ORIGINAL RESEARCH - GASTROINTESTINAL IMAGING

Sex Differences and Tumor Blood Flow from Dynamic
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Background: MRI is the standard tool for rectal cancer staging. However, more precise diagnostic tests that can assess biologic tumor
features decisive for treatment outcome are necessary. Tumor perfusion and hypoxia are two important features; however, no refer-
ence methods that measure these exist in clinical use.

Purpose:  To assess the potential predictive and prognostic value of MRI-assessed rectal cancer perfusion, as a surrogate measure of
hypoxia, for local treatment response and survival.

Materials and Methods: In this prospective observational cohort study, 94 study participants were enrolled from October 2013 to
December 2017 (Clinical Trials.gov: NCT01816607). Participants had histologically confirmed rectal cancer and underwent
routine diagnostic MRI, an extended diffusion-weighted sequence, and a multiecho dynamic contrast agent—based sequence.
Predictive and prognostic values of dynamic contrast-enhanced, dynamic susceptibility contrast (DSC), and intravoxel incoherent
motion MRI were investigated with response to neoadjuvant treatment, progression-free survival, and overall survival as end points.
Secondary objectives investigated potential sex differences in MRI parameters and relationship with lymph node stage. Statistical
methods used were Cox regression, Student # test, and Mann-Whitney U test.

Results: A total of 94 study participants (mean age, 64 years * 11 [standard deviation]; 61 men) were evaluated. Baseline tumor
blood flow from DSC MRI was lower in patients who had poor local tumor response to neoadjuvant treatment (96 mL/min/100 g
* 33 for ypT2—4, 120 mL/min/100 g * 21 for ypT0-1; P = .01), shorter progression-free survival (hazard ratio = 0.97; 95% con-
fidence interval: 0.96, 0.98; P < .001), and shorter overall survival (hazard ratio = 0.98; 95% confidence interval: 0.98, 0.99; P <
.001). Women had higher blood flow (125 mL/min/100 g % 27) than men (74 mL/min/100 g = 26, P < .001) at stage 4. Volume
transfer constant and plasma volume from dynamic contrast-enhanced MRI as well as AR * peak and area under the curve for 30
and 60 seconds from DSC MRI were associated with local malignant lymph nodes (pN status). Median area under the curve for
30 seconds was 0.09 arbitrary units (au) = 0.03 for pN1-2 and 0.19 au * 0.12 for pNO (2 =.001).

Conclusion: Low tumor blood flow from dynamic susceptibility contrast MRI was associated with poor treatment response in study
participants with rectal cancer.
©RSNA, 2020
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n 2018, rectal cancer was the eighth most common
Icancer in the world (1). Survival rates have increased in
the past decade mainly because of total mesorectal exci-
sion surgery and neoadjuvant treatment, when indicated.
However, patients with metastatic disease remain a chal-
lenge. Norwegian patients with metastatic rectal cancer
have a 5-year survival rate of 18.3% for men and 20.6%
for women (2). To enable a more adapted treatment,
there is a need to assess individual tumor characteristics
that can be used to identify patients who will respond

poorly to conventional therapies and have higher risk of
metastatic disease.

Anatomic MRI is important for staging rectal cancer.
Many studies have also examined the predictive and prog-
nostic value of functional MRI, especially dynamic con-
trast-enhanced (DCE) MRI that can be analyzed quali-
tatively, semiquantitatively, or quantitatively. Recently,
Dijkhoff et al (3) demonstrated value for DCE MRI in
rectal cancer, despite large variability in the performed
studies, and called for larger studies to be undertaken.
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Sex Differences and Tumor Blood Flow

Abbreviations

AUC = area under the curve, BF = blood flow, DCE = dynamic con-
trast enhanced, DSC = dynamic susceptibility contrast, DW = diffusion
weighted, HR = hazard ratio, OS = overall survival, PES = progression-
free survival

Summary

Sex differences, tumor vascularity, and blood flow seen on multiecho
dynamic contrast—based MRI scans enabled prediction of treatment
response and overall survival in patients with rectal cancer.

Key Results

= Dynamic susceptibility contrast MRI-assessed low tumor blood
flow at baseline predicted shorter progression-free survival (hazard
ratio = 0.97) and overall survival (hazard ratio = 0.98, both P <
.001) at median follow-up of 42 months (range, 25-71 months).

= Tumor blood flow at baseline was lower in patients who had poor
local tumor response to neoadjuvant treatment (mean, 96 mL/
min/100 g & 33 [standard deviation] for ypT2—4 vs 120 mL/
min/100 g = 21 for ypTO0-1; P =.01).

