
 

 

 University of Groningen

Prediction of Response to Neoadjuvant Chemotherapy and Radiation Therapy with Baseline
and Restaging F-18-FDG PET Imaging Biomarkers in Patients with Esophageal Cancer
Beukinga, Roelof J; Hulshoff, Jan Binne; Mul, Véronique E M; Noordzij, Walter; Kats-Ugurlu,
Gursah; Slart, Riemer H J A; Plukker, John T M
Published in:
Radiology

DOI:
10.1148/radiol.2018172229

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Beukinga, R. J., Hulshoff, J. B., Mul, V. E. M., Noordzij, W., Kats-Ugurlu, G., Slart, R. H. J. A., & Plukker, J.
T. M. (2018). Prediction of Response to Neoadjuvant Chemotherapy and Radiation Therapy with Baseline
and Restaging F-18-FDG PET Imaging Biomarkers in Patients with Esophageal Cancer. Radiology, 287(3),
983-992. [172229]. https://doi.org/10.1148/radiol.2018172229

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1148/radiol.2018172229
https://research.rug.nl/en/publications/dbeb6d77-6637-4476-af6d-3b71861f00bb
https://doi.org/10.1148/radiol.2018172229


Original Research 
n

 Nuclear M
edicine

Radiology: Volume 287: Number 3—June 2018  n  radiology.rsna.org� 983

1 From the Departments of Surgical Oncology (R.J.B., 
J.B.H., J.T.M.P.), Nuclear Medicine and Molecular Imaging 
(R.J.B., W.N., R.H.J.A.S.), Radiology (J.B.H.), Radiation 
Oncology (V.E.M.M.), and Pathology (G.K.U.), University of 
Groningen, University Medical Center Groningen, Hanz-
eplein 1, Groningen 9713 GZ, the Netherlands; and Depart-
ment of Biomedical Photonic Imaging, University of Twente, 
Enschede, the Netherlands (R.J.B., R.H.J.A.S.). Received 
October 4, 2017; revision requested November 10; revision 
received December 20; accepted December 21. Address 
correspondence to R.J.B. (e-mail: r.j.beukinga@umcg.nl).

q RSNA, 2018

Purpose: To assess the value of baseline and restaging fluorine 18 (18F) 
fluorodeoxyglucose (FDG) positron emission tomography 
(PET) radiomics in predicting pathologic complete response 
to neoadjuvant chemotherapy and radiation therapy (NCRT) 
in patients with locally advanced esophageal cancer.

Materials and 
Methods:

In this retrospective study, 73 patients with histologic analysis–
confirmed T1/N1–3/M0 or T2–4a/N0–3/M0 esophageal can-
cer were treated with NCRT followed by surgery (Chemora-
diotherapy for Esophageal Cancer followed by Surgery Study 
regimen) between October 2014 and August 2017. Clinical 
variables and radiomic features from baseline and restaging 
18F-FDG PET were selected by univariable logistic regression 
and least absolute shrinkage and selection operator. The se-
lected variables were used to fit a multivariable logistic regres-
sion model, which was internally validated by using bootstrap 
resampling with 20 000 replicates. The performance of this 
model was compared with reference prediction models com-
posed of maximum standardized uptake value metrics, clinical 
variables, and maximum standardized uptake value at base-
line NCRT radiomic features. Outcome was defined as com-
plete versus incomplete pathologic response (tumor regres-
sion grade 1 vs 2–5 according to the Mandard classification).

Results: Pathologic response was complete in 16 patients (21.9%) 
and incomplete in 57 patients (78.1%). A prediction model 
combining clinical T-stage and restaging NCRT (post-NCRT) 
joint maximum (quantifying image orderliness) yielded an 
optimism-corrected area under the receiver operating char-
acteristics curve of 0.81. Post-NCRT joint maximum was re-
placeable with five other redundant post-NCRT radiomic fea-
tures that provided equal model performance. All reference 
prediction models exhibited substantially lower discrimina-
tory accuracy.

