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Abstract 

Background  Radiomics has demonstrated striking potential in accurate cancer diagnosis but still needs strength-
ening of validity and standardization to achieve reproducible and generalizable results. Despite the advantages of 
radiomics, inter-scanner and intra-scanner variations of computed tomography (CT) scanning parameters can affect 
the reproducibility of its results. Accordingly, this article aims to review the impact of CT scanning parameters on the 
reproducibility of radiomics results.

Main body of the abstract  In general, radiomics results are sensitive to changes in the noise level; therefore, any 
parameter that affects image noise, such as kilovoltage (kVp), tube current (mAs), slice thickness, spatial resolu-
tion, image reconstruction algorithm, etc., can affect radiomics results. Also, region of interest (ROI) segmentation 
is another fundamental challenge in reducing radiomics reproducibility. Studies showed that almost all scanning 
parameters affect the reproducibility of radiomics. However, some robust features are reproducible.

Short conclusion  One of the solutions to overcome the radiomics reproducibility challenge is the standardization 
of imaging protocols according to noise level (not scanning protocols). The second solution is to list reproducible fea-
tures according to the type of complication and anatomical region. Resampling may also overcome feature instability.
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Background
Radiomics has generally defined the process of extract-
ing and analyzing quantitative information from medical 
images that cannot be recognized by the naked eye [1]. It 
has become an attractive field of medical research [2, 3]. 
It can be a suitable auxiliary approach for personalized 
medicine and correct and appropriate decision-making 

in diagnosis and treatment. By quantitatively analyzing 
the images based on the heterogeneity of the lesion, radi-
omics can overcome the challenges of visual and subjec-
tive interpretation of medical images [4, 5]. Studies have 
shown that radiomics features are significantly related to 
heterogeneity indices at the cell level, so it can be con-
sidered a non-invasive digital biopsy approach [3, 6]. The 
general flowchart of the radiomics workflow is divided 
into four main stages (Fig. 1).

In the first step, different imaging systems, such as 
computed tomography (CT), magnetic resonance imag-
ing (MRI), ultrasound (US), or positron emission tomog-
raphy (PET), obtain standard medical images [2, 7]. The 
second step is preprocessing, in which images are homog-
enized before features are extracted. Homogenization is 
done concerning pixel spacing, grey-level intensities, bins 
of the histogram, etc. The third step is segmentation, in 
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which the volume of the region of interest (ROI) is deter-
mined. ROIs are delineated on medical images based 
on clinical demands; they can be the entire tumoral tis-
sue or its subsets. These subsets can also include parts of 
necrosis and edema (accumulation of fluids). Segmenta-
tion may be delineated manually, semi-automatically, 
and fully automatically. Special toolkits extract radiomics 
features from the ROI volumes in the fourth step. These 
features can be divided into two categories: semantic and 
agnostic. Semantic features or shape features are usually 
recognized visually by radiologists to describe lesions, 
such as shape, size, location (lesion location); these fea-
tures can also be extracted quantitatively and more accu-
rately by the radiomics toolkits [5, 6]. Agnostic features 
(first and second order) cannot be inferred visually in 
the medical image. Still, they must be extracted from the 
voxels of the ROI image in the form of quantitative data 
based on complex mathematical and statistical methods. 
First-order features describe the distribution of the val-
ues of individual pixels individually without analyzing the 
spatial relationship of the pixels; actually, the features are 
based on histogram data, such as mean, median, maxi-
mum, and minimum pixel intensity values on the image, 
as well as skewness, kurtosis, uniformity, and entropy. 
The second-order features also called textural features 

are obtained by calculating the statistical inter-relation-
ships between neighboring pixels and show a measure of 
the spatial arrangement of pixel intensity and, as a result, 
the heterogeneity within the lesion. Such features can 
be obtained from the grey-level co-occurrence matrix 
(GLCM), grey-level run-length matrix (GLRLM), gray-
level dependence matrix (GLDM), gray-level size zone 
matrix (GLSZM), and neighboring gray-tone difference 
matrix (NGTDM) [4, 8, 9]. Some other features can 
also be obtained after applying wavelet, Laplacian, and 
Gaussian transfer functions to the extracted images. The 
extracted radiomics features can then be analyzed using 
statistical and machine learning methods [6, 10–16].

The parameters affecting the results of radiomics in CT 
scan are illustrated in Fig.  2 [5]. Any variation in scan-
ning parameters may affect image quality and radiom-
ics reproducibility [17]. Reproducibility is the process of 
minimizing errors while changing the methodology or 
data at the same time. Specifically, in radiomics, it means 
finding robust features against variations in equipment, 
software, image acquisition settings, operators, and even 
subjects [18, 19]. The parameters responsible for reduc-
ing the reproducibility of radiomics features are known 
as "destructive parameters." Knowing the destructive 
parameters and the pattern of their impact on radiomics 

Fig. 1  The workflow of typical radiomics
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features can be valuable and helpful in standardizing 
imaging for radiomics purposes. Previous studies about 
CT scanning parameters’ role in radiomics reproducibil-
ity have reported different and, in some cases, contradic-
tory results. According to various reports on the results 
of radiomics in CT scan, the main purpose of this review 
article is to examine the reports related to the impact of 
CT imaging parameters on the reproducibility of radiom-
ics features.

Main text
CT scanning parameters and radiomics reproducibility
Table  1 summarizes several main characteristics of the 
studies about CT radiomics reproducibility and their 
main results and conclusions. In general, most CT scan-
ning parameters could be considered destructive. Previ-
ous studies have reported that conclusions in radiomics 
should be made cautiously because radiomics features 
may undergo significant changes against minor changes 
in the medical image [5]. Despite all the advantages of 
radiomics, the most critical challenge is the dependence 
of radiomics results on scanning parameters, segmenta-
tion, image reconstruction algorithm, pre-processing, 
and post-processing [1, 2, 20, 45]. In general, scanning 
parameters such as kilovoltage, pitch, and mAs affect the 
reproducibility of radiomics results. However, there are 
inconsistent reports regarding the amount of effects and 
importance of each of these parameters on radiomics fea-
tures. Also, due to the difference in imaging protocols in 
different vendors of CT units, it is necessary to conduct 
more studies on the reproducibility of features under the 
influence of scanning parameters at different CT brands 
[19–47].

A general inference from previous research about the 
effects of scan parameters on the radiomics features vari-
ations is that radiomics features are sensitive to changes 
in the noise level of images, so any scan parameter that 
affects image noise can affect the reproducibility of radi-
omics [20, 21, 33, 41]. Also, pre-processing and post-
processing operations in scanners, details of imaging 
protocols, such as reconstruction algorithms and related 
noise suppress methods, pixel size, resolution, contrast 
level, can significantly affect the calculated radiomics fea-
tures [20].
Suggestion To maximize the valuable information 

obtained from CT scan images in radiomics and avoid 
misinterpretation of its results, researchers must under-
stand all noise sources. This understanding can help to 
develop solutions such as image pre-processing to reduce 
noise effects. In retrospective studies, knowledge and 
awareness of noise level can be used as a guide for choos-
ing the appropriate image for radiomics analysis (for 
example, only images with pixel sizes within a specific 
range have been selected for radiomics analysis). In pro-
spective studies, noise analysis can be used to optimize 
imaging protocols. Therefore, it seems better to investi-
gate the impact of noise level on the reproducibility of 
radiomics in a large cohort study with the participation 
of different clinics.