T1-weighted DCE MRI has been the most frequently used
functional imaging method in cancers outside the brain. An
alternative approach, dynamic susceptibility contrast (DSC)
MRI, exploits the T2* effect of the contrast agent. DSC MRI
has been mainly used to image the brain, where the blood-
brain barrier keeps the contrast agent confined to the intra-
vascular space. There has also been growing interest in an ap-
proach without a contrast agent, intravoxel incoherent motion
MRI, which uses diffusion-weighted (DW) MRI
to capture the microcirculation of blood in the
capillary network, reflecting both diffusion and
perfusion in the tumoral dissue (4).

The objective for measuring perfusion-related
parameters can be attributed to the negative im-
pact of tumor hypoxia on prognosis and therapy
response. Hypoxic tumors provide insuflicient
oxygen supply to the cells as the result of low
perfusion or low-oxygen transport to tissue. Hy-
poxia is a key risk indicator of tumor resistance to
chemotherapy and radiation therapy (5), meta-
static spread, and poor survival (6), but, to our
knowledge, no reference methods for measuring
tumor features related to hypoxia exist in clinical
practice.

We hypothesized that functional MRI cap-
tures rectal cancer patients’ individual biologic
tumor features decisive for treatment outcome by
quantitatively measuring MRI parameters related
to tumor blood perfusion, which may serve as a
surrogate measure of hypoxia. Hence, we aimed
to assess predictive and prognostic value of quan-
titative DCE, DSC, and intravoxel incoherent
motion MRI parameters with neoadjuvant treat-
ment response, progression-free survival (PES),
and overall survival (OS) as end points. Second-
ary objectives investigated potential sex differences
in MRI parameters and relationships with lymph

node staging. Figure 1:

169 participants

146 participants

120 participants

Materials and Methods

This study was performed in accordance with the Helsinki Dec-
laration, and written informed consent was obtained from all
participants. Approval was obtained from the institutional re-
view board and the Regional Committee for Medical and Health
Research Ethics.

Study Participants

Our prospective observational study (full study protocol at Clini-
calTrials.gov: NCT01816607) enrolled 192 participants with sus-
pected rectal cancer between October 2013 and December 2017
at Akershus University Hospital. Eligible participants had histo-
logically confirmed rectal adenocarcinoma, were older than 18
years, and had no prior rectal cancer treatment. Participants were
enrolled consecutively. Routine and study-specific MRI sequences
were performed at baseline before treatment. Patient selection for
neoadjuvant treatment was determined by the multidisciplinary
team by applying the 2013 ESMO Clinical Practice Guidelines
(7) and according to certain imaging findings specified in the up-
dated 2017 version (8). For participants receiving neoadjuvant
treatment, routine MRI was repeated after completed treatment.
After surgery, histopathologic response to neoadjuvant therapy
was scored by a specialist bowel cancer pathologist with more than
10 years of experience, applying the standard ypTN (7th edition)
restaging system of primary tumor extension within or beyond
the bowel wall (T stage) and the extent of regional lymph node
involvement (N stage); yp indicates that participants had received

192 enrolled participants with
suspected rectal cancer

- 19 participants without histologically
confirmed adenocarcinoma
- 4 participant withdrawals

- 23 participants due to non-consistent
MRI due to experimental set-up

- 20 participants due to poor quality of
the dynamic images

- 6 participants due to difficulties in co-
registration because of bowel
movement or small tumor volume

- 26 participants due to other incidental
difficulties (e.g. ineligibility for contrast
administration)

94 participants eligible for
analysis

Flowchart of the number of participants eligible for analysis.
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neoadjuvant treatment. Distant metastasis
(M stage) was detected with pelvic, thoracic,
or abdominal CT according to clinical prac-
tice. Data from some study participants have
been previously published; 17 were in a pilot
study of the multieccho MRI method (9), and
94 were in a methodologic study comparing

DW, DSC, and DCE MRI (10).

MRI Examination

MRI was performed on a Philips Achieva
1.5-T system (Philips Healthcare, Best, the
Netherlands). In addition to MRI for stag-
ing, the participants underwent both a dy-
namic multiecho MRI with an exogenous
contrast agent (9,11) and an extended DW
sequence. Details of the MRI sequences are
found in Appendix E1 (online).

Image Postprocessing
Details of the postprocessing have been pub-
lished previously (10). In brief, acquired
multiecho data were used to extract two
dynamic time series: T1- and T2*-weighted
series. The T1-weighted signal was fitted to
an extended Tofts model (12) for estimation
of the volume transfer constant (K*), the
rate constant (k_), the plasma volume (v ),
and the extravascular extracellular volume
(v). The T2*-weighted signal was used in a
model-free approach (13) for estimation of
the perfusion-related parameter, (relative)
blood flow (BF), and area under the curve
(AUC) for both 30 (AUC, ) and 60 seconds
(AUC,) in addition to a measure of the AR *
(1/T2*) peak value. Analyses of the dynamic
data were done in NordicICE, version 4.0
(NordicNeuroLab, Bergen, Norway).
Intravoxel incoherent motion analysis of
DW data was performed by fitting the DW
signal to a biexponential equation for estima-
tion of the perfusion fraction, £, pseudo dif-
fusion, D*, and diffusion constant, D, using
MATLAB (Mathworks, Natick, Mass).