Conclusion: The combination of clinical T-staging and quantitative assess-
ment of post-NCRT 18F-FDG PET orderliness (joint maximum) 
provided high discriminatory accuracy in predicting patho-
logic complete response in patients with esophageal cancer.

q RSNA, 2018
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advanced (T1, N1–3, M0; or T2–4a, 
N0–3, M0) esophageal cancer and 
were treated with NCRT (Chemoradio-
therapy for Esophageal cancer followed 
by Surgery Study regimen [known as 
CROSS]) followed by esophagectomy 
with a two-field lymph node dissection 
in the University Medical Center Gron-
ingen (Groningen, the Netherlands) be-
tween October 2014 and August 2017 
(1). Excluded from the analyses were 
patients with missing data, those with 
18F-FDG PET/computed tomography 
(CT) scans performed in other medical 
centers, those with tumors that were 
not 18F-FDG avid, and those with dis-
tant metastases found before or during  
surgery. Overall, the following 73 pa-
tients (mean age, 64.4 years 6 8.3; age 
range, 42–83 years) were consecutively 
included: 58 men (mean age, 64.0 years 
6 7.8; age range, 51–81 years) and 15 
women (mean age, 65.7 years 6 9.9; 
age range, 42–83 years). Clinical data 
were obtained from a prospectively 
maintained database (Table 1). Twen-
ty-two patients were reported in an ear-
lier article (15). Our study can be con-
sidered as a continuation of this earlier 
article in which only radiomic features 
derived from baseline 18F-FDG PET/
CT scans were analyzed (15), whereas 
in this study we analyzed radiomic 

and specificity of 67% and 68%, re-
spectively (8). One of the reasons for 
this inadequate performance may be 
that maximum standardized uptake 
value is a single-voxel representation 
that is susceptible to noise artifacts (9). 
Moreover, maximum standardized up-
take value ignores the intratumoral 18F-
FDG spatial distribution and does not 
represent the overall tumor burden. 
Intratumoral heterogeneity is present 
in nearly all esophageal tumors and it 
has been hypothesized (10) that high 
intratumoral 18F-FDG uptake heteroge-
neity before NCRT, usually because of 
hypoxia, is associated with an impaired 
tumor response to NCRT.

Radiomics extracts a large number 
of quantitative imaging features from 
medical images and may improve image 
interpretation by acquiring in vivo tu-
mor information. In earlier studies (11–
17), 18F-FDG PET radiomic features 
that quantified geometric, intensity, and 
textural (18F-FDG spatial distribution) 
characteristics of tumors exhibited 
higher diagnostic accuracies than the 
maximum standardized uptake value 
for prediction of response in patients 
with esophageal cancer. Acquiring both 
pre-NCRT and post-NCRT 18F-FDG PET 
images enables close follow-up of tumor 
response during treatment. Changes 
in radiomic features during treatment 
may reflect changes in intratumoral 18F-
FDG heterogeneity and tumor pheno-
type. Changes in radiomic features have 
shown (11–13,16,18) promising results 
for prediction of response in patients 
with esophageal cancer.

The aim of our study was to assess 
the value of radiomic features extracted 
from baseline and restaging 18F-FDG 
PET scans in prediction of pathologic 
complete response to NCRT in patients 
with locally advanced esophageal cancer.

Materials and Methods

This retrospective study was conducted 
according to the national Dutch guide-
lines for retrospective studies and rules 
of the local institutional ethical board, 
and the need to obtain informed con-
sent was waived. Patients were eli-
gible for inclusion if they had locally 
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Implications for Patient Care

nn Primary tumor invasion depth 
and a radiomic feature (quanti-
fying image orderliness) derived 
from fluorine 18 (18F) fluorode-
oxyglucose (FDG) PET images 
yielded good performance to pre-
dict pathologic complete versus 
incomplete response to neoadju-
vant chemotherapy and radiation 
therapy (NCRT) in esophageal 
cancer.

nn Six different radiomics parame-
ters derived from 18F-FDG PET 
images were interchangeable, 
providing equally good predictive 
performance to predict patho-
logic complete versus incomplete 
response in combination with 
depth of esophageal carcinoma 
invasion.

nn A prediction model combining 
radiomic features and tumor in-
vasion depth may guide the 
decision on whether surgery 
could be omitted after NCRT in 
patients with esophageal cancer.