Data acquisition
Radiomics features may highly depend on slice thickness, 
pixel size, resolution, and voxel size changes [19, 23, 26, 
27, 34, 38, 39, 44] (Table  1). Therefore, such scanning 
parameters should be adjusted based on the radiomics 
feature, imaging parameters, type of lesion, and clinical 
outcomes. It is necessary to evaluate the strength of the 

Fig. 2  Classification of different CT scanning parameters affecting radiomics



Page 4 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 

Ta
bl

e 
1 

Su
m

m
ar

y 
of

 th
e 

ch
ar

ac
te

ris
tic

s 
an

d 
th

e 
re

su
lts

 o
f t

he
 s

tu
di

es
 a

bo
ut

 C
T 

ra
di

om
ic

s 
re

pr
od

uc
ib

ili
ty

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

M
ac

ki
n 

[2
0]

CC
R 

ph
an

to
m

N
SC

LC
 p

at
ie

nt
2 

C
T 

ve
nd

or
IB

EX
 ra

di
om

ic
s 

so
ft

w
ar

e

m
A

s 
(2

50
–3

0)
N

oi
se

kV
p

Th
e 

pa
tt

er
n 

of
 fe

at
ur

e 
va

ria
tio

n 
in

 tw
o 

G
E 

an
d 

To
sh

ib
a 

C
T 

sc
an

 u
ni

ts
 is

 s
im

ila
r

Sm
oo

th
in

g 
do

es
 n

ot
 a

ffe
ct

 th
e 

re
su

lts
 o

f t
he

 fe
at

ur
es

N
oi

se
 is

 th
e 

m
ai

n 
fa

ct
or

 in
 c

ha
ng

in
g 

fe
at

ur
es

m
A

s 
se

em
 to

 h
av

e 
th

e 
m

os
t s

ig
ni

fic
an

t i
m

pa
ct

 o
n 

ra
di

-
om

ic
s 

re
pr

od
uc

ib
ili

ty
 a

m
on

g 
m

A
s, 

kV
p,

 a
nd

 p
itc

h

M
id

ya
 [2

1]
A

nt
hr

op
om

or
ph

ic
 p

ha
nt

om
 (c

on
si

st
s 

of
 fi

ve
 s

im
u-

la
te

d 
tis

su
e 

ty
pe

s)
In

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e

m
A

s 
(5

0,
 1

00
, 2

00
, 3

00
, 4

00
, a

nd
 5

00
 m

A
)

N
oi

se
 in

de
x 

(N
I) 

le
ve

ls
 (1

2,
 1

4,
 1

6,
 1

8,
 a

nd
 2

0)
Re

co
ns

tr
uc

tio
n 

(fr
om

 F
BP

 (0
%

 A
SI

R)
 to

 1
00

%
 A

SI
R 

in
 

in
cr

em
en

ts
 o

f 1
0%

)

N
oi

se
, t

ub
e 

cu
rr

en
t, 

an
d 

re
co

ns
tr

uc
tio

n 
al

go
rit

hm
 s

ig
-

ni
fic

an
tly

 a
ffe

ct
 th

e 
re

pr
od

uc
ib

ili
ty

 o
f r

ad
io

m
ic

s 
re

su
lts

By
 re

du
ci

ng
 im

ag
e 

no
is

e,
 th

e 
re

pr
od

uc
ib

ili
ty

 o
f f

ea
tu

re
s 

in
cr

ea
se

s
FB

P 
al

go
rit

hm
 h

as
 th

e 
m

os
t r

ep
ro

du
ci

bi
lit

y
By

 in
cr

ea
si

ng
 th

e 
w

ei
gh

t o
f t

he
 A

SI
R 

al
go

rit
hm

 
fro

m
 0

 to
 1

00
%

, t
he

 n
um

be
r o

f r
ep

ro
du

ci
bl

e 
fe

a-
tu

re
s 

de
cr

ea
se

d 
be

ca
us

e 
th

e 
im

ag
e 

no
is

e 
gr

ad
ua

lly
 

in
cr

ea
se

d
8–

25
%

 o
f f

ea
tu

re
s 

ar
e 

re
pr

od
uc

ib
le

 a
cr

os
s 

m
A

s 
va

ria
-

tio
n

N
oi

se
: 1

9–
25

%
 o

f f
ea

tu
re

s 
ar

e 
re

pr
od

uc
ib

le
 a

cr
os

s 
N

oi
se

 
va

ria
tio

n

Be
re

ng
ue

r [
22

]
A

nt
hr

op
om

or
ph

ic
 p

el
vi

c 
ph

an
to

m
CC

R 
ph

an
to

m
IB

EX
 ra

di
om

ic
s 

so
ft

w
ar

e

Te
st

–r
et

es
t (

5 
C

T 
ve

nd
or

s)
Pi

tc
h

Re
co

ns
tr

uc
tio

n 
Ke

rn
el

m
A

s
kV

p
FO

V

Th
e 

m
or

e 
lim

ite
d 

th
e 

ra
ng

e 
of

 v
ar

ia
tio

n 
of

 th
e 

sc
an

 
pa

ra
m

et
er

s, 
th

e 
hi

gh
er

 th
e 

re
pr

od
uc

ib
ili

ty
D

ur
in

g 
in

tr
a-

sc
an

ne
r a

na
ly

si
s, 

ch
an

gi
ng

 th
e 

ke
rn

el
 

ha
s 

th
e 

m
os

t a
nd

 th
e 

pi
tc

h 
ha

s 
th

e 
le

as
t i

m
pa

ct
 o

n 
re

pr
od

uc
ib

ili
ty

D
ur

in
g 

te
st

–r
et

es
t, 

ab
ou

t 9
1%

 o
f f

ea
tu

re
s 

w
er

e 
re

pr
o-

du
ci

bl
e

D
ur

in
g 

in
tr

a-
sc

an
ne

r a
na

ly
si

s, 
ab

ou
t 8

9%
 o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

 w
ith

 th
e 

ch
an

ge
 o

f p
itc

h 
fa

ct
or

, a
nd

 
43

%
 w

er
e 

re
pr

od
uc

ib
le

 w
ith

 th
e 

ch
an

ge
 o

f r
ec

on
st

ru
c-

tio
n 

al
go

rit
hm

D
ur

in
g 

in
te

r-
sc

an
ne

r a
na

ly
si

s, 
ab

ou
t 8

5%
 o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

 in
 w

oo
d 

(h
et

er
og

en
eo

us
), 

an
d 

on
ly

 
15

%
 w

er
e 

re
pr

od
uc

ib
le

 in
 p

ol
yu

re
th

an
e 

(h
om

og
en

e-
ou

s)
In

 g
en

er
al

, t
en

 fe
at

ur
es

 o
ut

 o
f 1

77
 fe

at
ur

es
 re

m
ai

ne
d 

re
pr

od
uc

ib
le

 a
ft

er
 c

ha
ng

in
g 

al
l p

ar
am

et
er

s

Bu
ch

 [2
3]

In
-h

ou
se

 P
ha

nt
om

Tw
o 

di
ffe

re
nt

 C
T 

br
an

d
In

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e

kV
p 

(8
0–

14
0)

m
A

s 
(8

0–
14

0)
pi

tc
h

Se
ct

io
n 

th
ic

kn
es

s 
(0

.6
25

, 1
.2

5,
 2

.5
, 5

 m
m

)
A

cq
ui

si
tio

n 
m

od
e 

(a
xi

al
 v

s. 
he

lic
al

)

Th
e 

ch
an

ge
 o

f k
Vp

 a
nd

 m
A

 h
as

 le
ss

 im
pa

ct
 o

n 
re

pr
o-

du
ci

bi
lit

y 
th

an
 o

th
er

 s
ca

n 
pa

ra
m

et
er

s
Th

e 
fe

at
ur

es
 c

ha
ng

e 
si

gn
ifi

ca
nt

ly
 b

y 
ch

an
gi

ng
 th

e 
pi

tc
h,

 a
cq

ui
si

tio
n 

m
od

e,
 a

nd
 s

ec
tio

n 
th

ic
kn

es
s

Th
e 

fe
at

ur
es

 v
ar

y 
si

gn
ifi

ca
nt

ly
 b

y 
ch

an
gi

ng
 th

e 
pi

tc
h,

 
ac

qu
is

iti
on

 m
od

e,
 a

nd
 s

ec
tio

n 
th

ic
kn

es
s



Page 5 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

Fa
ve

 [2
4]

20
 N

SC
LC

 p
at

ie
nt

IB
EX

 ra
di

om
ic

s 
so

ft
w

ar
e

m
A

 (1
00

–1
50

–2
00

–2
50

)
kV

p 
(8

0–
10

0–
12

0–
14

0)
2D

 v
s. 

