B H#E)IEFRFEHIE PG D —R) FHAE

Supported by

= - = ¢ 3[R
Wit isERER 7 0
THE NIPPON
£ 40 #1 MREES: 64010 YEmB 2020 3R 15H FOUNDATION
K % %= r XU YANYAN £3:) F |#£588 198402 01
FRiE4Re (1%E8) P ARFER MEE ( {EP=EERT )

MEE (EEHE)

MR FAZREZHARE MEHRZHAEZ ( L B2 #R )
RBRFAZREFHATE  MGHRZMAERSY (LU B4 866 )

MRET—<

B CT, BEEHMCTFE2RAVBEEEREOMRE

BRiE5!

Vst WEIE L Es

MREFHE (EEHEILAM)

BRARIRIS

RS A
U BAL BTN E AR

® r T F°

AR AT o 12
REOHE

FELTEMEARMMAEE (COPD) @ CT ERICRET 288K A1T o 7=, COPD DE{KD
RRICEL T, 2018 FE(X 4 RITFRIAF I Vo C(TORREL T2 XORIIGE
AN EERL., £7/2 2019 FETBEEM CT OMRE LT KORIFAERIZ T,
S, WY International Journal of Chronic Obstructive Pulmonary Disease
5 (BR¥D IFT3274) &Y Publish &=, BREICRIBNH S &PEOFRERHR
DEEBERZEZFALAHBOARDIT, BEORNEEFRLEFLETRE .

[Ro7==]

- RIS R ICER Y HAKE S,

- REBHICABOMREE, EMELNIIa=F—2arERos
- FERKRZOBETORM (BEF) EMBTELS.

[REITREF]
HFICIEL. HATHEITNIBFERENOE S5HEMENEE LN,

[SRDEL]

- PEICKEERE. BFETOMRDOARELENL T, FRGBEKBEHOMRICHEET
BENEENS, HIC. BERPKEDOEFHARICE T2 BBEMEBAEE, RIEIC
A EEEMAEZFEICEVTHESREL, FEDEEMAADKER LICEFSEh
BT EERVICHHT S,

FAIEGRIA

2019 5 12 AICTEREMRXOMERICK L THXET (BR) 0ZMBELNFEH N, 2020
F1 AOEFMREBURIRICT. MKAENIBLELIRETHIREILEL TS &
Ehrz, ZRREDRIC2019FEPICEL (BEF) OFEMRESIREEINS,

Xu Y, Yamashiro T, Moriya H. Muramatsu S, Murayama S. Quantitative Emphysema
Measurement On Ultra-High-Resolution CT Scans. Int J Chron Obstruct Pulmon Dis.

2019; 14 (1) : 2283-2290. doi: 10. 2147/COPD. $223605.
BFWHZ

HfiE (BEHER)
L REE (@

-373-

(]




AHE)IEEREZEHE(FMRF I - R)RES Sipporg;brz
T J E

THE NIPPON
% 40 HA MREES: G4010 YRR 20204 1 814 8 FOUNDATION
K% XUYANVAN | @[3 [F | £458 19840201

P IR 1 B8 (1 B8k hEZFER RSN ( EREM )

e (EEHE) | RERAFRFREFART  BSRIUEES (Hl 582 #K)
RERRFAFREFMRR  HMSRIHEES (W3 184 F8ED)

WRT—~ BE5 CT, BERBACTS4RL-BREEDHR
HER| wWXEL e L O

HRME
Quantitative Emphysema Measurement On Ultra-High-Resolution CT Scans
Purpose(E )

To evaluate the advantages of ultra-high-resolution computed tomography (U-HRCT) scans for the quantitative measurement of

emphysematous lesions over conventional HRCT scans.

Approach (BHEZ)
Abbreviations:
Smokers (COPD or no-COPD) COPD. chronic obstructive pulmonary disease:
T-HRCT, ultra high resolution CT:

FEV) . forced expiratory volume in the first second:
FVC, forced vital capacity:
LAV% 93960970-10W attenuation volume percentage

Spirometry CT scanner: Aquilion Precision measured under the thresholds of -950HU. -960HU,
-970HU, respectively.

JAN
/

'

Same raw data was

reconstructed into

U-HRCT Mode Conventional Mode
Matrix 1024x1024 Matrix 512x512
Slice thickness 0.25mumn Slice thickness 0.5mm

LAV 955, LAV g9, LAV®0 955 LAV®0 60
l FEV,,FVC | LAV g LAV g

!

1)Wilcoxon matched-pair signed rank test was used to compare LAV®o values
between the two different imaging modes:

2) Spearman rank correlation test was used to analysis the association between
values for LAV% and FEV; FVC.

Materials and methods (¥} & 5¥%)

This study included 32 smokers under routine clinical care who underwent chest CT performed by a U-HRCT scanner. Chronic
obstructive pulmonary disease (COPD) was diagnosed in 13 of the 32 participants. Scan data were reconstructed by 2 different
protocols: i) U-HRCT mode with a 1024x1024 matrix and 0.25-mm slice thickness and ii) conventional HRCT mode with a 512x512
matrix and 0.5-mm slice thickness. On both types of scans, lesions of emphysema were quantitatively assessed as percentage of low

attenuation volume (LAV%, <—950 Hounsfield units). LAV% values determined for scan data from the U-HRCT and conventional
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HRCT modes were compared by the Wilcoxon matched-pairs signed rank test. The association between LAV% and forced expiratory

volume in 1 s per forced vital capacity (FEV,/FVC) was assessed by the Spearman rank correlation test.
Results (545 F)

Mean values for LAV% determined for the U-HRCT and conventional HRCT modes were 8.9 + 8.8% and 7.3 + 8.4%, respectively
(P<0.0001). The correlation coefficients for LAV% and FEV,/FVC on the U-HRCT and conventional HRCT modes were 0.50 and
0.49, respectively (both P<0.01). Compared with conventional HRCT scans, U-HRCT scans reveal emphysematous lesions in greater

detail, and provide slightly increased correlation with airflow limitation.

Discussion (%%%)

In this study, we found that i) U-HRCT scans depicted emphysematous lesions in greater detail than conventional HRCT scans and ii)
U-HRCT scans provided stronger correlation with spirometric airflow limitation values (FEV/FVC) than conventional HRCT scans.
Based on these results, we believe that U-HRCT scans are useful for detecting very small emphysematous lesions in smokers and

COPD patients, which could lead to increasingly accurate measurements of emphysematous lesions in daily clinical care.

Compared with conventional HRCT scanners, the advantages of U-HRCT scanners used in daily clinical care were first reported for
vascular imaging, with advantages such as clear visualization of very small intracranial arteries and coronary arteries, and in addition,
the artery of Adamkiewicz.!”> The advantages of U-HRCT scanners for temporal bone imaging were also reported, with advantages
such as increased detail of the normal structures of the middle ear.® The improvement in visualization of small vessels/structures as
provided by U-HRCT scanners over conventional HRCT scanners is based on an improved spatial resolution by a detector of a very
small size. The size was reduced for the first time in almost 30 years (fixed at 0.5 mm or 0.625 mm for several decades) by 0.5-fold.
In the field of chest imaging, the improved image quality by U-HRCT scanners has been mainly reported by investigators using
cadaveric human lung phantoms.” Although it has been unclear that U-HRCT is advantageous for the quantitative analysis of chest
diseases, including COPD, our observations suggest that U-HRCT shows great potential for performing quantitative measurements of

the lesions of pulmonary diseases, and at the very least, providing accurate measurements of subtle and early emphysematous lesions.

In this study, with the U-HRCT mode, we reconstructed scanning data from a matrix size of 1024, which is generally 512 for clinical
CT scans. This is accounted for by the following: since the detector size of the U-HRCT scanner was 0.25%0.25 mm in the x—y plane,
it was ideal that the voxel size of the CT scans was smaller than 0.25 mm. However, if the scan data obtained with a conventional
FOV (320 mm) were reconstructed by the 512 matrix, the voxel size would have been 0.625 mm (320/512), which would have been
much larger than the detector size of 0.25 mm. With the use of a matrix of 1024, the voxel size would be 0.313 mm, which would be
close to 0.25 mm. Our observations show that the more detailed matrix setting enabled us to measure smaller lesions of pulmonary
emphysema, which is consistent with a study of U-HRCT performed on a cadaveric human lung phantom with emphysema.® In our
study, the emphysema indices (LAV%) on the U-HRCT scans were higher than those obtained on the conventional HRCT scans,
which clearly demonstrate that the U-HRCT scanner with a 1024-matrix setting is better than the conventional HRCT scanner with a

512-matrix setting for the detection of early/small emphysematous lesions.

It is also of interest that, in our study, resetting the threshold did not seem to be necessary for the U-HRCT scans that were obtained
with a thinner slice thickness than those obtained for the conventional HRCT scans. In general, a thinner HRCT slice thickness results
in decreased lung density and increased image noise, which often leads to increased values of the measurements of emphysematous
lesions, and requires a decreased threshold setting.!® However, in this study, the value of the LAV% obtained on the U-HRCT scans
(slice thickness of 0.25 mm) was 8.9% at the threshold setting of ~950 HU and 5.7% at the setting of ~960 HU. Considering that the
value of LAV% obtained on conventional HRCT scans (slice thickness of 0.5 mm) at the threshold setting of =950 HU was 7.3%,
changing the threshold from =950 HU to —960 HU for the U-HRCT scans can be considered an over-adjustment; and therefore, the

threshold setting of “950 HU can be used continuously for the quantitative assessment of emphysematous lesions on U-HRCT scans.
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Furthermore, the value of LAV% obtained on the U-HRCT scans set at =950 HU showed a stronger correlation with FEV,/FVC than
the values of LAV% obtained at —960 HU or —970 HU. We believe that 950 HU, which is the most common threshold for
emphysema assessment, should also be used for U-HRCT scanners. That U-HRCT does not need a new, decreased threshold setting
for emphysema measurement is most probably accounted for by the use of a powerful iterative reconstruction method, which is
provided for the U-HRCT scanner. The iterative reconstruction method used in this study was AIDR3D-e, which was an updated
version of AIDR3D. AIDR3D can minimize the effects of image noise, which is caused by low tube current, large body habitus, or
adjacent bony structures, on the measurement of emphysematous lesions. Yamashiro et al have already reported that AIDR3D
resulted in stabilized quantitative measurements of emphysematous lesions on HRCT scans obtained with very different tube current
settings (240, 120, and 60 mA) and reduced the image noise associated with large body habitus.!® The newly developed iterative
reconstruction method (AIDR3D-e), which was used for the U-HRCT scanner in this study, would provide a similar effect on noise

reduction; which might account for the unnecessary resetting of the threshold for measurement of lesions on U-HRCT scans.

The present study revealed improved detection of emphysematous lesions by the U-HRCT mode, compared with the conventional
HRCT mode. A mean 1.6% increase in LAV% (using —950 HU) might not seem to be a great improvement in the daily clinical care
of patients with COPD. However, a correct diagnosis of the presence of emphysema, even if it is an LAV% of 1% or 2% only, would
be especially significant for smokers. If pulmonary emphysema is diagnosed from U-HRCT findings (even as low as an LAV% of 1%
or 2%) in a smoker without COPD, this might be a trigger for smoking cessation. When considering the possible misdiagnosis of “no
signs of pulmonary emphysema” on a conventional HRCT scan, we believe that detection of slight emphysema might produce a
clinical impact. Also, U-HRCT might be useful for following a patient with COPD or emphysema. The U-HRCT scanner will be
more sensitive for detecting a slight progression in emphysema than the conventional HRCT scanner. Thus, although this study only
found a very small difference between the values of LAV% provided by the U-HRCT versus conventional HRCT, we believe that the

U-HRCT should provide some clinical advantages.

The mean CTDIvol (13.6 mGy) in this study was higher than the value (9.5 mGy) in our previous study, which used conventional
HRCT scanners with a standard tube current setting (240 mA).'° The increased exposure might be accounted for by the 2 scanning
FOV settings and different focus sizes. Particularly, with selection of a large FOV and large focus size, the AEC yielded a high tube
current trend automatically, which resulted in a high CTDIvol and large DLP. With the aim of minimizing a patient’s radiation

exposure, our next focus of investigation will be on selecting the optimal scanning FOV and focus size.

This study has limitations. First, the number of study participants with COPD was low. Second, we only assessed spirometric values;
thus, other functional parameters, such as plethysmographic measurements and diffusing capacity, were not evaluated. Third, since
the conventional HRCT mode (512 x 512 matrix with 0.5-mm slice thickness) was reconstructed from the same raw data from the U-
HRCT scanner, the HRCT mode could not be the same mode as that on actual conventional HRCT scans from conventional HRCT
scanners. However, we believe that comparing 2 different modes obtained from data on a single scan was required in order to prevent
unnecessary radiation exposure to patients by repeated scanning. Fourth, since AEC was adopted for the scan protocol, the tube
current varied according to the patient’s body habitus. This might have caused various levels of image noise among the patients;
however, AEC is the current standard CT technique for the routine clinical care of patients with chest diseases, and the differences
between noise levels must have been adjusted by the iterative reconstruction algorithm. Fifth, only whole-lung emphysema
measurements were determined in this study. Considering the heterogeneous distribution of emphysematous lesions, LAV% should
ideally be measured in 5 different lobes. However, since a limited number of workstations were available for analyzing the U-HRCT

data, the workstations, including the workstation we used, could not segment the 5 lobes.

Compared with conventional HRCT scans, U-HRCT scans reveal emphysematous lesions in greater detail (mean difference, 1.6% +

2.2%), and obtain slightly increased correlation with airflow limitation (correlation coefficients: 0.50 vs 0.49). U-HRCT should be
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useful for detecting early emphysematous lesions in light smokers or nonsmokers without COPD; such results might be a powerful

tool for enabling a patient to stop smoking in order to prevent progression to COPD.

Reference(2% LHR)

1. Yoshioka K, Tanaka R, Takagi H, et al. Ultra-high-resolution CT angiography of the artery of Adamkiewicz: a feasibility
study. Neuroradiology. 2018;60(1):109-115.

2. Takagi H, Tanaka R, Nagata K, et al. Diagnostic performance of coronary CT angiography with ultra-high-resolution CT:
comparison with invasive coronary angiography. Eur J Radiol. 2018;101:30-37.

3. Tanaka R, Yoshioka K, Takagi H, Schuijf JD, Arakita K. Novel developments in non-invasive imaging of peripheral arterial
disease with CT: experience with state-of-the-art, ultra-high-resolution CT and subtraction imaging. Clin Radiol. 2019;74(1):51—
58.

4. Nagata H, Murayama K, Suzuki S, et al. Initial clinical experience of a prototype ultra-high-resolution CT for assessment of small
intracranial arteries. Jpn J Radiol. 2019;37(4):283-291.

5. Meijer FJ, Schuijf JD, de Vries J, et al. Ultra-high-resolution subtraction CT angiography in the follow-up of treated intracranial
aneurysms. Insights Imaging. 2019;10(1):2.

6.  Yamashita K, Hiwatashi A, Togao O, et al. Ultrahigh-resolution CT scan of the temporal bone. Eur Arch Otorhinolaryngol.
2018;275(11):2797-2803.

7. Yanagawa M, Hata A, Honda O, et al. Subjective and objective comparisons of image quality between ultra-high-resolution CT
and conventional area detector CT in phantoms and cadaveric human lungs. Eur Radiol. 2018;28(12):5060-5068.

8.  Hata A, Yanagawa M, Honda O, et al. Effect of matrix size on the image quality of ultra-high-resolution CT of the lung:
comparison of 512 x 512, 1024 x 1024, and 2048 x 2048. Acad Radiol. 2018;25(7):869-876.

9.  Honda O, Yanagawa M, Hata A, et al. Influence of gantry rotation time and scan mode on image quality in ultra-high-resolution
CT system. Eur J Radiol. 2018;103(1):71-75.

10. Yamashiro T, Miyara T, Honda O, et al. Iterative reconstruction for quantitative computed tomography analysis of emphysema:

consistent results using different tube currents. Int' J Chron Obstruct Pulmon Dis. 2015;10(1):321-327.

vE: &AWL 2019 42 10 H 8 H [International Journal of Chronic Obstructive Pulmonary Disease |
EVIHRENRRLEL L.

-377-



2. ¥%5W3L Publication of thesis

HFHEES: 64010

KALEI L 2 AL T <2 & v, Attach all of the papers listed below.

X
AILE 1 Quantitative Emphysema Measurement On Ultra-High—Resolution CT Scans
BHExE4 International Journal of Chronic Obstructive Pulmonary Disease
2019 &£ 10 A 14 % () 2283 H ~ 2290 H | =& |  English
FB1EESL Yanyan Xu FE2EEHL I suneol lanashirol il FIEEL Hiroshi Moriya
ZDIMEEL Shun Muramatsu, Sadayuki Murayama
LA 2 Characterizing MRI features of rectal cancers with different KRAS status
N BMC Cancer
B4 _ ,
2009 £ 11 A | 190 # (S| 111 g7 ~ " == English
F1EEL Yanyan Xu FoEEL ‘ Qiaoyu Xu | FEIEEAL ‘ Yanhui Ma
ZDhEEL Jianghui Duan, Haibo Zhang, Tongxi Liu, Lu Li, Hongliang Sun, Kaining Shi, Sheng Xie, Wu Wang
M4 3 Strain measurement on four—dimensional dynamic-ventilation CT: quantitative analysis of abnormal
respiratory deformation of the lung in COPD
BEz International Journal of Chronic Obstructive Pulmonary Disease
2018 & 12 A 4 %(8) 6 H ~ 72 E | Z® |  English
e St e . [ e . . .
H1EEL Yanyan Xu F2ELEL ‘ Tsuneo Yamashiro EIEEALZ ‘ Hiroshi Moriya
ZDihEH 4 Maho Tsubakimoto, Yukihiro Nagatani, Shin Matsuoka, Sadayuki Murayama, ACTIve Study Group
o Correlation Between Intravoxel Incoherent Motion and Dynamic Contrast—Enhanced Magnetic Resonance
ML 4 . .
Imaging Parameters in Rectal Cancer
. Academic Radiology
BEEL o | =iz .
2019 £ 7 B | 26 B (8) e3¢ H ~ eld H =3 | English
F1EEL Hongliang Sun F2EEL | Yanyan Xu | FIEEAL Qiaoyu Xu
ZDfhEEL Jianghui Duan, Haibo Zhang, Tongxi Liu, Lu Li, Queenie Chan, Sheng Xie, Wu Wang
Ep ) Relationship between CT activity score with lung function and the serum angiotensin converting
enzyme in pulmonary sarcoidosis on chest HRCT
" Medicine (Baltimore)
w/EES = = ;
2018 €| 9 A | 9766) % (8)|e12205 § ~ H| &5 |  English
F1EEL Jianghui Duan F2EEA | Yanyan Xu ‘ %3 %‘-%‘%_ _‘ Haixu Zhu
Z0fhEE 4 Haibo Zhang, Shilong Sun, Hongliang Sun, Wu Wang, Sheng Xie
L4 6 Could IVIM and ADC help in predicting the KRAS status in patients with rectal cancer?
BEEt European Radiology
2018 &£ 7 A | 28(1) % () 3059 H ~ 3065 H | =& |  English
B1EEL Yanyan Xu FE2EEAZ ‘ Qiaoyu Xu HEIEEL | Hongliang Sun
Z DfthEH 4 Tongxi Liu, Kaining Shi, Wu Wang
s gr 7 Quantitative intravoxel incoherent motion parameters derived from whole—tumor volume for
i assessing pathological complete response to neoadjuvant chemotherapy in locally advanced rectal
cancer
BEEL Journal of Magnetic Resonance Imaging:JMRI
2018 # 1A 48(1) B (8 248 H ~ 258 H | =& | English
F1EEL Qiaoyu Xu ENET 2R Yanyan Xu BEEEETZ A Hongliang Sun
Z DfhEE 4 Queenie Chan, Kaining Shi, Aiping Song, Wu Wang
st g Intravoxel Incoherent Motion MRI of Rectal Cancer: Correlation of Diffusion and Perfusion
A Characteristics With Prognostic Tumor Markers
BEE 4 American Journal of Roentgenology
i 2018 £ 4 B 210(4) % (B)| w139 H ~ W41 H i English
F1EEL Hongliang Sun ENET 2N Yanyan Xu BEEEE A Aiping Song
ZDMEEL Kaining Shi, Wu Wang

~378-




W AEFE=64010

3. Fe3F Conference presentation MEFEEEL L (HhS -  EE¥L+A0EA¥STREL 2L 0 &TH

XDescribe your presentation as the principal presenter in major academic meetings including general meetings or

YN
FRA the 75th annunal meeting of KCR
Conference
w The effect of adaptive statistical iterative reconstruction (ASiR-V) levels on quantitative
= analysis of lung function using MDCT
Topic

BIfEH date 2019 £ 9 A 18 A BAfiEHh Coex  |Seoul, Korea

X method AEHE Oral O RAXR—FKEK Postﬁ S5% Language O HAGE wEE O EEE

HREEL

Yanhui Ma, Hongliang Sun, Wu wang, Sheng Xie
Co—presenter

Fab 87 8 AIHAEFRNRTF B

Conference
m O The effect of prospective ECG-gating for airway evaluation on ventilation volume computed
Topic tomography

BifEH date 2019 # 4 A 1 El\ BfEs v 740 HE HAE

X method ABEFREX Oral @ RARXR—FEEK Post% EEE Language O HAZE i O ERE

HKREE A

Hongliang Sun, Yinghao Xu
Co-presenter

ﬁééééé ~ T Lk —35 23 O RL LA A
c EIIAIERAERE A X — Y v 7 P REFHES
onference
7’?@5’ BYEMEMER S 6 2 ITESHDO Y —M: PRK A F I v JCTICB T 3 R b LA VERT

BIEH date 2019 £ 1 A 25 H| B vene FEHTREK —H#E

£ method |0 HEEFEFX Oral RAR—FR Post% =% Language HAzE O #H:E OTEE:E

SRS i mae. e k. HOR BB U A2
o—presenter
2L A
FRA the 26th annual meeting ISMRM-ESMRMB
Conference
m O Rectal Cancer: Comparison of MRI Characteristics and Texture Analysis Between Different Tumor
Topic KRAS Status
BfEH date 2018 T 6 A 16 H | BAfEH venue |Paris Expo Porte de Versailles,Paris, Franc

R method |0 HEERZF Oral RAR—FHEK Posté Hi& Language |0 HAERE HiE O ERE

HREE 4

Co-presenter

Hongliang Sun, Kaining Shi, Wu Wang

4. FE (Wt 345 Avard (Research achievement)

2 R Educational Stipend

A2, il
Award name H4 France ‘ ZHF 2018 4 6 A
Country Year of
2 W Travel Award
=
Award name E4 Korea ‘ RHF 2019 4 9 AH
Country Year of
> e
2 Bt E
Award name EH4 e ‘ ZHF 2019 4 11 A
Countrv B Year of

-379-



5. AR T —~cBb 2O RIS

Receipt record () |
B R AR A FR

N
25

FRAEES: 64010

Other research grants concerned with your resarch

Funding agency

I E XA N

Supported period & A~

Amount received K
—=
ZIFRE

| Receipt record E ;ﬁ ] &
Bt R 2 #5

Funding agency

BhRR & 47K

Grant name

20

'Supported period - F
AR
Amount received

6. fhDIRH¥ 424 Another awarded scholarship

= 4E

Receipt record a# | i
B R AR A FR

Funding agency

RESHW

Scholarship name
Z 45 B

Supported period F R~ ¥
ZHER

Amount received

7.

XEE L -5 EAFITL T <&, Attach a copy of the article described below
e —EEEAT

Press release A D f |

HEHEH

WFRvEEN B+ 2 RIEFF Press release concerned with your research activities

Date of release 2018/10/1
v . | EEERHE
eleased medium

FERLIN

Release method | G 2 '@ Si@ - EREFEE - 2O (
HEREA b

WHEAGFEEAR, REHGTEMNEEAES, FEMRINIEMAR?
Released title|https://mp.weixin. qq. com/s/0D6AFDgK2r OehrDUxZAag

8. AR 7T —~ o4 2455 HBETE Patent application concerned with your research theme
HEEFE | P ‘ H ke
. - O W & Application
Application
contents
9. % Dfh Others

FIHY sHh.

EUEIEE (B8 ‘L‘ﬂ%(

-380- ;HJI § :




International Journal of Chronic Obstructive Pulmonary Disease

Dove

ORIGINAL RESEARCH

Quantitative Emphysema Measurement On Ultra-
High-Resolution CT Scans

1,2

Yanyan Xu
Tsuneo Yamashiro
Hiroshi Mor'iya3
Shun Muramatsu?
Sadayuki Murayama'

1,3

'Department of Radiology, Graduate
School of Medical Science, University of
the Ryukyus, Okinawa, Japan;
2Department of Radiology, China-Japan
Friendship Hospital, Beijing, People’s
Republic of China; *Department of
Radiology, Ohara General Hospital,
Fukushima, Japan

Correspondence: Tsuneo Yamashiro
Department of Radiology, Graduate
School of Medical Science, University of
the Ryukyus, 207 Uehara, Nishihara,
Okinawa 903-0215, Japan

Tel +81-98-895-1162

Fax +81-98-895-1420

Email clatsune@yahoo.co.jp
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Purpose: To evaluate the advantages of ultra-high-resolution computed tomography (U-HRCT)
scans for the quantitative measurement of emphysematous lesions over conventional HRCT scans.
Materials and methods: This study included 32 smokers under routine clinical care who
underwent chest CT performed by a U-HRCT scanner. Chronic obstructive pulmonary
disease (COPD) was diagnosed in 13 of the 32 participants. Scan data were reconstructed
by 2 different protocols: i) U-HRCT mode with a 1024x1024 matrix and 0.25-mm slice
thickness and ii) conventional HRCT mode with a 512x512 matrix and 0.5-mm slice
thickness. On both types of scans, lesions of emphysema were quantitatively assessed as
percentage of low attenuation volume (LAV%, <—950 Hounsfield units). LAV% values
determined for scan data from the U-HRCT and conventional HRCT modes were compared
by the Wilcoxon matched-pairs signed rank test. The association between LAV% and forced
expiratory volume in 1 s per forced vital capacity (FEV|/FVC) was assessed by the
Spearman rank correlation test.

Results: Mean values for LAV% determined for the U-HRCT and conventional HRCT
modes were 8.9 + 8.8% and 7.3 + 8.4%, respectively (P<0.0001). The correlation coefficients
for LAV% and FEV;/FVC on the U-HRCT and conventional HRCT modes were 0.50 and
0.49, respectively (both P<0.01).

Conclusion: Compared with conventional HRCT scans, U-HRCT scans reveal emphyse-
matous lesions in greater detail, and provide slightly increased correlation with airflow
limitation.

Keywords: chronic obstructive pulmonary disease, computed tomography, emphysema,
ultra-high-resolution CT, quantitative measurement

Introduction
Quantitative emphysema findings on CT have been frequently used by physi-
cians as estimations for the extent of emphysema in patients with chronic
obstructive pulmonary disease (COPD). The measurement is thought to be a
reproducible approach for confirming the severity of emphysema, and also
correlates well with spirometry values.''' The percentage of low attenuation
areas/volumes for the total lung areas/volumes on thin-section CT scans are
widely known to be significantly correlated with the results of various pulmon-
ary function tests, including spirometry and diffusing capacity of the lungs for
carbon monoxide.*°

Although current quantitative emphysema measurements can be automatically per-
formed by commercially available workstations and open-access software, the measure-
ments are affected by several scanning/reconstruction parameters and other factors,
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including section thickness, reconstruction kernels, radiation
dose settings, iterative reconstruction techniques, and brand of
scanner.* >'%!3 It has been reported that the extent of emphy-
sema tends to increase with thinner sections and sharper
reconstruction kernels.” Furthermore, compared with conven-
tional filtered-back-projection (FBP) methods, an iterative
reconstruction (IR) algorithm can stabilize emphysema mea-
surements with low-dose settings, and reduce radiation expo-
sure without compromising image quality."® Therefore,
caution should be exercised with regard to quantitative emphy-
sema measurements, particularly when they involve innova-
tions in CT hardware and software.

Ultra-high-resolution CT (U-HRCT) scanners with ultra-
small detector elements (0.25 x 0.25 mm) have recently been
introduced into clinical practice.'*** The size of the detector
element in the U-HRCT scanner is 50% smaller than those in
conventional HRCT scanners in all 3 directions (x, y, and z
axes). Use of the ultra-small detector along with an ultra-small
focal spot provided by the X-ray tube obtains the highest
spatial resolution in CT images, as evidenced by improved
visualization of small lung lesions and small vessels in the
brain and body."* > Honda et al have reported that U-HRCT
clearly depicts small emphysematous lesions in human cada-
veric lungs, which were unclear on conventional HRCT
scans.!” However, to our best knowledge, no published data
are available on the advantages of the U-HRCT scanner for
visualization of pulmonary emphysema in the human body,
with regard to statistical differences between quantitative mea-
surements of emphysematous lesions on U-HRCT scans ver-
sus conventional HRCT scans. We hypothesized that U-HRCT
scans, which show greater spatial resolution than conventional
HRCT scans, would enable improved visualization of pulmon-
ary emphysema over conventional HRCT scans. The evidence
for this would be a stronger correlation with spirometric values
than seen for conventional HRCT. Thus, the purpose of this
study was i) to evaluate the advantages of U-HRCT for the
quantitative measurement of pulmonary emphysematous
lesions and ii) to investigate whether or not the measurement
of emphysematous lesions on U-HRCT scans showed a stron-
ger correlation with spirometric values, compared with con-
ventional HRCT.