Tumor Delineation

Tumor delineation was done independently by
two radiologists (A.N., 14 years of experience;
S.H.H., 7 years of experience) with experience
in abdominal MRI on axial T2-weighted im-
ages with DW images serving as extra guid-
ance and semiautomatically coregistered to
the other image sequences for optimal fit. The
whole tumor volume was delineated consecu-
tively after image acquisition, and readers were
blinded to clinical data. Median parameter
values were extracted from the whole tumor.
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Table 1: Study Participant Characteristics

Parameter Value
No. of participants 94
No. of women 33 (35)
No. of men 61 (65)
Age (y) 64 =11
AJCC Stage
1 14 (15)
Women 6 (18)*
Men 8 (13)*
2 22 (23)
Women 4 (12)*
Men 18 (30)*
3 35 (37)
Women 11 (33)*
Men 24 (39)*
4 23 (25)
Women 12 (36)*
Men 11 (18)*
TNM
T2/T3/T4 14/46/34 (15/49/36)
NO/N1/N2 39/33/22 (42/35/23)
Mo0O/M1 71/23 (76/24)
Treatment

Surgery alone
Neoadjuvant treatment
Radiation 2 Gy X 25 with concomitant chemotherapy
Radiation 2 Gy X 25
Radiation 5 Gy X 5 and sequential chemotherapy
Radiation 5 Gy X 5
Only chemotherapy
Survival
PES events*
Women
Men
OS events
Women
Men
Main MRI parameters
BF (mL/min/100 g)
AR *peak (au)
K (min~')
D*(1073 mm?/sec)

49 (52)
45 (48)
32 (71)f
1)
7 (16)*
497
127

23 (32)
5 (29)*
18 (36)*
32 (34)
11 (33)*
21 (34)*

108 = 37
33.5 = 11.8
0.042 = 0.014
12.1 = 2.3

Note.—The TNM used is the seventh edition. Unless otherwise indicated, data are
number of patients, with percentages in parentheses, or mean * standard deviation.
Pseudodiffusion coeficient (D) value is expressed as median and interquartile range.
ARz*peak = maximum value of the R curve relative to the precontrast value, AJCC
= American Joint Committee on Cancer, BF = blood flow, K™ = volume transfer
constant, OS = overall survival, PFS = progression free survival, TNM = tumor node

metastasis.

* Data in parentheses are percentages of the female or male population.
" Data in parentheses are percentages of participants undergoing neoadjuvant treat-

ment.

¥ PFS analysis were performed on the 71 stage 1-3 tumors; PES was defined as time
to local recurrence (7 = 2), distant organ metastasis (7 = 14), or death (z = 7).
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Figure 2: Tumor blood flow for the different disease stages, stratified by sex.
* = sfafistical significance, P < .001.
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Figure 3: A 64-year-old woman with stage 4 rectal cancer (T3N2M1) with a
median tumor blood flow of 140 mL/min/100 g. Image shows calculated tumor
blood flow overlaid on an axial T2-weighted anatomic MRl scan. The participant
had no disease progression at last follow-up. Color values are indicated on the
color bar.

Serologic Factors

Lactate dehydrogenase, carcinoembryonic antigen, and C-re-
active protein values were obtained from routine clinical blood
sampling at baseline. Vascular endothelial growth factor A was
measured with a multiplex immunoassay (Luminex; R&D Sys-
tems, Minneapolis, Minn) in serum biobank samples collected
at study inclusion.

Statistical Analysis

Consistency in tumor delineation for the two radiologists was
evaluated with intraclass correlation tests for all MRI-derived
parameters. For differences between groups, we used the Stu-
dent 7 test when data were normally distributed and a Mann-
Whitney U test for parameters that were not, according to the
Shapiro-Wilk test. To conform with the Sex and Gender Eq-
uity in Research guidelines (14), potential differences in MRI

parameters with sex were evaluated in all analyses. For survival
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Figure 4: A 59-year-old man with stage 4 rectal cancer (T4AN2M1) and @
median tumor blood flow of 63 mL/min/ 100 g. Image shows calculated tumor
blood flow overlaid on an axial T2-weighted anatomic MRI scan. The participant
died after 40 months. Color values are indicated on the color bar.