3D
Re

sp
ira

to
ry

 p
ha

se
 (1

0-
tim

e 
ph

as
e)

C
ha

ng
in

g 
th

e 
tu

be
 v

ol
ta

ge
 h

as
 li

tt
le

 im
pa

ct
 o

n 
th

e 
va

lu
e 

of
 th

e 
fe

at
ur

es
, w

hi
le

 c
ha

ng
in

g 
th

e 
m

A
 le

ad
s 

to
 

si
gn

ifi
ca

nt
 c

ha
ng

es
 in

 th
e 

va
lu

e 
of

 th
e 

fe
at

ur
es

Re
pr

od
uc

ib
ili

ty
 in

 in
tr

a-
pa

tie
nt

 s
tu

di
es

 is
 h

ig
he

r t
ha

n 
in

te
r-

pa
tie

nt
 s

tu
di

es
By

 a
dd

in
g 

G
au

ss
ia

n 
no

is
e 

to
 th

e 
im

ag
es

, t
he

 v
al

ue
s 

of
 

th
e 

fe
at

ur
es

 d
o 

no
t c

ha
ng

e
By

 c
ha

ng
in

g 
m

A
, a

bo
ut

 4
3%

 o
f f

ea
tu

re
s 

(1
0 

of
 2

3)
 

re
m

ai
n 

re
pr

od
uc

ib
le

By
 c

ha
ng

in
g 

th
e 

re
sp

ira
to

ry
 p

ha
se

 (m
ot

io
n)

, a
bo

ut
 6

5%
 

of
 fe

at
ur

es
 (1

5 
of

 2
3)

 re
m

ai
n 

re
pr

od
uc

ib
le

By
 c

ha
ng

in
g 

th
e 

di
m

en
si

on
al

ity
 o

f R
O

I s
eg

m
en

ta
tio

n 
(2

D
 v

s. 
3D

), 
ab

ou
t 6

5%
 o

f f
ea

tu
re

s 
(1

5 
of

 2
3)

 re
m

ai
n 

re
pr

od
uc

ib
le

kV
p 

do
es

 n
ot

 in
flu

en
ce

 th
e 

fe
at

ur
es

 s
ig

ni
fic

an
tly

G
ao

 [2
5]

10
5 

Pu
lm

on
ar

y 
pa

tie
nt

s
Py

ra
di

om
ic

s 
ra

di
om

ic
s 

so
ft

w
ar

e
D

os
e 

(L
ow

 d
os

e 
vs

. C
on

ve
nt

io
na

l d
os

e 
C

T)
C

TD
I vo

l o
f L

D
C

T 
~

 2
 m

G
y

C
TD

I vo
l o

f C
D

C
T 

~
 1

2 
m

G
y

W
ith

 c
ha

ng
in

g 
th

e 
ra

di
at

io
n 

do
se

, 4
5%

 o
f f

ea
tu

re
s 

ex
tr

ac
te

d 
fro

m
 a

 s
ol

id
 n

od
ul

e 
an

d 
35

%
 fr

om
 g

ro
un

d-
gl

as
s 

no
du

le
s 

re
m

ai
ne

d 
re

pr
od

uc
ib

le

Li
 [2

6]
CC

R 
Ph

an
to

m
IB

EX
 ra

di
om

ic
s 

so
ft

w
ar

e
In

te
r-

C
T 

vs
. i

nt
ra

-C
T

m
A

s
kV

p
Pi

tc
h

FO
V

Ke
rn

el
Sl

ic
e 

th
ic

kn
es

s

Re
pr

od
uc

ib
ili

ty
 d

ep
en

ds
 o

n 
th

e 
st

ru
ct

ur
e 

an
d 

te
xt

ur
e 

of
 th

e 
m

at
er

ia
l

Pa
ra

m
et

er
s 

re
la

te
d 

to
 im

ag
e 

re
so

lu
tio

n,
 s

uc
h 

as
 F

O
V,

 
sl

ic
e 

th
ic

kn
es

s, 
an

d 
ke

rn
el

, h
av

e 
a 

m
or

e 
si

gn
ifi

ca
nt

 
im

pa
ct

 o
n 

re
pr

od
uc

ib
ili

ty
 th

an
 s

ca
nn

in
g 

pa
ra

m
et

er
s 

(m
A

s, 
kV

p,
 p

itc
h)

Th
e 

re
pr

od
uc

ib
ili

ty
 o

f r
ad

io
m

ic
s 

fe
at

ur
es

 d
ep

en
ds

 o
n 

th
e 

no
is

e 
le

ve
l

Te
st

–r
et

es
t s

ho
w

 IC
C

 >
 0

.9
Th

e 
hi

gh
es

t r
ep

ro
du

ci
bi

lit
y 

w
as

 fo
r s

ha
pe

 fe
at

ur
es

 (9
4%

 
of

 fe
at

ur
es

 w
er

e 
re

pr
od

uc
ib

le
). 

Ev
en

 in
 th

e 
le

as
t r

ep
ro

-
du

ci
bi

lit
y,

 1
4%

 o
f t

he
 fe

at
ur

es
 w

er
e 

st
ill

 s
ta

bl
e

C
ha

ng
in

g 
th

e 
ke

rn
el

 (f
ro

m
 b

on
e 

to
 s

ta
nd

ar
d)

 s
ig

ni
fi-

ca
nt

ly
 a

ffe
ct

s 
th

e 
re

pr
od

uc
ib

ili
ty

 o
f f

ea
tu

re
s

La
ru

e 
[2

7]
CC

R 
ph

an
to

m
In

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e
In

te
r-

sc
an

ne
r

Sl
ic

e 
th

ic
kn

es
s

gr
ay

-le
ve

l d
is

cr
et

iz
at

io
n 

(b
in

 w
id

th
s 

ra
ng

in
g 

fro
m

 5
 to

 
50

 H
ou

ns
fie

ld
 U

ni
ts

 w
ith

 a
 s

te
p 

si
ze

 o
f 5

 H
U

)
vo

xe
l r

es
am

pl
in

g 
(re

sa
m

pl
in

g 
in

to
 v

ox
el

 s
iz

es
 o

f 
1 
× 

1 
× 

3 
m

m
3  u

si
ng

 c
ub

ic
, l

in
ea

r, 
an

d 
ne

ar
es

t-
ne

ig
h-

bo
r i

nt
er

po
la

tio
n)

C
T 

sc
an

ne
r, 

sl
ic

e 
th

ic
kn

es
s, 

an
d 

bi
n 

w
id

th
 a

ffe
ct

ed
 

ra
di

om
ic

s 
fe

at
ur

e 
va

lu
es

N
o 

im
pa

ct
 o

f r
ad

ia
tio

n 
ex

po
su

re
 o

bs
er

ve
d

Re
sa

m
pl

in
g 

im
ag

es
 b

ef
or

e 
fe

at
ur

e 
ex

tr
ac

tio
n 

de
cr

ea
se

s 
th

e 
va

ria
bi

lit
y 

of
 ra

di
om

ic
s 

fe
at

ur
es

’G
LR

LM
 –

 R
LN

’ fe
at

ur
es

 in
 1

.5
 m

m
 a

nd
 3

 m
m

 s
lic

e 
th

ic
k-

ne
ss

 w
er

e 
m

or
e 

si
m

ila
r a

ft
er

 re
sa

m
pl

in
g,

 w
hi

ch
 w

as
 n

ot
 

th
e 

ca
se

 fo
r t

he
 ’G

LS
ZM

 –
 S

A
E’ 

fe
at

ur
e 

va
lu

es
Th

e 
te

st
–r

et
es

t a
na

ly
si

s 
de

m
on

st
ra

te
d 

th
at

 th
e 

fe
at

ur
e 

’G
LR

LM
 –

 R
LN

’ is
 re

pr
od

uc
ib

le
 (C

CC
 >

 0
.8

5)



Page 6 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 

Ta
bl

e 
1 

(c
on

tin
ue

d)

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

M
ac

ki
n 

[2
8]

20
 N

SC
LC

CC
R 

ph
an

to
m

IB
EX

 ra
di

om
ic

s 
so

ft
w

ar
e

In
te

r-
sc

an
ne

r (
17

 C
T 

un
its

)
Pa

tie
nt

 v
s. 