Materials And Methods

This retrospective study was approved by the Institutional
Review Board of the University of the Ryukyus. Written
informed consent from enrolled participants was waived,
and the delivery of data to the University of the Ryukyus
was approved by the Institutional Review Board of Ohara

General Hospital. The patient data, including CT scans and
clinical information, were fully anonymized at Ohara
General Hospital.

Patients

Thirty-two smokers (13 COPD patients and 19 non-COPD
smokers; 3 females and 29 males; mean age 71 + 10 years)
were consecutively enrolled in the study (Table 1). All study
participants underwent spirometry and chest U-HRCT at
Ohara General Hospital. Of all 32 participants, 11 underwent
CT for known lung diseases (preoperative lung cancer, n = 3;
pneumonia, n = 3; COPD, n = 5), 14 for regular follow-up
(post-treatment of lung cancer, n = 4; COPD, n = 6, lung
nodule, n = 3; non-COPD emphysema, n = 1), 7 for screening
(abnormal shadows on chest X-ray, n = 3, indeterminate
nodule, n = 2; shortness of breath, n = 1; chest pain, n = 1).
Patients with obvious interstitial pneumonia or other obstruc-
tive diseases (e.g. bronchial asthma, chronic bronchitis) were
excluded from this study.

CT Protocols
All CT scans were performed by a U-HRCT scanner (Aquilion
Precision; Canon Medical Systems, Otawara, Tochigi, Japan).
This scanner is characterized by 0.25-mm collimation (160
detector rows) in the z axis, and 1792 channels (0.25-mm
detectors in the x—y plane). All participants were scanned by
the U-HRCT scanner with the following settings: tube voltage
=120 kVp; tube current = automatic exposure control (AEC);
collimation = 0.25 mm (super-high resolution mode); rotation
time = 0.5 s, beam pitch = 0.806; field of view (FOV) = 300~
350 mm (medium FOV, n= 17; large FOV, n= 15); reconstruc-
tion kernel = FC14 (for mediastinum); iterative reconstruction
= adaptive iterative dose reduction using a three-dimensional
processing-enhanced (AIDR3D-e) “standard” setting.

The original scan data were converted to 2 different
modes (image series): i) U-HRCT mode: 1024 x 1024

Table | Clinical Characteristics Of The 32 Study Participants

Mean = SD Range
Gender (female:male) (3:29) -
Age (years) 71£10 (49 to 88)
Brinkman index 933 + 505 (300 to 2480)
FVC (L) 3.1 £08 (1.8 to 4.6)
FEV, (L) 2.1 £07 (0.7 to 3.6)
FEV, (%predicted) 0.78 £ 0.20 (0.30 to 1.13)
FEV,/FVC 0.68 + 0.13 (0.29 to 0.88)

Abbreviations: FVC, forced vital capacity; FEV/, forced expiratory volume in | s; SD,
standard deviation.
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matrix and a slice thickness of 0.25 mm and ii) conven-
tional HRCT mode: 512 x 512 matrix and a slice thickness
of 0.5 mm. The conventional HRCT mode imitates CT
scans created by common HRCT scanners, with 0.5-mm
collimation.

Radiation exposure was assessed by the volume CT
dose index (CTDIvol) and the dose-length product (DLP),
which were provided by the scanner in a dose information
report for each patient.

Quantitative Analysis Of Lung
Densitometry And Emphysematous

Lesions

Both U-HRCT and conventional HRCT scans (modes)
were analyzed by commercially available software (Lung
Volume Measurement; Canon Medical Systems).”® The
lung volume (LV) of the entire lung and the percentage
low attenuation volume (LAV%) on 3 different threshold
settings (=950, —960, and —970 Hounsfield units [HUs])
were measured automatically.

Spirometry

All subjects underwent spirometry testing, including
forced expiratory volume in 1 s (FEV;) and forced vital
capacity (FVC), according to American Thoracic Society
standards.>* The spirometric values of the study partici-
pants are shown in Table 1. Based on the criteria by the
American Thoracic Society, COPD was diagnosed in 13
participants. The other 19 smokers did not satisfy the
criteria for COPD (non-COPD smokers).

Statistical Analysis

Statistical analysis was performed by JMP 12.0 software (SAS
Institute, Cary, NC, USA). Continuous variables were
expressed as means =+ standard deviation (SD). The
Wilcoxon matched-pair signed rank test was used to compare
CT indices, including values for LAV% obtained on U-HRCT
scans and conventional HRCT scans. The association between
values for LAV% and FEV|/FVC was assessed by the
Spearman rank correlation test. A P-value of <0.05 was con-
sidered significant.

Results

Radiation Dose Assessments
In this study, the mean CTDIvol value was 13.6 £ 6.4 mGy
and mean DLP value was 549.3 + 247.1 mGy-cm.

Quantitative Measurements Of LAV%

Values Under Different Thresholds

The mean LV values were 5.25 + 0.96 L on U-HRCT
scans and 5.26 + 0.96 L on conventional HRCT scans.
Although the difference between the LV values was very
small, it was found to be significant (P<0.001). Although
the LV was minimally larger on conventional HRCT scans
than on U-HRCT scans, the value for LAV% was larger on
U-HRCT scans than on conventional HRCT scans under
all 3 different threshold settings (Table 2, Figures 1-4).
For example, at the threshold of =950 HU, the mean value
for LAV% was 8.9 + 8.8% on U-HRCT and 7.3 + 8.4% on
conventional HRCT (P<0.0001).

Correlations Between Quantitative
Measurements Of Emphysematous

Lesions And Spirometric Values

All values for LAV% measured on U-HRCT and con-
ventional HRCT scans at different thresholds were sig-
nificantly correlated with FEV{/FVC (P<0.01-0.05;
Table 3, Figure 5). In general, correlation coefficients
were slightly decreased with reduction in the density
thresholds from —950 to —970 HU. At all 3 different
thresholds, the correlations with FEV,/FVC for the
values obtained for LAV%, as measured on U-HRCT
scans, were stronger than the correlations for the values
obtained for LAV% as measured on conventional HRCT
scans (Table 3). The highest correlation coefficient in
this study was provided by the U-HRCT scans at the
threshold of —950 HU (p = 0.50, P<0.01).

Discussion
In this study, we found that i) U-HRCT scans depicted
emphysematous lesions in greater detail than conventional

Table 2 Measurements Of Emphysematous Lesions Obtained
On U-HRCT Scans Versus Conventional HRCT Scans At
Different Density Thresholds

CT Indices Image Mode P-Value
U-HRCT Conventional HRCT

LV (L) 525+ 096 | 5.26 £0.96 <0.001

LAV%_9s0 (%) | 8.9 + 8.8 73+84 <0.0001

LAV% 9¢0 (%) | 5.7 £ 6.5 46 £ 6.0 <0.0001

LAV% 970 (%) | 3.6 £ 4.6 29 + 4.1 <0.0001

Abbreviations: LV, lung volume; LAV%_g50/LAV%_g¢o/LAV%_970, percentage low
attenuation volume at thresholds of —950, —960, and —970 Hounsfield units; U-
HRCT, ultra-high-resolution computed tomography.
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Figure | Visualization of lesions of pulmonary emphysema on ultra-high-resolution CT (U-HRCT) and conventional HRCT images. On an U-HRCT image (left), the margins
of pulmonary emphysema are more clearly depicted than on a conventional HRCT image (right), particularly the relatively small emphysematous lesions (rectangles).

Figure 2 Ultra-high-resolution CT (U-HRCT) image compared with a conventional HRCT image for the detection of emphysema. At the threshold setting of <—950
Hounsfield units, emphysematous lesions are identified as dark-red areas on axial images. Some of the very small emphysematous lesions, which is clearly identified on the U-
HRCT image (left), cannot be seen on the identical conventional HRCT image (right).

HRCT scans and ii) U-HRCT scans provided stronger for detecting very small emphysematous lesions in smo-
correlation with spirometric airflow limitation values kers and COPD patients, which could lead to increasingly
(FEV,/FVC) than conventional HRCT scans. Based on  accurate measurements of emphysematous lesions in daily
these results, we believe that U-HRCT scans are useful clinical care.
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Figure 3 Quantitative measurements of lesions of pulmonary emphysema on ultra-high-resolution CT (U-HRCT) and conventional HRCT scans. Red areas are
emphysematous lesions identified by the software (<—950 Hounsfield units). In this COPD patient, the percentage low attenuation volume (LAV%) was 32.8% on the U-

HRCT scan (left) and 30.7% on the conventional HRCT scan (right).

Figure 4 Comparison of the percentage of low attenuation volume (LAV%) on
ultra-high-resolution CT (U-HRCT) and conventional HRCT scan modes using the
threshold of =950 Hounsfield units. LAV% on HRCT scans tends to increase on U-
HRCT scans.

Compared with conventional HRCT scanners, the advan-
tages of U-HRCT scanners used in daily clinical care were
first reported for vascular imaging, with advantages such as
clear visualization of very small intracranial arteries and
coronary arteries, and in addition, the artery of
Adamkiewicz.'®?* The advantages of U-HRCT scanners
for temporal bone imaging were also reported, with advan-
tages such as increased detail of the normal structures of the

middle ear®> The improvement in visualization of small
vessels/structures as provided by U-HRCT scanners over
conventional HRCT scanners is based on an improved spatial
resolution by a detector of a very small size. The size was
reduced for the first time in almost 30 years (fixed at 0.5 mm
or 0.625 mm for several decades) by 0.5-fold. In the field of
chest imaging, the improved image quality by U-HRCT
scanners has been mainly reported by investigators using
cadaveric human lung phantoms.'>™'” Although it has been
unclear that U-HRCT is advantageous for the quantitative
analysis of chest diseases, including COPD, our observations
suggest that U-HRCT shows great potential for performing
quantitative measurements of the lesions of pulmonary dis-
eases, and at the very least, providing accurate measurements
of subtle and early emphysematous lesions.

In this study, with the U-HRCT mode, we reconstructed
scanning data from a matrix size of 1024, which is generally
512 for clinical CT scans. This is accounted for by the
following: since the detector size of the U-HRCT scanner
was 0.25x0.25 mm in the x—y plane, it was ideal that the
voxel size of the CT scans was smaller than 0.25 mm.
However, if the scan data obtained with a conventional
FOV (320 mm) were reconstructed by the 512 matrix, the
voxel size would have been 0.625 mm (320/512), which
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Table 3 Correlations Between Values For LAV% And Airflow
Limitation

Image LAV% At Correlation With FEV,/
Mode Different FvC
Thresholds .
Coefficient (p) | P-Value
U-HRCT LAV%_g50 —-0.50 <0.01
LAV%_960 —0.47 <0.01
LAV%_970 —0.40 <0.05
Conventional LAV%_9s50 —0.49 <0.01
HRCT LAV%_960 —0.43 <0.05
LAV%_970 —0.35 <0.05

Abbreviations: LAV%_o50/LAV%_o¢0o/LAV%_ 970, percentage low attenuation
volume at thresholds of —950, —960, and —970 Hounsfield units; U-HRCT, ultra-
high-resolution computed tomography; FEV|, forced expiratory volume in | s; FVC,
forced vital capacity.

would have been much larger than the detector size of 0.25
mm. With the use of a matrix of 1024, the voxel size would
be 0.313 mm, which would be close to 0.25 mm. Our obser-
vations show that the more detailed matrix setting enabled us
to measure smaller lesions of pulmonary emphysema, which
is consistent with a study of U-HRCT performed on a cada-
veric human lung phantom with emphysema.'® In our study,
the emphysema indices (LAV%) on the U-HRCT scans were
higher than those obtained on the conventional HRCT scans,
which clearly demonstrate that the U-HRCT scanner with a
1024-matrix setting is better than the conventional HRCT
scanner with a 512-matrix setting for the detection of early/
small emphysematous lesions.

Figure 5 Correlation between FEV,/FVC and LAV%_g5, (U-HRCT). A significant,
negative correlation is observed between LAV%_gs and FEV/FVC.
Abbreviations: FEV,, forced expiratory volume in | s; FVC, forced vital capacity;
LAV%_gs0, percentage low attenuation volume at a threshold of =950 Hounsfield
units; U-HRCT, ultra-high-resolution computed tomography.

It is also of interest that, in our study, resetting the
threshold did not seem to be necessary for the U-HRCT
scans that were obtained with a thinner slice thickness than
those obtained for the conventional HRCT scans. In gen-
eral, a thinner HRCT slice thickness results in decreased
lung density and increased image noise, which often leads
to increased values of the measurements of emphysema-
tous lesions, and requires a decreased threshold setting.*®
However, in this study, the value of the LAV% obtained on
the U-HRCT scans (slice thickness of 0.25 mm) was 8.9%
at the threshold setting of =950 HU and 5.7% at the setting
of =960 HU. Considering that the value of LAV% obtained
on conventional HRCT scans (slice thickness of 0.5 mm)
at the threshold setting of —950 HU was 7.3%, changing
the threshold from —950 HU to —960 HU for the U-HRCT
scans can be considered an over-adjustment; and therefore,
the threshold setting of =950 HU can be used continuously
for the quantitative assessment of emphysematous lesions
on U-HRCT scans. Furthermore, the value of LAV%
obtained on the U-HRCT scans set at =950 HU showed a
stronger correlation with FEV/FVC than the values of
LAV% obtained at =960 HU or —970 HU. We believe
that —950 HU, which is the most common threshold for
emphysema assessment, should also be used for U-HRCT
scanners. That U-HRCT does not need a new, decreased
threshold setting for emphysema measurement is most
probably accounted for by the use of a powerful iterative
reconstruction method, which is provided for the U-HRCT
scanner. The iterative reconstruction method used in this
study was AIDR3D-e, which was an updated version of
AIDR3D. AIDR3D can minimize the effects of image
noise, which is caused by low tube current, large body
habitus, or adjacent bony structures, on the measurement
of emphysematous lesions. Yamashiro et al have already
reported that AIDR3D resulted in stabilized quantitative
measurements of emphysematous lesions on HRCT scans
obtained with very different tube current settings (240,
120, and 60 mA) and reduced the image noise associated
with large body habitus.?® The newly developed iterative
reconstruction method (AIDR3D-e), which was used for
the U-HRCT scanner in this study, would provide a similar
effect on noise reduction; which might account for the
unnecessary resetting of the threshold for measurement
of lesions on U-HRCT scans.

The present study revealed improved detection of
emphysematous lesions by the U-HRCT mode, compared
with the conventional HRCT mode. A mean 1.6% increase
in LAV% (using —950 HU) might not seem to be a great
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improvement in the daily clinical care of patients with
COPD. However, a correct diagnosis of the presence of
emphysema, even if it is an LAV% of 1% or 2% only,
would be especially significant for smokers. If pulmonary
emphysema is diagnosed from U-HRCT findings (even as
low as an LAV% of 1% or 2%) in a smoker without COPD,
this might be a trigger for smoking cessation. When con-
sidering the possible misdiagnosis of “no signs of pulmon-
ary emphysema” on a conventional HRCT scan, we believe
that detection of slight emphysema might produce a clinical
impact. Also, U-HRCT might be useful for following a
patient with COPD or emphysema. The U-HRCT scanner
will be more sensitive for detecting a slight progression in
emphysema than the conventional HRCT scanner. Thus,
although this study only found a very small difference
between the values of LAV% provided by the U-HRCT
versus conventional HRCT, we believe that the U-HRCT
should provide some clinical advantages.

The mean CTDIvol (13.6 mGy) in this study was
higher than the value (9.5 mGy) in our previous study,
which used conventional HRCT scanners with a standard
tube current setting (240 mA).*® The increased exposure
might be accounted for by the 2 scanning FOV settings
and different focus sizes. Particularly, with selection of a
large FOV and large focus size, the AEC yielded a high
tube current trend automatically, which resulted in a high
CTDIvol and large DLP. With the aim of minimizing a
patient’s radiation exposure, our next focus of investiga-
tion will be on selecting the optimal scanning FOV and
focus size.

This study has limitations. First, the number of study
participants with COPD was low. Second, we only
assessed spirometric values; thus, other functional para-
meters, such as plethysmographic measurements and dif-
fusing capacity, were not evaluated. Third, since the
conventional HRCT mode (512 x 512 matrix with 0.5-
mm slice thickness) was reconstructed from the same raw
data from the U-HRCT scanner, the HRCT mode could not
be the same mode as that on actual conventional HRCT
scans from conventional HRCT scanners. However, we
believe that comparing 2 different modes obtained from
data on a single scan was required in order to prevent
unnecessary radiation exposure to patients by repeated
scanning. Fourth, since AEC was adopted for the scan
protocol, the tube current varied according to the patient’s
body habitus. This might have caused various levels of
image noise among the patients; however, AEC is the
current standard CT technique for the routine clinical

care of patients with chest diseases, and the differences
between noise levels must have been adjusted by the
iterative reconstruction algorithm. Fifth, only whole-lung
emphysema measurements were determined in this study.
Considering the heterogeneous distribution of emphyse-
matous lesions, LAV% should ideally be measured in 5
different lobes. However, since a limited number of work-
stations were available for analyzing the U-HRCT data,
the workstations, including the workstation we used, could
not segment the 5 lobes.

Conclusion

Compared with conventional HRCT scans, U-HRCT scans
reveal emphysematous lesions in greater detail (mean dif-
ference, 1.6% + 2.2%), and obtain slightly increased cor-
relation with airflow limitation (correlation coefficients:
0.50 vs 0.49). U-HRCT should be useful for detecting
early emphysematous lesions in light smokers or nonsmo-
kers without COPD; such results might be a powerful tool
for enabling a patient to stop smoking in order to prevent
progression to COPD.
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Abstract

Background: To investigate whether MRI findings, including texture analysis, can differentiate KRAS mutation status
in rectal cancer.

Methods: Totally, 158 patients with pathologically proved rectal cancers and preoperative pelvic MRl examinations
were enrolled. Patients were stratified into two groups: KRAS wild-type group (KRAS™* group) and KRAS mutation
group (KRAS™ group) according to genomic DNA extraction analysis. MRI findings of rectal cancers (including
texture features) and relevant clinical characteristics were statistically evaluated to identify the differences between
the two groups. The independent samples t test or Mann-Whitney U test were used for continuous variables. The

0.008).

identifying KRAS status.

differences of the remaining categorical polytomous variables were analyzed using the Chi-square test or Fisher
exact test. A receiver operating characteristic (ROC) curve analysis was performed to evaluate the discriminatory
power of MRI features. The area under the ROC curve (AUC) and the optimal cut-off values were calculated using
histopathology diagnosis as a reference; meanwhile, sensitivity and specificity were determined.

Results: Mean values of six texture parameters (Mean, Variance, Skewness, Entropy, gray-level nonuniformity, run-
length nonuniformity) were significantly higher in KRAS™ group compared to KRAS™ group (p < 0.0001,
respectively). The AUC values of texture features ranged from 0.703~0.813. In addition, higher T stage and lower
ADC values were observed in the KRAS™ group compared to KRAS™ group (t=7.086, p=0029; t=—2.708, p=

Conclusion: The MRI findings of rectal cancer, especially texture features, showed an encouraging value for

Keywords: Rectal cancer, Magnetic resonance imaging, Texture, KRAS mutation

Background

Colorectal cancer (CRC) is one of the major causes of
cancer-related mortality with over 1 million new cases
diagnosed worldwide each year [1, 2]. It is viewed as a
heterogeneous disorder due to its molecular features and
relevant subtypes, and can be divided into five molecular
subtypes correlated to tumor morphological features
with different DNA microsatellite instability status and
CpG island methylator phenotype [1]. Notably, KRAS
mutation is closely linked to villous change and dysplasia
[2]. Adenocarcinoma with KRAS mutation that is
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considered a subgroup of CRC show a negative treat-
ment response to epidermal growth factor receptor
(EGFR)-targeted antibodies [3]. Furthermore, KRAS mu-
tation is an established biomarker in clinical practice for
CRC and is associated with distant metastasis [4], and
poorer survival in CRC [5-7]. Approximately 30-40%
CRCs have KRAS mutation, while rectal cancer accounts
for 30—-35% among CRC [8, 9]. The pre-operative neoad-
juvant therapy including anti-EGFR chemotherapy has
shown robust value in the management of rectal cancer
[3]. Therefore, it is important to select suitable patients
who could benefit from aggressive multimodality ap-
proaches and to tailor individual treatments against the
disease.

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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Currently, information pertaining to the KRAS status
can only be gathered from the biopsy samples or postop-
erative specimens. Furthermore, the limitations of histo-
logical evaluation of KRAS status, such as the variability
in the tissue sample and the poor DNA quality in sample
results, can lead to discordance between biopsy material
and final operative results [10]. Thus, efficient identifica-
tion of KRAS status in patients with rectal cancer using
non-invasively method would be of great clinical
interest.

On the other hand, different molecular subtypes cor-
relate with various discriminating morphological features
[1]. Various MR imaging modules [11-16] (i.e. diffusion-
weighted MR imaging [DWI], magnetic resonance spec-
troscopy [MRS], arterial spin labelling [ASL]) and ad-
vanced analysis for routine MR imaging [17-21] have
been introduced in the oncologic field to evaluate tu-
moral biological characteristics and predict KRAS status.
Nevertheless, the radiologic features of rectal cancer
with KRAS mutation have not yet been fully described.
Texture analysis is a noninvasive method used for as-
sessment of the intra-tumoral heterogeneity not percep-
tible by human eye, which has a promising value in
predicting therapy response, survival and discriminating
different stages in rectal cancer [22-24]. However, to
date, there have been no studies to assess whether tex-
ture analysis of MRI can be used as an imaging bio-
marker for KRAS status in rectal cancer.

Hence, the main objects of the present study were to 1)
retrospectively analyze the differences of radiologic fea-
tures in rectal cancer with different KRAS status; 2) inves-
tigate whether texture features extracted from T2
weighted image scan differentiate KRAS mutation status
in rectal cancers.

Methods

Patients and tissue samples

This retrospective study was approved by the institu-
tional review board of Institute of Clinical Medicine,
China-Japan Friendship Hospital (No. 2015-012), and
written informed consent was waived. A total of 220 pa-
tients underwent rectal resection for adenocarcinoma
with complete clinical data and preoperative pelvic MR
examination (including T2WI-high resolution sequence)
between June 2013 and September 2015. Exclusion cri-
teria included: i) pre-examination neoadjuvant chemora-
diotherapy (n=45) or unidentified herbal medicine
therapy (n=5); ii) poor image quality [heavy intestinal
peristalsis artifacts (n = 10), too small lesions (diameter <
5mm) or lesions difficult to identify on DWI images
(n=2)]. Finally, the group included in the study com-
prised 158 patients (106 men, 52 women) with a mean
age of (60.66 + 13.38) years (range 26—87 years). Among
the 158 subjects, the data of 45 subjects were previously
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analyzed with a different objective for other research
[18].

Surgical pathology results from all patients were ana-
lyzed by a pathologist with 6 years” experience in gastro-
intestinal pathological diagnosis. Genomic DNA was
extracted from formalin fixed paraffin-embedded (FFPE)
tissue using QLAamp DNA FFPE Tissue kit (Qiagen,
Germany), and KRAS mutations were examined by amp-
lification refractory mutation system (ARMS) method.

Patient preparation and imaging protocol

Patients were on a low-residue diet before the exam and
fasted on the day of the exam. Intramuscular injection of
10 mg anisodamine hydrochloride was given to each pa-
tient to inhibit the intestine peristalsis some 10 min be-
fore MRI examination. Pelvis MR scanning was
implemented on a 3 T whole-body scanner (Ingenia, Phi-
lips Medical Systems, Best, the Netherlands) with gradi-
ent strength 45mT/m and gradient slew rate 200mT/m/
ms, using a 16-channel anterior torso dS coil and a 16-
channel posterior table dS coil. 2D sagittal and coronal
T2W TSE sequences were performed with following pa-
rameters: TR 3761 ms, TE 110 ms, FOV 24 x 24 cm, slice
thickness 3 mm with 0.3 mm gap, acquisition matrix
336 x 252, NSA 3. Oblique axial T2W-high resolution
sequence was planned perpendicularly to the bowel with
tumor: TR 3865 ms, TE 100 ms, FOV 14 x 14 cm, slice
thickness 3 mm with 0.3 mm gap, acquisition matrix
232 x 228. Oblique axial diffusion weighted imaging
(DWI) scan perpendicularly to the tumor was imple-
mented using a single-shot echo planar imaging with fol-
lowing parameters: TE/TR 76/6000 ms, FOV 20 x 30 cm,
slice thickness 5mm with 0.2mm gap, acquisition
matrix 292 x 304, NSA 6, 2 b values (0,1000s/mm?).

Image analysis

All the data was transmitted to picture archiving and
communication system (PACS) and Philips post-
processing workstation. Two radiologists (with 11 and 7
years in gastrointestinal imaging), who were blinded to
all clinical information, independently measured and re-
corded the following tumor features: tumor type, loca-
tion, length, morphologic features, circumferential
extent, T staging and the maximal extramural depth
(MEMD) of tumor, N staging, circumferential resection
margin (CRM), extramural vascular invasion (EMVI),
ADC values, textural features. However, they were aware
that the study subjects were patients with rectal cancers.
For continuous variables, an average value of two ob-
servers’ measurement was selected. For categorical vari-
ables, the diagnosis was determined after renegotiation
by two observers if any interobserver discrepancies
occurred.
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Tumor type

According to the signal intensity of rectal cancers on
T2WI [25], the hyperintensity was defined as a signal in-
tensity that was similar to or brighter than the perirectal
fat. Each observer quantitatively evaluated hyperintense
volume in the tumor and determined the type of tumor
as “mucinous” or “non-mucinous” according to the same
criteria used for pathologic diagnosis (at least>50% of
the mucin pool occupying the tumor mass [26].

Tumor location and length

Tumor location, as well as tumor length were primarily
evaluated on sagittal T2-weighted images. Axial and cor-
onal T2-weighted images were used secondarily when
required. The rectum was generally divided into three
parts according to the anatomic distance from the anal
verge: the upper third (> 10 cm), middle third (5-10 cm),
lower third(<5cm). The anal verge was defined as the
end of the anal canal [27]. The distance between the
lower margin of rectal lesion and anal verge were mea-
sured by drawing along the midline of rectal lumen in a
zigzag pattern [28]. Tumor length was also measured
along the intestinal lumen in a zigzag pattern.

Morphologic criteria/tumor shape

Tumor shapes were classified [27] as (a) intraluminal
polypoid lesion (without abutting pericolorectal tissues)
(Fig. 1); (b) ulcerofungating/ulceroinfiltrative mass
(Fig. 2); (c) bulky (Fig. 3). If the tumor showed growth
tendency of protruding mass into colorectal lumen or
limited thickening-wall with a sharp margin from the ad-
jacent normal intestinal wall, without breaching the

Fig. 1 Sagittal T2-weighted imaging of a rectal cancer (intermediate
signal intensity) presenting as polypoid mass (arrows) protruded into
lumen with distinct intestinal wall (arrow head). Result of the
postoperative pathology confirmed that the tumor invaded the
submucosa without extending into muscularis propria
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outer margin, it was considered as the intraluminal
polypoid lesion. If the tumor demonstrated wall-
thickening grow tendency with abutting pericolorectal
tissue, and MEMD <10 mm, it was considered as the
ulcerofungating/ulceroinfiltrative mass. If the tumor
showed exophytic growth tendency with disproportion-
ately expanding component outside the imaginary line of
the main tumor (MEMD=>10 mm), and the outer diam-
eter of the tumor-bearing segment was larger than that
of the adjacent normal colorectal segment, then it was
considered a bulky mass.

Circumferential extent

Axis bowel (clock face) was divided into quarters, Cl:
tumor extent<1/4 bowel circumference; C2: tumor ex-
tent> 1/4 bowel circumference and < 1/2 bowel circum-
ference; C3: tumor extent >1/2 bowel circumference
and < 3/4 bowel circumference; C4: tumor extent > 3/4
bowel circumference.

Tumor and node staging

Primary tumor and lymph node stage were observed on
MRI [29] by using the Tumor-Node-Metastasis (TNM)
staging system. Meanwhile, the MEMD of tumor was re-
corded, and T3 sub-stages were then classified [30] ac-
cording to different MEMD. T3 sub-stage: T3a: MEMD
<1 mm beyond muscularis propria; T3b: MEMD >1-5
mm beyond muscularis propria; T3c: MEMD > 5-15 mm
beyond muscularis propria; T3d: MEMD > 15mm be-
yond muscularis propria. Nodes with irregular borders,
mixed signal intensity, or both were suspected for me-
tastasis, and presence of one to three suspicious nodes
was defined as stage N1 and presence of four or more as
stage N2.

CRM

The potential positive margin was defined as rectal
tumor spread within 1 mm of the mesorectal fascia (Fig.
3), that occurred due to tumor deposits, tumor extra-
mural extent, EMVI, or suspicious lymph nodes [30].