Neoadjuvant chemotherapy and ra-
diation therapy (NCRT) followed 
by esophagectomy is the com-

mon standard treatment of resectable 
locally advanced esophageal cancer 
(1,2). Pathologic complete response af-
ter NCRT is generally achieved in 25%–
42% of patients with esophageal cancer 
and is accompanied with a lower rate of 
recurrence and longer survival (1,3–6). 
Some patients without gross residual 
tumor at restaging evaluation (ie, clin-
ical complete response) may benefit 
from a so-called wait-and-see policy. 
However, improving the identification 
of complete responders is required to 
omit surgery after NCRT on an indi-
vidualized basis. The current standard 
method to predict response to NCRT 
is the semiquantitative measurement 
of temporal change in maximum stan-
dardized uptake value between baseline 
NCRT (pre-NCRT) and restaging NCRT 
(post-NCRT) fluorine 18 (18F) fluoro-
deoxyglucose (FDG) positron emission 
tomography (PET) (7), however, this 
value yields an insufficient sensitivity 
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iterative reconstruction method (three 
iterations; 21 subsets; and voxel size, 
3.1819 3 3.1819 3 2 mm) with point-
spread-function correction. Images 
were corrected for random coinci-
dences, scatter, and attenuation, and 
were smoothed with a Gaussian filter of 
6.5 mm in full-width at half-maximum.

Volume-of-Interest Delineation
On the basis of the radiotherapeutic 
gross tumor volume, which was man-
ually delineated by an expert radiation 
oncologist (V.E.M.M.) in gastrointesti-
nal malignancies, the volume of interest 
was defined. The gross tumor volume 
was rigidly co-registered to the CT 
component of the baseline and restag-
ing PET/CT images (RTx Workstation 
1.0; Mirada Medical, Oxford, England). 
Because registration errors could occur, 
the volume of interest was manually 
corrected after consensus of the collab-
orating investigators. The post-NCRT 
delineation included the pre-NCRT lo-
calization of the primary tumor, and 
was adjusted manually to compensate 
for regression of the tumor size.

Predictors and Radiomic Feature 
Extraction
We analyzed the following clinical pa-
rameters: sex, age, histologic analysis 
result, tumor location, tumor length, 
clinical T-stage, and clinical N-stage. 
Moreover, we extracted a total of 113 
radiomic features from both pre-NCRT 
and post-NCRT PET images. Software 
was developed in-house with Matlab 
2014b (Mathworks, Natick, Mass) for 
feature extraction and image process-
ing (21). We extracted 19 morphologic 
features, two local intensity features, 
18 statistical features, and 62 textural 
features (25 gray-level co-occurrence–
based features, 16 gray-level run-length–
based features, 16 gray-level size-zone–
based features, and five neighborhood 
gray-tone difference–based features). 
Among these radiomic features were 
the following five traditional radiomic 
features: volume, maximum standard-
ized uptake value, peak standardized 
uptake value, mean standardized uptake 
value, and total lesion glycolysis (tumor  
volume multiplied by mean standardized 

if indicated. After staging, we discussed 
all patients in our multidisciplinary up-
per gastrointestinal tumor board. All 
patients were treated with NCRT ac-
cording to the CROSS regimen consist-
ing of carboplatin (2 mg ∙ min ∙ mL21) 
and paclitaxel (50 mg/m2) in five cycles 
combined with 41.4 Gy in 23 fractions. 
All patients were restaged with 18F-
FDG PET/CT approximately 6–8 weeks 
after NCRT. Surgery consisted of either 
open or minimally invasive transtho-
racic esophagectomy combined with a 
two-field lymph node dissection. Two 
experienced gastrointestinal patholo-
gists (one of whom was G.K.U., with 
more than 10 years of experience) de-
termined tumor response to NCRT ac-
cording to the Mandard tumor regres-
sion grade (19), which was considered 
the standard. This five-point scoring 
system classifies the percentage of re-
sidual vital tumor cells and the degree 
of NCRT-induced fibrosis. Response was 
categorized into pathologic complete 
response (tumor regression grade 1) 
versus pathologic incomplete response 
(tumor regression grade 2–5). Because 
the clinical relevance of categorizing re-
sponse into pathologic good response 
(tumor regression grade 1–2) versus 
poor response (tumor regression grade 
3–5) remains unclear, this distinction 
was not made.

Integrated baseline and restaging 
18F-FDG PET/CT (Biograph mCT-64 
PET/CT; Siemens, Knoxville, Tenn) 
scans were performed. Patients were 
instructed to fast except for the con-
sumption of water for at least 6 hours 
before administration of 3 MBq/kg 
18F-FDG. Serum glucose levels were 
evaluated just before tracer injection. 
Sixty minutes after tracer injection, 
continuous breathing low-dose CT im-
ages (80–120 kV; 20–35 mAs; and 
5-mm section thickness) for viewing 
anatomic structures and PET images 
were acquired with the patient posi-
tioned in radiation treatment planning 
position. PET images were obtained 
with 2–3 minutes per bed position in 
three-dimensional setting. Images were 
reconstructed according to the Euro-
pean Association of Nuclear Medicine 
guidelines (20) by using a time-of-flight 

features derived from both baseline and 
restaging 18F-FDG PET scans.