Ph
an

to
m

Va
ria

bi
lit

y 
w

as
 la

rg
e 

re
la

tiv
e 

to
 th

e 
in

te
r-

pa
tie

nt
 v

ar
ia

-
tio

n 
in

 th
e 

N
SC

LC
 tu

m
or

s 
fo

r s
om

e 
fe

at
ur

es
Th

e 
va

ria
bi

lit
y 

in
 ra

di
om

ic
s 

fe
at

ur
es

 e
xt

ra
ct

ed
 fr

om
 C

T 
im

ag
es

 o
f t

he
 p

ha
nt

om
 w

as
 c

om
pa

ra
bl

e 
in

 s
iz

e 
to

 th
e 

va
ria

bi
lit

y 
ob

se
rv

ed
 in

 th
e 

sa
m

e 
fe

at
ur

es
 e

xt
ra

ct
ed

 fr
om

 
C

T 
im

ag
es

 o
f N

SC
LC

 tu
m

or
s

Th
e 

re
pr

od
uc

ib
ili

ty
 o

f r
ad

io
m

ic
s 

fe
at

ur
es

 e
xt

ra
ct

ed
 fr

om
 

di
ffe

re
nt

 C
T 

ve
nd

or
s 

is
 lo

w
, b

ut
 th

e 
di

ffe
re

nt
 b

ra
nd

s 
of

 
th

e 
sa

m
e 

ve
nd

or
s 

ha
ve

 h
ig

he
r r

ep
ro

du
ci

bi
lit

y

Ib
ra

hi
m

 [2
9]

33
8 

H
CC

 p
at

ie
nt

s 
w

ith
 a

rt
er

ia
l a

nd
 p

or
ta

l v
en

ou
s 

ph
as

es
Ra

di
om

iX
 ra

di
om

ic
s 

so
ft

w
ar

e

In
te

r-
sc

an
ne

r (
9 

C
T 

un
its

)
A

bo
ut

 2
5%

 o
f t

he
 fe

at
ur

es
 w

er
e 

re
pr

od
uc

ib
le

 a
cr

os
s 

th
e 

in
te

r-
sc

an
ne

r s
tu

dy
A

bo
ut

 2
8%

 o
f f

ea
tu

re
s 

(4
2 

of
 1

67
) a

re
 re

pr
od

uc
ib

le
 

be
tw

ee
n 

th
e 

ar
te

ria
l a

nd
 p

or
ta

l v
en

ou
s 

im
ag

in
g 

ph
as

es
Th

e 
co

m
ba

t h
ar

m
on

iz
at

io
n 

on
ly

 im
pr

ov
ed

 b
y 

1%
 

re
pr

od
uc

ib
ili

ty

Ca
ra

m
el

la
 [3

0]
Ph

an
to

m
Li

fe
x 

ra
di

om
ic

s 
so

ft
w

ar
e

In
te

r-
sc

an
ne

r (
8 

C
T 

un
its

)
A

bo
ut

 2
3%

 o
f f

ea
tu

re
s 

(8
 o

f 3
4)

 e
xh

ib
ite

d 
hi

gh
 re

pr
o-

du
ci

bi
lit

y

Zw
an

en
bu

rg
 [3

1]
Pa

tie
nt

Ph
an

to
m

In
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

M
ul

tic
en

tr
al

 s
tu

dy
 (2

5 
re

se
ar

ch
 te

am
s)

Th
e 

Im
ag

e 
Bi

om
ar

ke
r S

ta
nd

ar
di

za
tio

n 
In

iti
at

iv
e 

pr
od

uc
ed

 a
nd

 v
al

id
at

ed
 a

 s
et

 o
f c

on
se

ns
us

-b
as

ed
 re

fe
r-

en
ce

 v
al

ue
s 

fo
r r

ad
io

m
ic

s 
fe

at
ur

es
15

%
 o

f f
ea

tu
re

s 
ha

ve
 g

oo
d 

to
 e

xc
el

le
nt

 re
pr

od
uc

ib
ili

ty
 

in
 a

 v
al

id
at

io
n 

da
ta

se
t b

et
w

ee
n 

pa
tie

nt
 a

nd
 p

ha
nt

om
46

%
 o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

 in
 te

st
-r

es
t

Ba
la

gu
ru

na
th

an
 [3

2]
32

 N
SC

LC
 p

at
ie

nt
In

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e
M

an
ua

l v
s. 

au
to

m
at

ic
 s

eg
m

en
ta

tio
n

2D
 v

s. 
3D

A
bo

ut
 2

2%
 o

f f
ea

tu
re

s 
(4

8 
of

 2
19

) a
cr

os
s 

se
gm

en
ta

tio
n 

m
et

ho
ds

 (2
D

 v
s. 

3D
 a

nd
 m

an
ua

l v
s. 

au
to

m
at

ic
) w

er
e 

re
pr

od
uc

ib
le

 (C
CC

 >
 0

.9
), 

an
d 

13
%

 (2
9 

fe
at

ur
es

) w
er

e 
re

pr
od

uc
ib

le
 w

ith
 C

CC
 >

 0
.9

5

Fa
ve

 ×
 2

01
5

[3
3]

CC
R 

ph
an

to
m

 &
 N

SC
LC

 p
at

ie
nt

IB
EX

 ra
di

om
ic

s 
so

ft
w

ar
e

In
te

r-
sc

an
ne

r v
s. 

in
tr

a-
sc

an
ne

r (
19

 C
BC

T 
un

its
 o

f L
in

ac
 

ac
ce

le
ra

to
r)

N
oi

se
(s

ca
tt

er
)

M
ot

io
n 

(o
r R

O
I i

de
nt

ifi
ca

tio
n)

A
bo

ut
 5

4%
 o

f t
he

 fe
at

ur
es

 (3
7 

ou
t o

f 6
8)

 w
er

e 
re

pr
od

uc
ib

le
 in

 th
e 

in
tr

a-
sc

an
ne

r t
es

t, 
bu

t n
on

e 
w

er
e 

re
pr

od
uc

ib
le

 in
 th

e 
in

te
r-

sc
an

ne
r t

es
t

N
o 

fe
at

ur
e 

ca
n 

be
 re

lia
bl

y 
m

ea
su

re
d 

if 
th

e 
tu

m
or

 
m

ot
io

n 
is

 g
re

at
er

 th
an

 1
 c

m
W

ith
 4

 m
m

 o
f m

ot
io

n,
 1

2 
fe

at
ur

es
 fr

om
 th

e 
en

tir
e 

vo
lu

m
e 

an
d 

14
 fr

om
 th

e 
ce

nt
er

 s
lic

e 
m

ea
su

re
m

en
ts

 
w

er
e 

re
pr

od
uc

ib
le

A
lm

os
t a

ll 
fe

at
ur

es
 c

ha
ng

ed
 s

ig
ni

fic
an

tly
 w

he
n 

sc
at

-
te

r m
at

er
ia

l w
as

 a
dd

ed
 a

ro
un

d 
th

e 
ph

an
to

m
. F

or
 

th
e 

de
ns

e 
co

rk
, 2

3 
fe

at
ur

es
 p

as
se

d 
in

 th
e 

th
or

ac
ic

 
sc

an
s 

an
d 

11
 in

 th
e 

he
ad

 s
ca

ns
 w

he
n 

th
e 

di
ffe

re
nc

es
 

be
tw

ee
n 

on
e 

an
d 

tw
o 

la
ye

rs
 o

f s
ca

tt
er

 w
er

e 
co

m
pa

re
d



Page 7 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

Lo
re

na
 E

sc
ud

er
o 

Sa
nc

he
z 

[1
9]

