05) and systemic arterial perfusion
(P < 0.05). Although there were no significant differences
between PFS and OS when the threshold value for distin-
guishing RECIST-based responders from RECIST-based non-
responders was used for SUV, . mean OS of responders
assessed as SUV__ 8.2 or less was significantly longer than

max

that of non-responders for the same threshold value (P = 0.02).
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Utility for radiological indices as significant
predictors for progression-free and overall survivals
with multivariate analyses

As the result of a multivariate analysis with Cox proposal
hazard regression model for PFS, significant predictors
were determined as systemic arterial perfusions on ADCT
(hazard ratio: 19.6, P = 0.003) and MR imaging (hazard
ratio: 15.9, P = 0.03) and SUV_, (hazard ratio: 10.3,
P =0.009). On the other hand, a multivariate analysis with
Cox proposal hazard regression model for OS showed a
significant predictor was systemic arterial perfusion on
ADCT (hazard ratio: 12.2, P = 0.04).

Discussion

Our results demonstrate that dynamic first-pass CE-perfusion
ADCT and MR imaging have better potential than FDG-PET/
CT to function as early predictors for the therapeutic effect of
chemoradiotherapy for NSCLC patients. To the best of our
knowledge, this paper was the first paper that demonstrated
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Fig. 2 Receiver operating characteristics analysis of radiologi-
cal indices disclosed significant differences between the RECIST
responder and non-responder groups (red line: total perfusion on
dynamic first-pass CE-perfusion ADCT; blue line: pulmonary arte-
rial perfusion on dynamic first-pass CE-perfusion ADCT; green
line: systemic arterial perfusion on dynamic first-pass CE-perfusion
ADCT; pink line: total perfusion on dynamic first-pass CE-perfusion
MR imaging; sky blue line: pulmonary arterial perfusion on
dynamic first-pass CE-perfusion MR imaging; yellow-green line:
systemic arterial perfusion on dynamic first-pass CE-perfusion
MR imaging; yellow: SUV,_,). AZs for indices on dynamic
first-pass CE-perfusion ADCT were as follows: total perfusion,
Az = 0.87; pulmonary arterial perfusion, Az = 0.72; systemic arte-
rial perfusion, Az = 0.84. Moreover, Az for indices on dynamic
first-pass CE-perfusion MR imaging were as follows: total perfusion,
Az = 0.90; pulmonary arterial perfusion, Az = 0.72; systemic arte-
rial perfusion, Az = 0.84. In addition, Az of SUV,,,, was assessed
as 0.78. Az for total perfusion on dynamic first-pass CE-perfusion
ADCT was significantly larger than that for pulmonary arterial perfu-
sion using either method (ADCT: P = 0.003, MR imaging: P = 0.003).
In addition, Az for total perfusion on dynamic first-pass CE-perfusion
MR imaging was significantly larger than that for pulmonary arte-
rial perfusion using either method (ADCT: P = 0.002, MR imaging:
P = 0.002). The feasible threshold values for all indices were deter-
mined for dynamic CE-perfusion ADCT (total perfusion, 29.2 ml/100
ml/min; pulmonary arterial perfusion, 15.5 ml/100 ml/min; systemic
arterial perfusion, 11.0 ml/100 ml/min), dynamic CE-perfusion MR
imaging (total perfusion, 37.5 ml/100 ml/min; pulmonary arterial
perfusion, 16.3 ml/100 ml/min; systemic arterial perfusion, 16.5
ml/100 ml/min) and PET/CT (5.7 for SUV,,,). ADCT, area-detector
computed tomography; CE, contrast-enhanced; SUV, standardized
uptake value; Az, area under the curve; PET/CT, positron emission
tomography combined with CT.

the two dynamic first-pass CE-perfusion methods are simi-
larly effective in this setting.