Staging consisted of 64 multi–detec-
tor row CT of the thorax and abdomen,  
18F-FDG PET/CT, and endoscopic ultra-
sonography with fine-needle aspiration, 

Table 1

Patient and Tumor Characteristics

Characteristics
Patients  
(n = 73)

Sex
  Male 58 (79.5)
  Female 15 (20.5)
Median age (y)* 63.0  

(59.0–69.0)
Histologic analysis result
  Adenocarcinoma 65 (89.0)
  Squamous cell carcinoma 8 (11.0)
Tumor location
  Middle esophagus 9 (12.3)
  Distal esophagus/GEJ 64 (87.7)
Median tumor length (cm)* 6.0  

(5.0–9.0)
Clinical T-stage
  T2 9 (12.3)
  T3 59 (80.8)
  T4a 5 (6.8)
Clinical N-stage
  N0 15 (20.5)
  N1 32 (43.8)
  N2 22 (30.1)
  N3 4 (5.5)
No. of chemotherapy cycles
  2 1 (1.4)
  3 1 (1.4)
  4 12 (16.4)
  5 59 (80.8)
Radicality
  R0 70 (95.9)
  R1 3 (4.1)
Mandard tumor regression grade
  1 16 (21.9)
  2 19 (26.0)
  3 23 (31.5)
  4 14 (19.2)
  5 1 (1.4)

Note.—Unless otherwise indicated, data are number of 
patients and data in parentheses are percentages. 
Radicality refers to histologic complete resection. GEJ = 
gastroesophageal junction, R0 = microscopically radical 
resection, R1 = microscopically irradical (ie, histologic 
noncomplete resection) resection/circumferential 
resection margin greater than 1 mm.

*Data in parentheses are interquartile range.
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of one). The 13 different gray-level 
co-occurrence matrices and gray-level 
run-length matrices along each angular 
direction were merged into combined 
matrices before feature extraction.

Statistical Analysis
Statistical analysis was performed with 
Matlab 2014b (Mathworks) and R 3.2.2 
open-source software (Comprehensive 
R Archive Network, http://www.r-proj-
ect.org). Radiomic features were tested 
for their robustness to delineation varia-
tions. Therefore, two additional segmen-
tations were created by morphologic di-
lation with two ball-shaped structuring 
elements with radii of 1 and 2 voxels. 
The reliability of ratings was measured 
by the intraclass correlation coefficient. 
Only radiomic features that had an ex-
cellent reliability (intraclass correlation 
coefficient, .0.75) at both the baseline 
and the restaging measurements were 
considered robust. Furthermore, all 
predictors were tested in a univariable 
logistic regression with a significance 
level a of 0.157 according to the Akaike 
Information Criterion requiring x2 . 2 ∙ 
df, where df is degrees of freedom.

Only robust predictors and pre-
dictors significant at univariable lo-
gistic regression were introduced to a 
least absolute shrinkage and selection 
operator for variable selection. The 
least absolute shrinkage and selection 
operator shrinks estimated regression 
coefficients and excludes variables by 
forcing certain coefficients to become 0 
to reduce overfitting (Appendix E1 [on-
line]). Logistic regression models were 
fitted with the selected variables.

The final model was tested for mul-
ticollinearity, as quantified by a vari-
ance inflation factor greater than four. 
The goodness-of-fit of each model was 
evaluated with the 2-log likelihood, the 
Akaike information criterion, and the 
Nagelkerke R2. Each model was quanti-
fied in terms of discrimination with the 
area under the receiver operating char-
acteristic curve and the discrimination 
slope and quantified in terms of cali-
bration by using the slope and intercept 
of calibration plots and the Hosmer-
Lemeshow test. Because the models are 
trained and tested on the same dataset, 