43
 H

CC
 p

at
ie

nt
Py

ra
di

om
ic

s 
ra

di
om

ic
s 

so
ft

w
ar

e
G

ra
y 

Le
ve

l (
8,

 1
6,

 3
2,

 6
4,

 1
28

, a
nd

 2
56

)
Sl

ic
e 

th
ic

kn
es

s 
(2

 m
m

 v
s. 

5 
m

m
)

Fe
at

ur
es

 v
al

ue
 d

ep
en

ds
 o

n 
sl

ic
e 

th
ic

kn
es

s
Sl

ic
e 

th
ic

kn
es

s 
do

es
 n

ot
 a

ffe
ct

 th
e 

RO
I s

eg
m

en
ta

tio
n

Th
e 

m
os

t o
pt

im
al

 g
ra

y 
le

ve
l f

or
 h

ig
h 

re
pr

od
uc

ib
ili

ty
 is

 
be

tw
ee

n 
32

 a
nd

 6
4

Sh
afi

q‐
ul
‐H

as
sa

n 
[3

4]
CC

R 
ph

an
to

m
in

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e
In

te
r-

sc
an

ne
r (

8 
C

T 
un

its
)

sl
ic

e 
th

ic
kn

es
se

s
FO

V
Pi

xe
l s

iz
es

 (0
.3

9 
to

 0
.9

8 
m

m
)

re
sa

m
pl

ed
 (t

o 
a 

vo
xe

l s
iz

e 
of

 1
 ×

 1
 ×

 2
 m

m
 3

 u
si

ng
 

lin
ea

r i
nt

er
po

la
tio

n)
G

ra
y 

le
ve

l (
16

, 3
2,

 6
4,

 1
28

, a
nd

 2
56

 G
L)

70
%

 (1
50

 o
f 2

13
 fe

at
ur

es
) w

er
e 

re
pr

od
uc

ib
le

 a
cr

os
s 

vo
xe

l s
iz

e 
va

ria
tio

n
Re

sa
m

pl
e 

an
d 

no
rm

al
iz

in
g 

fe
at

ur
e 

va
lu

es
 b

y 
vo

xe
l s

iz
e 

ca
n 

he
ig

ht
en

 re
pr

od
uc

ib
ili

ty
 (r

es
am

pl
in

g 
in

cr
ea

se
s 

re
pr

od
uc

ib
ili

ty
 u

nt
il 

to
 8

0%
)

Se
ve

nt
ee

n 
te

xt
ur

e 
fe

at
ur

es
 w

er
e 

de
pe

nd
en

t o
n 

th
e 

nu
m

be
r o

f g
ra

y 
le

ve
ls

. T
hi

s 
de

pe
nd

en
cy

 c
an

 a
ls

o 
be

 
re

m
ov

ed
 o

r r
ed

uc
ed

 b
y 

no
rm

al
iz

in
g 

th
e 

nu
m

be
r o

f 
gr

ay
 le

ve
ls

 u
se

d

M
ac

ki
n 

[3
5]

lu
ng

 c
an

ce
r p

at
ie

nt
s

Ph
an

to
m

IB
EX

 ra
di

om
ic

s 
so

ft
w

ar
e

Re
sa

m
pl

in
g

Fi
lte

rin
g 

(w
ith

 B
ut

te
rw

or
th

)
Re

sa
m

pl
in

g 
an

d 
lo

w
-p

as
s 

fil
te

rin
g 

of
 C

T 
im

ag
es

 c
ou

ld
 

co
rr

ec
t m

uc
h 

of
 th

e 
va

ria
bi

lit
y 

in
 fe

at
ur

es
 d

ue
 to

 in
co

n-
si

st
en

t i
m

ag
e 

pi
xe

l s
iz

es
Th

is
 c

or
re

ct
io

n 
m

ay
 a

ls
o 

re
du

ce
 th

e 
va

ria
bi

lit
y 

in
tr

o-
du

ce
d 

by
 o

th
er

 C
T 

sc
an

 a
cq

ui
si

tio
n 

pa
ra

m
et

er
s

Th
is

 c
or

re
ct

io
n 

re
du

ce
s 

th
e 

de
pe

nd
en

ce
 o

f f
ea

tu
re

s 
on

 
pi

xe
l s

iz
e 

fro
m

 8
0 

to
 1

0%

So
lo

m
on

 [3
6]

20
 p

at
ie

nt
s

In
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

Re
co

ns
tr

uc
tio

n 
A

lg
or

ith
m

 (M
BI

R 
an

d 
A

SI
R 

vs
. F

BP
)

Ra
di

at
io

n 
D

os
e

A
m

on
g 

th
e 

23
 im

ag
in

g 
fe

at
ur

es
 a

ss
es

se
d,

 ra
di

at
io

n 
do

se
 s

ig
ni

fic
an

tly
 a

ffe
ct

ed
 5

, 3
, a

nd
 4

 o
f t

he
 fe

at
ur

es
 fo

r 
liv

er
 le

si
on

s, 
lu

ng
 n

od
ul

es
, a

nd
 re

na
l s

to
ne

s, 
re

sp
ec

-
tiv

el
y

A
SI

R 
re

co
ns

tr
uc

tio
n 

si
gn

ifi
ca

nt
ly

 a
ffe

ct
ed

 3
, 1

, a
nd

 1
 

fe
at

ur
es

 fo
r l

iv
er

 le
si

on
s, 

lu
ng

 n
od

ul
es

, a
nd

 re
na

l s
to

ne
s, 

re
sp

ec
tiv

el
y

M
BI

R 
re

co
ns

tr
uc

tio
n 

si
gn

ifi
ca

nt
ly

 a
ffe

ct
ed

 9
, 1

1,
 a

nd
 1

5 
fe

at
ur

es
 fo

r l
iv

er
 le

si
on

s, 
lu

ng
 n

od
ul

es
, a

nd
 re

na
l s

to
ne

s, 
re

sp
ec

tiv
el

y

Ki
m

 [3
7]

42
 p

at
ie

nt
 L

un
g 

tu
m

or
 (c

on
tr

as
t-

en
ha

nc
ed

 C
T 

sc
an

s)
in

-h
ou

se
 ra

di
om

ic
s 

so
ft

w
ar

e
Re

co
ns

tr
uc

tio
n 

A
lg

or
ith

m
 (F

BP
 v

s. 
Ite

ra
tiv

e)
RO

I s
eg

m
en

ta
tio

n 
(In

te
r-

re
ad

er
 v

s. 
in

tr
a-

re
ad

er
)

A
bo

ut
 4

0%
 o

f f
ea

tu
re

s 
(6

 o
f 1

5)
 w

er
e 

re
pr

od
uc

ib
le

 
am

on
g 

re
co

ns
tr

uc
tio

n 
al

go
rit

hm
s

In
te

r-
re

ad
er

 v
ar

ia
bi

lit
y 

w
as

 m
or

e 
si

gn
ifi

ca
nt

 th
an

 in
tr

a-
re

ad
er

 o
r i

nt
er

-r
ec

on
st

ru
ct

io
n 

al
go

rit
hm

 v
ar

ia
bi

lit
y 

in
 9

 
fe

at
ur

es
In

te
r-

re
co

ns
tr

uc
tio

n 
al

go
rit

hm
 v

ar
ia

bi
lit

y 
w

as
 m

or
e 

si
gn

ifi
ca

nt
 th

an
 in

te
r-

re
ad

er
 v

ar
ia

bi
lit

y 
fo

r e
nt

ro
py

, 
ho

m
og

en
ei

ty
, a

nd
 G

LC
M

-b
as

ed
 fe

at
ur

es



Page 8 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 

Ta
bl

e 
1 

(c
on

tin
ue

d)

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

M
ey

er
 [3

8]
75

 li
ve

r p
at

ie
nt

s
Ra

di
om

ic
s 

ve
rs

io
n 

1.
0.