EMVI

EMVI was defined as the presence of rectal tumor cells
within blood vessels located beyond the muscularis pro-
pria in the mesorectal fat [30]. The following clues for
EMVI (Fig. 4) were (a) vessel expanded by tumor, having
irregular contour; (b) presence of tumor signal intensity
within vascular structure.

ADC evaluation

Images of diffusion-weighted (DW) sequence were trans-
ferred to the Extended Workspace 4.1 (Philips Medical
Systems, Best, Netherlands). Regions of interest (ROIs)
were manually drawn to cover the entire tumor area on
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Fig. 2 T2-weighted imaging of a rectal cancer (low to intermediate signal intensity) presenting as ulceroinfiltrative mass (a, oblique axial, outline
indicates tumor region) mainly extended along the intestinal wall with ambiguous muscularis propria (b, coronal, arrow head). Final pathologic
results demonstrated that tumor invaded through muscularis propria to perirectal tissues

the axial slices containing all available tumor areas,
which appeared as high signal on the DW images, avoid-
ing the gas in the bowel and other anatomy structures.

Textural features

For each tumor, consecutive three axial T2W images
(encompassing the tumor maximum cross-section as the
middle slice) were conducted for textural analysis by
using MaZda, version 4.6 (P.M. Szczypinski, Institute of
Electronics, Technical University of Lodz, Poland). Free-
hand ROIs were delineated with the tumor contour on
axial images avoiding the inclusion of intestinal gas, li-
quid and anatomical structures. Although contouring
was performed using T2W1 images, the observers looked

Fig. 3 Oblique axial T2-weighted imaging of a rectal mucinous
adenocarcinoma (intermediate to high signal intensity) presenting as
bulky mass showed significant tumor infiltration beyond the
muscularis propria; the maximal extramural depth (MEMD, double-
headed arrow) was over 10 mm. Meanwhile, the invasive border of
rectal mass bordering the mesorectal fascia (white arrow) which
leaded to a CRM of 0 mm. White line = muscularis propria border.
Black dashed line = the mesorectal fascia

at DW images, when available, to most accurately place
the ROL

Prior to analysis, MR image intensities were normal-
ized between the range [p-30, [+ 30], where p was the
mean value of gray levels inside the region of interest
and o denoted the standard deviation. Gray levels be-
tween [p-30] and [ + 30] were then decimated to 64 Gy
levels. This normalization procedure has been shown to
minimize inter-scanner effects in MRI feature analysis
[31]. Given that this analysis produced much more fea-
tures than positive cases in the study, only first-and
second-order texture features (three features) were se-
lected for further analysis to avoid overfitting [32, 33].
Totally, 25 parameters, which are listed in Table 1, were
extracted for each ROI on each slice. Run-length matrix
(RLM) parameters were calculated four times for each
ROI (vertical, horizontal, 45°, 135°) and grey-level co-
occurrence matrix (GLCM) parameters were calculated

Fig. 4 Extramural vascular invasion (EMVI) involvement. Coronal T2-
weighted imaging showing focal expansion of the small perirectal

vessel with intermediate signal intensity (black arrow head)
- J
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Table 1 Summary of parameters belonging to first- and second-order texture features
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33-35

Texture Histogram (n=9) Run-length matrix (n=>5) Grey-level co-occurrence matrix (n=11)
feature
Level/ First order Second order Second order
Order
Description  Histogram where x-axis represents pixel/voxel Adjacent or consecutive pixels/voxels  How often pairs of pixels with specific
gray level and y-axis represents frequency of of a single gray level in a given values in a specified spatial range occur in
occurrence direction an image
Parameters Mean Short run-length emphasis Angular second moment
standard deviation Long run-length emphasis Contrast
skewness Run-length non-uniformity Correlation
Kurtosis Grey-level non-uniformity Sum of squares
Perc.1% Fraction of image in runs Inverse difference moment
Perc.10% Sum average
Perc.50% Sum variance
Perc.90% Sum entropy
Perc.99% Entropy

Difference variance

Difference entropy

20 times for each ROI at a variety of pixel offsets. For
the comparison of textural features between tumors with
different KRAS status, the mean value of gray-level
histogram, RLM and GLCM parameters were used for
each ROI, providing in total 25 parameters for analysis.
Then, three parameters derived from gray-level histo-
gram (Mean, Variance, Skewness), one parameter from
gray-level co-occurrence matrix (GLCM) (Entropy) and
two parameters from RLM (gray-level nonuniformity
[GLNU],run-length nonuniformity [RLNU]) were ex-
tracted for each of the three slices based on the prob-
ability of classification error and the average correlation
coefficients (POE + ACC) [34]. The detailed description
of the calculated texture parameters was provided by
Haralick et al. [35].

The selected feature sets were evaluated using the
computer program B11, which is part of the MaZda soft-
ware package. Artificial neural network (ANN) classifier
[34] was employed for investigating the ability of texture
feature sets to distinguish between rectal cancers with
different KRAS status. The classification results were ar-
bitrarily divided into several levels according to the mis-
classification rates: excellent (misclassification
rates<10%), good (10% < misclassification rates<20%),
moderate  (20% < misclassification  rates<30%), fair
(30% < misclassification rates<40%), and poor (misclassi-
fication rates>40%) [36].

Statistical analysis

The statistical analysis was performed by SPSS (SPSS
17.0 for Windows, SPSS, Chicago, IL). The Kolmogorov-
Smirnov test for normality was performed on

continuous variables and the graphical spread of the data
was visually inspected. Descriptive statistics were shown
as mean + standard deviation (SD) or median + inter-
quartile range (IQR) for continuous variables, and as fre-
quency and percentage for categorical variables.
Interobserver agreement for continuous variables (ADC
values, tumor length, MEMD, textural parameters) was
evaluated using the intra-class correlation coefficient
(ICC), and for categorical variables using Kappa of
agreement. The Kappa value was interpreted as follows:
<0, poor agreement; 0 to 0.20, slight agreement; 0.21 to
0.40, fair agreement; 0.41 to 0.60, moderate agreement;
0.61 to 0.80, substantial agreement; and > 0.80, almost
perfect agreement.

Patients were stratified into two groups: KRAS wild-
type group (KRAS™ group) and KRAS mutation group
(KRAS™ group) according to genomic DNA extraction
and analysis. Mann-Whitney U test was used to compare
variables (MEMD, texture features) with abnormal dis-
tribution for differentiation of rectal cancers with differ-
ent KRAS status. The independent samples ¢ test was
used to compare other continuous variables (including
ADC values, length and patients’ age) between KRAS™*
and KRAS™ group. Then, the differences among the
other categorical variables were analyzed using the chi-
square test or Fisher exact test. A receiver operating
characteristic (ROC) curve analysis was performed to
evaluate the discriminatory power of MRI features in-
cluding ADC values, tumor shape, T stage and textural
features in differentiating tumor KRAS mutation. The
area under the curve (AUC) and optimal cutoff values
were calculated, as well as the corresponding sensitivity
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and specificity. P<0.05 indicated a statistically significant
difference.

Results

Patient characteristics

Of 158 patients (mean age, 60.66 + 13.38), 143 (90.51%)
had cancers detected according to symptoms such as ab-
dominal pain, hematochezia, changes in bowel habits
and diarrhea, 10 (6.33%) had screen-detected cancers,
and the cancers in the remaining 5 patients (3.16%) were
discovered during the examination for other diseases.
According to final pathological results, 98 (62.03%) had
KRAS™ and 60 (37.97%) had KRAS™ type cancer. MRI
features and patients’ clinical characteristics in KRAS™*
group and KRAS™" group are shown in Table 2.

Quantitative textural analysis and ADC

Mean values of six texture features were significantly dif-
ferent in rectal cancers with different KRAS status (p <
0.0001). In addition, good classification results (error of
12.7%) were obtained with ANN classifier. Lower ADC
values were observed in the KRAS™ group compared to
the KRAS™" group (t = - 2.708, p = 0.008). The observed
results are listed in Table 2.

Conventional imaging analysis

With regard to tumor shape, the shape distribution be-
tween the two groups was quite different (x*<7.591, p =
0.022), with higher incidences of bulky (21.67%) and less
intraluminal polypoid mass (15.00%) in the KRAS™
group compared to (10.20 and 31.63%, respectively)
KRAS™ group, respectively. In addition, higher T stage
was observed more frequently in the KRAS™' group
compared to the KRAS™ group (x*=7.086, p = 0.029).
Moreover, the mean MEMD in the KRAS™ group was
significantly larger than in the KRAS™ group (Z=-
2.202, p =0.028), and relevant T3 sub-stage distribution
in two groups showed a similar trend (x*=8.240, p =
0.041).

Although rectal cancers with KRAS mutation were
mainly located in the middle-low part of rectum and
had an extent of over 3/4 bowel circumference, there
was no statistical difference between the KRAS™
group and the KRAS™ group (p = 0.095 and 0.872, re-
spectively). Other imaging features including length,
N staging, EMVI, CRM also demonstrated no signifi-
cant difference between the two groups. Moreover,
the incidence of mucinous adenocarcinomas in the
KRAS™ group was higher than in the KRAS"* group.
Yet, no significant difference was demonstrated (x*=
0.346, p=0.556) between the two groups. The ob-
served results are listed in Table 2.
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ROC analysis

The ROC curve of the ADC values is shown in Fig. 5.
The AUC of ADC values was 0.682 (95%CI:
0.564~0.801); at a cutoff value of 1.145 x 10~ 2 mm?/s,
the sensitivity and specificity were 66.67, 62.12%, re-
spectively. The ROC curve of the quantitative texture
values is shown in Fig. 6. According to ROC curve, tex-
tural features: Mean, Variance, Skewness, Entropy,
GLUN and RLUN values showed diagnostic significance
with the AUC values of 0.754, 0.759, 0.703, 0.800, 0.802
and 0.813, respectively. The optimal cutoff values for the
above features and their relevant sensitivity, and specifi-
city are listed in Table 3.

Interobserver agreement

Relatively good to excellent interobserver agreement was
obtained for continuous variables ADC values, tumor
length, MEMD, textural features with ICC values ran-
ging from 0.719 to 0.9487, 0.9838 to 0.9963, 0.9643 to
0.9918, and 0.6379 to 0.8159, respectively. The interob-
server agreement for categorical variables measured by
the Kappa value ranged from 0.729 to 1.0. EMVI had a
substantial agreement (Kappa value, 0.729), while the
remaining MRI features showed almost perfect agree-
ment (Kappa value > 0.8) (Table 4).

Discussion
In the present study, we found that 1) the textural ana-
lysis based on T2 weighted images had robust value in
differentiating KRAS status in rectal cancer; 2) rectal
cancers with KRAS mutation showed lower ADC value
and manifested as ulcerofungating/ ulceroinfiltrative
mass or had bulky shape, behaving more aggressive to
surrounding tissue with larger MEMD and higher T
stage. To our knowledge, this study is the first that ex-
plored the potential of textural analysis for predicting
KRAS status in rectal cancer based on MR images.
Although textural features are inconsistent for variable
software vendors, the focus key in texture analysis has
been on assessing heterogeneity in tumor images [37].
Each texture feature measures a particular property of
the arrangement of pixels within ROIs. Theoretically, a
number of these features are correlated with intra-tumor
heterogeneity attributed to various factors including ne-
crosis, hypoxia, angiogenesis, hemorrhage, even genetic
variations [37-41] For example, Variance is negatively
associated with angiogenesis in CRCs without KRAS
mutant, while positive association has been demon-
strated between Skewness and angiogenesis in CRCs with
KRAS mutant [41]. Entropy derived from GLCM mea-
sures the disorder of an image [35]. If the image is het-
erogeneous, many of the elements in the co-occurrence
matrix will have very small values, thus implying a very
large entropy [42]. In the present study, rectal cancer
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Table 2 MRI features and clinical characteristics of patients with rectal cancer(n=158)
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Factors Total (No./ KRAS Status P-value
values) Wild-type Mutant
(n=98) (n=60)

Age 60.66+13.38 60.42+12.89 61.07+14.26 0.388

Gender 0.769
Male 106 66(67.35%) 40(66.67%)

Female 52 32(32.65%) 20(33.33%)

ADC (x10”°mm?/ms ) 1.22+0.39 1374037 1154038 0.008"

Texture features
Mean 66.47+14.55 62.66+10.53 73.34£18.38 <0.0001
Variance 289.19£118.96 267.65+122.51 334.39+94.27 <0.0001
Skewness 0.54+0.67 043+0.53 0.73+0.42 <0.0001
Entropy 1.89+0.23 1.80+£0.19 1.97+£0.14 <0.0001
RLUN 178.38+65.19 159.87+53.38 208.12+69.14 <0.0001
GLUN 7.53+£3.44 6.55+£2.83 9.26+3.33 <0.0001

Tumor location
Upper Rectum 48 33(33.67%) 15(25.00%) 0.095
Middle Rectum 72 47(47.96%) 25(41.67%)

Lower Rectum 38 18(18.37%) 20(33.33%)

Tumor shape 0.022
Intraluminal polypoid mass 40 31(31.63%) 9(15.00%)
Ulcerofungating/Ulceroinfiltrative mass 95 57(58.16%) 38(63.33%)

Bulky 23 10(10.20%) 13(21.67%)
Tumor length(cm) 4.12+1.68 4.04+1.62 4.25+1.78 0446

Tumor type 0.556
Mucinous adenocarcinoma 23 13(13.27%) 10(16.67%)

Non-mucinous adenocarcinoma 135 85(86.73%) 50(83.33%)

Cirumferential extent 0872"
al 6 4(4.08%) 2(3.33%)

2 56 36(36.73%) 20(33.33%)
a 56 34(34.69%) 22(36.67%)
c4 40 24(24.49%) 16(26.67%)

Radiologic T stage 0.029
T1-2 49 35(35.71%) 14(23.33%)

T3 94 58(59.18%) 36(60.00%)
T4 15 5(5.10%) 10(16.67%)

T3 substage 0.041
T3a 23 19(32.76%) 4(11.11%)

T3b 36 23(39.66%) 13(36.11%)
T3c 23 11(18.97%) 12(33.33%)
T3d 12 5(8.62%) 7(19.44%)

MEMD(cm) 0.30£0.60 0.30+£0.60 0.50+0.60 0.028"

N stage 0.754
NO 74 48(48.98%) 26(43.33%)

N1 51 31(31.63%) 20(33.33%)
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Table 2 MRI features and clinical characteristics of patients with rectal cancer(n=158) (Continued)
Factors Total (No./ KRAS Status P-value
values) Wild-type Mutant
(n=98) (n=60)
N2 23 19(19.39%) 14(23.33%)
EMVI 0.664
Positive 34 20(20.41%) 14(23.33%)
Negative 124 78(79.59%) 46(76.67%)
CRM 0337
Positive 38 28(28.57%) 13(21.67%)
Negative 120 70(71.43%) 47(78.33%)

Abbreviations: ADC apparent diffusion coefficient, MEMD the maximal extramural depth of tumour; EMVI extramural vascular invasion, CRM circumferential

resection margin, RLNU run-length nonuniformity, GLNU grey-level nonuniformity

*independent samples t test, data is mean + standard deviation;A Mann-Whitney U test, data is data is median + interquartile range. **Considering limited
patients’ numbers in subgroups of circumferential extent, reclassification was adopted as follows: C1-2, C3, and C4, and P value was the result of

new categorization

with KRAS mutation had higher Entropy values com-
pared to the KRAS™ group (p < 0.0001). In other words,
rectal cancer with KRAS mutation had higher intrinsic
heterogeneity than KRAS wild-type cancers did; this in-
trinsic heterogeneity in KARS mutation should be ad-
dressed more in detail by further research.

Encouraging results on texture analysis for differentiat-
ing benign and malignant lymph nodes, identifying T
stage and predicting outcome after chemoradiotherapy
in rectal cancer have been reported by previous studies
using different imaging modalities including CT, MR,
and ultrasound [22-24, 43, 44]. In this study, we per-
formed the texture analysis of rectal cancer using T2

Fig. 5 Receiver operating characteristic (ROC) curves (solid line) and
95% confidence bounds (dotted lines) for ADC values in
differentiating KRAS mutation status in rectal cancer

weighted images from MR, which is the gold-standard
imaging technique for preoperative staging and is also
the standard routine for patients with rectal cancer at
our hospital. Furthermore, MRI could reduce the impact
of image noise on biological heterogeneity with higher
contrast resolution and contrast-to-noise ratio compared
with CT [24].

As mentioned above, the lower ADC value observed in
rectal cancers with KRAS mutation may suggest an un-
favorable tumor profile. Recent studies have revealed
that low ADC values are associated with poorly differen-
tiated tumors and high tumor stages in rectal cancers
[45, 46] It is well known that ADC value is inversely cor-
related with the cellularity and positively correlated with
necrosis and cystic changes in tissues. Hence, lower
ADC value might reflect less necrosis, higher cellular
density, and higher vascularization, suggesting the ag-
gressiveness of the tumor profile [47]. Furthermore, it
has been reported that lung metastasis is more likely to
develop in CRCs with KRAS mutation than in KRAS
wild-type [48]. These findings are indirectly consistent
with our results.

In the present study, higher incidences of bulky CRCs
were observed in the KRAS™" group compared to the
KRAS™ group. Kim et al [27] have shown a higher inci-
dence of bulky CRCs in the poorly differentiated CRCs
than in the well- or moderately differentiated CRCs, and
poor differentiation is associated with high risk of post-
operative relapse in stage II CRCs [49]. Thus, it is pro-
posed that bulky CRCs are more likely to have a poor
prognosis. Actually, according to classification criteria
[27], bulky tumors had exophytic growth tendency with
MEMD> 10 mm in our study. Cho and colleagues [49]
have reported that significantly higher 3-year recurrence
rate after surgical treatment is observed in rectal cancers
with MEMD> 10 mm than in tumors with MEMD <10
mm, which supported our hypothesis. Consequently, it
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mutation status in rectal cancer

Fig. 6 Receiver operating characteristic (ROC) curves corresponding to T2W images derived quantitative texture features for differentiating KRAS

is easy to understand the relatively higher incidence of
bulky CRCs in the KRAS™" group.

In daily practice, the biopsy is still the routine way to
get tumour mutant status before treatment. Considering
the spatial and temporal intra-tumour molecular hetero-
geneity, the results for biopsy samples are yet to be con-
sistent [11-13, 50]. Recently, a large prospective study
[50] showed that the concordance ratio between paired
biopsy and resection specimens was 82% for KRAS sta-
tus. In the current study, although the best sensitivity
(Variance) and specificity (Mean) of the texture features
were both over 83% in the study, the sensitivity and spe-
cificity of GLNU, which harboured the best diagnostic
significance (AUC =0.813), were both lower than 80%.
These findings suggest that the textural analysis can po-
tentially provide promising MRI biomarkers for KRAS
status, however, the sensitivity of it still needs to be im-
proved in further studies.

Table 3 Receiver operator characteristics of textural parameters
for predicting KRAS status

Feature AUC  SE(AUC) 95%CI(AUC)  Criterion  Se(%) Sp(%)

Mean 0.754 0.040 0674~0.833 >72072  5833% 83.67%
Variance  0.759 0.038 0.684~0.834 >281.700 83.33% 60.20%
Skewness 0703  0.043 0.618~0.787 >0.554 80.00% 69.39%
Entropy 0800 0.035 0.731~0.870 >1.893 76.67% 7857%
RLNU 0.802 0.036 0.731~0.872 >186.350 78.33% 76.53%
GLNU 0813 0.034 0.746~0.880 >7.846 7833% 74.49%

Abbreviation: AUC area under the curve, SE standard error, Se sensitivity, Sp
specificity, RLNU run-length nonuniformity, GLNU gray-level nonuniformity

There are some limitations in the current study. First,
texture features were selected using POE + ACC algo-
rithms in combination with ANN classifiers, and merely
six features were extracted for further analysis in this
study. Considering that a large number of features could
be generated by MaZda software and that limited sub-
jects were included in the study selective bias may exist

Table 4 Inter-observer agreement for variables

Inter-observer agreement for variables

Variable Type Variable Kappa value/ICC 95%(Cl

Categorical Tumor shape 0919 0.863-0.974
circumferential 0979 0.965-1.0
T stage 0.935 0.883-0.986
N stage 0.940 0.898-0.981
Tumor type 0.804 0.663-0.945
EMVI 0.729 0.599-0.857
CRM 0812 0.694-0.930

Continuous ADC 0.8542 0.7190-0.9487
Tumor length 0.9885 0.9838-0.9963
MEMD 0.9843 0.9643-0.9918
Mean 0.7448 0.6663-0.8069
Variance 0.7571 0.6818-0.8159
Skewness 0.7402 0.6607-0.8032
Entropy 0.7452 0.6670-0.8072
GLNU 0.7239 0.6379-0.7916
RLNU 0.7539 0.6776-0.8141

Inter-observer agreement of categorical variables was evaluated by Kappa or
weighted Kappa value, while inter-observer agreement of continuous ones
was evaluated by ICC
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and further studies are required. Second, due to the
complexity of the technique and a high number of pa-
rameters, high variability in data acquisition could be in-
troduced in the MRI scan, and in theory could affect the
reproducibility of the final results [24]. However, the dif-
ferences in texture features extracted from MR images
from different scanners seem to have only a weak impact
on the results of tissue discrimination [34]. Third, with
regard to the genomic results, our data were restricted
to the KRAS mutations located in codons 12 and 13.
Nevertheless, since condons 12 and 13 KRAS mutations
represent the majority of RAS mutations in CRC, our re-
sults provide a reasonable representation for tumors
with RAS mutation in some degree. Fourth, considering
the potential discrepancy between pre-treatment biopsy
and final pathology [11-13], only the outcome from final
surgical specimen were enrolled in the study. Fifth, this
was a single-center study with a limited sample size,
which may be the reason why only moderate predictive
value of MRI features for identifying KRAS status has
been observed. Further work with a larger sample size
may lead to more statistically significant results.

Conclusion

Overall, our preliminary results demonstrate that MRI
features, including quantitative texture analysis derived
from T2 weighted images, have the potential to differen-
tiate the KRAS status in rectal cancers. The additional
texture features may provide reference information for
characterizing KRAS status with the expected impact on
management of individualized diagnosis and treatment
of rectal cancer.
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Purpose: Strain measurement is frequently used to assess myocardial motion in cardiac
imaging. This study aimed to apply strain measurement to pulmonary motion observed by
four-dimensional dynamic-ventilation computed tomography (CT) and to clarify motion
abnormality in COPD.

Materials and methods: Thirty-two smokers, including ten with COPD, underwent dynamic-
ventilation CT during spontaneous breathing. CT data were continuously reconstructed every
0.5 seconds. In the series of images obtained by dynamic-ventilation CT, five expiratory frames
were identified starting from the peak inspiratory frame (first expiratory frame) and ending
with the fifth expiratory frame. Strain measurement of the scanned lung was performed using
research software that was originally developed for cardiac strain measurement and modified
for assessing deformation of the lung. The measured strain values were divided by the change
in mean lung density to adjust for the degree of expiration. Spearman’s rank correlation analy-
sis was used to evaluate associations between the adjusted strain measurements and various
spirometric values.

Results: The adjusted strain measurement was negatively correlated with FEV,/FVC (p=—0.52,
P<0.01), maximum mid-expiratory flow (p=—-0.59, P<<0.001), and peak expiratory flow
(p=—0.48, P<<0.01), suggesting that abnormal deformation of lung motion is related to various
patterns of expiratory airflow limitation.

Conclusion: Abnormal deformation of lung motion exists in COPD patients and can be quan-
titatively assessed by strain measurement using dynamic-ventilation CT. This technique can
be expanded to dynamic-ventilation CT in patients with various lung and airway diseases that
cause abnormal pulmonary motion.

Keywords: COPD, computed tomography, CT, dynamic-ventilation CT, strain measurement,
emphysema

Introduction

Strain analysis, which can express deformation of a tissue or organ in the human body,
has been mainly used to assess myocardial motion using various four-dimensional
(4D) imaging modalities, including echocardiography, magnetic resonance imaging
(MRI), and computed tomography (CT).t2! Although various parameters based on
strain measurements have been advocated by different software vendors, it is com-
monly accepted in the field of cardiology that strain is a sensitive parameter to assess
regional function of the myocardium.*! It has also been reported that strain measure-
ments reveal minor left ventricular modifications in athletes with common anomalies
(ie, bicuspid aortic valve),® which might be masked by apparently normal values of
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global cardiac function parameters, such as ejection fraction
and stroke volume. 213

In cardiology, a higher value of myocardial strain
observed on MRI or echocardiography usually indicates
better myocardial movement, because strong systolic—
diastolic movements result in large deformation of the mea-
sured myocardium. However, it has also been shown that
myocardial strain is heterogeneous in patients with dilated
cardiomyopathy, suggesting heterogeneity of myocardial
contractile function.® Joseph et al presented color contour
maps based on MRI strain measurements in patients with
dilated cardiomyopathy and concluded that myocardial
systolic strain has a heterogeneous regional distribution.®

In patients with COPD, the destruction of normal “mesh-
like” structures of pulmonary tissue results in pulmonary
emphysema and leads to a reduction of lung compliance,
causing inhomogeneous transmission of lung motion during
the respiratory cycle.** Furthermore, the heterogeneous dis-
tribution of emphysematous changes and airway diseases
also intensify the heterogeneity of lung movement during
ventilation,’>'” which has been clearly confirmed in recent
studies using 4D dynamic-ventilation CT and other imaging
techniques.’®2° These recent studies have demonstrated the
existence of asynchrony between the right and left lungs,
between the proximal airways and lung, and among different
lung lobes. However, to the best of our knowledge, there is
no published information on motion abnormality of the entire
scanned lung. Considering the similar physiologic character-
istics of the lungs and heart (both show cyclic movements and
changes in volume), we hypothesized that the quantitative
strain measurement used in cardiology could be transferred
to pulmonary 4D-CT imaging and generate new knowledge
on normal and abnormal respiratory movements of the lungs.
Also, we predicted that heterogeneity of lung motion, which
would be similar to strain heterogeneity in dilated cardiomyo-
pathy, can be demonstrated as abnormal deformation, or a
high strain value in the targeted portion of the lungs.

Thus, the goals of this study were the following: 1) to
first measure lung strain using 4D dynamic-ventilation CT,
2) to clarify abnormal deformation of lung motion by strain
measurement, and 3) to assess correlations between strain
and COPD severity.

Materials and methods

The Institutional Review Board at Ohara General Hospital
approved this retrospective study. Based on the national guide-
line of the Japanese Government, the Institutional Review
Board at Ohara General Hospital waived written informed

consent from enrolled patients for this study. Dynamic-
ventilation CT and spirometry were performed as part of
routine clinical care at Ohara Medical Center (part of Ohara
General Hospital). This study was also part of the Area-
detector Computed Tomography for the Investigation of
Thoracic Diseases (ACTIve) Study, a multicenter research
alliance in Japan. Also, the subjects’ data utilized in this
study were previously analyzed with a different objective
for other research.?

Subjects

Thirty-two smokers (4 females and 28 males; mean age
70£12 years) underwent both spirometry and chest CT
(conventional and dynamic-ventilatory scans) at Ohara
Medical Center. As the same patients were previously
analyzed with a different objective,? the detailed infor-
mation regarding the study population is described in the
Supplementary material. Patient data analyzed in this study,
such as CT scans and clinical information, were anonymized
and maintained with strict confidentiality.

CT scanning

All patients were scanned with a 320-row MDCT scanner
(Aquilion ONE, Canon Medical Systems, Otawara, Tochigi,
Japan) for both conventional (static) and dynamic-ventilatory
scans. The detailed information regarding the CT scanning
is described in the Supplementary material.

Image analysis — lung density measurement

on dynamic-ventilation CT

Using commercially available software (Lung Volume
Measurement, Canon Medical Systems), the mean lung
density (MLD) of the scanned lung (<160 mm in the Z-axis)
was measured automatically in each frame. On the time curve
of MLD, the peak inspiratory frame (=first expiratory frame)
was defined as the lowest MLD on the curve. The expiratory
phase was defined as the frames starting from the peak inspira-
tory frame (first expiratory frame), and the MLD values for the
first to fifth expiratory frames were obtained for this study.

Image analysis — strain measurement on

dynamic-ventilation CT

Strain measurement on the dynamic-ventilation CT was
performed using in-house research software installed in a
commercially available workstation for 4D-CT analysis
(PhyZiodynamics, Ziosoft, Tokyo, Japan). In brief, the
software measured the “maximum principal strain” values
(Figure 1), which were originally used in cardiac imaging
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Phase 1

Maximum principal strain = %

Figure | lllustrations for the concept of “principal strain”.

Phase N

L

Notes: The maximum principal strain is calculated based on expansion of the principal direction (L) from the starting (standard) point (phase |) to the measured point
(phase N). L, at phase N becomes large when the original sphere changes its shape strongly at phase N.

but newly modified to assess lung mation. Using the motion
coherence algorithm, dynamic-ventilation CT data could
be analyzed at any given point in the imaging space using
image matching and model matching algorithms that produce
the matrix of the motion vectors. Maximum principal strain
was calculated directly at the composition/interpolation
stage, based on the motion vector at any point in the space.
The maximum principal strain was calculated at the points
in the space during ventilation, based on expansion of the
principal direction from the starting (standard) frame (first
expiratory frame = peak inspiratory frame) to the second to
fifth expiratory frames. Figure 2 shows an example of a serial
change in the maximum principal strain in each frame of the

expiratory phase. The software automatically excluded the
upper and lower marginal zones that were not included in the
scanning field during inspiration, even if they were included
during expiration.