Original voxel dimensions were up-sam-
pled to isotropic voxel-dimensions of 2 
3 2 3 2 mm by using trilinear spline 
interpolation. Voxels, enclosed for 50% 
or greater coverage, were included to 
the up-sampled volume of interest. 
Textural features were extracted from 
discretized image stacks to reduce the 
continuous-scaled standardized uptake 
value to a limited number of gray levels 
and to reduce image noise. Voxels were 
discretized in 0.5 g/mL increments start-
ing at a minimum of 0 g/mL. Images 
were analyzed in three dimensions with 
a connectivity of 26 voxels (13 angular 
directions and a pixel-to-pixel distance 

uptake value). For each of these  
radiomic features, the relative differ-
ence between pre-NCRT and post-
NCRT 18F-FDG PET was calculated 
according to the following equation: 
where Δ-NCRT is the relative difference 
between pre-NCRT and post-NCRT 18F-
FDG PET. Furthermore, eight bin-to-
bin histogram distances and four cross-
bin histogram distances were selected, 
which quantified the perceived similar-
ity in intensity distribution between the 
pre-NCRT and post-NCRT PET images.

18F-FDG uptake was converted to 
standardized uptake value and was cor-
rected for the serum glucose level (20). 

Figure 1

Figure 1:  Correlation matrix of all radiomic features that positively (Spearman r . 0.9) or negatively 
(Spearman r , 20.9) correlated with restaging NCRT joint maximum. All mentioned radiomic features were 
extracted from restaging NCRT imaging. The bar represents Spearman correlation.

-NCRT radiomic feature

postNCRT radiomic feature preNCRT radiomic feature
100%

preNCRT radiomic feature

∆ =
− × ,
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model was compared on these terms 
with six reference prediction models. 
On the basis of an earlier published arti-
cle (15), six reference prediction models 
were constructed composed of pre-
NCRT maximum standardized uptake 
value (model 1); post-NCRT maximum 
standardized uptake value (model 2); 
relative difference between pre-NCRT 
and post-NCRT 18F-FDG PET maxi-
mum standardized uptake value (model 
3); clinical T-stage (model 4); clinical 
T-stage and histologic confirmation  
(model 5); and clinical T-stage, histo-
logic analysis result, and pre-NCRT long-
run low-gray-level emphasis (model 6).

Results

All patients underwent the full dose 
of radiation therapy and 72 patients 
(97.2%) underwent four or five cycles 
of chemotherapy (Table 1). All volumes 
of interest had a minimum volume of 
10 cm3 as required for textural analysis 
to provide valuable complementary in-
formation (22). The median overall tu-
mor volume before treatment was 52.1 
cm3 (interquartile range, 43.8 cm3) 
and decreased to 41.8 cm3 (interquar-
tile range, 25.6 cm3) at the restaging 
PET scan. Of all patients, 16 patients 
(21.9%) obtained a pathologic com-
plete response, whereas 57 patients 
(78.1%) obtained a pathologic incom-
plete response.

Model Construction
Of all studied radiomic features, 86 
features were robust for delineation 
variations, including all traditional ra-
diomic features (exhibiting intraclass 
correlation coefficients, .0.94). Of 
these robust radiomic features, 22 
pre-NCRT radiomic features, 45 post-
NCRT radiomic features, 34 radiomic 
features that showed relative difference 
between pre-NCRT and post-NCRT 18F-
FDG PET, and 11 histogram distances 
were significant at univariable logistic 
regression analysis (Table E1 [online]). 
Of the studied clinical parameters, we 
found a significant association between 
pathologic complete response and his-
tologic analysis result (P = .01), clinical 
N-stage (P , .01), and clinical T-stage 

20 000 replicates, yielding optimism-
corrected Nagelkerke R2 and area un-
der the receiver operating character-
istic curve. The constructed prediction 

these performance measures may po-
tentially be optimistic. To adjust for this 
optimism, the models were internally 
validated by bootstrap resampling with 

Figure 2

Figure 2:  Representative transaxial baseline neoadjuvant chemotherapy and radiation therapy (NCRT; 
pre-NCRT ) and restaging NCRT (post-NCRT ) images and corresponding values of six radiomic features of a 
pathologic complete responder (Mandard tumor regression grade 1) and a pathologic incomplete responder 
(Mandard tumor regression grade 5). At diagnosis, the patient who had a pathologic complete response had 
a T2, N0, M0 adenocarcinoma of the distal esophagus, and the patient who had a pathologic incomplete 
response had a T3, N0, M0 adenocarcinoma of the distal esophagus. For the patient with a pathologic 
complete response, joint maximum (JM) and angular second moment (ASM) initially showed high values that 
increased even more after NCRT, whereas median absolute deviation (MAD), joint entropy (JE), sum entropy 
(SE), and inverse variance (IV ) initially showed low values which decreased even more after NCRT. An inverse 
trend applied for the pathologic incomplete responder.