9 
ra

di
om

ic
s 

so
ft

w
ar

e
Ra

di
at

io
n 

D
os

e 
le

ve
ls

se
ct

io
n 

th
ic

kn
es

se
s

Ke
rn

el
s

Re
co

ns
tr

uc
tio

n 
al

go
rit

hm

A
bo

ut
 1

1%
 o

f f
ea

tu
re

s 
(1

2 
of

 1
06

) w
er

e 
re

pr
od

uc
ib

le
 fo

r 
an

y 
va

ria
tio

n 
of

 th
e 

di
ffe

re
nt

 te
ch

ni
ca

l p
ar

am
et

er
s

Re
co

ns
tr

uc
te

d 
se

ct
io

n 
th

ic
kn

es
s 

ha
d 

th
e 

m
os

t c
on

si
d-

er
ab

le
 im

pa
ct

 o
n 

re
pr

od
uc

ib
ili

ty
 (o

nl
y 

12
%

 o
f f

ea
tu

re
s 

w
er

e 
st

ab
le

)
Re

co
ns

tr
uc

tio
n 

ke
rn

el
 h

ad
 a

 m
in

or
 im

pa
ct

 o
n 

th
e 

re
pr

od
uc

ib
ili

ty
 (5

3%
 o

f f
ea

tu
re

s 
w

er
e 

st
ab

le
)

in
te

r-
re

ad
er

 v
ar

ia
bi

lit
y 

in
du

ce
d 

by
 th

e 
RO

I s
eg

m
en

ta
-

tio
n 

w
as

 s
ig

ni
fic

an
tly

 h
ig

he
r t

ha
n 

th
e 

re
co

ns
tr

uc
tio

n 
al

go
rit

hm
Th

e 
nu

m
be

r o
f r

ep
ro

du
ci

bl
e 

ra
di

om
ic

s 
fe

at
ur

es
 in

:
Ke

rn
el

s =
 5

6 
(5

2.
8%

)
Se

ct
io

n 
th

ic
kn

es
se

s =
 4

2 
(3

9.
6%

)
Ra

di
at

io
n 

D
os

e 
le

ve
ls

 =
 2

2 
(2

0.
08

%
)

Re
co

ns
tr

uc
tio

n 
al

go
rit

hm
 =

 1
3 

(1
2.

2%
)

H
ua

ng
 la

n 
H

e 
[3

9]
24

0p
at

ie
nt

 w
ith

 a
 s

ol
ita

ry
 p

ul
m

on
ar

y 
no

du
le

In
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

Re
co

ns
tr

uc
tio

n 
sl

ic
e 

th
ic

kn
es

s
Co

nv
ol

ut
io

n 
ke

rn
el

Co
nt

ra
st

-e
nh

an
ce

m
en

t (
no

n-
co

nt
ra

st
 v

s. 
co

nt
ra

st
 C

T)

N
EC

T-
ba

se
d 

ra
di

om
ic

s 
de

m
on

st
ra

te
d 

be
tt

er
 d

is
cr

im
i-

na
tio

n 
an

d 
cl

as
si

fic
at

io
n 

ca
pa

bi
lit

y 
th

an
 C

EC
T 

in
 b

ot
h 

pr
im

ar
ie

s
Th

in
-s

lic
e 

(1
.2

5 
m

m
) C

T-
ba

se
d 

ra
di

om
ic

s 
si

gn
at

ur
e 

ha
d 

be
tt

er
 d

ia
gn

os
tic

 p
er

fo
rm

an
ce

 th
an

 th
ic

k-
sl

ic
e 

C
T 

(5
 m

m
)

St
an

da
rd

 c
on

vo
lu

tio
n 

ke
rn

el
-b

as
ed

 ra
di

om
ic

s 
si

gn
at

ur
e 

ha
d 

be
tt

er
 d

ia
gn

os
tic

 p
er

fo
rm

an
ce

 th
an

 lu
ng

 c
on

vo
lu

-
tio

n 
ke

rn
el

-b
as

ed
 C

T
ra

di
om

ic
s 

si
gn

at
ur

e 
ba

se
d 

on
 th

e 
no

n-
co

nt
ra

st
, t

hi
n-

sl
ic

e,
 a

nd
 s

ta
nd

ar
d 

co
nv

ol
ut

io
n 

ke
rn

el
-b

as
ed

 C
T 

w
as

 
m

or
e 

in
fo

rm
at

iv
e 

on
 th

e 
di

ffe
re

nt
ia

l d
ia

gn
os

is
 o

f S
PN

M
ue

nz
fe

ld
 [4

0]
48

 p
ro

st
at

e 
ca

nc
er

 p
at

ie
nt

s
Py

ra
di

om
ic

s 
ra

di
om

ic
s 

so
ft

w
ar

e
Ke

rn
el

 (t
w

o 
so

ft
 ti

ss
ue

 k
er

ne
ls

 a
nd

 o
ne

 b
on

e 
ke

rn
el

)
11

 o
f 8

6 
fe

at
ur

es
 (1

2.
7%

) a
s 

hi
gh

ly
 re

pr
od

uc
ib

ili
ty

 w
ith

 
CC

C
 ≥

 0
.8

5
Fe

at
ur

e 
re

pr
od

uc
ib

ili
ty

 w
as

 a
ls

o 
im

pa
ire

d 
fo

r m
os

t fi
rs

t-
or

de
r f

ea
tu

re
s 

by
 a

pp
ly

in
g 

th
e 

sh
ar

p-
ed

ge
 k

er
ne

l
Bo

ne
 k

er
ne

l r
es

ul
te

d 
in

 o
ve

ra
ll 

lo
w

er
 re

pr
od

uc
ib

ili
ty

 
co

m
pa

re
d 

to
 b

ot
h 

so
ft

 ti
ss

ue
 k

er
ne

ls

H
aa

rb
ur

ge
r [

1]
Pa

tie
nt

s 
w

ith
 li

ve
r, 

ki
dn

ey
, o

r l
un

g 
le

si
on

s
Py

ra
di

om
ic

s 
ra

di
om

ic
s 

so
ft

w
ar

e
M

an
ua

l v
s. 