Strain values for the second to fifth expiratory frames
were divided by the changes in MLD between the first and
second to fifth frames to adjust each strain value by the degree
of expiration. Finally, adjusted strain values for the second
to fifth frames were summed to express the total strain mea-
surement during expiration. The sum of the adjusted strain
values could be considered to express abnormal deformation
of lung motion, which was discriminated from physiologic
deformation in lung areas with normal exhalation.

0.50~
0.46
043
0.39
0.36
0.32
0.29
0.25
0.21
0.18
0.14
0.1
0.07
0.04
~0.00

First expiratory frame
(pesk mspratory rame ) it expitory fame
= standard frame)

Figure 2 Example of serial changes in strain maps in a patient with COPD.

Note: From the first expiratory frame (left, the peak inspiratory frame) to the fifth expiratory frame, high strain values are observed as red areas, which are different from

the gravity-dependent dorsal areas.
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Table | Clinical characteristics of 32 subjects

Characteristics Mean + SD (Range)
Gender (female:male) (4:28) -

Age (years) 70%12 (36-84)
Smoking index (pack-years) 46121 (2-100)
Smoking status (ex-smoker: (16:16) -

current smoker)

FEV, (L) 2.20+0.93 (0.54-4.07)
FEV /FVC 0.73+0.12 (0.41-0.92)
MMEFR (L/s) 1.84+1.21 (0.28-4.97)
PEF (L) 5.23+2.67 (1.35-10.5)

Abbreviations: MMFR, maximum mid-expiratory flow rate; PEF, peak expiratory
flow.

Image analysis — emphysema
measurement by conventional chest CT
Based on the data of the helical CT scans, an emphysema
measurement was performed using the same software for
the MLD measurement (Lung Volume Measurement, Canon
Medical Systems). The percent low attenuation volume
(LAV%, < —950 Hounsfield units [HU]) of the whole lung
was automatically measured.

Spirometry

All subjects performed spirometry, including FEV, and
FVC, maximum mid-expiratory flow rate (MMFR), and
peak expiratory flow (PEF), according to American Thoracic
Society standards.? The spirometric values from the study
participants are shown in Table 1. Spirometry was performed
within 2 weeks of the chest CT.

Statistical analysis
Data are expressed as mean £ SD. Spearman’s rank correla-
tion analysis was used to evaluate the associations among

the CT indices or between the CT indices and the spirometric
values. A P-value of <0.05 was considered significant. All
statistical analyses were performed using JMP 12.0 software
(SAS Institute Inc., Cary, NC, USA).

Results
MLD measurement on dynamic-
ventilation CT and emphysema index on

conventional CT

Based on dynamic-ventilation CT, the mean MLD values
were —871.0£37.3 and —821.5£55.8 HU for the first and
fifth expiratory frames, respectively. The MLD values for
the first and fifth expiratory frame demonstrated positive
correlations with all spirometric values; the MLD at the fifth
expiratory frame demonstrated a stronger correlation with
FEV,/FVC (p=0.75, P<<0.0001) compared to the MLD at
the first expiratory frame (Table 2). Based on helical CT
for the whole lung, the mean LAV% (emphysema index)
was 10.8%+14.8% and correlated with multiple spirometric
values except for FEV, (Table 2).

Strain measurement on dynamic-

ventilation CT

The mean adjusted strain for expiration was 24.7+18.0 (range,
5.9-72.6). Generally, higher strain values were observed
in patients with lower spirometric values, and negative
correlations were found between strain and all spirometric
values (p=—0.48 to —0.59, P<<0.01) (Table 2) (Figures 3
and 4, Movies S1 and S2). This implies that homogeneous
lung motion would be limited and lost in patients with
more severe COPD. Particularly, the correlation coefficient
between adjusted strain and the maximum mid-expiratory

Table 2 Correlations between CT measurements and spirometric values

CT measurement Mean £ SD Correlation coefficients (p)
(range) FEV, FEV /FVC MMFR PEF
Dynamic-ventilation CT
MLD at the first expiratory frame —871.0£37.3 0.45 0.59 0.57 0.53
(-949.6 to —812.9) | (P<0.01) (P<<0.001) (P<<0.001) (P<0.01)
MLD at the fifth expiratory frame —821.5+£55.8 0.48 0.75 0.67 0.57
(—938.7 to —729.8) | (P<0.01) (P<<0.0001) (P<0.001) (P<0.001)
Adjusted strain measurement 24.7£18.0 —-0.55 —-0.52 -0.59 —-0.48
(5.9 to 72.6) (P<0.01) (P<0.01) (P<<0.001) (P<0.01)
Helical CT
LAV% 10.8+14.8 —-0.33 -0.73 -0.57 —0.38
(0 to 52.0) (NS) (P<<0.0001) (P<<0.001) (P<<0.05)

Note: The first expiratory frame is the same as the peak inspiratory frame.

Abbreviations: LAV%, percent low attenuation volume (< —950 Hounsfield units); MLD, mean lung density; MMFR, maximum mid-expiratory flow rate; NS, not significant;

PEF, peak expiratory flow.
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Figure 3 Strain mapping of a non-COPD smoker (during expiration, 39-year-old
male, FEV /FVC =0.92).

Note: During expiration, high strain values (red areas) are observed just above the
diaphragm and around interlobar fissures, suggesting that deformation of the lung
would be physiologic due to normal expiration.

airflow was slightly higher (p=—0.59, P<<0.001) than those
with other spirometric values.

Discussion

In this study, we applied quantitative strain measurement to
4D dynamic-ventilation CT images and found the following:
1) the strain measurement adjusted by the degree of expiration
can be used for assessment of abnormal lung deformation
during ventilation and 2) the adjusted strain measurement
demonstrates negative correlations with several spirometric
values. These observations suggest that abnormal pulmonary
deformation by ventilation can be expressed by abnormally
high strain values, and strain analysis can provide quantita-
tive information that may reflect uneven, heterogeneous
lung movement in various pulmonary and airway diseases.
We currently believe that early heterogeneous changes in
lung motion can be detected by abnormally high strain values

Figure 4 Strain mapping of a severe COPD patient (during expiration, 70-year-old
male, FEV /FVC =0.41).

Note: Compared with a non-COPD smoker (Figure 3), high strain areas (red areas)
are scattered in the lungs, suggesting that these deformations are abnormal and
caused by COPD.

in patients with various diseases, such as bronchiectasis,
non-tuberculosis mycobacteria, and interstitial lung diseases,
which may precede clinical symptoms or abnormalities found
by other conventional lung function tests.

Strain measurement has been widely used in cardiology
for describing multidimensional deformations or underlying
structural changes of muscular fibers, observed by various
modalities (such as MRI, CT, and echocardiography).: 3
Generally, as the normal myocardium contracts in systole
and expands in diastole, high strain values are observed
in the normal parts of the heart. In contrast to the normal
myocardium, ischemic myocardium or scarred cardiac
segments do not contract as well, causing heterogeneous
deformation and abnormally low strain values.?? In addition,
tethering effects of segments adjacent to area of myocardial
infarction also cause an abnormal deformation pattern.z2
Thus, quantitative strain measurement can be used to detect
regional myocardial dysfunction in patients with ischemic
heart disease, cardiomyopathies, hypertension, and valvular
disease.® Furthermore, strain analysis has been explored to
evaluate heterogeneity of myocardial contractile function in
patients with dilated cardiomyopathy. Three-dimensional
color contour maps based on strain values using MRI
accurately visualize heterogeneous contraction in patients
with dilated cardiomyopathy.® In other words, in the field of
cardiology, strain measurement should be “uniformly high”
throughout the myocardium and reduced or heterogeneous
strain values imply underlying myocardial dysfunction by
various diseases.®

In the current study, we attempted to introduce strain mea-
surement to 4D dynamic-ventilation CT during free breathing.
As strain values express deformation of targeted structures,
we expected that two different types of deformation must
have existed in the lung: normal deformation of the lung due
to inhalation/exhalation and abnormal regional deformation
caused by heterogeneous ventilation due to COPD (emphy-
sema and airway disease). Normal deformation of the lung
would appear at lung areas with large respiratory movements,
such as the lung bottom adjacent to the diaphragm and the
dorsal part of the lung in the supine position (Figure 3). In
contrast, abnormal deformation may be observed throughout
the lung without any specific locations, because this abnormal
deformation is caused by heterogeneous ventilation or partial
air-trapping due to emphysema and airway disease of COPD
(Figure 4). To distinguish these two different deformation
patterns, we adjusted measured strain values by the degree
of expiration in this study. The changes in MLD between the
first and the second to fifth respiratory frames indicate the
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magnitude of exhalation during the expiratory phase. Even if
large deformation occurs by deep (sufficient) expiration in a
relatively healthy subject, the high strain values are adjusted
by large changes in MLD. In contrast, the value of strain
itself may be intermediate in patients with severe COPD
without large expiratory movements, but the adjusted strain
value may be quite large because of small changes in MLD
(insufficient expiration) due to limited airflow. Using this
method, we successfully extracted “abnormal” deformation
of the lung, which was expressed as the adjusted strain value,
and this should be closely associated with heterogeneous
lung movements.

The mechanical properties of the lung tissue are mainly
determined by collagen and elastic fibers, demonstrating
viscoelastic behavior during deflation and inflation.*® Nor-
mally, the stresses under constant ventilation are homoge-
neously transmitted throughout the entire lung.?” However,
in COPD patients, in addition to loss of pulmonary elastic
recoil, heterogeneous distribution of pulmonary emphysema
and abnormalities of thoracic structures (such as narrowed/
collapsed airways and the flattened diaphragm) must result
in asynchronous transmission of physical stress in the lung
during ventilation, which causes heterogeneous pulmonary
movement. Although heterogeneity or asynchrony of lung/
airway motion has been reported in COPD patients,!-? this is
the first study to quantitatively assess abnormal deformation
in the entire scanned lung using strain measurement.

Interestingly, in the current study, adjusted strain was
negatively correlated with FEV,, FEV /FVC, MMFR, and
PEF. Although the strength of the correlations was intermedi-
ate, these correlations suggest that pulmonary motion hetero-
geneity may be caused by various patterns, such as proximal
airway disease, small airway disease, and lung parenchymal
abnormalities. Thus, it should be possible to expand strain
measurement by dynamic-ventilation CT to other lung/airway
diseases, such as asthma, cystic fibrosis, or even diffuse lung
disease, which have not been a target of quantitative motion
analysis of the lung and airways. Currently, several different
approaches have been described using novel CT techniques to
measure respiratory changes in lung volume and the emphy-
sema index. These new approaches, including our approach
of dynamic-ventilation CT, should generate new information
on the pathophysiology of various lung diseases.?

There were several limitations of the present study. First,
a limited number of subjects were enrolled. These preliminary
results should be reproduced with a larger cohort. Second, MLD
and adjusted strain were calculated from part of the lung on 4D
dynamic-ventilation CT due to the limited scan length in the Z-axis

(=160 mm). Thus, selection bias of the lung location would have
influenced the strain measurements. Third, the adjusted strain
measurements were extracted from the expiratory phase only. As
it is known that CT indices at the expiratory phase show higher
correlations than at the inspiratory phase,” we focused on the
expiratory phase only. However, strain measurements during
inspiration may provide additional insight into pulmonary physi-
ology, and these measurements shown be performed in future
studies. Fourth, several patients enrolled in the current study had
resectable thoracic neoplasms. Although no patient had a large
mass invading the chest wall or proximal airways, the presence of
thoracic tumor may have influenced the strain measurement. Fifth,
other coexisting diseases caused by smoking, such as chronic
bronchitis or slight interstitial changes, may have influenced the
strain measurement. ldeally, healthy subjects without a smoking
history should have been enrolled as a control group to assess the
normal respiratory deformation of the lung.

In conclusion, strain analysis using 4D dynamic-
ventilation CT is feasible to quantify the abnormal deforma-
tion of lung motion in patients with COPD. This technique
can be expanded to various lung and airways diseases, in a
manner that is similar to cardiac imaging.
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Correlation Between Intravoxel
Incoherent Motion and Dynamic
Contrast-Enhanced Magnetic
Resonance Imaging Parameters in
Rectal Cancer

Hongliang Sun, MD, Yanyan Xu, MD, Qiaoyu Xu, MD, Jianghui Duan, MD, Haibo Zhang, MD,
Tongxi Liu, MD, Lu Li, MD, Queenie Chan, PhD, Sheng Xie, MD, Wu Wang, MD

Abbreviations

D

Diffusion coefficient

D*

Pseudo-diffusion coefficient

DCE-MRI

dynamic contrast-enhanced

magnetic resonance imaging

DwWI

Diffusion-weighted imaging
f

Perfusion fraction

FFE
fast field echo

IVIM
Intravoxel incoherent motion

Ktrans

transfer constant between
blood plasma and extravascu-
lar extracellular space

Rationale and Objectives: This study aimed to determine the correlation between intravoxel incoherent
motion (IVIM) and multiphase dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
quantitative parameters in patients with rectal cancer.

Materials and Methods: Ninety-seven patients with rectal cancer were included in this study. All
pelvic MRl examinations were performed in a 3.0 T MR unit, including diffusion-weighted imaging
with 16 b values, DCE-MRI with two different flip angles (5° and 10°, respectively), and T1-fast field
echo sequences as the reference. The IVIM perfusion-related parameters (f, perfusion fraction; D*,
pseudo-diffusion coefficient; -D*, the multiplication of the two parameters) were calculated by
biexponential analysis. Quantitative DCE-MRI parameters were transfer constant (K'@"°) between
blood plasma and extravascular extracellular space), Ko, (rate between extravascular extracellular
space and blood plasma), V, (extravascular volume fraction), V, (plasma volume fraction), and
area under the gadolinium concentration curve. Interobserver agreements were evaluated using
the intraclass correlation coefficient and Bland—Altman analysis. A p value <0.05 indicated a
statistically significant difference.

Results: The study included 75 males and 22 females with a median age of 58.8 years (range,
26—85years). Interobserver reproducibility for IVIM perfusion-related parameters and DCE-MRI quanti-
tative parameters was good to excellent (intraclass correlation coefficient =0.8618—0.9181, intraclass
correlation coefficient = 0.7826—0.9088, respectively). Moderate correlations were found between f-D*
and K" (r=0.533; p < 0.001), and relatively weak correlations between D* and K" (r=0.389; p <
0.001), D* and V,, (r=0.442; p < 0.001), £-D* and V,, (r=0.466; p < 0.001), and f and V,, (r = —0.234;
p=0.021).
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Conclusion: IVIM perfusion-related parameters, especially f-D¥, demonstrated moderate correlations
with DCE-MRI quantitative parameters in rectal cancer.
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Echo time
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Repetition time

TSE

Turbo spin echo

Ve

extravascular volume fraction
Vp

plasma volume fraction

INTRODUCTION

umor angiogenesis plays a vital role in tumor growth
and progressively invasion, and evaluation of tumor
angiogenesis activity is quite helpful for diagnosis,
prognostic evaluation, and therapeutic monitoring of rectal
cancer (1—2). Tl-weighted dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) is a well-estab-
lished technique used to map quantitative perfusion and per-
which

microcirculation. It has been proved that perfusion parame-

meability parameters, indirectly reflect tumor
ters of DCE-MRI correlated with tumor angiogenesis and
molecular markers in rectal cancer (3—7). Previous clinical
studies (8—10) also demonstrated the potential value of
DCE-MRUI in monitoring treatment response of rectal cancer
to neoadjuvant chemoradiation. However, DCE-MRI could
not provide perfusion information without the injection of
intravenous contrast media, which was a dilemma, particularly
in patients with renal insufficiency or individuals with severe
allergies to intravenous gadolinium-based contrast media.

Intravoxel incoherent motion diffusion-weighted imag-
ing (IVIM-DWT) (11) is another attractive functional MRI
technique that provides parameters reflecting tissue perfu-
sion without intravenous contrast injection. I[IVIM-DWI
consists of a series of diffusion-weighted acquisitions with
a wide range of b values, subsequently, allowing for simul-
taneous acquisition of both microcirculatory and diftusiv-
ity information. Furthermore, Le Bihan and Turner
(12,13) provided the equations that linked perfusion-
related IVIM parameters and conventional perfusion
parameters in the brain, stating that theoretical relation-
ships existed between f and blood volume, D* and mean
transit time, and flow-related parameters and blood flow.
Therefore, IVIM perfusion-related parameters were
assumed to be theoretically associated with DCE-MRI
parameters. If perfusion information of rectal cancer can be
evaluated using IVIM-DWI, then IVIM-DWI may possi-
bly serve as a surrogate for DCE-MRI to some degree,
eventually bringing down the need for contrast agent
injection.

Although the potential ability of IVIM-DWI parameters in
probing tumor microcirculation is fascinating, no clear relationships
between perfusion-related IVIM parameters and DCE-MRI
quantitative parameters in rectal cancers have been reported.

Therefore, this study aimed to evaluate the relationship
between perfusion-related IVIM parameters and DCE-MRI
quantitative parameters in patients with rectal cancer, and to
explore the possibility of noninvasively evaluating tumor per-
fusion using DWI in the future.

MATERIALS AND METHOD
Patients

This retrospective study was approved by the ethics commit-
tee of the hospital, and written informed consent was
obtained in all cases.

Totally, 152 consecutive patients with biopsy-proven rec-
tal cancers, waiting to undergo initial staging investigations,
were recruited. After imaging examinations (including
MRUI), although surgery was performed in all patients, the
other therapy procedures including chemoradiation therapy
were individually tailored.

However, patients who met any of the following criteria were
excluded from the late evaluation: (1) prior rectal surgery (rectal
cancer resection [n = 2], polypectomy [n = 1], anal fistulectomy
[n=1], and rectal prolapse surgery [n=1]); (2) pre-examination
chemoradiation therapy (17 = 20) or unidentified herbal medicine
therapy (n = 7); (3) poor image quality (heavy intestinal peristalsis
or heavy susceptibility artifacts [# = 5], too small lesion [diameter
<5 mm)], or difficult to identify on images [#=6]); and (4) mucin-
ous adenocarcinoma (1 = 12). Finally, 97 patients (75 men and 22
women; mean age, 58.8 years; age range, 26—85 years) were
enrolled in the final analysis. Selected patient and tumor charac-
teristics are shown in Table 1.

MRI Examination

Patients had low-residue diet before examination and fasted
on the day of examination. Intramuscular injection of 10 mg
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IVIM AND DCE-MRI IN RECTAL CANCER

TABLE 1. Patient and Tumor Characteristics

Characteristic No.
Patient number 97
Age (year)

Mean (range) 58.8 (26—85)
Sex (M/F) 75/22
Tumor length (cm) 4.06 +1.75
Radiologic T stage

T1-2 30 (30.93%)

T3 55 (56.70%)

T4 12 (12.37%)
Tumor location (distance from the anal verge)

Upper (>10cm) 15 (15.46%)

Middle (5-10 cm) 40 (41.24%)

Lower (<5 cm) 42 (43.30%)

anisodamine hydrochloride was given to each patient to
inhibit intestinal peristalsis. The patients had to lie on the
table without moving to minimize the possible motion arti-
facts or deformation introduced during the examination.

Pelvic MRI scanning was implemented on a 3T whole-
body scanner (Ingenia, Philips Medical Systems, Best, the
Netherlands) with a gradient strength 45 mT/m and a gradi-
ent switching rate 200 mT/(m-ms), using a 16-channel ante-
rior torso dS coil and a 16-channel posterior table dS coil. 2D
Sagittal and coronal T2-weighted turbo spin echo sequences
were performed with the following parameters: repetition
time (TR) 4347 ms, echo time (TE) 102 ms, Echo-train
length 21, field of view (FOV) 24 x 24 cm?, slice thickness
4 mm with 0.4-mm gap, acquisition matrix 336 x 246, and
number of signals averaged (NSA) 1. A 2D oblique axial T2-
weighted turbo spin echo sequence was planned perpendicu-
larly to the tumor axis using the following parameters: TR
4522 ms, TE 102 ms, FOV 18 x 18 cm?, slice thickness
35 mm with 0.35-mm gap,
300 x 296.

Oblique axial IVIM—MRI scan was performed using a sin-
gle-shot echo-planar imaging pulse sequence in free breath-
ing with the following parameters: TE/TR 76/4000 ms,
FOV 40 x 32 cm?, slice thickness 6 mm with 0.6-mm gap,
acquisition matrix 160 x 102, echo-planar imaging (EPI) fac-
tor 35, bandwidth 3113.1, number of slices 20, fat saturation
technique SPectral Attenuated Inversion Recovery and 16 b
values (0, 10, 20, 30, 40, 60, 80, 100, 150, 200, 400, 800,
1000, 1200, 1500, and 2000 s/mmz). When b values were 0,
10, 20, 30, 40, 60, 80, 100, 150, 200, 400 s/mm?, the NSA
was 1. When b value was 800 s/mm?, the NSA was 2.When
b values were 1000, 1200, 1500, and 2000 s/mm?, the NSA
was 3. The scan time of single IVIM was 5 minutes.

DCE-MRI (40 dynamic phases) used a 3D fast field echo
sequence with fat suppression on the oblique axial plane (the
same as IVIM—MRI sequence). Two precontrast T1-fast
field echo sequences with different flip angles (5° and 10°,

and acquisition matrix

respectively) were set as references to calculate the baseline

T1 relaxation time per pixel (baseline T1 map). The two ref-
erence series were identical to the DCE sequences in terms
of, for example, FOV, orientation, resolution, slice thickness,
and number of slices. Scan parameters of DCE-MRI were as
follows: TR/TE 1.63/3.3 ms; flip angle 15°; acquisition
matrix 252 X 222; FOV 304 x 362 mm?; slice thickness 1.5
mm; and number of slices 70; the temporal resolution 2 sec-
onds. The total scan time of DCE-MRI (40 dynamic phases)
was approximately 4.8 minutes.

A gadolinium-based agent gadopentetate dimeglumine
(Magnevist; Bayer Healthcare, Berlin, Germany) was intrave-
nously injected at a flow rate of 2.5 ml/s and at a dose of
0.2 ml/kg of body weight, followed by a 20-ml saline flush
with a high-pressure injector.

Image Analysis

The IVIM perfusion-related parameters (f, perfusion fraction;
D*, pseudo-diffusion coefficient) and the flow-related
parameter (fD*) were calculated using the biexponential
model described by Le Bihan et al. (11,12) as follows:

Sp/S0 = (1=f) exp(-bD) + f exp(-bD")

where S, is the signal intensity in the pixel with diffusion gra-
dient, Sy is the signal intensity in the pixel without diffusion
gradient, D is the true diffusion as reflected by pure molecular
diffusion, fis the fractional perfusion related to microcircula-
tion, and D* is the pseudo-diftusion coefficient related to
perfusion. The raw data of diffusion-weighted images were
transferred to an EWS4.1 workstation and analyzed using in-
house software (IDL6.3 software, Colorado).

Quantitative DCE-MRI parameters were K™ (transfer
constant between blood plasma and extravascular extracellu-
lar space [EES])),
V. (extravascular volume fraction), V}, (plasma volume frac-

K., (rate between EES and blood plasma),

tion), and AUC (area under the gadolinium concentration
curve). The pharmacokinetic calculation was done on a
pixel-by-pixel basis using a two-compartment model. The
calculation was based on the extended Tofts model (14) as
follows:

C(t) = VpCa(t) + KTetKer s Cy(t)

where C(f) is the contrast concentration in tissue and C,(f) is
the arterial input function. DCE-MRI data were transferred
to an advantage workstation using T1 permeability software
(Intellispace portal workstation, Philips Medical Systems).

K™ and DWI images (b= 1000 s/mm?) were used as
references to determine the lesion areas on corresponding
IVIM and DCE maps (Fig 1).

Regions of interest (ROIs) were manually drawn to cover
the entire tumor area slice by slice, avoiding the inclusion of
intestinal gas, liquid, and anatomical structures. Necrotic and
large cystic areas by visual view were excluded from ROIL.
An ROI of the lesion was manually drawn on the basis of the
DWI images (b=1000 s/mm?), and the values of f and
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Figure 1. Images in a 53-year-old man with moderately differentiated rectal cancer. The border of the lesion on the T2WI image was manually
drawn. The top row small images: DWI (b = 1000 s/mm?) and IVIM-DWI parameter images (D, D*, and f); the bottom row small images: corre-

sponding DCE-MRI quantitative parameter images (K", Kep, Ve, and V,,

). DCE-MRI, dynamic contrast-enhanced magnetic resonance imag-

ing; DWI, Diffusion-weighted imaging; IVIM-DWI; intravoxel incoherent motion diffusion-weighted imaging.

D*were obtained automatically for measuring the IVIM
parameters. For DCE-MRI measurements, an arterial input
function obtained from the iliac artery was applied for model-
ing procedure. Then, the following maps were obtained
automatically: K™, K, Ve, V}, and AUC. Eventually, an
ROI of the lesion was manually drawn on the basis of the
K™ map, and the corresponding values of K™, Keps Vs
p,» and AUC were obtained automatically.

Two experienced radiologists (10 and 6 years, respectively,
in gastrointestinal imaging) placed the ROIs and analyzed all
the IVIM and DCE-MRI images independently. The data
generated by the two observers were used to calculate inter-
observer reliability.

Statistical Analysis

All analyses were performed using statistical software
SPSS17.0 (SPSS 17.0 for Windows, SPSS, Illinois). Normal-
ity testing was performed using the Shapiro—Wilk test and
homogeneity-of-variance testing using the Levene test. Con-
tinuous variables were expressed as mean =+ standard

deviation or median =+ interquartile range. Correlations
between f and all quantitative DCE-MRUI parameters were
analyzed using Pearson's or Spearman's correlation coeffi-
cients, respectively. D* and f D* were also similarly analyzed.
Interobserver reliability. was evaluated using the intraclass
correlation coefficient (ICC) and Bland—Altman analysis.
Correlation coefticient |r| of 0—0.5, 05—0.8, and >0.8 was
considered as poor, moderate, and high correlations, respec-
tively. A p value <0.05 was considered to indicate a statisti-
cally significant difference.

RESULTS
Interobserver Reliability

The measurement consistency between two observers was evalu-
ated by ICC and Bland—Altman analysis (Table 2). ICC and
Bland— Altman bias values for IVIM and DCE-MRI quantitative
parameters indicated good to excellent interobserver reliability.
(ICCrym, 0.8618—0.9181, ICCpcg, 0.7826—0.9088; Biasryy,
0.5%—2.8%, Biaspcg, —10.4%—5.3%).

TABLE 2. Interobserver Reliability in Assessing IVIM and DCE-MRI Parameters

Parameters ICC (95% Cl) Bland—Altman Bias (95% Cl), %
f 0.9181 (0.8643—0.9554) 0.5 (—39.7 t0 40.7)

D* 0.8618 (0.8334—0.8843) 2.8 (—49.7 to 55.3)

f.D* 0.8817 (0.8540—-0.9306) 2.3(-53.6t058.2)

Kirans 0.9088 (0.8344—0.9655) 5.1 (—55.2t0 65.4)

Kep 0.8774 (0.8221-0.9163) 5.3 (—62.3t072.9)

Ve 0.7826 (0.6749-0.8547) —10.4 (—140.6 10 119.8)

Vo 0.9021 (0.8571—0.9335) —1.6 (—52.2t0 49.0)

AUC 0.8445 (0.8181-0.8825) —2.9 (—33.8 10 28.0)

AUC, area under the gadolinium concentration curve; D*, pseudo-diffusion coefficient; DCE-MRI, dynamic contrast-enhanced magnetic res-
onance imaging; f, perfusion fraction; f-D* the multiplication of the two parameters; ICC, intraclass correlation coefficient; IVIM, intravoxel inco-
herent motion; Ky, rate between EES and blood plasma; K" transfer constant between blood plasma and extravascular extracellular space;
Ve, extravascular volume fraction; V, plasma volume fraction; 95% Cl, 95% confidence interval.
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Tissue Perfusion Parameters

The IVIM perfusion parameters were as follows: f= (17.02 £
8.37)%, D*=(15.83 £ 55.56) x 107> mm?>/s, fD*= (2.04
+5.69) x 107> mm?/s.

The DCE-MRI quantitative parameters were as follows:
K™ =(2.00 £ 4.20) min~', K, =(0.99 + 0.87) min~',
V.=1.76 £ 3.61, I.=0.49 £ 0.88, and AUC =46.96 +
21.29.

Correlations Between Parameters of IVIM and DCE-MRI

Moderate correlations were found between f-D* and K™
(r=0.533; p < 0.001), and relatively weak correlation
between D* and K™ (r=10.389; p < 0.001), D* and V,
(r=10.442; p < 0.001), fD* and V}, (r=0.466; p < 0.001),
and fand V,, (r= —0.234; p = 0.021; Table 3).