988	 radiology.rsna.org  n  Radiology: Volume 287: Number 3—June 2018

NUCLEAR MEDICINE: Prediction of Response to Neoadjuvant Chemotherapy and Radiation Therapy 	 Beukinga et al

Ta
bl

e 
2

Es
tim

at
ed

 R
eg

re
ss

io
n 

Co
ef

fic
ie

nt
s 

of
 P

re
di

ct
io

n 
M

od
el

s 
7–

12

Pa
ra

m
et

er

M
od

el
 7

M
od

el
 8

M
od

el
 9

M
od

el
 1

0
M

od
el

 1
1

M
od

el
 1

2

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

Re
gr

es
si

on
 

Co
ef

fic
ie

nt
 

Es
tim

at
e

SE
P 

Va
lu

e

In
te

rc
ep

t
2

1.
28

0.
28

,
.0

01
2

1.
27

0.
28

,
.0

01
2

1.
27

0.
29

,
.0

01
0.

85
0.

84
.3

1
0.

88
0.

85
.3

0
0.

90
0.

87
.3

0
Cl

in
ic

al
 T

-s
ta

ge
,

.0
1

,
.0

1
,

.0
1

,
.0

1
,

.0
1

,
.0

1
 

T2
1.

00
1.

00
1.

00
1.

00
1.

00
1.

00
 

T3
 a

nd
 T

4a
2

2.
81

0.
95

2
2.

78
0.

90
2

2.
76

0.
91

2
2.

70
0.

92
2

2.
71

0.
93

2
2.

92
0.

94
Jo

in
t m

ax
im

um
0.

83
0.

38
.0

3
M

ed
ia

n 
ab

so
lu

te
 

de
vi

at
io

n
2

0.
74

0.
68

.2
7

Jo
in

t e
nt

ro
py

2
0.

68
0.

44
.1

2
Su

m
 e

nt
ro

py
2

0.
68

0.
41

.0
9

An
gu

la
r s

ec
on

d 
m

om
en

t
0.

74
0.

37
.0

5

In
ve

rs
e 

va
ria

nc
e

2
0.

71
0.

38
.0

6

No
te

.—
Al

l r
ep

or
te

d 
ra

di
om

ic
 fe

at
ur

es
 w

er
e 

m
ea

su
re

d 
at

 re
st

ag
in

g 
NC

RT
 P

ET
 im

ag
in

g.
 S

E 
=

 s
ta

nd
ar

d 
er

ro
r.

(P = .10). Of the traditional radiomic 
features, overall tumor volume was 
significant at both pre-NCRT (P = .03) 
and post-NCRT (P = .03) 18F-FDG PET, 
whereas total lesion glycolysis was only 
significant at post-NCRT 18F-FDG PET 
(P = .01). These variables were intro-
duced to the least absolute shrinkage 
and selection operator regularization 
process. Least absolute shrinkage and 
selection operator selected clinical T-
stage and post-NCRT joint maximum, 
which was derived from the gray-level 
co-occurrence matrix. The joint maxi-
mum is the probability corresponding 
to the most common gray-level co-oc-
currence in the gray-level co-occur-
rence matrix. Clinical T-stage and post-
NCRT joint maximum were introduced 
to a logistic regression analysis (model 
7). Minimal effects of multicollinearity 
within the model were found, as quan-
tified by variance inflation factors of 
1.01 and 1.01 for the variable clinical 
T-stage and post-NCRT joint maximum, 
respectively.

High positive (Spearman r . 0.90) 
or negative (Spearman r , 20.90) 
correlations were found between post-
NCRT joint maximum and five other 
radiomic features (Fig 1), including the 
post-NCRT median absolute deviation 
(Spearman r = 20.90) and the 4-Gy-
level co-occurrence matrix-derived fea-
tures post-NCRT joint entropy (Spear-
man r = 20.91), post-NCRT sum 
entropy (Spearman r = 20.92), post-
NCRT angular second moment (Spear-
man r = 0.98), and post-NCRT inverse 
variance (Spearman r = 20.91). We 
tested whether these radiomic fea-
tures were redundant in a multivari-
able regression analysis by exchanging 
joint maximum by each of these five 
radiomic features and to refit the re-
spective logistic regression models 
(models 8–12). In Figure 2, represen-
tative pre-NCRT and post-NCRT 18F-
FDG PET images and corresponding 
values of these six radiomic features 
are provided for a pathologic complete 
responder and a pathologic incomplete 
responder. The regression coefficients 
of models 1–3 and models 7–12 are 
shown in Table E2 (online) and Table 2,  
respectively.
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High values of joint maximum and angu-
lar second moment occur in orderly im-
ages, whereas large joint entropy values 
indicate disorder. For each increase  
in joint maximum, the odds of patho-
logic complete response increases by a 
factor of joint maximumCoef 0.83  2.3e e= = ,  
where e is the Euler number and Coef-