A
ut

om
at

ic
 s

eg
m

en
ta

tio
n

M
an

ua
l v

s. 
au

to
m

at
ed

 s
eg

m
en

ta
tio

n 
ap

pr
oa

ch
es

 w
as

 
hi

gh
ly

 c
or

re
la

te
d 

w
ith

 a
 P

ea
rs

on
 c

or
re

la
tio

n 
co

effi
ci

en
t 

of
 r 
=

 0
.9

21
Fe

at
ur

es
 fo

un
d 

to
 b

e 
un

st
ab

le
 b

as
ed

 o
n 

hu
m

an
 

an
no

ta
tio

ns
 w

er
e 

al
so

 fo
un

d 
to

 b
e 

un
st

ab
le

 b
as

ed
 o

n 
au

to
m

at
ed

 a
nn

ot
at

io
ns

W
he

n 
a 

fe
at

ur
e 

ex
hi

bi
te

d 
hi

gh
 re

pr
od

uc
ib

ili
ty

 (i
.e

., 
IC

C
 >

 0
.9

) o
n 

on
e 

le
si

on
, i

t a
ls

o 
ac

hi
ev

ed
 h

ig
h 

IC
C

s 
on

 
ot

he
rs



Page 9 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 	

Ta
bl

e 
1 

(c
on

tin
ue

d)

Re
fe

re
nc

e
M

et
ho

do
lo

gy
 s

pe
ci

fic
at

io
ns

Pa
ra

m
et

er
s 

st
ud

ie
d

M
ai

n 
re

su
lts

 a
nd

 c
on

cl
us

io
ns

Zw
an

en
bu

rg
 [4

1]
31

 (N
SC

LC
) p

at
ie

nt
s

19
 H

&N
 S

CC
 p

at
ie

nt
s

in
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

A
dd

in
g 

pe
rt

ur
ba

tio
n 

as
:

N
oi

se
 a

dd
iti

on
 (N

)
Tr

an
sl

at
io

n 
(T

)
Ro

ta
tio

n 
(R

)
Vo

lu
m

e 
gr

ow
th

/s
hr

in
ka

ge
 (V

)
Su

pe
r v

ox
el

-b
as

ed
 c

on
to

ur
 R

an
do

m
iz

at
io

n 
(C

)

Th
e 

re
pr

od
uc

ib
ili

ty
 o

f N
SC

LC
 C

T 
im

ag
es

 u
nd

er
 im

ag
e 

pe
rt

ur
ba

tio
ns

 (N
, T

, R
, V

, C
) w

as
 h

ig
he

r
Re

pr
od

uc
ib

ili
ty

 o
f H

&N
 S

CC
 IC

C
s 

w
as

 g
en

er
al

ly
 lo

w
er

J K
al

pa
th

y-
C

ra
m

er
 [4

2]
Pa

tie
nt

 w
ith

 lu
ng

 d
is

ea
se

in
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

M
an

ua
l v

s. 
A

ut
om

at
ic

 s
eg

m
en

ta
tio

n
68

%
 o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

 a
cr

os
s 

se
gm

en
ta

-
tio

ns
 w

ith
 C

CC
 >

 0
.7

5

Ke
la

ha
n 

LC
 [4

3]
–

Se
gm

en
ta

tio
n

In
te

r-
re

ad
er

 re
pr

od
uc

ib
ili

ty
 is

 d
ep

en
de

nt
 o

n 
th

e 
RO

I 
si

ze
G

ro
up

s 
of

 "l
ar

ge
" a

nd
 "s

m
al

l" 
le

si
on

s 
sh

ow
 d

iff
er

en
t 

in
te

r-
re

ad
er

 re
pr

od
uc

ib
ili

ty

Yi
ng

 L
i [

44
]

Lu
ng

 P
ha

nt
om

In
-h

ou
se

 ra
di

om
ic

s 
so

ft
w

ar
e

m
A

s 
(2

5,
 1

00
, o

r 2
00

)
pi

tc
h 

(0
.9

 o
r 1

.2
)

Sl
ic

e 
th

ic
kn

es
se

s 
(0

.7
5,

 1
.5

, o
r 3

 m
m

)
re

co
ns

tr
uc

tio
n 

ke
rn

el
s 

((m
ed

iu
m

 o
r d

et
ai

l)
gr

ay
-le

ve
l (

3 
ra

ng
es

)
gr

ay
-le

ve
l b

in
 (1

1 
si

ze
s)

Fo
r t

he
 th

re
e 

gr
ay

-le
ve

l r
an

ge
s, 

50
%

 (4
4/

88
) o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

Fo
r g

ra
y 

le
ve

l, 
bi

n 
si

ze
, 3

3.
3%

 (2
4/

72
) o

f f
ea

tu
re

s 
w

er
e 

re
pr

od
uc

ib
le

 fo
r 1

1 
bi

n 
si

ze
s

Fe
at

ur
e 

ca
lc

ul
at

in
g 

pa
ra

m
et

er
s 

(ra
ng

e 
an

d 
bi

n 
si

ze
) 