The comparison of intra-observer agreements for each
index assessment showed that all index measurements
featured excellent correlation between first and second meas-
urements, and the reproducibility coefficient was satisfactory
for clinical purposes as established in previously published
Studies.3,9,l4—23,26,27
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The comparison of inter-method agreements between
dynamic first-pass CE-perfusion ADCT and MR imaging for
each index indicated there were significant and excellent cor-
relations between the two methods for all indices and that the
limits of agreement for each perfusion index was smaller
than the reproducibility coefficient and small enough for
clinical purposes.’?!14232627 When the same mathematical
model is used, dynamic first-pass CE-perfusion ADCT and
MR imaging can be considered to have the same potential for
evaluation of the perfusion parameters for therapeutic effect
prediction for NSCLC patients. However, linear regression
between signal intensity and gadolinium concentration is
considered as limited range. Although small amount of gado-
linium contrast media was applied in this study, dynamic
first-pass CE-perfusion MR indices might have included
relative errors.

Comparisons between clinical and patient parameters
and radiological indices from dynamic CE-perfusion ADCT
and MR imaging as well as PET/CT for responders and
non-responders assessed by means of RECIST ver.1.1 cri-
teria demonstrated that all radiological indices, PFS and OS
showed significant differences between the responder and
non-responder groups. With considering the underlying
basic concepts of chemoradiotherapy interactions and the
results of pharmacokinetic analyses, 4182830 our results
are compatible with the previously published findings for
dynamic first-pass CE-perfusion CT and MR imaging in
this setting.

The utility of total perfusion and systemic arterial perfu-
sion for differentiating RECIST-based responders from non-
responders was significantly superior to that of pulmonary
arterial perfusion as observed on dynamic first-pass CE-
perfusion ADCT and MR imaging. In addition, there were no
significant differences in sensitivity, specificity and accuracy
among FDG-PET/CT, dynamic first-pass CE-perfusion ADCT
and MR imaging for distinguishing RECIST-based responders
from non-responders. This finding was to be expected
because, as previously reported, lung cancer receives a dual
blood supply, one from the pulmonary artery or capillary bed,
and the other from the bronchial artery.>'#183% Although details
of chemoradiation therapy is not entirely known, toxicity,
oxygen-derived free radical, interstitial edema, sclerosis of
small vessels, especially induced by angiogenesis from bron-
chial artery and obliteration of a major portion of the capil-
lary bed have been suggested to be influence to therapeutic
effect as well as radiation-induced interstitial lung disease
such as radiation pneumonitis and fibrosis.>' Our results are
therefore compatible with the underlying biological charac-
teristics of lung cancer patients, and can be considered more
reliable as compared with those previously reported.’!*13

Application of each feasible threshold value for distin-
guishing RECIST-based responders from non-responders to
the impact on therapeutic effect prediction of total and systemic
arterial perfusions on dynamic first-pass CE-ADCT and MR

Magnetic Resonance in Medical Sciences
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Table 2 Capability of radiological indices with a significant difference between RECIST responders and RECIST non-responders for dif-

ferentiation between the two groups

Uil SE (%) SP (%) PPV (%) NPV (%) AC (%)
value

Dynamic Total perfusion <29.2 78.3 (18/23) 85 (17/20) 85.7 (18/21) 77.3(17/22)  81.4 (35/43)
CE-perfusion  pyimonary <15.5 65.2 (15/23) 80 (16/20)  78.9(15/19)  66.7 (16/24)  72.1 (31/43)
ADCT arterial perfusion

Systemic arterial <11.0 82.6 (19/23) 80 (16/20)  82.6 (19/23) 80 (16/20)  81.4 (35/43)

flow
Dynamic Total perfusion <37.5 69.6 (16/23) 95 (19/20) 94.1 (16/17)  73.1(19/26)  81.4 (35/43)
CE-perfusion Pulmonary <16.3 65.2 (15/23) 80 (16/20)  78.9(15/19)  66.7 (16/24)  72.1 (31/43)
MR imaging terial perfusion

Systemic arterial <16.5 82.6 (19/23) 80 (16/20)  82.6 (19/23) 80 (16/20)  81.4 (35/43)

perfusion
FDG-PET/CT  SUV, <5.7 87 (20/23) 70 (14/20)  76.9 (20/26)  82.4 (14/17)  79.1 (34/43)

max

ADCT, area detector computed tomography; AC, accuracy; CE, contrast-enhanced; NPV, negative predictive value; PPV, positive predictive
value; PET, positron emission tomography, RECIST, response evaluation criteria in solid tumors; SUV, standardized uptake value; SE, sensitivity;

SP, specificity.