DISCUSSION

The present study investigated the correlations between
IVIM perfusion-related parameters and quantitative DCE-
MRI perfusion metrics in rectal cancer to evaluate the ability
of IVIM-DWI to measure tumor perfusion. The results
showed that fD* was moderately related to K™, and rela-
tively weak correlations were also found between D* and
K™ (r=0.389), D* and V, (r=0.442), fD* and V,
(r=0.466), and f and V), (r=—0.234). The findings sup-
ported the aforementioned hypothesis that potential relation-
ships existed between IVIM and DCE-MRI perfusion
parameters to some degree.

fD* allowed the estimation of relative perfusion or blood
flow in the tumor microcirculation (13), which was thought
to depend on the interplay among the microvascular anat-
omy, vascular permeability, and blood flow dynamics. In
contrast, K™ was defined as transfer constant between
blood plasma and EES, reflecting vascular permeability when

TABLE 3. Correlation Coefficient Between IVIM Perfusion-
Related Parameters and Perfusion Measurements From
DCE-MRI

Variables f f-D* D*

r p R p r p
K'rans 0.068 0.506 0.533 <0.001 0.389 <0.001
Kep 0.144 0.768 -0.077 0.452 —-0.093 0.641
Ve 0.094 0.358 -0.130 0.658 —0.166 0.773
Vo —0.234 0.021 0.466 <0.001 0.442 <0.001
AUC —-0.140 0.771 -0.110 0.838 —-0.120 0.845

AUC, area under the gadolinium concentration curve; D*, pseudo-
diffusion coefficient; DCE-MRI, dynamic contrast-enhanced mag-
netic resonance imaging; f, perfusion fraction; f-D* the multiplication
of the two parameters; ICC, intraclass correlation coefficient, IVIM,
intravoxel incoherent motion; Ky, rate between EES and blood
plasma; K" transfer constant between blood plasma and extra-
vascular extracellular space; V., extravascular volume fraction; V,,
plasma volume fraction.

contrast uptake was limited by vascular endothelial leakiness
(15,16). Furthermore, K™ was possibly related to tumor
angiogenesis, and higher mean K™ value was observed in
epidermal growth factor receptor-positive rectal cancer (3).
Therefore, the moderate correlation between f-D* and K™
in this study suggested that f D* was associated with vascular
permeability and blood flow in rectal cancer. Similar results
were reported in studies on non—small-cell lung cancer,
head and neck squamous cell cancer, breast lesions, and cervi-
cal cancers (17—21).

The fvalue was a measure of the fractional volume of cap-
illary blood flow in each voxel, while D* was reported to be
proportional to blood velocity and mean capillary segment
length (11), which were heterogeneous in the tortuous
tumor vasculature. Thus, f and D* indirectly reflected the
increased immature vessels and capillary permeability. Fur-
thermore, in an animal study of human colorectal cancer
(HT29) implanted mice model, f and D* were significantly
associated with the tumor microvessel density, which was
considered as a surrogate marker for angiogenesis (22). More-
over, delivery of the tracer to the tissues was still dependent
on intravascular flow even with the use of diffusible tracers
(12,13). Thus, a relationship between perfusion parameters
quantified by DWI and tracer kinetic methods could plausi-
bly be deduced (13).

However, the aforementioned relationship is still contro-
versial, as evident from the published studies (1721,
23—26). In the present study, relatively weak correlations
were observed between f, D*, and DCE-MRI parameters,
especially fand 1}, (r = —0.234). Possible reasons for the dis-
crepancy reported in some studies (26,27) and the present
study were as follows: (1) the fast component of f and D*
measured by DWI might comprise more than one physio-
logic process in some organs (eg, glandular secretion, ductal
flow, and cerebrospinal fluid flow) (28—30); (2) the evolution
time of DWI sequence for significant water exchange was
limited and thus the signal could be interpreted as separate
intra- and extravascular compartments, with the parameters
fand D* referring to the intravascular compartments. In con-
trast, DCE-MRI tracked contrast continuously over much
longer periods (several minutes) and thus necessarily involved
intravascular, extravascular, and exchange dynamics. Thus,
the parameters of the DCE-MRI model reflected not only
the microvascular volume or flow but also some composite
encompassing total tracer transit (24); (3) signal intensity
would be affected by different b-value selection, especially
low b value (<200 s/mm?) (31—32); and (4) non-negligible
heterogeneity within an individual tumor (17). Further stud-
ies and a more standardized approach to data collection
(IVIM-DWI or DCE-MRI sequence) and analysis are
needed to verify the conflicting results published in the
literature.

In addition, careful consideration should also be given to
the interobserver reliability of IVIM and DCE-MRI parame-
ters. Compared to other parameters, relatively larger range of’
95% confidence interval limits of agreement in I/, has been
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observed in this study. I/, is one of the perfusion parameters
derived from DCE-MRI data, reflecting the situation in
EES, however, it was less consistent (21). The following fac-
tors may contribute to large variability in /.. One factor is
tumor angiogenesis, abnormal vessels have been heteroge-
neously distributed, and the vascular space and EES could be
variable (3,4). Furthermore, the high ratio of advanced cancer
in subjects (69.07% rectal cancer >T3 stage) may intensify the
variability in the study. Another possible factor is that 1/, can
vary with edema around the lesion (33). Therefore, I, may
be less reliable and needs to be further studied.

This study had several limitations. First, only patients with
pathologically proven rectal adenocarcinoma were included
and evaluated in this study. Second, the optimal b-value
selection for rectal cancer was not assessed. Different b-value
selection methods affected the IVIM parameter estimates,
especially f(34,35). The clinical tolerance and IVIM charac-
terization both were taken into consideration. Further, 16 b
values were used in this study, and half of them were less
than 200 s/mm?>. Third, other analysis methods for IVIM
estimation, such as nonnegative least squares fitting, were not
introduced (36). Fourth, the perfusion parameters derived
from IVIM and DCE-MRI were not correlated with the his-
topathological results (such as the microvascular density).
However, the purpose of the present study was not to iden-
tify the correlation between MR parameters and histopathol-
ogy, but the relationship between the MR  parameters
derived using difterent techniques.

In conclusion, IVIM-DWI could be performed without
the administration of exogenous contrast medium, making it
a safer and more convenient method for patients, especially
for individuals with renal insufficiency. Furthermore, the
present study implied that IVIM perfusion-related parame-
ters, especially fD*, demonstrated moderate correlations
with quantitative perfusion parameters derived from DCE-
MRI in rectal cancer. Thus, the rectal IVIM-DWI analysis
can provide both diffusion and perfusion information, which
has a potential value in evaluating treatment response, differ-
entiating cancer recurrence from radiofibrosis in patients with
rectal cancer without exogenous contrast agent.
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Relationship between CT activity score with lung
function and the serum angiotensin converting

enzyme in pulmonary sarcoidosis on chest HRCT

Jianghui Duan, MD?, Yanyan Xu, MD?, Haixu Zhu, MDP, Haibo Zhang, MD?, Shilong Sun, BS?,

Hongliang Sun, MD®", Wu Wang, MD?, Sheng Xie, MD?
Abstract N
To address the reliability of CT activity score (CTAS) and investigate the relationships between CTAS, lung function changes after |
treatment and the serum angiotensin-converting enzyme (SACE) levels.

Fifty-seven sarcoidosis patients underwent chest high-resolution CT (HRCT) and spirometry, as well as SACE examination, were
retrospectively analyzed. Follow-up spirometry in each patient was obtained about 6 months after the initial spirometry. The
correlations between CTAS and pulmonary function changes were evaluated by Spearman correlation analysis. According to SACE
status, patients were divided into normal and high level 2 subgroups. Comparisons of pulmonary function parameters, HRCT
abnormalities extent scores between SACE normal and high 2 subgroups were performed with the Mann-Whitney U test or
Independent samples ¢ test.

CTAS demonstrated significant correlations with lung function changes (A%VC: p= 0.543, P<.001; AFEV; o/FVC:p=0.417,
P=.001; A%TLC: p=0.309, P=.019). In addition, worse initial lung function, larger changes of lung function, and higher extent
scores of HRCT were observed in SACE high-level subgroup.

The findings of this study suggest that CTAS of initial HRCT is a promising index for disease activity in pulmonary sarcoidosis to
some degree. Prospective studies with large cohort designed to address further verification are warranted before wide clinical
practice.

Abbreviations: %TLC = total lung capacity as percent of the predicted value, %VC = vital capacity as percent of the predicted
value, CTAS = CT activity score, EBUS-TBNA = endobronchial ultrasound-guided transbronchial needle aspiration, FEV4 o = forced
expiratory volume in the first second, FVC = forced vital capacity, GGO = ground-glass opacity, HRCT = high-resolution CT, HU =
Hounsfield units, IQR = interquartile range, IST = interlobular septal thickening, SACE = serum angiotensin-converting enzyme, TBLB
= transbronchial lung biopsy, WASOG = World Association of Sarcoidosis and Other Granulomatous Disorders.

Keywords: disease activity, high-resolution computed tomography, lung function, sarcoidosis, serum angiotensin converting

enzyme

1. Introduction

Sarcoidosis is a multisystem granulomatous disorder with
. . [173] o .

unclear etiology and unpredictable course. The clinical

course and the prognosis are related to the symptoms at onset
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and to extent of disease, ranging from an acute self-limited
process to progressive fibrosis of the lung or other organs.!*~*! In
sarcoidosis treatment, the search for disease activity marker that
associates with organ function (i.e., pulmonary function) is
ongoing.”>°! Respiratory tract involvement is evaluated by
regular clinical examinations, chest X-ray, and pulmonary
function testing (spirometry). The most encouraging indicator
for disease activity in clinical trial was pulmonary function
testing, which showed the correlation with pulmonary PET
outcomes. 371!

Additionally, the serum angiotensin-converting enzyme
(SACE) has been the most frequently used laboratory test in
sarcoidosis. Some studies have shown that SACE is produced by
the alveolar macrophages in the sarcoid granuloma, and SACE
level reflects the total sarcoidosis granuloma burden."*! SACE
level is commonly elevated and may correlate with disease
activity.!20723

To date, high-resolution computed tomography (HRCT) has
been a routine item for airway or interstitial involvement
diseases. Various studies have demonstrated that HRCT is
superior to conventional radiography in detecting nodules, early
fibrosis, and parenchymal distortion.!®*~'#15-1%1 Some HRCT
features have the potential to discriminate between reversible
disease (active inflammation) and irreversible disease (fibrosis).””!
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Furthermore, HRCT abnormalities appeared to be useful in
evaluating parameters of disease severity and lung functional
impairment.[*712:16:17:20.251 However, the results of the correla-
tion between HRCT scores and disease activity and/or lung
function appeared to be conflicting for variable HRCT scoring
systems. To achieve a valid, reliable evaluation of lung
abnormalities, a standard quantitative estimation of radiological
abnormalities is necessary.

Currently, the HRCT scoring system proposed by Benamore
et al>>-CT activity score (CTAS) takes the extent of radiological
abnormalities in pulmonary parenchyma into account, showing
significant correlation with forced vital capacity (FVC) response
to treatment. In addition, extent scores 4 radiological features
(ground-glass opacity [GGO], interlobular septal thickening
[IST], nodularity and consolidation) enrolled in CTAS correlated
with at least one of the surrogates of disease activity, suggesting
the validation of the relationship of CTAS to disease activity in
sarcoidosis.

However, given that the limited patients were followed up in
Benamore et al®*! study, the relationship between CTAS and
the changes of lung function after treatment will benefit from
further verification with a larger cohort. In addition, whether
the extent scores of CT abnormalities mentioned above would
be different in patients with different SACE status, in other
words, the relationship between CT features and serum
marker-ACE was still debated. Therefore, the aims of the
article were to address the reliability of CTAS and investigate
the relationship between CTAS and lung function changes,
aiming to provide a more reliable reference for assessment of
disease activity; and to compare CTAS in patients with different
SACE status, exploring the potential relationship between
CTAS and SACE.

2. Materials and methods

2.1. Subjects

The Institutional Review Board granted approval for our
retrospective study, waiving informed consent because of its
retrospective nature. This retrospective study included 57
patients with newly diagnosed pulmonary sarcoidosis between
December 2010 and September 2016. Inclusion criteria in the
study: the initial laboratory test and spirometry were obtained
within a 2-week interval before or after the HRCT; patients
without corticosteroids therapy or comorbidity before HRCT
examination. To assess pulmonary function changes that have
occurred over time, follow-up spirometry in each patient was
obtained about 6 months after the initial spirometry.

The 57 patients included 16 males and 41 females, 27 to 66
years of age (mean age 49 + 10 years). Of these patients,11 were
ex-smoker/current smoker and 46 were nonsmoker. The
diagnosis was confirmed by histology examination of lymph
nodes including 16 (28.1%) transbronchial lung biopsy (TBLB),
18 (31.6%) endobronchial ultrasound-guided transbronchial
needle aspiration (EBUS-TBNA), 8 (14.0%) thoracoscope, and 7
(12.3%) mediastinal biopsy. Two patients (3.5%) initially
presented with a classic Lofgren’s syndrome (fever, erythema
nodosum, arthralgias, and bilateral hilar lymphadenopathy)
without biopsy. For the other 6 patients (10.5%) without
histological evidence, clinical features and bronchoalveolar fluid
analysis consistent with the WASOG guidelines'*®! confirmed the
final diagnosis. All the patients received systemic corticosteroids
therapy after HRCT examination, but the dose and treatment
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duration were adjusted according to clinical presentation. None
of them have received immunosuppressive therapy during the
6 months.

2.2. HRCT technique and image analysis

HRCT scans were performed on either a 16-slice (Toshiba
Aquilion), 320-slice (Toshiba Aquilion One) or a 256-slice CT
scanner (Philips Brilliance iCT). All scans were acquired using the
high-resolution technique. Images were acquired in the supine
position after end-inspiration and extended from the lung apices
to the costophrenic angles by using the following parameters:
section thickness, Smm; section intervals, 5mm; pitch, 0.75;
rotation time, 330 ms; tube voltage, 120kV; tube current, 200
mA; thin collimation 0.75 mm; reconstruction matrix, 512 x 512.
From raw data, 1-mm-thick section images were reconstructed at
1-mm intervals by using a high-spatial-frequency algorithm
(B60S). All CT scans were obtained with window settings that
were appropriate for lung parenchyma (window width, 1300
Hounsfield units [HU]; level, —450 HU) and mediastinum
(window width, 400 HU; level, 40 HU). All data were analyzed
on the postprocessing workstation EBW4.52 (Extended Brilliant
Workshop 4.52, Philips Healthcare Systems).

The CT images were assessed in totally random order by 2
radiologists (with 6 years and 10 years of experience in chest CT
imaging, respectively) without reference to the clinical or
laboratory test results. Sarcoidosis-related HRCT abnormalities
(including GGO (Fig. 1A), IST, nodule (Fig. 1B), conglomeration,
consolidation (Fig. 1C), intrathoracic lymphadenopathy, fibrosis
(Fig. 1D)] were scored for the presence, character, and extent
follow the criteria defined in the previous study.!**! Specifically,
the sum of the scores for GGO, IST, nodularity and consolidation
was defined as the CT activity score or CTAS and recorded. In
addition, the pleural effusion and the fibrosis were also recorded
without enrolling in CTAS scoring system. The fibrosis was
defined as the presence of any honeycombing, reticulation,
traction bronchiectasis or intralobular linear opacities with or
without architectural distortion or lobar volume loss (Tables 1
and 2).

Each lung was divided into 3 zones on HRCT as follows:
the upper zone above the carina in the cranio-caudal plane;
the lower zone below the inferior pulmonary veins in the
cranio-caudal plane; the middle zone between the upper and
lower zones.

The extent of CT abnormalities was estimated visually in each
aforementioned zone and measured by quartiles (25%) for GGO
and consolidation, number of IST (</=35 or>35) per zone,
number of nodules per zone (0-25/26-50/> 50), 2.5 cm intervals
of short-axis diameter for conglomeration.”*! In addition, the
sub-1 mm nodules were considered GGO since indistinguishabil-
ity between innumerable sub-1mm and GGO with current
HRCT resolution.

2.3. SACE examination

SACE examination was performed with 3 mL venous blood on
fasting state in the morning, all specimen were sent to our clinical
laboratory by immunoturbidimetry (reagent kit were provided by
Beijing Strong Biotechnologies, Inc. The instrument was adopted
by BECKMAN COULTER AUS5800 type automatic biochemical
analyzer, America). The normal range of the SACE level was 17
U/mL to 55 U/mL in our institution, and the upper limit of normal
of the SACE level is above 55U/mL.

-416-
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Figure 1. A, HRCT obtained at the level of right lower bronchus displayed bilateral diffuse ground-glass opacities in a 41-year-old male patient. Note the right hilar
lymphadenopathy. The SACE level was 60.1U/mL. B, HRCT showed micronodules with a perivascular distribution and thickening of bronchovascular bundles
accompanied with right pleural effusion in a 43-year female patient. The SACE value was 68.1U/mL. C, HRCT demonstrated consolidation in subpleural region,
multiple micronodules clustered interlobar fissures and centrilobular interstitium of right lower lobe in a 50-year-old female patient, enlarged right hilar lymph nodes
were also seen, the SACE level was 28.3U/mL. D, HRCT depicted right bronchovascular bundles distortion in a 48-year male patient, a usual finding of puimonary
fibrosis. Note the bilateral irregular thickening of the pleura (pseudoplaque) and multiple miliary nodules. The SACE value was 33.7 U/mL. HRCT =high-resolution

CT, SACE=serum angiotensin converting enzyme.

2.4. Pulmonary function test

All subjects performed spirometry, including vital capacity as the
percent of the predicted value (% VC), forced expiratory volume
in the first second (FEV o), forced vital capacity (FVC), and total
lung capacity as the percent of the predicted value (%TLC). The
initial spirometry was performed within 2 weeks before or after
HRCT examination, and the second spirometry was performed
with a 6-month interval. The initial spirometric values (Table 3)
and the changes between the twice spirometric results were both
recorded.

[ Table 1

Definition of terms for abnormalities on HRCT.

Terms Definition

Ground glass opacity Increased lung attenuation, with preserved bronchial and
vascular margins; nodules <1 mm

Obviously increased pulmonary parenchymal attenuation
with obscured vessels and airway walls

Thickening of the septa between lobules (smooth or
nodular)

A large opacity >3 cm surrounding and encompassing
hilar bronchi and vessels

Consolidation

Internal septal
thickening
Conglomeration

-417-

2.5. Statistical analysis

All data were expressed as mean + standard deviation (SD) or
median+ interquartile range (IQR). The correlations between
pulmonary function changes, SACE values, and CT activity score
(CTAS), between SACE values and pulmonary function changes
were evaluated by Spearman correlation analysis or Pearson

[ Table 2

Scoring system for abnormalities on HRCT.

Abnormalities

GGO (or nodules
<1 mm)

Score for extent

One zone 1-25% =1 point; one zone 26-50%=2
point; one zone 51-75%=3 point; one zone 76—
100%=4 point

One zone 1-25%=1 point; 1 zone 26-50%=2 point;
1 zone 51-75%=3 point; 1 zone 76-100%=4
point

One zone, up to 5=1 point; 1 zone >5=2 point

Consolidation

Interlobular septal
thickening (IST)
Nodules 1 mm or greater One zone 1-25 nodules=1 point; 1 zone 26-50

nodules=2 point; 1 zone >50 nodules=3 point;

Conglomeration Yes =1 point; no =0 point; each 2.5cm dimension
(right or left) =1
Lymphadenopathy Yes =1 point; no =0 point.
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[ Table 3

Clinical characteristics of 57 subjects.

Factors Mean+SD Range
Gender (male: female) (16:41) —

Age, y 48.75+10.30 27-66
Smoking status (ex-/current (11:46) —

smoker: nonsmoker)

SACE, U/mL 63.20+3.45 11.70-137.10
%VC 98.74+15.15 55.20-129.70
FEV; o/FVC, % 74.18+9.88 50.31-99.56
%TLC 88.65+12.86 52-116

%TLC =total lung capacity as percent of the predicted value, %VC = vital capacity as percent of the
predicted value, FEV; g=forced expiratory volume in the first second, FVC=forced vital capacity,
SACE =serum angiotensin converting enzyme, SD=standard deviation.

correlation analysis. According to SACE status, patients were
divided into normal and high level 2 subgroups. Comparisons of
pulmonary function parameters, HRCT abnormalities extent
scores between SACE normal, and high 2 subgroups were
performed using Mann—Whitney U test or Independent samples ¢
test. Concordance rates and kappa values were calculated to
show the reliability of calculating HRCT features and CTAS
between observers. All statistical analyses were performed using a
statistical software package (SPSS 17.0 for Windows, SPSS,
Chicago, IL). A P values <.05 was considered to be significant.

3. Results

The concordance rates and kappa values were 91.2% to 95.4%
and 0.85 to 0.91 for different HRCT features and CTAS. Clinical
characteristics of subjects are summarized in Table 3. Extent
scores for HRCT abnormalities are listed in Table 4. In addition,
4 patients (7.02%) presented with pleural effusion, 14 (24.56%)
patients showed evidence of pulmonary fibrosis.

3.1. Correlations between pulmonary function changes,
SACE and HRCT abnormality extent score

Following the scoring criterion for disease activity suggested by
Benamore et al,’*’! the sum score of GGO, IST, consolidation,
and nodularity is termed CTAS. Correlations between pulmo-
nary function changes, SACE, and CTAS are summarized in
Table 5. Pulmonary function changes and SACE both demon-
strated significant correlations with CTAS.
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[ Table 5

Correlation between pulmonary function changes, SACE values,
and CT activity score (CTAS).

Correlation to CTAS

Variables Coefficient (p) P value
A%VC 0.543 <.001
AFEV; o/FVC 0.417 .001
A%TLC 0.309 .019
SACE 0.435 .001

%TLC =total lung capacity as percent of the predicted value, %VC = vital capacity as percent of the
predicted value, A =the value change after six months, FEV, o =forced expiratory volume in the first
second, FVC=forced vital capacity, SACE =serum angiotensin converting enzyme.

We also have evaluated the relationships between pulmonary
function changes, SACE values, and total score of the HRCT
features (excluding fibrosis), and have observed similar results to
CTAS’s (A%VC: p= 0.509, P<.001; AFEV, (/FVC:p= 0.382,
P=.003; A%TLC: p= 0.327, P=.013; SACE: p= 0.440,
P=.001).

In addition, the SACE value showed significant correlations
with pulmonary function changes (A%VC: p= 0.413, P=.001;
AFEV, o/FVC:p= 0.317, P=.016; A%TLC:p= 0.439, P=.001).

3.2. Pulmonary function parameters, HRCT scores
between different SACE status

The values of pulmonary function parameters and HRCT scores
in patients with different SACE status were described in Table 6.
Worse initial lung function, larger changes of %TLC values, and
higher HRCT scores were observed in SACE high-level subgroup.

4. Discussion

In the present study, CTAS demonstrated the significant
correlations with lung function changes (A%VC: p= 0.543,
P<.001; AFEV, o/FVC:p= 0.417, P=.001; A%TLC: p= 0.309,
P=.019). Interestingly, similar outcomes were observed in the
total score of HRCT abnormalities. The results suggest that

[ Table 6|

Comparisons of pulmonary function parameters, HRCT abnorm-
alities scores between different SACE status.

SACE status

Normal level (n=32) High level (n=25) P value
Table 4 Initial pulmonary function
HRCT abnormalities and extent score. %VC 104.62 +9.21 91.20+17.91 .001
Abnormalities N (percentage) Median--IQR Range FEV; o/FVC (%) 78.95+7.03 68.07+£9.74 <.001
%TLC 9413+9.14 81.63+13.67 <.001
GGO 44 (77.19%) 3£45 0-24  pulmonary function changes
IST 9 (15.79%) 0+0 0-12 A%VC 0.60+6.63 2.60+13.05 096
Nodule 39 (68.42%) 2+3 0-18 AFEV; o/FVC (%) 1.93+7.86 2.00+9.33 317
Consolidation 18 (31.58%) 0+15 0-8 A%TLC 0.90+3.28 230+7.90 037
Conglomeration 12 (21.05%) 0+0 0-4 HRCT score
Intrathoracic 57 (100%) 1+0 1-1 Total score 74375 1411 <.001
lymphadenopathy CTAS 5+35 1012 <.001
Total score 7+8 1-36
CTAS 6+8 0-35 Note: data were expressed as medianz interquartile range (IQR).

CTAS =the CT activity score, defined as the sum of the scores for GGO, IST, nodule and consolidation,
GGO=ground glass opacity, HRCT=high-resolution computed tomography, IQR=interquartile
range, IST=interlobular septal thickening.

%TLC =total lung capacity as percent of the predicted value, %VC = vital capacity as percent of the
predicted value, A =the value change after six months, CTAS =the CT activity score, FEV, o=forced
expiratory volume in the first second, FVC=forced vital capacity, HRCT = high-resolution computed
tomography, SACE =serum angiotensin converting enzyme.
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CTAS is useful in evaluating disease activity in sarcoidosis. In
addition, higher extent scores of HRCT and larger changes of
lung function were also observed in SACE high-level subgroup,
which further supported the aforementioned outcome to some
degree.

Chest HRCT is an important modality to identify chest
involvement of sarcoidosis. It has been demonstrated that 15% of
symptomatic patients have normal chest X-ray but abnormal
findings on CT scans.?”! The correlation between HRCT
abnormalities and impaired lung function at rest has been well
estimated in previous studies./*1216:17:20:25I Thyg far, most of the
previous studies have been focused on the disease severity (not
activity) on HRCT, and its relationship with lung function
impairment. The HRCT features of pulmonary sarcoidosis could
be divided into reversible and irreversible ones,!®”” in other
words, “reversible” feature could be improved after treatment
over time, while “irreversible” ones would be unchangeable with
or without treatment. GGO, IST and nodular has been proved to
be potentially reversible changes in sarcoidosis./”! Furthermore,
HRCT features including GGO, IST, nodular, and consolidation
have been demonstrated the significant correlation with lung
function,' 11?1 although the sample size and, more important-
ly, the scoring system were different. Therefore, it is reasonable to
predict that the disease activity scoring system CTAS involving of
GGO, IST, nodular, and consolidation associated with lung
function changes after treatment in this study.

The increased level of SACE is thought to be secondary to
increased expression by the epithelioid cells present in the
granulomas.'*®! One study showed that SACE was produced by
the alveolar macrophages in the sarcoid granuloma, and SACE
levels reflected the secreted total granuloma burden."'**! Many
studies have confirmed that SACE levels can reflect the activity of
the disease,*'™2* furthermore, it has been reported that the
baseline and serial SACE levels correlate with lung function
improvement during methotrexate therapy in sarcoidosis
patients.?*! Therefore, SACE could be supposed to be an index
for disease activity in some degree.

Although it was quite difficult to speculate about the intrinsic
reason that underlay this observation, pathologic correlation
factors may lead to the correlation between morphology score
and SACE in sarcoidosis. First of all, the high percent of GGO
(77.19%) and nodular (68.42%) were observed in the lung
parenchyma. More recently, studies have shown that ground-
glass opacities actually pointed to numerous granulomas along
the interlobular fissures and septa and within the centrilobular
interstitium surrounding arterioles and bronchioles.!*°! They
demonstrated as ground-glass opacities, because of beyond the
resolution of HRCT.**2%-3% [ addition, ground-glass opacities
also represented centrilobular interstitial disease in some
cases.!?>3% Also, thickened bronchovascular bundles and the
surrounding micronodules on HRCT, pathologically corre-
sponded to granulomas surrounding the connective tissue sheath
of bronchovascular bundles, which caused bronchovascular
bundles nodular or irregular thickening.!*! Whether granulomas
stand in the peribronchial interstitium or centrilobular inter-
stitium, these 2 signs are representative of accumulation of
granuloma in the lung. Nodules located in bronchovascular
bundles distribute more widespread than that located in
subpleural regions, the interlobular septa, centrilobular inter-
stitium, and parts of subpleural nodules represent intrapulmo-
nary lymph nodes.*"! Second, 100% lymphadenopathy
presented in this study, although it was not enrolled in the
CTAS. The bilateral hilar lymph node enlargement also
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undoubtedly added the total granuloma burden, although the
corresponding influence on SACE may be variable in individuals.
Together, these factors may explain the significant correlation
between CTAS and SACE.

Our study has the following clinical significances. First, CTAS
has potential clinical value to judge the disease activity of patients
with sarcoidosis. CTAS showed the significant correlations with
lung function and the SACE in pulmonary sarcoidosis. Second,
we can indirectly judge treatment response and determine the
clinical outcome with HRCT features. Finally, based on CTAS
and SACE, pulmonary function and improvement after treatment
might be predicted in some degree.

Our study has some limitations that need to be addressed. First,
the number of cases is limited, and the study is a retrospective
study. Studies with larger patients are needed to reduce selective
bias. Second, considering the limited subjects, the potential effects
of smoking on HRCT appearance, function test, and SACE level
were not analyzed; this is a monocentric study focusing on the
scoring system proposed by Benamore et al'*’! without
comparison with other scoring systems on HRCT. Third, in
this study 100% intrathoracic lymphadenopathy was observed,
similar as in Benamore et al®*! study. However, for the subjects
without intrathoracic lymphadenopathy, the CTAS scoring
system still needs to be discussed. Finally, it is necessary to
follow up patients and to make a dynamic longitudinal study
between HRCT activity score and clinical parameters (including
pulmonary function, serum ACE) in order to reflect the outcome
of the disease.