m
ay

 h
av

e 
a 

gr
ea

te
r i

nfl
ue

nc
e 

th
an

 im
ag

in
g 

pa
ra

m
et

er
s 

(e
ffe

ct
iv

e 
do

se
, p

itc
h,

 s
lic

e 
th

ic
kn

es
s, 

an
d 

fil
te

r) 
on

 th
e 

re
pr

od
uc

ib
ili

ty
 o

f C
T 

ra
di

om
ic

s 
fe

at
ur

es

Je
ns

en
 [4

6]
H

om
og

en
eo

us
 p

ha
nt

om
Py

ra
di

om
ic

s 
so

ft
w

ar
e

Sp
he

re
-s

ha
pe

d 
RO

Is
 o

f d
ia

m
et

er
s 

4,
 8

, a
nd

 1
6 

m
m

, 
an

d 
4,

 8
, a

nd
 1

6 
pi

xe
ls

70
 C

T-
de

riv
ed

 fe
at

ur
es

 w
er

e 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t 

be
tw

ee
n 

RO
I s

iz
es

m
an

y 
fe

at
ur

es
 in

di
ca

te
d 

si
gn

ifi
ca

nt
 d

iff
er

en
ce

s 
an

d 
on

ly
 fe

w
 s

ho
w

ed
 e

xc
el

le
nt

 a
gr

ee
m

en
t a

cr
os

s 
va

ry
in

g 
RO

I s
iz

es

Je
ns

en
 [4

7]
H

om
og

en
eo

us
 p

ha
nt

om
Py

ra
di

om
ic

s 
so

ft
w

ar
e

sp
he

re
-s

ha
pe

d 
RO

Is
 o

f d
ia

m
et

er
s 

4,
 8

, a
nd

 1
6 

m
m

pa
ra

m
et

ric
 m

ap
s 

w
ith

 a
 fi

xe
d 

vo
xe

l s
iz

e 
of

 4
 m

m
3  

w
er

e 
cr

ea
te

d

Fi
ft

y-
fiv

e 
co

nv
en

tio
na

lly
 e

xt
ra

ct
ed

 a
nd

 8
 p

ar
am

et
-

ric
 m

ap
-b

as
ed

 fe
at

ur
es

 w
er

e 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t 

be
tw

ee
n 

th
e 

VO
I s

iz
es

O
nl

y 
3 

of
 9

3 
pa

ra
m

et
ric

 m
ap

-b
as

ed
 fe

at
ur

es
 s

ho
w

ed
 

ex
ce

lle
nt

 a
gr

ee
m

en
t a

cr
os

s 
va

ry
in

g 
RO

I s
iz

es

CC
R 
=

 cr
ed

en
ce

 c
ar

tr
id

ge
 ra

di
om

ic
s 

ph
an

to
m

, N
SC

LC
 =

 n
on

-s
m

al
l c

el
l l

un
g 

ca
nc

er
, C

T 
=

 co
m

pu
te

d 
to

m
og

ra
ph

y,
 IB

EX
 =

 im
ag

in
g 

bi
om

ar
ke

r e
xp

lo
re

r, 
FB

P 
=

 fi
lte

re
d 

ba
ck

 p
ro

je
ct

io
n,

 A
SI

R 
=

 a
da

pt
iv

e 
st

at
is

tic
al

 it
er

at
iv

e 
re

co
ns

tr
uc

tio
n,

 R
O

I =
 re

gi
on

 o
f i

nt
er

es
t, 

C
TD

I =
 C

T 
D

os
e 

in
de

x,
 L

D
C

T 
=

 lo
w

 D
os

e 
C

T,
 F

O
V 
=

 fi
el

d 
of

 v
ie

w
, I

CC
 =

 in
tr

ac
la

ss
 c

or
re

la
tio

n 
co

effi
ci

en
t, 

G
LR

LM
-R

LN
 =

 g
ra

y 
le

ve
l r

un
 le

ng
th

 m
at

rix
-r

un
 le

ng
th

 n
on

-u
ni

fo
rm

ity
, G

LS
ZM

-
SA

E 
=

 g
ra

y 
le

ve
l s

iz
e 

zo
ne

 m
at

rix
-s

m
al

l a
re

a 
em

ph
as

is
, C

CC
 =

 co
nc

or
da

nc
e 

co
rr

el
at

io
n 

co
effi

ci
en

t, 
H

CC
 =

 h
ep

at
oc

el
lu

la
r c

ar
ci

no
m

a,
 C

BC
T 
=

 co
ne

 b
ea

m
 C

T,
 M

BI
R 
=

 m
od

el
-b

as
ed

 it
er

at
iv

e 
re

co
ns

tr
uc

tio
n,

 G
LC

M
 =

 g
ra

y 
le

ve
l 

co
-o

cc
ur

re
nc

e 
m

at
rix

, C
EC

T 
=

 co
nt

ra
st

-e
nh

an
ce

d 
C

T,
 N

EC
T 
=

 n
on

-c
on

tr
as

t C
T,

 S
PN

 =
 so

lit
ar

y 
pu

lm
on

ar
y 

no
du

le
, H

&
N

 S
CC

 =
 h

ea
d 

an
d 

ne
ck

 s
qu

am
ou

s 
ce

ll 
ca

rc
in

om
a



Page 10 of 12Jahanshahi et al. Egypt J Radiol Nucl Med           (2023) 54:83 

features in terms of their inherent dependence on the 
slice thickness, pixel size, and FOV.
Suggestion It would be better to obtain the pattern of 

robust feature changes instead of examining the impact 
of each scanning parameter on the results of radiom-
ics. Resampling CT images may correct the variability in 
radiomics features due to inconsistent scanning param-
eters such as pixel size, FOV, slice thickness.

Image reconstruction and processing
Recent papers also have reported the effect of pre-pro-
cessing on reproducibility [19, 27, 34, 35, 44] (Table  1). 
Image pre-processing in radiomics software can change 
the results of radiomics calculations. Common pre-
processing operations are rescaling, resampling, nor-
malizing, gray level range, and quantizing gray values. 
Accordingly, these image resolution parameters and pre-
processing may finally show their impact on noise level 
and image quality. In general, inconsistent results have 
been reported regarding the impact of changes in the 
reconstruction algorithm and kernel on the reproduc-
ibility of radiomics features compared to other scanning 
parameters [21, 22, 26, 36–40, 44] (Table 1). Therefore, it 
is recommended that the impact of this parameter on the 
results of radiomics features is evaluated more compre-
hensively in future studies.
Suggestion For increasing the reproducibility of radiom-

ics is to standardize the imaging method. To generalize 
radiomics in clinical fields, some studies have suggested 
that the development of standardized protocols for CT 
scans may be a solution [5, 6, 45]. However, standardiz-
ing CT scanning protocols still has some problems, espe-
cially since each CT unit’s technical characteristics and 
settings depend on the vendor. Therefore, even if a stand-
ard protocol is designed for radiomics studies workflow, 
different CT units will not produce similar images. This is 
due to the difference in detector systems, electronics, and 
reconstruction kernel between vendors and anatomical, 
physiological, and patient position changes. Of course, 
there are efforts to standardize the radiomics workflow 
in the cancer research community, which is called the 
process of “Image biomarker standardization initiative 
(IBSI)” [31]. However, these efforts have not yet provided 
comprehensive guidelines for practical choices of CT 
scanning protocols, including the pixel size and the num-
ber of gray levels necessary to obtain robust and reliable 
results. A clear and decisive strategy for the segmentation 
process should also be provided.

Segmentation
Segmentation of the ROI is mainly conducted manu-
ally by medical professionals. Although segmentation 
is probably the most apparent source of inter-reader 

(inter-observer) variation and is often identified as a 
source of potential challenges in radiomics reproduc-
ibility, its role in radiomics has not yet been compre-
hensively investigated (most likely due to difficulties in 
creating a large dataset of tumors segmented by multiple 
observers) [1, 32, 37, 42, 43, 46, 47] (Table 1). Radiomics 
feature calculations can be performed as two dimension 
and three dimension, which produce different results. 
3D radiomics features interpret the diagnostic power 
and differentiation of the abnormal tissue from the nor-
mal tissue better than the 2D radiomics results; however, 
manipulating 2D radiomics is faster and more accessible, 
and its results have shown more reproducibility than 3D 
[24, 32] (Table 1). The high reproducibility of 2D radiom-
ics is perhaps because of the accuracy and feasibility of 
ROI delineating in the 2D method. Two-dimensional seg-
mentation protocols should be proposed and developed 
to increase the reproducibility of the radiomics approach. 
Also, for radiomics analysis using textural features, it 
would be better to draw the ROI completely inside the 
lesions and be as far away from the borders as possible.
Suggestion Regarding segmentation, 2D segmentation 

protocols should be proposed and developed to increase 
reproducibility in radiomics research, providing those 
robust features that can distinguish the lesion from nor-
mal texture are introduced and extracted. Also, radiomics 
analysis using textural features should try to delineate the 
ROI completely inside the mass and be as far away from 
the anatomical borders as possible. A decision should be 
made regarding manual or automatic identification [1, 
42, 43].

Feature extraction
More than half of the reviewed CT radiomics studies 
have been performed using specific radiomics software, 
whereas other studies used in-house software or did not 
report the software [1, 19–44] (Table 1). MATLAB is the 
most frequently used tool for radiomics feature calcula-
tion, followed by open-access feature extraction toolkits 
such as Pyradiomics. Several other software has been 
used to extract radiomics features. Most previous stud-
ies have been conducted with LIFEx, IBEX, Pyradiomics, 
and Mazda. Some features in the software had the same 
name, but the mathematical calculation methods dif-
fered. On the contrary, some features had different names 
with the same calculation method.
Suggestion Introducing more standardized features in 

the radiomics workflow seems to be necessary. Several 
software has been introduced for radiomics analysis [20, 
21, 25, 30]. A competent authority should design com-
prehensive radiomics analysis software to conduct all 
radiomics research. Also, the features’ names and the 
features’ mathematical calculation algorithm should be 
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unified and standardized. Other proposed solution to 
overcome the reproducibility challenge of radiomics is 
to search for reproducible and robust features according 
to the type of disease or anatomical region. For example, 
specific features distinguishing the liver disease from the 
normal with high reproducibility should be extracted 
and listed. Then the features should be used in radiom-
ics research for liver diseases. In conclusion shape feature 
categories have high reproducibility, followed by first-
order features (such as pixel intensity, standard devia-
tion, skewness, homogeneity, kurtosis) and second-order 
textural features such as gray-level co-occurrence matrix 
(GLCM) [45]

Conclusions
Radiomics has shown great potential in accurate cancer 
diagnosis, but it is still necessary to strengthen its valid-
ity and standardization to achieve reproducible results. 
It seems that reproducibility is a critical challenge in the 
way of CT radiomics generalizability. Most CT scanning 
parameters can impact the reproducibility of radiomics 
results. However, how each feature is affected by changes 
in scan parameters is still inconsistent. Also, any scan-
ning parameter which affects the image noise can affect 
radiomics results. Future studies should focus more on 
the reproducibility challenge of CT radiomics by intro-
ducing standard feature extraction platforms, robust 
segmentation methods, and standardization of preproc-
essing parameters.
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