Table 3 Comparison of progression-free and overall survival for responder and non-responder groups determined with indices with a

significant influence therapeutic effect

Progression-free Overall survival

Methods Indices Th\I;EIS:eOId survival (months) (months)
(Mean + SE) P (Mean * SE) P
Dynamic first-pass ~ Total perfusion <29.2 Responders 34.4+4.5 0.04 47.8+7.6 0.009
CE-perfusion ADCT  (ml/100 ml/min) Non-responders 14.1+1.2 243+3.5
Pulmonary arterial <15.5 Responders 34.1+45 0.07 35.8+5.6  0.09
perfusion (ml/100 m/min) Non-responders 143+1.2 15.6+2.4
Systemic arterial <11.0 Responders 40.6+4.3 0.003 60+ 12 0.0006
perfusion (ml/100 ml/min) Non-responders 189+3.3 25.6+3.7
Dynamic first-pass  Total perfusion <37.5 Responders 38.4+4.38 0.004 52.8+8.1 0.003
CE—pgrfusion MR (ml/100 ml/min) Non-responders 13.7 £ 1.1 252+2.8
masing Pulmonary arterial <16.3 Responders 28.1+£3.9 0.52 38.2+5.8 0.68
perfusion (ml/100 ml/min) Non-responders 58+03 12+1
Systemic arterial <16.5 Responders 33.4+4.2 0.02 46.4+6.9 0.001
perfusion (ml/100 ml/min) Non-responders 12.7 £ 1.1 19.1x£1.7
PET/CT SUV,.. <5.7 Responders 303+47 081  39.8+83  0.98
Non-responders 29.2+6 38.2+8.6
<8.2 Responders 29.8+3.7 0.47 40+£5.8 0.02
Non-responders 12+£0.3 15+£0.2

ADCT, area-detector computed tomography; CE, contrast-enhanced; SUV, standardized uptake value; PET/CT, positron emission tomography

combined with CT; SE, Standard error.

imaging, showed significant differences in PFS and OS.
However, when similar threshold values were applied to
SUV,.... there were no such significant differences. On the
other hand, when different threshold value was used for
SUV,.... only OS was significantly different for the two
groups. In addition, a multivariate analysis with Cox proposal
hazard regression model showed systemic arterial perfusions
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on ADCT and MR imaging as well as SUV

max

as significant

predictors for PFS, and systemic arterial perfusion on ADCT
as significant predictor for OS in NSCLC patients with chem-
oradiotherapy. Therefore, dynamic first-pass CE-perfusion
ADCT and MR imaging can be considered to be as equal
to or more useful than PET/CT in this setting. In addition,
perfusion matrixes, especially systemic arterial perfusion, are
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suggested as having equal to or better potential for thera-
peutic effect prediction than glucose metabolism in NSCLC
patients treated with chemoradiotherapy.

Our study has a limitation. Although we used our propri-
etary software for this study, and the mathematical models
used in this software were basic and are fully detailed in this
paper and others,>'4?3 only a few vendors provide software
for assessment of perfusion for dynamic CE-perfusion CT
and dynamic CE-MR imaging. Therefore, further compari-
sons with other software as well as radiological methods for
assessing tumor perfusion are warranted to validate the clin-
ical relevance of tumor perfusion assessment results obtained
in this setting.

Conclusion

Dynamic first-pass CE-perfusion ADCT and MR imaging
are as useful as PET/CT for early prediction of treatment
response of NSCLC patients treated with chemoradiotherapy.
In addition, when the same mathematical model is used for
both dynamic first-pass CE-perfusion methods, tumor perfu-
sion assessments for such patients can also be performed by
dynamic first-pass CE-perfusion ADCT and MR imaging.
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