5. Conclusion

In conclusion, our results suggest that CTAS involving of GGO,
IST, nodular and consolidation on HRCT could be a promising
index for disease activity; CTAS demonstrated significant
correlations both with lung function changes after treatment
and SACE; subjects with high SACE prefer to behave higher
CTAS on HRCT and worse initial lung function to some degree.
Prospective studies with a large cohort designed to address
further verification are warranted before wide clinical practice.
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Abstract

Purpose To evaluate the diagnostic potential of DW-MRI relative parameters for differentiation of rectal cancers with different
Kirsten rat sarcoma viral oncogene homologue (KRAS) mutation status.

Methods Fifty-one patients with rectal cancer underwent diffusion-weighted MR imaging with eight b values. ADCs (including
Max-ADC, Min-ADC and Mean-ADC) and IVIM parameters (D, pure diffusion; f, perfusion fraction; D*, pseudodiffusion
coefficient) were respectively calculated by mono- and bi-exponential analysis. Patients were stratified into two groups: KRAS
wild type and mutant. The DW-MRI-derived parameters between the KRAS wild-type group and KRAS mutant group were
compared using the Mann-Whitney U test. Receiver-operating characteristic (ROC) analysis of discrimination between KRAS
wild-type and KRAS mutant rectal cancer was performed for the DW-MRI-derived parameters.

Results Max-ADC, Mean-ADC and D values were significantly lower in the KRAS mutant group than in the KRAS wild-type
group, whereas a higher D* value was demonstrated in the KRAS mutant group. According to the ROC curve, Mean-ADC and
D*values showed moderate diagnostic significance with the AUC values 0of 0.756 and 0.710, respectively. The cut-off values for
Mean-ADC and D* were 1.43 x 10 mm?/s and 26.58 x 10 mm?/s, respectively.

Conclusion Rectal cancers had distinctive diffusion/perfusion characteristics in different KRAS mutation statuses. The DW-
MRI-derived parameters, specifically Mean-ADC and D*, show a moderate diagnostic significance for KRAS status.

Key Points

* Rectal cancers with different KRAS mutation statuses demonstrated distinctive diffusion/perfusion characteristics.

* Max-ADC, Mean-ADC and D values were lower in the KRAS mutant group.

* A higher D* value was demonstrated in the KRAS mutant group.

» [VIM-DW MRI may potentially help preoperative KRAS mutant status prediction.

Keywords Rectal cancer - Magnetic resonance imaging - Diffusion - Perfusion - Mutation

Abbreviations IVIM  Intravoxel incoherent motion

ADC  Apparent diffusion coefficient KRAS Kirsten rat sarcoma viral oncogene homologue
CRC Colorectal cancer MRI Magnetic resonance imaging

D Diffusion coefficient NCCN National Comprehensive Cancer Network

D* Pseudo-diffusion coefficient ROI Region of interest

DWI Diffusion-weighted imaging ROC Receiver-operating characteristic

EGFR  Epidermal growth factor receptor TE Echo time

f Perfusion fraction TR Repetition time

TSE Turbo spin echo

P< Hongliang Sun

stentorsun @ gmail.com Introduction
' Department of Radiology, China-Japan Friendship Hospital, No.2 Rectal cancer, which accounts for 30-35% [1] of all colo-
Yinghua East Street, Chaoyang District, Beijing 100029, China rectal cancer (CRC) cases, is distinctive from the rest of the
2 Philips Healthcare, Beijing 100600, China colon, and local recurrence is a major problem for clinical
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management. Currently, it is considered that CRC occurs as
aresult of the accumulation of both mutations and epigenet-
ic alterations in several key genes [2]. Kirsten rat sarcoma
viral oncogene homologue (KRAS) is one of those key
genes, and its mutations were observed in approximately
35-40% of CRCs [3, 4]. Generally, metastatic CRCs with
KRAS mutations tended to be resistant to anti-EGFR (epi-
dermal growth factor receptor) monoclonal antibody-
targeted therapy [5, 6]. It has been explicitly pointed out in
the National Comprehensive Cancer Network (NCCN) clin-
ical practice guidelines [5, 6] that the KRAS mutation is a
highly specific negative biomarker for benefitting from
anti-EGFR monoclonal antibody-targeted therapy. In gen-
eral, postoperative pathology specimens are required for
KRAS mutation status testing; however, patients with more
advanced rectal cancer may not be treated surgically to ob-
tain specimens for testing. Therefore, further effort is desir-
able for the development of a relatively simple and nonin-
vasive method that can be helpful for the differentiation of
KRAS mutations and then assisting in selecting the most
suitable adjuvant therapeutic methods.

Much work has been focused on the MR functional imag-
ing, such as diffusion-weighted magnetic resonance imaging
(DW-MRI), providing objective and quantitative parameters
[ADCs (including Max-ADC, Min-ADC and Mean-ADC)
and IVIM parameters (D, pure diffusion; f, perfusion fraction;
D*, pseudodiffusion coefficient)] in vivo. Currently, most in-
terest is focussed on developing the role of various DW-MRI-
derived parameters in tumour characterisation, predicting tu-
mour aggressiveness or monitoring treatment response [7-9].
DW-MRI has rarely been investigated in genomic expression.
As we know, most of the tumour’s aggressive bio-behaviour
can be considered the result of interior genetic regulation, so
we assume that rectal cancers with different KRAS genetic
phenotypes might present with variable DW-MRI characteris-
tics. To date, the DW-MRI relative parameter characteristics in
rectal cancers with different KRAS mutation statuses are un-
known. Thus, the aim of this retrospective study was to detect
if the DW-MRI-derived parameters can predict the genotype
of rectal cancer (KRAS mutant/wild type).

Materials and Methods
Patients and tissue samples

This retrospective study was approved by the institutional
review board of the hospital, and waived the requirement for
written informed consent. Between August 2013 and
December 2014, 109 patients with biopsy-proven rectal ade-
nocarcinoma underwent pelvic MR examination (including
multi-b value DW-MRI sequences). Exclusion criteria were:
(1) previous rectal surgery (n = 3); (2) pre-examination
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neoadjuvant chemoradiotherapy or unidentified herbal medi-
cine therapy for the rectal lesion (n = 25); (3) heavy intestinal
peristalsis artefacts (n = 4); (4) small lesions (< 5mm) hard to
identify on images (n = 3); (5) without KRAS testing (n = 12);
(6) mucinous adenocarcinoma (n = 11). Finally, 51 patients
were enrolled in this study. The relevant detailed clinical data
are illustrated in Table 1. Surgical pathology results of all
patients were analysed by a pathologist with 6 years’ experi-
ence in gastrointestinal pathological diagnosis. Genomic
DNA was extracted from formalin-fixed paraffin-embedded
(FFPE) tissue using the QLAamp DNA FFPE Tissue kit
(Qiagen), and KRAS mutations were examined by the ampli-
fication refractory mutation system (ARMS) method.
According to the test results, patients were stratified into two
groups: KRAS wild type and mutant, and the patients with
KRAS mutation were further divided into codon 12 and codon
13 subgroups based on different mutation locations. From the
analysis of the surgical specimens, 38 patients had the KRAS
wild type and 13 patients had the KRAS mutation including
eight codon 12 mutations(G12A, G12C, G12S, G12V) and
five codon 13 mutations (G13A).

Patient preparation and imaging protocol

The patients were on a low-residue diet before the MRI ex-
amination and were asked to fast on the day of the examina-
tion. An intramuscular injection of 10 mg anisodamine hydro-
chloride was given to each patient to prevent intestine peri-
stalsis 10 min prior to the MR examination. Pelvis MR scan-
ning was performed on a 3-T whole-body scanner (Ingenia,
Philips Medical Systems) with a gradient strength of 45SmT/m
and a gradient switching rate of 200mT/m/ms, using a 16-
channel anterior torso dS coil and a 16-channel posterior table
ds coil.

The 2D sagittal and oblique coronal T2W (parallel to long
axis of the tumour) Turbo spin echo (TSE) sequences were
performed with the following parameters: repetition time
(TR), 3761 ms; echo time (TE), 110 ms; field of view
(FOV), 24 x 24 cm; slice thickness, 3 mm with 0.3-mm gap;

Table 1 Basic clinical
information of rectal
cancers (n = 51)

Factors Numbers/values

Patient age (years)*  61.3 +£13.6

Gender n (%)

Male 29 (57.7%; 29/51)

Female 22 (42.3%; 22/51)
KRAS status

Wild type 38 (74.5%; 38/51)

Mutant codon 12
Mutant codon 13

8(15.7%; 8/51)
5(9.8%; 5/51)

Note. * Data are means + standard
deviation

-422-



Eur Radiol (2018) 28:3059-3065

3061

slice number, 24 acquisition matrix, 336 x 252; number of
sample (signals) averaged (NSA) 1; an oblique axial T2W-
high resolution sequence was planned perpendicularly to the
tumour axis in the sagittal view: TR 3865 ms, TE 100 ms,
FOV 14 x 14 cm, slice thickness 3 mm with 0.3-mm gap, slice
number 20, acquisition matrix 232 x 228.

An oblique axial multi-b value DW-MRI sequence perpen-
dicular to the tumoral axis in sagittal view was performed with
the parallel acquisition technique (sensitivity encoding,
SENSE) using a single-shot echo-planar imaging (SE-EPI)
pulse sequence with free breathing using the following param-
eters: TE/TR 76/6000 ms, FOV 20 x 30 cm, slice thickness
5 mm with 0.2-mm gap, slice number 24, acquisition matrix
80 x 144, NSA 6 and eight b values (0, 25, 50, 75, 150, 400,
800 and 1000s/mm?). Frequency selection plus the inversion
recovery fat-suppression technique (spectral attenuated inver-
sion recovery) was adopted in the DWI sequence. The scan
time for the DWI sequence was about 6 min 30 s.

Image processing and analysis

The raw data of multi-b value DW images were transferred to
a workstation (Extended Workspace 4.1; Philips Healthcare
Systems) and analysed with in-house software (IDL6.3 soft-
ware). The ADC was obtained by using all b values (0-1000s/
mm?) fitted to the following equation:

Sy/S, = exp(—bADC) (1)

where Sy, is the signal intensity at a given b value and S, is the
signal intensity observed in the absence of a diffusion gradi-
ent. In the bi-exponential model, the IVIM parameters were
calculated by the following equation [10]:

$1/S, = (1=/)(~bD) + f exp(~bD’) @

where Sy, is the signal intensity in the pixel with the diffusion
gradient, Sy is the signal intensity in the pixel without a diffu-
sion gradient, D is the true diffusion as reflected by pure mo-
lecular diffusion, f'is the fractional perfusion related to micro-
circulation, and D* is the pseudodiffusion coefficient related
to perfusion.

Conventional T2WI and DWI (b = 1000s/mm?) images
were used as references to determine lesion areas on corre-
sponding DWI colour-coded maps. Regions of interest (ROIs)
were manually drawn covering the entire tumour area on all
continuous slices (T2WI, DWI images; Fig. 1a-b), avoiding
the inclusion of intestinal gas, liquid and anatomical structures
by one radiologist (H.S., 10 years’ experience in gastrointes-
tinal imaging). Macroscopic necrosis, if any, would be exclud-
ed. The DW-MRI-derivedparameter values (ADCs, D, f, D*;
Fig. 1c-f)for each tumour were calculated by the pixel-by-
pixel fitting method and expressed as mean values of all pixels
within the all ROIs. Inter-observer reliability of DW-MRI

derived-parameters (ADC, D, f and D*) used in this study
were proved to be good to excellent, as reported in a previous
study with the same observers (the intraclass correlation coef-
ficient, abbreviated ICC, ranged from 0.7444 to 0.9106) [11].
Furthermore, volumetric analysis demonstrated better-
interobserver reproducibility when compared with single-
section ROI analysis [12]. Accordingly, in the present study,
volumetric measurement by a single radiologist was regarded
as sufficient.

Statistical Analysis

All analyses were performed with JMP 12.0 statistical soft-
ware (SAS Institute). Continuous variables were expressed as
the mean + standard deviation. Comparisons of continuous
variables, including DW-MRI parameters of rectal cancers
with the codon 12 subgroup versus codon 13 subgroup, were
made using the Mann-Whitney test. Then, receiver-operating
characteristic (ROC) analysis was performed to evaluate the
diagnostic performance of the DW-MRI-derived parameters
(ADCs, D, f, D* values) for KRAS status. The areas under the
ROC curve (AUC) were calculated: an AUC value < 0.50
indicated poor diagnostic accuracy; an AUC value of 0.51-
0.70, fair diagnostic accuracy; an AUC value of 0.71-0.90,
moderate diagnostic accuracy; an AUC value > 0.91, high
diagnostic accuracy. The cut-off values with the largest
Youden index [(sensitivity + specificity) - 1] were calculated
from the ROC curves. The final KRAS testing results were
used as the standard. For all the analyses mentioned above,
p < 0.05 was considered statistically significant.

Results

DW-MRI-derived parameters in the KRAS wild-type
and mutant groups

Values of DW-MRI-derived parameters (Max-ADC, Min-
ADC, Mean-ADC, D, f, D¥) of the KRAS wild-type and mu-
tant groups are described in Table 2. Regarding the differen-
tiation of the KRAS mutant group from the KRAS wild-type
group, the values of Max-ADC, Mean-ADC and D in the
mutant group were significantly lower than those in the
wild-type group (p = 0.04, p = 0.01 and p = 0.03, respective-
ly), while a higher D* value was demonstrated in the mutant
group (p = 0.03). However, no significant differences were
demonstrated in the values of Min-ADC and f between the
two groups (p = 0.27 and p = 0.29, respectively).

In addition, the values of DW-MRI-derived parameters be-
tween the codon 12 and codon 13 subgroups showed no sta-
tistical differences (Max-ADC: z = 0.66, p = 0.51; Min-ADC:
z=0.29,p=0.77; Mean-ADC: z=0.52,p=0.61; D: z=0.51,
p=0.61;f:2=0.22,p=0.83; D* z=0.66, p = 0.51).
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Fig. 1 Images of 46-year-old
male patient with rectal cancer. a
Oblique axial T2W-high
resolution sequence planned
perpendicularly to the bowel with
tumour; outline indicates tumour
region. b Diffusion-weighted
image (DWI) obtained at b of
1000s/mm?; outline indicates
tumour region. ¢-f: D: parametric
maps (ADC, D, fand D*,
respectively) fused with relevant
DWIs

Predictive significance of DW-MRI-derived
parameters for KRAS mutation status

In the ROC analysis for the differentiation between the KRAS
wild-type and mutant group, AUC values of Max-ADC, Min-
ADC, Mean-ADC, D, fand D* were 0.695, 0.604, 0.756,
0.701, 0.599 and 0.710, respectively. These findings sug-
gested that Mean-ADC and D* showed moderate diagnostic
significance for KRAS mutation in rectal cancer, while the

diagnostic values of Max-ADC, Min-ADC, D and f showed
fair diagnostic accuracy. According to the ROC curve (Fig.
2a), the cut-off value for Mean-ADC was 1.43 x 10> mm?/s.
The Mean-ADC value for the KRAS mutant group was lower
than the cut-off value and that for the KRAS wild-type group
was greater than the cut-off value, with an accuracy rate of
78.43%, sensitivity of 69.23% and specificity of 81.58%. The
cut-off value for D* was 26.58 x 10> mm?/s. The D* value for
the KRAS mutant group was higher than the cut-off value and

Table 2 Rectal cancer DW-MRI

relative parameters in different DW-MRI -derived parameters KRAS mutant (n = 13) KRAS wild type (n =38) z p

KRAS statuses
Max-ADC (x10*mm?/s) 2.08 +0.49 235+042 2.08 0.04
Min-ADC (%10~ mm?%/s) 0.71 +0.32 0.74 £0.18 1.10 0.27
Mean-ADC (x10mm?/s) 1.26 +0.36 1.43 +0.22 272 0.01
D (x10”mm?/s) 0.94+0.27 1.13+0.33 2.14 0.03
f(%) 19.47 +12.25 16.78 + 14.04 -1.05 0.29
D* (x10 mm?/s) 70.77 £ 67.77 32.98 +43.74 222 0.03
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Fig. 2 Receiver-operating characteristic curves for Max-ADC, Mean-
ADC, D (a) and D* (b) in distinguishing KRAS mutant rectal cancers
from wild-type ones

that for the KRAS wild-type group was lower than the cut-off

value, with an accuracy rate of 68.62%, sensitivity of 76.92%
and specificity of 65.79% (Fig. 2b).

Discussion

In the present study, lower Max-ADC, Mean-ADC, D and
higher D* values were observed in rectal cancers with the

KRAS mutant than in those with the wild type. According to
the ROC analysis, Mean-ADC and D* values showed moder-
ate diagnostic significance for the KRAS mutant status with
the AUC values of 0.756 and 0.710, respectively.
Theoretically, ADC integrates the effects of both diffusion
(D) and perfusion (D*), reflecting the total diffusion in tissues.
However, ADC is mainly a diffusion-related parameter rather
than a perfusion-related parameter at high b values (> 200
s/mm?). As the diffusion coefficient level is mainly decided
by the ratio of the intra- and extracellular space in tissue [10],
both ADC and D are generally considered to be negatively
correlated with the cellularity and positively correlated with
necrosis and cystic changes in tissue [13, 14]. According to
IVIM theory [10], D* (pseudo-diffusion coefficient) is asso-
ciated with perfusion with the equation stating that D* = (/-v)/
6, where / means the length of the voxel capillary and v is the
average velocity of blood in the capillary [15]. Thus, lower
Max-ADC, Mean-ADC and D and higher D* values observed
in the KRAS mutant group in the present study may suggest a
relatively tight tumour cell structure and hypervascularity in
the tumour.

It has been reported that the DW-MRI-derived parameters
have clinical value in characterising tumour biological behav-
iour [9] and predicting tumour prognosis [12]. The values of
ADC and D tended to decrease with higher T stages, and fand
D* were independent predictors for T staging [16, 17]. In
addition, diffusion-related IVIM-based parameters (D and
ADC) have been helpful to predict the treatment response to
CRT for locally advanced cancers and nasopharyngeal carci-
noma [13, 18].

Mutations of the KRAS oncogene result in the constitutive
activation of the G-protein signal transduction pathway, asso-
ciating with diffuse proliferation and decreased apoptosis [19,
20]. However, to date, there are no consistent results about the
associations between KRAS mutations and CRC prognosis.
Shigenori et al. [21] reported that CRC with KRAS mutations
were associated with poor prognosis. Similar results were also
observed in the Kirsten Ras Colorectal Cancer Collaborative
Group Study I (RASCAL II) on more than 3000 patients with
CRCs, particularly in patients with higher stage [22].
Conversely, negative results were reported by Roth et al.
[23]. In our results, the relationship between DW-MRI-
derived parameters and KRAS mutant status indirectly con-
firmed the potential relationship between KRAS mutation and
prognosis in rectal cancer.

The KRAS oncogene is one of the important effectors in
EGFR signalling pathways, located in chromosome 12 p12. 1
and ultimately controlling processes such as cell growth and
survival [24]. The incidence of KRAS mutation in the present
study is 25.5%, slightly lower than that in previous studies [3,
4]. This is possibly due to several factors including the limited
study sample size and only patients with rectal cancer being
enrolled in study. Up to 90% of activating KRAS mutations
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were detected in codons 12 and 13 [24]. In our study, there
were eight codon 12 mutations and five codon 13 mutations. It
is intriguing that specific KRAS mutations may be heteroge-
neous in their phenotype. For example, Bazanet et al, [25]
found that KRAS codon 12 mutations were associated with
a mucinous phenotype of CRC as well as more aggressive
tumour behaviour with greater metastatic potential [26].
However, the values of DW-MRI-derived parameters between
the codon 12 and codon 13 subgroup showed no statistical
differences. Considering the limited sample size and multiple
alternative genetic pathways in CRC [27], further analysis
needs to be performed with much larger patients cohort.

The present study has a number of limitations. First, there
were a limited number of patients with rectal cancer in the
study; thus, preliminary results by using a relatively small
sample size were provided. Second, it is a retrospective
study, so unintended selective bias may exist. Third, the f
values were not T2 corrected and thus may be impacted by
the T2 relaxation times of blood and tissues. Fourth, only
KRAS status was investigated in the present study; other
mutations in key genes [28], such as APC, CTNNBI and
BRAF, and the potential crosstalk among these mutations
were not involved. A meta-analysis showed that patients
with CRCs harbouring the BRAF mutation may not benefit
from treatment with anti-EGFR antibodies, and the BRAF
mutation is an adverse prognostic biomarker for the survival
of patients with metastatic CRC [29]. Therefore, further
BRAF testing should be recommended for rectal cancers
with wild-type KRAS, which is beyond the scope of the
current study.

In conclusion, the DW-MRI-derived parameters, specifi-
cally Mean-ADC and D*, showed moderate diagnostic per-
formance in differentiating rectal cancers with different KRAS
mutant statuses from wild type in rectal cancer, suggesting
potential for predicting the genotype of rectal cancer (KRAS
mutant/wild type).
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Quantitative Intravoxel Incoherent Motion
Parameters Derived From Whole-Tumor
Volume for Assessing Pathological
Complete Response to Neoadjuvant
Chemotherapy in Locally Advanced
Rectal Cancer

Qiaoyu Xu, MD,’ Yanyan Xu, MD,’ Hongliang Sun, MD,"™ Queenie Chan, PhD,?
Kaining Shi, PhD,® Aiping Song, MD,* and Wu Wang, MD, PhD'

Background: Many locally advanced rectal cancer (LARC) patients can benefit from neoadjuvant chemotherapy (NACT),
with some achieving a pathological complete response (pCR). However, there is limited research reporting on the value
of intravoxel incoherent motion (IVIM) in monitoring pCR in patients with LARC.
Purpose: To identify whether IVIM parameters derived from whole-tumor volume (WTV) before and after NACT could
accurately assess pCR in patients with LARC.
Study Type: Prospective patient control study.
Population: Fifty-one patients with LARC before and after NACT, prior to surgery.
Field Strength/Sequence: IVIM-diffusion imaging at 3T.
Assessment: Apparent diffusion coefficient (ADC), slow diffusion coefficient (D), fast diffusion coefficient (D*), and
perfusion-related diffusion fraction (f) values were obtained on diffusion-weighted magnetic resonance images (DW-
MRI) using WTV methods and calculated using a biexponential model before and after NACT.
Statistical Tests: DWI-derived ADC and IVIM-derived parameters and their percentage changes (AADC%, AD%, AD*%,
and Af%) were compared using independent-samples t-test and Mann-Whitney U-test between the pCR and non-pCR
groups. The diagnostic performance of IVIM parameters and their percentage changes were evaluated using receiver
operating characteristic curves.
Results: Compared with the non-pCR group, the pCR group exhibited significantly lower pre-ADCean (P=0.003) and
pre-D values (P = 0.024), and significantly higher post-f (P = 0.002), AADCean% (P = 0.002), AD% (P =0.001), and Af%
values (P=0.017). Receiver operating characteristic curves showed that the pre-D value had the best specificity
(95.12%) and accuracy (86.27%) in predicting the pCR status, and AD% had the highest area under the curve (0.832) in
assessing the pCR response to NACT.
Data Conclusions: The IVIM-derived D value is a promising tool in predicting the pCR status before therapy. The per-
centage changes in D values after therapy may help assess the pCR status prior to surgery.
Level of Evidence: 2
Technical Efficacy: Stage 2
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a fair number of patients are in the locally advanced stage at
initial diagnosis. Neoadjuvant chemotherapy (NACT) has
been widely applied in treating locally advanced rectal can-
cer (LARC) for effectively decreasing local recurrence after
total mesorectal excision (TME).2 Most of the patients can
benefit substantially from NACT. After neoadjuvant treat-
ment, approximately 10-30% of LARC patients may
achieve a pathological complete response (pCR), which is
defined as the absence of viable tumor cells after full patho-
logic examination of the resected specimen.> For these
patients, surgical resection may not lead to an increase in
overall and disease-free survival, but may result in extensive
comorbidities, such as sexual, urinary, and bowel dysfunc-
tion, and even mortality.”~'® On the contrary, other patients
who have a lesser degree of response to therapy may also
benefit from early prediction because they can be prevented
from ineffectively toxic therapy and alerted for a timely
therapeutic regimen. Recently, a paradigm of “nonoperative”
or “watch-and-wait” strategy has been proposed for patients

with LARC who have a good response to adjuvant ther-
10—

apy.
sis method to predict and identify complete responders
without relying on the pathological examination of surgical

13 However, there is still a lack of an accurate diagno-

specimens.*'> Thus, reliable noninvasive diagnostic tools
are needed.

Although conventional morphologic magnetic reso-
nance imaging (MRI) can accurately evaluate local invasive-
ness of the rectal tumor and lymph node metastasis in
pretherapeutic patients, restaging after therapy is still chal-
lenging.'*'®"” The difficulty in distinguishing residual tumor
from posttherapeutic fibrosis and edema can potentially lead
to overstaging.'® Diffusion-weighted imaging (DWI) may be
helpful in solving this problem. Apparent diffusion coefficient
(ADC), the quantitative parameter of DWI, has been used as
an imaging marker to evaluate rectal tumor response to ther-
apy.” Several recent studies demonstrated the potential of
ADC in distinguishing pCR from non-pCR, but the results
remained inconsistent.>'?2® This is possibly because the
ADC value could reflect the rate of diffusion in cellular tissues
but failed to distinguish the perfusion effects from true tissue
diffusion, thereby introducing the signal attenuation of imag-
ing.27’28 Intravoxel incoherent motion (IVIM) model, which
could estimate tissue perfusion and diffusion components
individually using multi-b-values, was introduced to over-
come this limitation.””*® It was used in predicting the treat-
ment response of nasopharyngeal carcinoma. The IVIM-
derived D values exhibited a higher diagnostic performance
compared with ADC values.>

Furthermore, most of the previous studies used a sin-
gle section of tumor to represent the whole tumor, such as
contouring tumor or placing regions of interest (ROIs) on
one representative section of tumor.*"*"*?> However, consid-
ering tumor’s heterogeneity, the researchers are subjective in
choosing the measurement section, which may result in the
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measured deviation. Recently, Nougaret et al*® used whole-
tumor volume (WTV) analyses in assessing the response to
chemotherapy and radiation therapy in rectal cancer. They
demonstrated better interobserver reproducibility compared
with single-section ROI analysis.”> The WTV analysis
method was adopted in the present study for minimizing
subjectivity of drawing ROIs on tumors among different
observers and obtaining more reliable results. IVIM parame-
ters derived from WTV analysis were not used in assessing
the response to NACT therapy in LARC. Therefore, this
study aimed to evaluate the utility of IVIM parameters by
using WTV analysis in assessing the pCR response to
NACT.

Materials and Methods

Patients

This prospective study was approved by the Institutional Review
Board of our hospital, and written informed consent was obtained
from all patients. A 3Tesla MRI scanner was used for pelvic MRI
examination of 179 patients with pathologically proven rectal ade-
nocarcinoma between March 2015 and March 2017. The inclusion
criteria were: 1) histologically confirmed rectal adenocarcinoma; 2)
LARC (stage IIIA and above) at pre-NACT MRIL 3) pre- and
post-NACT MRI, including DWI sequences with 16 b values; 4)
neoadjuvant chemotherapy; and 5) surgical resection. A total of
128 patients were excluded for the following reasons: i) lack of
NACT treatment (z = 88); ii) heavy susceptibility artifact or lack
of DWI sequences with 16 b values (z=6); iii) lack of pre- or
post-NACT MRI (z=15); or iv) mucinous adenocarcinoma or
signet-ring cell carcinoma (7 =19). Thus, 51 patients (mean age,
60.2 years; range, 35-79 years), including 41 men (mean age, 60.1
years; range, 35-79 years) and 10 women (mean age, 60.8 years;
range, 42—79 years) were enrolled in this study.

The median time intervals were as follows: 94 days (range,
30-202 days) between pre-NACT MRI and surgery; 82 days
(range, 28-182 days) between pre- and post-NACT MRI imaging;
and 6 days (range, 072 days) between post-NACT MRI and sur-
gery. The median time interval between the completion of NACT
and surgery was 37 days (range, 5-105 days).

The NACT regimens consisted of oxaliplatin, 5-fluorouracil,
and calcium folinate once every 2 weeks. All patients were treated
with two to four cycles according to their treatment response and
physical situation. The patients in this study did not receive radia-
tion therapy.