jointmaximum is the regression coefficient es-
timate of the joint maximum. In accor-
dance with our expectations, this would 
mean that higher post-NCRT 18F-FDG 
PET orderliness increases the proba-
bility for achieving pathologic complete 
response.

The final prediction model was su-
perior compared with the reference 
prediction models composed of conven-
tional maximum standardized uptake 
value measurements (models 1–3) and 
clinical parameters (models 4–5). More-
over, it demonstrated a higher discrim-
inatory accuracy than did the reference 
model, consisting of clinical parameters 
along with a pre-NCRT radiomic feature 
(models 6), which suggested the higher 
potential of post-NCRT radiomic fea-
tures in predicting pathologic complete 
response in patients with esophageal 

slightly better calibration than model 7, 
the calibrations of models 7–12 were also 
relatively consistent.

Discussion

Clinical evaluation of response to NCRT 
is important for patients who have poten-
tially curable locally advanced esophageal 
cancer for exploring future personalized 
treatment and for prediction of prognos-
tic outcome. Recently, response increas-
ingly was defined on the basis of tumor 
biology rather than on tumor morpho-
logic analysis by using Response Evalu-
ation Criteria in Solid Tumors  (23,24). 
Image quantification with radiomics is 
an emerging noninvasive approach to 
predict survival outcome and response 
in cancer treatment. In our study, we 
constructed a prediction model on the 
basis of clinical evaluation of tumor inva-
sion depth (T-stage) and post-NCRT joint 
maximum. Joint maximum is a measure 
of orderliness, quantifying the systematic 
arrangement of voxel intensity differ-
ences. Joint entropy and angular second 
moment are other radiomic features 
that are measures of image orderliness. 

Model Performance
The performance measures of models 
7–12 are shown in Table 3. Model 7 
exhibited the following goodness-of-fit 
metrics: a 22 log likelihood of 56.10, an 
Akaike information criterion of 62.10, 
and a Nagelkerke R2 of 0.32. The model 
had a good discriminatory accuracy, 
with an area under the receiver oper-
ating characteristic curve of 0.82 and a 
discrimination slope of 0.27. The model 
was well calibrated, with an intercept of 
20.17, a slope of 0.87, and a Hosmer-
Lemeshow P value of .78 (Fig 3). After 
internal validation, the Nagelkerke R2 and 
area under the receiver operating charac-
teristic curve slightly decreased to 0.33 
and 0.81, respectively. Models 1–5 all 
exhibited worse goodness-of-fit, discrim-
ination, and calibration compared with 
model 7. Model 6 had a better goodness-
of-fit than model 7, however, this was not 
reflected by a higher discriminatory accu-
racy and a better calibration. The model 
performances of 7–12 were relatively 
consistent, though model 7 did exhibit 
the best goodness-of-fit and discrimina-
tion, which also persisted after internal 
validation. Although models 9–10 had a 