MRI

On the day of examination, the patients were asked to fast and
were intramuscularly injected with 10 mg anisodamine hydrochlo-
ride to prevent intestinal peristalsis 10 minutes before MRI. Pre-
and post-NACT MRI was performed on a 3T whole-body scanner
(Ingenia, Philips Medical Systems, Best, the Netherlands) with a
gradient strength of 45 mT/m and a gradient switching rate of
200 mT/m/ms, using a 16-channel anterior torso dS coil and a
16-channel posterior table dS coil. T,-weighted (T,W) imaging
was performed in the oblique axial, coronal, and sagittal planes,
and 2D sagittal T,W turbo spin echo (TSE) sequences were
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FIGURE 1: A 61-year-old man with LARC from the pCR group (TRG 4). Images in row A are T, DWI, ADC, D, D*, and f maps
before NACT. The ADC, D, D*, and f values were 0.840 x 10 3mm?/s, 0.804 x 10" 3mm?%/s, 9.321 x 10" 3mm?/s, and 0.319,
respectively. Images in row B are T, DWI, ADC, D, D*, and f maps after NACT. The ADC, D, D*, and f values were 1.270 x
1073mm?/s, 1.094 x 10~3mm?/s, 7.460 x 10~3mm?/s, and 0.362, respectively.

obtained using the following parameters: repetition time (TR),
4203 msec; echo time (TE), 102 msec; field of view (FOV), 24 X
24cm? slice thickness, 4mm with a 0.4-mm gap; acquisition
matrix, 336 X 246; and NSA, 3. Coronal T,W TSE sequences
were obtained using the following parameters: TR, 4515 msec;
TE, 110 msec; FOV, 24 X 24cm?; slice thickness, 3 mm with a
0.3-mm gap; acquisition matrix, 336 X 253;and NSA, 3. 2D axial
T,W TSE sequences were obtained perpendicular to the tumoral
axis using the sagittal plane“: TR, 5191 msec; TE, 102 msec;
FOV, 18 X 18cm®; slice thickness, 3.5 mm with a 0.35-mm gap;
acquisition matrix, 200 X 296; and NSA, 3.

The DWI pulse sequence was obtained in the same orienta-
tion as oblique axial T,W imaging by using a single-shot echo-pla-
nar imaging pulse sequence using the following parameters: echo
time / repetition time (TE/TR), 76/4000 msec; field of view
(FOV), 40 X 32cm?; slice thickness, 6 mm with a 0.6-mm gap;
acquisition matrix, 160 X 104; pixel size, 2.5 X 3.12mm? NSA,
3; and 16 b values (0, 10, 20, 30, 40, 60, 80, 100, 150, 200, 400,
800, 1000, 1200, 1500, and 2000 s/mm?). The frequency selection
plus inversion recovery fat-suppression technique (spectral attenu-
ated inversion recovery) was used in the DWI sequence. The scan

time for DWI sequence was about 5 minutes.

Image Analysis

Conventional scan sequences were used for radiological diagnosis
by morphological evaluation of parameters, such as the depth of
invasion and lymph node involvement.

MatLab (MathWorks, Natick, MA) was used to analyze the
raw data from diffusion-weighted images. The ADC was obtained
using b values fitted to a monoexponential model, whereas IVIM
parameters were calculated with a biexponential model using 16 b
values (02000 s/mm?) described by Le Bihan et al®

Sb/S0=(1 —f)xexp('bD) +ﬁcep(-bD*)

where Sb is the signal intensity in the pixel with diffusion gradient
b; SO is the mean signal intensity in the pixel without diffusion
gradient; D (given in units of X 10" mm?/s) is the diffusion
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coefficient of slow or nonperfusion-related diffusion, which repre-
sents true molecular diffusion; D* (given in units of X 10" 3>mm?/s)
is the diffusion coefficient of fast or perfusion-related diffusion; and
f (given as a percentage) is the perfusion-related diffusion fraction,
which represents fractional volume occupied in the voxel by flowing
spins.

For each patient, ROIs were manually drawn to contour the
border of the rectal cancers on each slice (DWI images, &= 800 s/
mm?) of tumor with reference to the T, W image before and after
NACT, avoiding the inclusion of intestinal gas, liquid, and necrotic
regions (those showing fluid-like signal characteristics) by two
experienced radiologists (10 years and 6 years in gastrointestinal
imaging) blinded to the histopathology results (Figs. 1 and 2). All
the parameters were measured twice 2 weeks later by one of the
radiologists. When no residual tumor was seen on the post-NACT
images obtained with the DWI pulse sequence, tracings were
placed on the rectal wall at the prior tumor site.

Percentage changes in ADC, D, D*, and f were calculated as
follows:

AADC%= (postADC — preADC) [ preADC X 100
AD%=postD— preD) [ preDX 100
AD*%=(postD" —preD") | preD* X 100
Af%= (postf —pref )/ pref X100

where preADC, postADC, preD, postD, preD*, postD*, pref; and
postf refer to ADC, D, D*, and f values before and after NACT,

respectively.

Surgical Resection and Histopathological
Examination

All patients underwent TME. One experienced gastrointestinal
pathologist (9 years of experience) assessed the surgical resection
specimens according to the TNM staging system of the 7 edition
of the American Joint Committee on Cancer.’® The degree of
tumor differentiation was categorized as highly, moderately, and
poorly differentiated according to the WHO classification sys-
tem.>® The tumor response to NACT was evaluated according to
tumor regression grade (TRG) system proposed by Dworak et al.*”
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D D* f

FIGURE 2: A 75-year-old man with LARC from the non-pCR group (TRG 2). Images in row A are T,, DWI, ADC, D, D*, and f maps
before NACT. The ADC, D, D*, and fvalues were 1.140 x 10~ 3mm?/s, 0.811 x 10~3mm?/s, 11.384 x 10~3mm?/s, and 0.320, respec-
tively. Images in row B are T,, DWI, ADC, D, D*, and f maps after NACT. The ADC, D, D*, and f values were 1.180 x 10" 3mm?%/s,

0.852 x 10"3mm?%/s, 10.539 x 10 3mm?/s, and 0.313, respectively.

Patients with TRG grades 0-3 were put into the no-pCR group,
whereas patients with TRG 4 were put into the pCR group.

Statistical Analysis

The one-sample Kolmogorov—Smirnov test was first used to ana-
lyze continuous variables for normality. Continuous variables were
expressed as mean * standard deviation (normal distribution) or
median * interquartile range (abnormal distribution). The intra-
class correlation coefficient (ICC) was calculated to evaluate intra-
and interobserver reproducibility. ICC values smaller than 0.4 indi-
cated poor reproducibility, values ranging from 0.4 to 0.59 indi-
cated fair reproducibility, values ranging from 0.6 to 0.74
indicated good reproducibility, and values above 0.75 indicated
excellent reproducibility. Independent-samples z-test and Mann—
Whitney U-test were employed to estimate the differences in con-
tinuous variables between pCR and non-pCR groups. The paired
z-test was used to compare the parameters between pre-NACT and
post-NACT. The diagnostic accuracy of indicators (pre-ADCeans
pre-D, post-f, AADC,.,,%, AD%, and Af%) was evaluated in
terms of sensitivity, specificity, positive predictive value (PPV), neg-
ative predictive value (NPV), and area under the receiver operating
characteristic (ROC) curve (AUC). A two-tailed test pattern was
used in all statistical analyses with the level of statistical significance
determined as P < 0.05. All statistical calculations were performed
using SPSS (17.0 for Windows, SPSS, Chicago, IL).

Results

Clinical Characteristics

This study was performed on 51 patients with rectal cancer,
including 41 men (80.4%) and 10 women (19.6%) who
conformed to the selection criteria. Ten patients (pCR rate,
19.6%) had pCR to NACT, and 41 patients had no pCR
to NACT. Table 1 summarizes the clinicopathological char-
acteristics of the patients.

Parameters Before and After NACT
The ADC.;, (P=0.020), ADC,can (P=0.001), and D
(P<0.001) values were significantly higher after NACT,
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f (P=0.004) values were significantly lower after NACT,
whereas ADC,,,,, and D* values did not significantly change
(P=10.563 and 0.451, respectively) in the pCR group. In
non-pCR group, only ADC, values (P = 0.004) were sig-
nificantly higher after NACT, whereas ADC,,.,, ADC,,cans
D, D* and f values did not significantly change after
NACT (P =0.242, 0.205, 0.266, 0.269, and 0.309, respec-
tively) (Table 2, Fig. 3).

Comparison of Parameters Between pCR and
Non-pCR groups

The values of pre-ADC,,can and pre-D in the pCR group
were much lower than that in the non-pCR group
(P=0.003 and 0.024, respectively), whereas no significant
differences were found in the values of pre-ADC,;,, pre-
ADC 4 pre-D*, and pre-f (P=10.569, 0.245, 0.687, and
0.448, respectively). Significant differences in post-f values
were found (P =0.002), whereas no significant differences
in other post-NACT parameters were found, including
post-ADC in,  post-ADC o, post-ADCy,  post-D, and
post-D* (P=0.151, 0.217, 0.499, 0.063, and 0.831,
respectively). The values of AADC,;e0n%, AD%, and Af%
were significantly higher in the pCR group than in the non-
pCR group (P=0.002, 0.001, and 0.017, respectively);
however, no significant difference in the
AADC,;,%, AADC,, %, and AD*% was observed
(P=0.155, 0.868, and 0.618, respectively) (Table 3,
Figs. (3 and 4)).

values of

Diagnostic Performance for Assessing pCR
The diagnostic performance of ADC and IVIM-derived

parameters were evaluated using the ROC curves to assess a
pCR. Pre-ADC o, pre-D, post-f, AADC,e.n%, AD%,
and Af% located in the area under the curve were 0.802,
0.732, 0.812, 0.761, 0.832, and 0.746, respectively (Fig. 5).
The optimal cutoff value for accurately identifying patients
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TABLE 1. Baseline and Demographic Data of 51
Patients

Characteristic Value

Age (year)

Male 60.1 (35-79)
Female 60.8 (42-79)
All 60.2 (35-79)
Sex (%)

Male 41 (80.4%)
Female 10 (19.6%)

Distance of the primary tumor from the anal verge

0-5.0cm 20 (39.2%)
5.1-10.0cm 27 (52.9%)
10.1-15.0cm 4 (7.8%)

Post-NACT pathologic T(ypT) classification

ypTO 10 (19.6%)
ypT1 2 (3.9%)
ypT2 14 (27.5)
ypI3 25 (49.0%)
ypT4 0 (0%)

Post-NACT pathologic N (ypN) classification

ypNO 39 (76.5%)
ypN1 10 (19.6%)
ypN2 2 (3.9%)
Tumoral regression grade

Grade 4 10 (19.6%)
Grade 3 5 (9.8%)
Grade 2 17 (33.3%)
Grade 1 16 (31.4%)
Grade 0 2 (3.9%)
Post-NACT pathological differentiation
High 5 (12.2%)
Moderate 31 (75.6%)
Poor 5 (12.2%)

Continuous data are expressed as means, with ranges in paren-
theses. Categorical data are expressed as numbers of patients,

with percentages in parentheses.

with pCR was 0.89 X 10 2mm?/s for pre-ADC 0 (80%
sensitivity, 73.17% specificity, 42.11% PPV, 93.75% NPV,
and 74.51% accuracy), 0.58 X 10~ >mm?/s for pre-D (50%
sensitivity, 95.12% specificity, 71.43% PPV, 88.64% NPV,
and 86.27% accuracy), 33.25% for post-f (80% sensitivity,
78.05% specificity, 47.06% PPV, 94.12% NPV, and
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TABLE 2. ADC and IVIM Parameters Before and After
NACT
Parameters  Before NACT After NACT P
ADC,,.«
pCR 1.59 = 0.46 1.48*+0.23 0.563
non-pCR  1.75 £ 0.42 1.63£0.50  0.242
ADC,;,
pCR 0.44 +0.21 0.75*0.29  0.020
non-pCR  0.50 £ 0.21 0.66 +0.28  0.004
ADC,can
pCR 0.80 = 0.18 1.10 £0.09  0.001
non-pCR  0.99 = 0.18 1.05*0.26  0.205
D
pCR 0.63 = 0.10 0.82+0.14 <0.001
non-pCR  0.71 = 0.08 0.74+0.16  0.266
D*
pCR 9.59 = 0.84 9.10+1.62 0451
non-pCR  9.31 *1.35 8.98+2.09  0.269
£%)
pCR 31.34+£1.80 34.64=3.75 0.004
non-pCR  30.69 =3.22  29.70 =5.95 0.309
Data are presented as mean * standard deviation; ADC, appar-
ent diffusion coefficient; D, slow diffusion coefficient; D*, fast
diffusion coefficient; and f; perfusion-related diffusion fraction;
ADC, D, and D* value = X 10~ >mm?/s.

78.43% accuracy), 18% for AADC 0% (90% sensitivity,
65.85% specificity, 39.13% PPV, 96.43% NPV, and
70.59% accuracy), 23.35% for AD% (80% sensitivity,
80.49% specificity, 50% PPV, 94.29% NPV, and 80.39%
accuracy), —5.31% for Af% (100% sensitivity, 51.22% spe-
cificity, 33.33% PPV, 100% NPV, and 60.78% accuracy)
(Table 4).

Intra- and Interobserver Repeatability of the
Parameters Derived from WTV

No significant intra- and interobserver differences were
found in the parameters (D, D*, and f) derived from WTV.

All parameters showed excellent reproducibility (Table 5).

Discussion

The present study demonstrated that the pCR group had sig-
nificantly lower ADC and D values before NACT compared
with the non-pCR group, which might help clinicians predict
the pCR to NACT in LARC. The percentage changes in ADC,
D, and f values before and after NACT were significantly
higher in the pCR group, suggesting that ADC, D, and fvalues
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FIGURE 3: Box-and-whisker plots of ADC and IVIM parameters before and after NACT in non-pCR and pCR groups.

might be useful in assessing the pCR response before surgery.
In addition, the percentage changes in D values before and
after NACT showed the highest diagnostic performance, and
D values before therapy showed the best specificity and accu-
racy among all parameters. The WTV measurement showed
excellent reproducibility.

Preoperative pelvic radiation therapy could result in
long-term bowel and sexual functional changes.*® Moreover,
Schrag et al demonstrated that adding radiation therapy to
neoadjuvant chemotherapy could not improve treatment
outcomes, but delayed administration of optimal chemo-
therapy.>® Therefore, patients in this study did not receive
radiation therapy. Early prediction of rectal tumor response
to therapy can help clinicians choose the optimal treatment
regimen, and finding a tool to predict pCR before therapy
and assessing it accurately after therapy is important. How-
ever, assessing the tumor residual and nodal statuses after
therapy was usually limited because the morphologic imag-
ing of tumor was similar to fibrous replacement of the
tumor tissues.'® DWI-derived ADC values were regarded as
a reasonable imaging biomarker, which could quantitatively
measure random diffusion of water molecules in biologic
tissues. The increase in ADC values was related to decreased
cellular density and increased interstitial space, which was
useful when evaluating the malignancy of the tumor and

O ,25,40,41
monitoring the tumor response to treatment.*>%’
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However, this technique did not consider the influence of
microcirculation perfusion. Therefore, it could not accu-
rately reflect the diffusion characteristics. IVIM DW-MRI
could distinguish perfusion information from diffusion
using a biexponential model and multi-b-value sampling.
Hence, the true molecular diffusion and microcirculation
perfusion could be obtained simultaneously.>”** This notion
was supported by the results of the present study that
IVIM-derived D values were significantly lower than DWI-
derived ADC values both before and after NACT, which
were also consistent with previous findings in various tumor
and organs.**~%*

Furthermore, the ADC and D values were found to be
significantly lower before the start of therapy in the pCR
group compared with the non-pCR group. Similarly, Lam-
brecht et al showed that the low ADC values before therapy
were significantly associated with the pCR status.® Perhaps
the necrotic area in the tumor could decrease the movement
of water molecules and also inhibit the delivery of therapy
due to lack of vascularization. Conversely, several studies
reported that pretreatment ADC*'~2* and D values®"*? were
not associated with the pCR status. These differences might
be because of the variations in the MRI technique and the dif-
ference in measurement methodology such as ROI selection.

In addition, this study found that pre-ADC and pre-D
values significantly increased in the pCR group compared with
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TABLE 3. Comparison of ADC and IVIM Parameters Before and After NACT Between pCR and Non-pCR Groups
Parameters PCR Non-pCR r
(n=10) (n=41)
Pre-NACT ADC,, .« 1.59 £ 0.46 1.75 £ 0.42 0.245
ADC,in 0.44 *+0.21 0.50 £0.21 0.569
ADCcan 0.80 £0.18 0.99+0.18 0.003
D 0.63 *£0.10 0.71 =£0.08 0.024
D* 9.59 + 0.84 9.31 +1.35 0.687
f%) 31.34 +1.80 30.69 *= 3.22 0.448
Post-NACT ADC .« 1.48 +0.23 1.63 +0.50 0.499
ADC,;, 0.75*0.29 0.66 = 0.28 0.151
ADCean 1.10 = 0.09 1.05 £ 0.26 0.217
D 0.82 £ 0.14 0.74 *0.16 0.063
D* 9.10 £ 1.62 8.98 =2.09 0.831
f%) 34.64 *3.75 29.70 = 5.95 0.002
*A(%) ADC,, .« -9.21 £45.37 -7.813 = 40.12 0.868
ADC,;, 91.50 = 138.22 47.76 = 114.72 0.155
ADC,can 42.49 *+ 33.63 -1.18 £47.15 0.002
D 36.23 +24.30 —-0.08 * 31.65 0.001
D* —4.61 = 33.03 —1.85 £24.65 0.618
f 11.77 = 12.73 -5.63 * 28.60 0.017
Data are presented as mean * standard deviation or median * interquartile range (*); ADC, apparent diffusion coefficient; D, slow
diffusion coefficient; D¥, fast diffusion coefficient; and £, perfusion-related diffusion fraction; ADC, D, and D* value = X 10 mm?®/s;
A(%) = (posty—prey)/ preyX100; (y=ADCax, ADC,rin, ADCpryeans D, D*, or f).

post-ADC and post-D values. It was different from several pre-
vious studies that obtained increased ADC values in the pCR
and non-pCR groups.”’? Furthermore, several studies
showed that posttreatment ADC**?? and D> values could
help distinguish pCR from non-pCR in patients with LARC.
However, several other studies did not demonstrate this util-

ity.?>** In this study, post-ADC and post-D values were not

found to be significantly different between the two groups.
However, the percentage changes in ADC and D before and
after NACTwere significantly higher in the pCR group than in
the non-pCR group. This suggested that these two groups of
patients had different sensitivities to NACT. Cytotoxic chemo-
therapy could more effectively eradicate tumor cells, which was
reflected in an increase in ADC and D values.

300.00T
200007
100.00T
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-100.00T
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ADémxn

D o 1

FIGURE 4: The percentage changes of ADC and IVIM parameters before and after NACT in non-pCR and pCR groups.
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FIGURE 5: (a) ROC curve analysis of pre-ADC,,c., and pre-D values for predicting pCR. (b) ROC curve analysis of post-f, AADC ,ean:

AD, and Af values for assessing pCR.

However, the results of the present study and prior
studies might be different because the investigators used var-
ious methods of placing ROIs in rectal tumor when evaluat-
ing the parameters on DW-MRI. Contouring lesions on a
representative section of rectal tumor was the most common
and convenient method. However, the distribution of signal
intensity in rectal cancer was heterogeneous, and a single
section of tumor may not represent the information on
tumor l'usterogcn«:ity.19—22’45’46 Moreover, the selection of
section and the position of ROIs highly depended on the
subjective judgment of different observers. Thus, its accu-
racy was limited. Recently, Nougaret et al indicated that the
WTYV analysis of IVIM-derived parameters had better repro-
ducibility than single-section ROI analysis when assessing

Additionally, Goh et al suggested that WTV analysis might
improve the assessment of tumor by capturing inherent
intratumoral heterogeneity better.*” The WTV analysis was
adopted in the present study for minimizing sampling bias
and obtaining more reliable results. The ADCean values
were significantly different from both ADC_;, (P <0.001)
and ADC,,,, (P<0.001) values, further proving heterogene-
ity in the tumor. Moreover, the data showed that WTV
analysis had excellent reproducibility, which was consistent
with the findings of previous studies.>® The present study
showed that the pre-D values had the highest specificity and
accuracy when predicting the pCR response and AD% had
the highest AUC when assessing the pCR status after ther-
apy. This suggested that IVIM-derived D values were signif-

the treatment response in patients with LARC.>®> icantly associated with pCR.
TABLE 4. Diagnostic Performance of ADC and IVIM Parameters Obtained Using Whole-Tumor Volume Analysis
to pCR Response After NACT
Parameters Sensitivity ~ Specificity PPV NPV Accuracy  AUC (95%ClI) Cutoff
(%) (%) (%) (%) (%) value
Pre-ADC 0y 80 73.17 42.11 93.75 74.51 0.802 (0.646-0.959)  0.89
(X 10 >mm?/s)
Pre-D 50 95.12 71.43 88.64 86.27 0.732 (0.538-0.920) 0.58
(X 10 3mm?/s)
Post-f' (%) 80 78.05 47.06 94.12 78.43 0.812 (0.658-0.966) 33.25
AADC, can 90 65.85 39.13 96.43 70.59 0.761 (0.604-0.918) 18.00
(%)
AD (%) 80 80.49 50 94.29 80.39 0.832 (0.690-0.973)  23.35
Af (%) 100 51.22 33.33 100 60.78 0.746 (0.611-0.881) -5.31
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TABLE 5. Intra- and Interobserver Agreement for
Whole-Tumor Volume Measurement
Parameters Intraobserver Interobserver
Pre-NACT ADC,. 0.8282 0.7593
ADC;, 0.8812 0.8489
ADCpen 0.9786 0.9763
D 0.9507 0.9433
D* 0.9841 0.9774
f 0.9660 0.9603
Post-NACT ADC,_,, 0.7939 0.7550
ADC;, 0.8017 0.7538
ADC,.., 0.8807 0.8633
D 0.9863 0.9836
D* 0.9657 0.7949
f 0.9582 0.9669

In addition, the results of f values in assessing the
treatment response were variable across different studies. Lu
et al found that pre-f values were significantly higher in the
pCR group of rectal cancer,’’ whereas other studies found
that f values were not useful in assessing the treatment
response in rectal tumor.>**> These conflicting results might
be due to the fact that f'values represented the signal inten-
sity ratio of blood capillaries and tumor tissues, which were
both affected by the T, contribution.*®*’ After treatment,
the T, values of tumor tended to increase, leading to an
underestimation of the increase in fvalues.* In the present
study, post-f values and its percentage changes significantly
increased after NACT in the pCR group, whereas no signifi-
cant changes were found in the non-pCR group. However,
the vascular damage and the influence of inflammation and
edema were complex, limiting the utility of f values.”®
Therefore, although f values showed the highest sensitivity
(100%) in the present study, the results still should be inter-
preted with caution.

The present study demonstrated that IVIM-derived
D* values were useless in predicting or identifying pCR
response. Similarly, Zhu et al did not find a significant dif-
ference in D* values between the two groups.”> Moreover,
Yu et al proved that IVIM-derived diffusion parameters
might be more helpful than IVIM-derived perfusion param-
eters in patients with nasopharyngeal carcinoma.>® However,
Lu et al reported higher pre-D* in the pCR group of rectal
cancer. These conflicting results were possibly due to the

3233 which was also

poor reproducibility of D* wvalues,
proved in the present study showing that the interobserver

agreement of D* values after NACT was lower than that of
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other parameters. This might also result from the relatively
high sensitivity of D* values to noise.”"

The present study had several limitations. First, the
sample size was relatively small and confined to a single cen-
ter, resulting in selection bias. Second, different timepoints
of therapy were not taken into account. Further studies
could monitor the parameters after every cycle of chemo-
therapy to obtain more information in predicting or assess-
ing pCR. Third, the results were not compared with the
dynamic contrast material-enhanced acquisition parameters,
which could quantitatively assess tumor microcirculation
after therapy directly. Fourth, in our study we excluded rec-
tal mucinous adenocarcinoma, which is seen as abundant
extracellular mucin exceeding 50% of the tumor stroma.>>
However, the diffusion and perfusion characteristics of
mucinous adenocarcinoma in DW1I-derived images were dif-
ferent from typical rectal adenocarcinoma® and accumulat-
ing evidence indicates that the prognosis of mucinous
adenocarcinoma is poorer than nonmucinous adenocarci-
noma.’**® Finally, the IVIM model required sufficient b
values, but too many b values would increase the scan time.
Therefore, the proper number and interval of b values need
to be explored.

In conclusion, this study suggested that IVIM-derived
D values before therapy might be a promising tool for pre-
dicting pCR, and the percentage changes in D values after
therapy had the best diagnostic performance of pCR
response. These results still need be proved by conducting
larger, multicenter, prospective studies. Furthermore, the
WTV analysis showed excellent reproducibility, which can
be applied in further studies for obtaining reliable results.
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OBJECTIVE. Theobjective of our study wasto evaluate the intravoxel incoherent motion
(IVIM)-DWI derived parameters and their relationships with tumor prognostic markers us-
ing 3-T MRI in patients with rectal cancer.

SUBJECTS AND METHODS. Fifty-two patients with histopathologically proven rec-
tal cancer who underwent preoperative pelvic MRI were prospectively enrolled in this study.
Diffusion and perfusion parameters including the apparent diffusion coefficient (ADC), pure
diffusion coefficient, perfusion fraction, and pseudodiffusion coefficient derived from IVIM-
DWI were independently measured by two radiologists. Comparisons of 1VIM-DWI—de-
rived parameters in patients with different tumor prognostic markers were made using the
independent-samples t test, ANOVA, and Mann-Whitney U test. The correlations between
IVIM-DWI—derived parameters and tumor grade and tumor stage were further evaluated us-
ing Spearman correlation analysis. Interobserver agreement was evaluated using the intra-
class correlation coefficient (ICC).

RESULTS. Excellent interobserver reproducibility was obtained for the 1VIM-DWI—de-
rived parameters (range of ICCs with 95% limits of agreement = 0.9309-0.9948, which is
narrow). ADC, pseudodiffusion coefficient, and perfusion fraction tended to rise with greater
tumor differentiation (r = 0.520, p < 0.00L; r = 0.447, p = 0.001; r = 0.354, p = 0.010, respec-
tively). The pure diffusion coefficient and pseudodiffusion coefficient showed a trend of de-
creasing with increasing tumor stages (r = 0.479, p < 0.001; r = 0.517, p < 0.001). The group of
patients with extramural vascular invasion (EMVI) showed lower pseudodiffusion coefficient
values than the group of patients with no EMVI (p < 0.05).

CONCLUSION. IVIM-DWI—derived parameters in patients with rectal cancer, es-
pecially the pseudodiffusion coefficient, are associated with tumor grade and tumor stage
and show statistically significant differences between subjects with EMVI and those without
EMVI. IVIM-DWI—derived parameters would be helpful in predicting tumor aggressiveness
and prognosis.

olorectal cancer (CRC) is a ma-

lignant tumor with a high mor-

bidity and mortality. There were

1.4 million new cases worldwide
in 2012 and approximately 0.7 million pa-
tients died of CRC in 2012 [1]. Rectal cancer
accounts for approximately 30-35% of CRCs
[1, 2]. The prognosis of patients with rectal
cancer is closely related to tumor pathologic
grade and stage. Higher tumor grade and ad-
vanced stage predict poor prognosis[3, 4]. In
addition, the clinical treatment also depends
on rectal cancer stage Patients with ad-
vanced-stage rectal cancer often require pre-
operative chemotherapy or chemoradiothera-
py [5-7]. Clinical studies have confirmed
that neoadjuvant chemoradiation therapy is
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effective for downstaging disease and reduc-
ing the rate of local recurrence [7, 8]. There-
fore, preoperative staging and grading have
important clinical significance in the man-
agement of rectal cancer.

Tumor markers, such as carcinoembry-
onic antigen (CEA) and cancer antigen 19-9
(CA19-9) [9, 10], and relevant imaging indi-
cators based on MRI, such as involvement of
the circumferential resection margin (CRM)
[11, 12] and the presence of extramural vas-
cular invasion (EMVI) [13-15], are also cor-
related with prognosis. Previous studies have
shown that the probability of metastasiswith-
in 1 year is 3.7 times higher in rectal cancer
patients with MRI-detected EMVI than in
those with no EMVI detected on MRI [14].
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It has been reported that tumor shape is as-
sociated with differentiation of colorectal ad-
enocarcinoma and that the extramural depth
of tumor invasion isrelated to prognostic fac-
tors (including tumor differentiation grade)
[16-18]; thus, we hypothesized that the range
of bowel circumferential invasion might be
associated with tumor grade as a prognos-
tic factor. However, the reference standard
of tumor grading and staging is evaluation of
postoperative pathologic specimens, whereas
MRI indicators are relatively subjective with
large interobserver variations [19, 20]; there-
fore, noninvasive quantitative preoperative
evaluation methods are needed.