Table 3

Estimates of Model Performance for Prediction Models of Stages M1–11

Parameter

Goodness-of-Fit Discrimination Calibration Validation

22 Log 
Likelihood

Akaike 
Information 
Criterion Nagelkerke R 2 AUC

Discrimination 
Slope Intercept Slope

Hosmer-Lemeshow  
P Value

Internal Validated 
Nagelkerke R 2

Internal 
Validated AUC

Model 1 76.53 80.53 0.01 0.50 20.01 20.42 0.59 .05 0 0.47
Model 2 76.66 80.66 0.00 0.34 20.01 23.40 21.59 20.06 0.31
Model 3 73.83 77.83 0.06 0.43 0.03 0.93 2.08 .17 0.01 0.41
Model 4 61.52 65.52 0.29 0.70 0.20 20.53 0.79 0.19 0.67
Model 5 57.83 63.83 0.35 0.75 0.25 20.19 0.86 ..999 0.30 0.74
Model 6 52.69 60.69 0.43 0.73 0.32 20.26 0.80 .29 0.33 0.70
Model 7 56.10 62.10 0.38 0.82 0.27 20.17 0.87 .78 0.33 0.81
Model 8 59.88 65.88 0.32 0.78 0.22 20.18 0.86 .68 0.26 0.76
Model 9 58.79 64.79 0.34 0.78 0.23 20.17 0.88 .92 0.29 0.77
Model 1058.34 64.34 0.34 0.78 0.24 20.16 0.88 .92 0.30 0.77
Model 1157.14 63.14 0.36 0.82 0.26 20.17 0.87 .77 0.32 0.81
Model 1257.58 63.58 0.36 0.81 0.25 20.18 0.85 .32 0.30 0.80

Note.—AUC = area under the receiver operating characteristic, model 1 = pre-NCRT SUVmax, model 2 = post-NCRT SUVmax, model 3 = relative difference between pre-NCRT and post-NCRT 18F-FDG 
PET SUVmax, model 4 = clinical T-stage, model 5 = clinical T-stage and histologic analysis result, model 6 = clinical T-stage and histologic analysis result and pre-NCRT long-run low-gray-level 
emphasis, model 7 = clinical T-stage and post-NCRT joint maximum, model 8 = clinical T-stage and post-NCRT median absolute deviation, model 9 = clinical T-stage and post-NCRT joint entropy, 
model 10 = clinical T-stage and post-NCRT sum entropy, model 11 = clinical T-stage and post-NCRT angular second moment, model 12 = clinical T-stage and post-NCRT inverse variance, post-NCRT 
= restaging NCRT, pre-NCRT = baseline NCRT, SUVmax = maximum standardized uptake value.



990	 radiology.rsna.org  n  Radiology: Volume 287: Number 3—June 2018

NUCLEAR MEDICINE: Prediction of Response to Neoadjuvant Chemotherapy and Radiation Therapy 	 Beukinga et al

receiver operating characteristic curve of 
0.77 compared with 0.81 of our proposed 
prediction model.

Though promising, the use of ra-
diomics to select patients for different 
treatment strategies on the basis of iden-
tification of response is still not practica-
ble because of numerous unsolved prob-
lems and the complexity of data. There 
is a significant lack of standardization 
including the use of different scanners 
and image acquisition protocols among 
hospitals and different feature extrac-
tion workflows, which could lead to a 
large variability in radiomic features 
(27). Moreover, not all textural features 
are deemed stable enough with respect 
to the effect of different devices and de-
lineation variation. The study by Hatt 
et al (28) showed that robust radiomic 
features for delineation variation in-
cluded joint entropy, inverse difference, 

as complete (absence of viable tumor 
tissue) versus incomplete (any grade of 
residual tumor tissue), and performed a 
univariable logistic regression analysis. 
Consistent with our results, Van Rossum 
et al reported that the post-NCRT ra-
diomic features joint maximum, joint en-
tropy, sum entropy, and angular second 
moment were significant at univariable 
logistic regression analysis. However, in-
verse variance was reported as nonsig-
nificant and median absolute deviation 
was not analyzed. They proposed four 
multivariable prediction models, of which 
the prediction model exhibiting the high-
est discriminatory accuracy consisted of 
10 different clinical and (subjective and 
quantitative) 18F-FDG PET parameters. 
Their model contained substantially more 
variables and hence was more complex, 
and their model exhibited a slightly 
lower optimism-corrected area under the 

cancer. This higher discriminatory accu-
racy was retained when post-NCRT joint 
maximum was exchanged by one of the 
correlated radiomic features. Predictions 
on the basis of relative differences of ra-
diomic features and histogram distances 
were clinically not relevant.

Over the years, numerous radiomic 
features were reported as promising. To 
validate whether these radiomic features 
also provide complementary clinical value 
in external cohorts, pooling those results 
is required. In a systematic Medline da-
tabase search, we found 10 relevant stud-
ies that investigated the value of PET/
CT radiomic features in the prediction of 
therapy response in esophageal cancer 
(11–18,25,26). The study by Van Ros-
sum et al (11) was, to our knowledge, the 
only study that performed quantitative 
18F-FDG PET from pre-NCRT and post-
NCRT 18F-FDG PET, classified response 

Figure 3

Figure 3:  Calibration plots of models 7–12 referring to the agreement between the predicted probability of pathologic complete response by models 7–12 and the 
true (observed) probability of pathologic complete response (solid line). The dashed line indicates perfect calibration.
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