The DWI sequence has been gradually
incorporated into the routine MRI proto-
col because of its proven advantages in tu-
mor detection, tumor characterization, and
monitoring of treatment response [21-27].
The apparent diffusion coefficient (ADC)
has been proved to be a potential prognostic
factor [22—26]. Intravoxel incoherent motion
(IVIM) is based on a biexponential mathe-
matic model with multiple b values, nonin-
vasively measuring both the diffusion of free
water molecules and the perfusion caused
by microcirculation in vivo. The main pa-
rameters derived from the biexponential
model are the pure diffusion coefficient, the
perfusion fraction, and the pseudodiffusion
coefficient [28]. Promising results have been
reported in the relationship between IVIM
parameters and histologic grade and tu-
mor stage of various tumors [29-33]. How-
ever, in rectal cancer, research focusing on
the relationships between IVIM parameters
and clinicopathologic factors is rare [34,
35]. The only study in the literature that we
found was by Surov et al. [35]. In that work,
a negative relationship between IVIM pa-
rameters and tumor differentiation grade
was reported. However, considering vari-
ous factors, such as inconsistent IVIM pro-
tocol settings (especially b values), alimited
number of subjects, and the use of differ-
ent built-in analysis software programs by
different vendors, further study of the re-
lationship between IVIM parameters and
the clinicopathologic factors of rectal can-
cer is needed. Therefore, the purpose of our
study was to investigate the relationship be-
tween 1VIM-DWI—derived parameters and
clinicopathologic prognostic indicators in
patients with rectal cancer to evaluate the
feasibility of IVIM-DWI as a quantitative
method for assessing tumor aggressiveness
and predicting prognosis.
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Subjects and Methods
Participants

This prospective study was approved by the in-
stitutional review board of China-Japan Friendship
Hospital, and written informed consent was ob-
tained from all patients. Between August 2013 and
August 2014, 118 consecutive patients with rectal
cancer confirmed by endoscopic biopsy and with
complete clinical dataunderwent 3-T MRI. The ex-
clusion criteria were as follows. preoperative neo-
adjuvant chemoradiotherapy (n = 40); an interval
between surgery and MRI of more than 4 weeks
(n = 15); non-rectal adenocarcinoma confirmed by
postoperative pathologic results (i.e., neuroendo-
crine tumor [n = 4]); poor image quality (i.e, heavy
intestinal peristalsisartifacts[n=5]); and thelesion
was too small (diameter < 5 mm) or was too dif-
ficult to identify on DW images (n = 2). A total of
52 patients were involved in the final analysis (Fig.
1). Theclinical data of the 52 patients are listed in
Table 1. The median interval between the primary
staging MRI examination and surgery was 16 days
(range, 7-27 day9).

Patient Preparation and Imaging Protocol
Patients had a low-residue diet before the MRI
examination and fasted on the day of the examina-
tion. Intramuscular injection of 10 mg of anisoda-
mine hydrochloride was given to each patient ap-
proximately 10 minutes before MRI examinationin
theinjection room to inhibit intestinal peristalsis.
Pelvic MRI scanning was performed on a 3-T
whole-body scanner (Ingenia, Philips Healthcare)
with a gradient strength of 45 mT/m and a gradi-
ent dew rate of 200 mT/m/ms using a 16-chan-

nel anterior torso coil and a 16-channel posterior
table coil. Two-dimensional sagittal and coronal
T2-weighted turbo spin-echo (TSE) sequences
were performed using the following parameters:
TRI/TE, 3761/110; FOV, 24 x 24 cm; dice thick-
ness, 3 mm with a0.3-mm gap; acquisition matrix,
336 x 252; and number of signals averaged (NSA),
3. A 2D axial T2-weighted TSE sequence was per-
formed perpendicular to the long axis of the rec-
tum at the level of the tumor using the following
parameters. TR/TE, 3865/100; FOV, 14 x 14 cm;
dlice thickness, 3 mm with a 0.3-mm gap; and ac-
quisition matrix, 232 x 228.

Axial IVIM scanning was performed perpen-
dicular to the lesion in the same direction as the
axial TSE T2-weighted series using a single-shot
DWI sequence with the following parameters:
TRI/TE, 6000/76; FOV, 20 x 30 cm; dice thick-
ness, 4 mm with a 0.4-mm gap; acquisition ma-
trix, 80 x 144; NSA, 6; and eight b values (0, 25,
50, 75, 150, 400, 800, and 1000 Ymm?). The scan-
ning time of IVIM was approximately 6 minutes
30 seconds.

Image Analysis and Postprocessing

DW images were postprocessed on a worksta-
tion (Extended Workspace 4.1, Philips Health-
care) and analyzed using in-house software (IDL,
version 6.3, IDL Software) [36]. The ADC was
obtained using b values (0-1000 ymm?) fitted to
the monoexponential model. The IVIM parame-
ters—that is, the diffusion coefficient (D), perfu-
sion fraction (f), and pseudodiffusion coefficient
(D")—were derived from the curve fit of the fol-
lowing equation [28]:

118 Patients with suspected rectal cancer underwent endoscopic
biopsy and a pelvic MRI examination that included an IVIM-DWI sequence

preoperative conditions:

55 Patients were excluded because of the following

» A history of chemoradiation treatment (n = 40)
* Interval of > 4 weeks between MRI and surgery (n = 15)

4 Patients were excluded because they had a
neuroendocrine tumor (grade 1 or 2) that was confirmed
by surgical pathologic results

e Tumor <5mm (n =2)

7 Patients were excluded because of the following:
« Intestinal motion artifacts on MRI examination (n = 5)

study group

52 Patients with rectal cancer were included in the final

Fig. 1—Flowchart shows subject selection process and exclusion criteria. IVIM = intravoxel incoherent motion.
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TABLE I: Clinicopathologic Factors of 52 Patients With Rectal Cancer

Factors Value

Age (y), mean = SD 59.5+13.7
Sex, no. (%) of patients

Male 30(57.7)

Female 22(42.3)
Lesion length (cm), mean + SD 49+15
Location?, no. (%) of patients

Upper (>10cm) 12(23.1)

Middle (5-10 cm) 25(48.1)

Lower (<5cm) 15(28.8)
Tumor grade, no. (%) of patients

Well differentiated 14(26.9)

Moderately differentiated 22(42.3)

Poorly differentiated 16 (30.8)
Tumor stage, no. (%) of patients

Stage | 17(32.7)

Stage Il 19(36.5)

Stage lll 11(21.2)

Stage IV 5(9.6)
Surgical procedure, no. (%) of patients

Dixon surgery 35(67.3)

Miles operation 13(25.0)

Hartmann surgery 4(7.7)

alLocation is the distance from the inferior part of the tumor to the anal verge.

S, /S, = (1 1) exp(-bD) + f exp(-bD*),

where § is the signal intensity at a given b
value, S, is the signal intensity for a b value of O
s/mm?, and bisthe b value. Two experienced radi-

ologists (10 and 8 years experiencein gastrointes-
tinal imaging) who were blinded to the histologic
results independently drew the ROl manually on
all consecutive tumor dices of the DW images (b
value = 1000 mm?). Once the polygonal ROl was
drawn along the border of the high-signal-intensi-

ty area comprising the tumor to cover the entire
tumor area on images obtained with a b value of
1000 s/mm?, the position of the ROI was automati-
cally placed on IVIM parametric maps. All ROIs
were carefully defined not to involve necrosis by
referring to T2-weighted imaging. The parame-
ters of the ROIson all dices (mean, 11 + 3 dices,
range, 5-20 slices) were averaged across all pixels
inthe ROIs (Fig. 2).

The imaging indicators were CRM, EMVI,
and bowel circumferential invasion [37]. A posi-
tive CRM was defined as a tumor or suspicious
lymph node lying within 1 mm of the mesorec-
tal fascia. EM VI was considered positive if a sus-
picious tumor with intermediate signal intensity
within the vessels was located beyond the muscu-
laris propriain the mesorectal fat. Bowel circum-
ferential invasion was assessed in the short axial
plane; for this assessment, the bowel was divid-
ed into quarters. C1 indicated that the invasion
was < 1/4 of the bowel circumference; C2, > 1/4
and < 1/2 of the bowel circumference; C3, > 1/2
and < 3/4 of the bowel circumference; and C4, >
3/4 of the bowel circumference. Two gastrointesti-
nal radiologists who were blinded to the patients
clinical and pathologic information independently
reviewed the MRI studies for the status of CRM,
EMVI, and bowel circumferential invasion. Dis-
crepancies were resolved at a third analysis ses-
sion during which a decision was reached by con-
sensus of the two radiologists.

Pathology Evaluation

Surgical pathology results of all patients were
analyzed by a pathologist with 6 years experience
in gastrointestinal pathologic diagnosis. Speci-
mens were prepared into 5-mm dlices. Then, the
pathologic type, tumor differentiation (well differ-
entiated, moderately differentiated, or poorly dif-

A

Fig. 2—67-year-old man with newly diagnosed poorly differentiated rectal cancer (stage II; location, middle).

A, Axial T2-weighted image.

B, DW image obtained using b value of 1000 s/mm? shows ROI (1, green outline) of tumor.
C, Pure diffusion color map shows ROI (1, outline) of tumor.
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Fig. 2 (continued)—67-year-old man with newly diagnosed poorly differentiated rectal cancer (stage Il; location, middle).
D, Pseudodiffusion coefficient color map shows ROI (1, outline) of tumor.
E, Perfusion fraction color map shows ROI (1, outline) of tumor.

F, Analysis curve based on biexponential model; x-axis shows b values, and y-axis shows logarithm of relative signal intensities, where Sis signal intensity and S,is

signal intensity for b value of 0 s/mmZ.

ferentiated), tumor stage (according to the 7th edi-
tion of the American Joint Committee on Cancer
[AJCC] TNM staging system) [38], and the pres-
ence of lymph node metastases were evaluated.

Clinical Indicators

Clinical indicators including the plasma levels
of CEA and CA19-9 before surgery were record-
ed. A CEA value of = 5 ng/mL and a CA19-9 value
of = 27 U/mL were considered elevated.

Statistical Analysis

Statistical analysis was performed using statisti-
cal software (SPSS, version 17.0 for Microsoft Win-
dows, IBM). Thereproducibility of IVIM-MRI-de-
rived parameters between different observers was
evaluated using intraclass correlation coefficients
(ICCg) and Bland-Altman limits of agreement. ICC
values less than 0.40 were taken to indicate poor
reproducibility, whereas those ranging from 0.40
to 0.59 were considered to indicate fair reproduc-
ibility, those ranging from 0.60 to 0.74 to indicate
good reproducibility, and those 0.75 or greater to
indicate excellent reproducibility. ANOVA analysis
was used to compare |1VIM-MRI—derived param-
eters among the various tumor grades, AJCC tu-

mor stages, and bowel circumferential invasion lev-
es (i.e, C1-C4). The relationships between IVIM
parameters and pathology results (tumor differen-
tiation degrees and AJCC tumor stages) and bow-
e circumferential invasion were evaluated through
Spearman correlation analysis. Considering the
limited number of subjects with stage |V tumors,
patients with stage IV tumors and those with stage
111 tumors were merged to become one group to be
analyzed using the ANOVA and Spearman correla-
tion analysis. Independent-samplest test and Mann-
Whitney U test were conducted to test the differ-
ences between groups with positive and negative
findings for lymph node metastases, normal and
elevated CEA values, normal and elevated CA19-
9 values, positive and negative CRM, and positive
and negative findings for EMVI. A p < 0.05 was
considered statistically significant.

Results
Interobserver Agreement

Excellent interobserver agreement was
obtained for the IVIM-MRI-derived pa-
rameters ADC, pure diffusion coefficient,
perfusion fraction, and pseudodiffusion coef-
ficient, with ICC values ranging from 0.9309—

0.9767, 0.9844-0.9948, 0.9437-0.9811, and
0.9571-0.9857, respectively. According to
Bland-Altman plots, the interobserver 95%
limits of consistency of the IVIM-MRI-
derived parameters (ADC, pure diffusion
coefficient, perfusion fraction, and pseu-
dodiffusion coefficient) were -8.9% to
9.0%, —11.7% to 9.7%, —14.1% to 11.5%,
and —16.7% to 17.8%, respectively.

Correlation Between Intravoxel Incoherent
Motion DWI Parameters and Tumor Grades
Fourteen cases of well-differentiated, 22
cases of moderately differentiated, and 16
cases of poorly differentiated tumors were
confirmed by the pathology results. IVIM-
MRI—derived parameters tended to rise with
higher degree of tumor differentiation (Table
2). The ADC, pseudodiffusion coefficient,
and perfusion fraction exhibited statistical-
ly significant differences (p < 0.01, p < 0.05,
p < 0.01, respectively) among different tumor
grades and were moderately correlated (r =
0.520, p < 0.00L; r = 0.447, p = 0.00L; and
r = 0.354, p = 0.010, respectively) with tumor
grades. The post hoc analysisin ANOVA was

TABLE 2: Intravoxel Incoherent Motion (IVIM) DWI-Derived Parameters of Rectal Cancers by Tumor Grade

Tumor Grade
IVIM-DWI Parameters Well Differentiated Moderately Differentiated Poorly Differentiated p
ADC (x 10~ mm?/s) 0.65+0.09 0.57 +0.07 0.54+0.10 <0.01
Pure diffusion coefficient (x 103 mm?/s) 0.79+0.45 0.75+0.30 0.74+0.39 0.92
Perfusion fraction (%) 32.54+6.91 25.83+5.90 23.67 +5.69 <0.01
Pseudodiffusion coefficient (x 10~ mm?/s) 91.89+32.35 73.05+20.55 67.40 + 26.53 <0.05

Note—Data are shown as mean + SD. ADC = apparent diffusion coefficient.
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Fig. 3—Box plots.

A

A and B, Box plots of pure diffusion coefficients (A) and pseudodiffusion coefficients (B) in different tumor stages according to 7th edition of the American Joint
Committee on Cancer (AJCC) TNM staging system [38]. Top and bottom of boxes are first and third quartiles, respectively. Length of box represents interquartile range
within which 50% of values were located. Midline within box represents median value. Cross lines above and below mark maximum and minimum values, respectively.
Data points (®) outside box are outliers and are smaller than lower quartile minus 1.5 times interquartile range or larger than upper quartile plus 1.5 times interquartile

range.

selected to evaluate the differences between
subgroups of tumor grade. We found that the
ADC value of well-differentiated tumors was
higher than that of moderately differentiated
(p<0.05) and poorly differentiated (p < 0.05)
tumors, and similar differences between tu-
mor grades were observed for the pseudodif-
fusion coefficient values (well differentiated
vs moderately differentiated, p < 0.05; well
differentiated vs poorly differentiated, p <
0.05) and perfusion fraction values (well dif-
ferentiated vs moderately differentiated, p <
0.0L; well differentiated vs poorly differenti-
ated, p < 0.001). However, no significant dif-
ferences in these parameters were seen be-
tween moderately differentiated tumors and
poorly differentiated tumors (p = 0.28 for
ADC, p = 0.51 for pseudodiffusion coeffi-
cient, and p = 0.29 for perfusion fraction).

Correlation Between Intravoxel Incoherent
Motion MRI-Derived Parameters and the
Presence of Lymph Node Metastases

Lymph node metastases were present in
16 of the 52 patients. Patients with metas-
tases had lower values than patients with-
out metastases for the following parameters:
ADC (mean, 0.56 + 0.07 vs 0.59 + 0.10 x 1073
mm?/s), pure diffusion coefficient (0.56 *
0.29 vs 0.85 + 0.36 x 10~ mm?/s), perfusion
fraction (24.35% + 7.16% vs 28.14% * 6.65%),
and pseudodiffusion coefficient values
(59.06 + 16.44 vs 84.08 + 27.74 x 107> mm?/s).
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Significant differences were observed in the
pure diffusion coefficient (p < 0.01) and pseu-
dodiffusion coefficient (p < 0.01).

Correlation Between Intravoxel Incoherent Motion
MRI-Derived Parameters and Tumor Stage

Seventeen cases of stage I, 19 cases of
stage 11, 11 cases of stage III, and five cases
of stage IV tumors were confirmed accord-
ing to the seventh edition of AJCC tumor
staging system [38].

The pure diffusion coefficient and pseu-
dodiffusion coefficient showed statistically
significant differences among different stag-
es (p < 0.01; p < 0.001) and were moderately
correlated (r = 0.479; r = 0.517) with different
stages. The post hoc analysis usng ANOVA
was selected to determine the differences be-
tween subgroups of tumor stage. We found
that the pure diffusion coefficient of stage
| tumors was higher than that of stage Il tu-
mors (p < 0.01) and stage Il and IV tumors
(p < 0.01), but the pure diffusion coefficients
showed no significant difference between the
|atter two subgroups (p = 0.23) (Fig. 3A). Sim-
ilar differences were observed in pseudodiffu-
sion coefficient (stage I vs stage II, p < 0.05;
stage | vs stages |11 and 1V, p < 0.05; stage Il
vs stages |11 and 1V, p = 0.07) between sub-
groups of tumor stage (Fig. 3B). However,
ADC and perfusion fraction val ues showed no
statistically significant differences among the
subgroups of tumor stages (p = 0.33; p=0.26).
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Correlation Between Intravoxel Incoherent
Motion MRI-Derived Parameters and
Carcinoembryonic Antigen and Cancer Antigen
19-9 Values

There was no statistically significant dif-
ference in IVIM-MRI—-derived parameters
between patients with a normal CEA value
(n = 35) and those with a high CEA value
(n = 17), or between patients with a normal
CA19-9 value (n = 41) and those with a high
CA19-9 value (n = 11). However, the ADC,
pure diffusion coefficient, perfusion fraction,
and pseudodiffusion coefficient tended to be
lower in patients with a high CEA value and
those with a high CA19-9 value than in pa-
tients with normal values (Table 3).

Correlation of Intravoxel Incoherent Motion
MRI-Derived Parameters With Circumferential
Resection Margin, Extramural Vascular
Invasion, and Circumferential Involvement
There was no statistically significant dif-
ference in IVIM-MRI-derived parame-
ters between groups with positive and nega-
tive CRM: ADC, 0.58 + 0.10 versus 0.59 +
0.07 x 1073 mm@/s; pure diffusion coefficient,
0.74 = 0.38 versus 0.77 + 0.37 x 103> mm?/s;
perfusion fraction, 27.71% + 6.94% versus
25.15% + 6.91%; and pseudodiffusion coef-
ficient, 74.63 + 24.66 versus 80.71 + 33.42 x
1073 mm?/s. The pseudodiffusion coefficient
value of patients with positive EMVI was
lower than that in patientswithno EMV1 (p<
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TABLE 3: Intravoxel Incoherent Motion (IVIM) DWI-Derived Parameters of Rectal Cancers by Preoperative Plasma
Carcinoembryonic Antigen (CEA) Level and Cancer Antigen 19-9 (CAI19-9) Level

High CEA Value Normal CEA Value High CA19-9Value | Normal CA19-9 Value
IVIM-DWI Parameters (n=17) (n=35) p (n=11) (n=41) p
ADC (x 10~ mm?/s) 0.56+0.06 0.59+0.1 0.31 0.58+0.03 0.58+0.1 0.78
Pure diffusion coefficient (x 103 mm?/s) 0.67 +0.31 0.80+0.39 0.22 0.63+0.29 0.80+0.38 0.18
Perfusion fraction (%) 24.46 +5.80 28.19+7.23 0.07 25.00+7.55 27.50+6.80 0.54
Pseudodiffusion coefficient (x 10~ mm¥/s) 71.59 +21.56 78.71 £ 29.66 0.38 71.90+21.54 77.59+78.73 0.55

Note—Data are shown as mean + SD. A CEA value of > 5 ng/mL was considered to be high, and a CA19-9 value of > 27 U/mL was considered to be high. ADC = apparent

diffusion coefficient.

0.05). There was no statistically significant
difference between the patients with EMVI
and the patientswithno EM V| for the fol low-
ing parameters. ADC (0.57 + 0.08 vs 0.59 +
0.10 x1073 mm?/s), pure diffusion coefficient
(0.75 £ 0.36 vs 0.79 = 0.40x10-3 mm?/s),
and perfusion fraction (27.26% + 7.28% vs
26.27% + 6.29%). Patients with C1 involve-
ment (n = 2) were grouped with patients with
C2 involvement (n = 16) because of the lim-
ited number of patients with C1 involvement.
There was no statistically significant differ-
ence in IVIM-MRI—derived parameters be-
tween patients with different levels of bowel
circumferential invasion (Table 4).

Discussion

IVIM theory suggests that the signal in-
tensity of DWI comes not only from the dif-
fusion of free water in theintercellular space

but also from the perfusion of the blood cap-
illary network. The diffusion component has
alarger weighting factor when ahigher b val-
ue is used. Sun et al. [22] reported that the
ADC value in single-exponential DWI per-
formed with a b value of 800 mm?is about
1.20-1.53 x 10~ mm?s for rectal adenocar-
cinoma. Curvo-Semedo et al. [24] reported
that the ADC value of rectal tubular adeno-
carcinoma derived for the single-exponen-
tial model with b values of 0, 500, and 1000
s/mm? is about 0.98-1.32 x 1073 mm?s. To
eliminate the influence of perfusion, Ha et
al. [23] used a combination of b values (i.e,
150 and 1000 ymm?) to calculate the ADC
in their work and got an ADC value of 0.43—
0.63 x 10~ mm?/s. These previous studies
haveindicated that the ADC valuein the sin-
gle-exponential DWI model varies with dif-
ferent b value settings and that ADC values

are not consistent between studies because
equipment from different vendors was used
[22—26]. The ADC value decreases with
higher b values because of the lower perfu-
sion-weighted factor. IVIM theory using the
biexponential DWI model not only has the
ability to provide the perfusion fraction and
pseudodiffusion coefficient as parameters
that reflect perfusion but also can provide the
pure diffusion coefficient as a parameter of
the pure diffusion of free water [28].
Although few applications of 1VIM-DWI
in patients with rectal cancer have been pub-
lished in the literature to our knowledge, the
ADC value derived from the single-expo-
nential model has already been applied to the
grading of rectal cancer with mixed results
[22, 24, 25]. No statistically significant dif-
ference was observed by EImi et al. [26], al-
though nonzero b values were used to calcu-

TABLE 4: Intravoxel Incoherent Motion DWI-Derived Parameters of Rectal Cancers by the Status of the
Circumferential Resection Margin (CRM), Presence of Extramural Vascular Invasion (EMVI), and Extent of
Bowel Circumferential Involvement

Pure Diffusion Pseudodiffusion
ADC Coefficient Perfusion Fraction Coefficient
Imaging Indicators (x 10~3 mm?/s) p (x 1073 mm?/s) p (%) p (x 10-3mm?/s) p

CRM? 0.81 0.77 0.47 0.23
Positive (n=15) 0.58+0.10 0.74+0.38 2771 £6.94 74.63 + 24.66
Negative (n=37) 0.59+0.07 0.77+0.37 25.15+6.91 80.71+33.42

EMVIP 0.58 0.69 0.65 <0.05
Positive (n=17) 0.57+0.08 0.75+0.36 27.26+7.28 70.72 + 25.86
Negative (n=235) 0.59+0.10 0.79+0.40 26.27 +6.29 90.35+26.39

Bowel circumferential involvement® 0.24 0.63 0.89 0.49
ClandC2(n=18) 0.61+0.08 0.83+0.38 27.87+7.50 83.55+29.37
C3(n=21) 0.56+0.11 0.65+0.37 26.99+6.94 66.23+22.31
C4(n=13) 0.59+0.09 0.84+£0.32 25.71+£6.59 82.85+28.39

Note—Data are shown as mean + SD. ADC = apparent diffusion coefficient.
aA positive CRM was defined as a tumor or suspicious lymph node lying within 1 mm of the mesorectal fascia.

PEMVIwas considered positive if a suspicious tumor with intermediate signal intensity within the vessels was located beyond the muscularis propria in the mesorectal

fat.

¢C1lindicated that the invasion was < 1/4 of the bowel circumference; C2, > 1/4 and < 1/2 of the bowel circumference; C3, > 1/2 and < 3/4 of the bowel circumference; and

C4, > 3/4 of the bowel circumference.

dpatients with C1involvement (n=2) were grouped with patients with C2 involvement (n= 16) because of the limited number of patients with C1 involvement.
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latethe ADC inanother study [30]. That result
may have been caused by the mixing of data
from different scanners and different b val-
ues. Curvo-Semedo et al. [24] have reported
that the ADC islower with less differentiated
rectal tumors (p = 0.025), and the same trend
was evident in the study by Sun et al. [22] but
with no statistically significant difference. In
our study, the perfusion-related parameters
perfusion fraction and pseudodiffusion coef-
ficient showed statistically significant differ-
ences between tumor differentiation groups
(F =8503 p=0.00L F = 3635 p = 0.034)
and showed some correlation among differen-
tiation groups (r = 0.447, p = 0.001; r = 0.354,
p = 0.010). Although the pure diffusion coef-
ficient also showed a decreasing trend along
with poorer differentiation, there was no sta-
tistically significant difference between tumor
differentiation groups. These findings con-
firming that there is no significant difference
in water diffusion between tumor differentia-
tion groups are consistent with previous work
[39]. A previoudy reported positive correla-
tion can be explained by the effect of alow b
value setting on perfusion [40].

In the current study, the pseudodiffusion
coefficient and perfusion fraction increased
with greater tumor differentiation. Accord-
ing to IVIM theory [28], the pseudodiffu-
sion coefficient (D*) is related to perfusion
according to the following equation:

D*=(IxV)/6,

where | means the length of the capillary
segment and v is the average velocity of
blood in the capillary [41]. According to Le
Bihan et al. [28], the perfusion fraction is
the partial volume of the whole capillary
vascular fraction, and Duong and Kim [40]
further suggested that the component of the
arterial blood played a more vital role than
the venous component for the parameter
perfusion fraction at low b values. Thus, the
correlation between perfusion-related pa-
rameters and tumor differentiation may in-
dicate that the capillary vascular network is
relatively well developed in well-differenti-
ated tumors. This result is consistent with
previous findings using perfusion CT [42—
44]. In poorly differentiated tumors, the tu-
mor cells grow very fast, leading to poor
structure of lumenized vessels, which re-
sults in less perfusion of the microcircula-
tion. This phenomenon is reflected in low-
er perfusion-related parameters, such as the
pseudodiffusion coefficient and perfusion
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fraction, in poorly differentiated tumors.
Recent studies have shown some correlation
among the pseudodiffusion coefficient, per-
fusion fraction, and microvessel density in
CRC tumors, confirming that IVIM param-
eters may provide important information
for assessing tumor grade and other biologic
features in patients with CRC [34, 35]. The
TE—that is, the time between giving the ra-
diofrequency pulse and the peak of the echo
signal—is a factor that can affect the val-
ue of the perfusion fraction [45]. However,
this effect would not have any impact on our
conclusions because the same TE was used
in every patient in our study.

Many studies have focused on the stag-
ing of rectal cancer using DWI. Curvo-Se-
medo et al. [24] reported that there was no
correlation between the average ADC val-
ue of tumors and T stages or CEA values.
On the other hand, Sun et al. [22] observed
that ADC values decreased with high-
er tumor stages. In our study, ADC results
showed a similar trend. However, our re-
sults also showed that there were statistical-
ly significant differences between different
stages in both the pure diffusion and pseu-
dodiffusion coefficient values, both of which
were negatively correlated with the stages. In
addition, the pure diffusion and pseudodiffu-
sion coefficient values of tumors were lower
in patients with lymph node metastases than
in those without metastases, and similar find-
ings, using ADC values, have been reported
not only in rectal cancer [46], but also in na-
sopharyngeal carcinoma [33]. These results
suggest that tumors with lower ADC, pure
diffusion, and pseudodiffusion coefficient
values might exhibit more aggressive biolog-
ic behavior.

The tumor marker leve is one of the most
important factors affecting prognosis [9, 10].
Although no statistically significant differ-
ence in DWI-derived parameters between pa-
tients with and those without increased CEA
and CA19-9 levels was found in this study, all
of the these parameters showed a decreasing
trend with the rise of CEA and CA19-9 lev-
s EMVI is an important imaging marker
for surgery, because it can indicate that the tu-
mor has broken through the muscularis pro-
pria[13-15, 17, 37]. In this study, the pseudo-
diffusion coefficient was lower in patients with
positive EMVI than in those with no EMVI.
These results are consistent with other tumor
staging data, which also showed that tumors of
an advanced stage had lower pseudodiffusion

coefficient values. Further research is needed
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to evaluate the prognostic value of 1VIM-DWI
parameters compared with existing tumor
markers and other imaging indicators.

Our study had some limitations. One limi-
tation isthe selection biasthat may have been
caused by the fact that patients were limited
to those who would undergo surgery with-
out a history of radiation or chemotherapy.
Another limitation is the small sample size,
especially for some groups. This may be the
reason that only atrend has been seen in sev-
eral correlation analyses, without statistical-
ly significant differences. Further work with
alarger sample size may reveal more statis-
tically significant results. Third, considering
the limited signal-to-noise ratio in DW im-
ages, adifferent dice thickness and gap were
adopted for axial T2-weighted images and
IVIM sequences. This difference in settings
may result in alack of direct comparison be-
tween the two sequences and may limit iden-
tification of areas of necrosis slice by slice.
Moreover, tumor necrosis would be better
observed on contrast-enhanced T1-weighted
imaging [47, 48], which was not included in
this study, than on T2-weighted imaging. Fi-
nally, the way in which the ROIls are drawn
iscritical in IVIM-DWI because of the huge
variations in the parameters [49]: A single
small ROI may highlight the extrema, where-
asalarge ROI can reducethevariation by av-
eraging. The whole-tumor consecutive slices
were chosen in this work to balance the rep-
resentation and variation. Only the biexpo-
nential model was used in this work because
its feasibility has already been tested wide-
ly. The ideal image-processing methodology
to describe lesion heterogeneity, such as pa-
rameter histogram descriptors, should be ex-
plored in future studies.

In conclusion, IVIM parameters showed a
decreasing trend with increasing tumor stages
and gradesin rectal cancer and could possibly
provide useful information about diffusion
and perfusion, which can be helpful in pre-
dicting tumor aggressiveness and prognosis.
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