analysis, we used univariable Cox regression analysis wherein
sex, stage, and ypT and ypN were categorical variables and BF
and D* were continuous variables. We also did a multivariable
Cox regression analysis with the significant prognostic factors
from the univariable analysis. PFS was calculated from time
of study enrollment to local relapse, metastatic disease, death,
or final censoring for the participants without synchronous
metastasis at time of diagnosis. OS was calculated from time
of study enrollment to time of death or final censoring. Me-
dian follow-up for participants was 41 months (range, 25-71
months) when data were last censored on January 2, 2020.
No participants were lost to follow-up. Differences in survival
were visualized with Kaplan-Meier plots, in which optimal
cutoffs were found by examining receiver operating character-
istics curves for optimal sensitivity and specificity. Results were
deemed significant at P < .05. All statistical procedures were
performed with SPSS, version 25 (IBM, Armonk, NY).

Results

Participant Characteristics

Of the 192 participants enrolled in this study, 19 did not
have histologically confirmed adenocarcinoma of the rectum,
whereas four withdrew from the study (Fig 1). Because of the
set-up of the experimental MR, 23 participants had inconsis-
tent MRI scans and were excluded. Twenty participants were
excluded because of the poor quality of the dynamic images,
and another six had difficulties in coregistration because of
bowel movement or small tumor volumes (<5 cm?). Other
incidental difficulties led to the exclusion of another 26 par-
ticipants (eg, ineligibility for contrast material administration,
software updates disarranging the timing of contrast material
administration). In total, 94 participants were available for
analysis in this study, the demographics of which are given in

radiology.rsna.org = Radiology: Volume 00: Number O— 2020



Table 1. In brief, the mean age
was 64 years *= 11 [standard
deviation], with 35% women
and 65% men. American Joint
Committee on Cancer stages
1-4 were distributed as 15%,
23%, 37%, and 25%, respec-
tively. Fifty-two percent of the
patients were scheduled for
surgery alone, whereas 48%
underwent neoadjuvant treat-

ment (Table 1).

Intraclass Correlation

The intraclass correlation tests
showed high correlation be-
tween observers (>>0.95) for all
except one parameter (Table E1
[online]); therefore, only one set
of results from the two observ-
ers (A.N.) is reported.

Initial Staging

There were no overall relation-
ships  between MRI-derived
parameters and tumor stage
(American Joint Committee on
Cancer). However, there was a
difference in tumor BF for men
and women in the higher tumor
stages, especially for stage 4 dis-
ease (23 patients: 12 women, 11
men; 125 mL/min/100 g = 27
for women vs 74 mL/min/100 g
%+ 26 for men; 2<.001) (Fig2).
This difference was not due to
age, body mass index, tumor
volume, or tumor distance
from the anal verge (Table E2
[online]).

Figures 3 and 4 show repre-
sentative T2-weighted images
with tumor BF as an overlay.
Serologic factors stratified by
stage and sex are summarized
in Table E3 (online) and Figure
E1 (online). In brief, C-reactive
protein and carcinoembryonic
antigen levels were higher in
participants with stage 4 dis-
ease (17.0 mg/L = 19.7 and
17.0 pg/L = 35.5) compared
with participants with localized
disease (8.5 mg/L * 15.1 and

3.0 pg/L % 2.0, P = .04 and P < .001, respectively), probably
reflecting systemic inflammation and higher tumor burden after
disease dissemination. In addition, men with stage 4 disease

Bakke et al

Table 2: Baseline MRI Parameters Associated with Histopathologically Determined N-Status
(pN) in Participants with Localized Disease Scheduled for Surgery Only

Sequence and Parameter pNO (2 = 23) pN1-2 (n=17) P Value
DCE MRI
K= (min~1) 0.045 * 0.013 0.037 % 0.010 045
kep (min™1)* 0.23 £ 0.16 0.25 = 0.20 .94
A (%)T 0.14 = 0.07 0.09 = 0.04 .008*
v (%) 10.6 *+ 4.6 14.4 = 7.4 .59
DSC MRI
BF (mL/min/100 g) 128 + 34 110 + 41 14
ARZ*—peak (au) 42.2 £10.8 30.4 = 11.4 .002*
AUC30 (au)® 0.19 = 0.12 0.09 = 0.03 .001*
AUC | (auw)t 0.84 + 0.30 0.43 = 0.23 .004*
IVIM MRI
f (%) 342 +5.2 35.1 + 6.8 44
D* (1073 mm?/sec)” 12.6 £ 2.5 11.5 £5.7 .79
D (107° mm?/sec) 0.58 = 0.12 0.57 £ 0.12 .68

Note.—AR, *peak = maximum value of the R * curve relative to the precontrast value, AUC, | = area
under the curve for 30 seconds, AUC_ = area under the curve for 60 seconds, BF = blood flow, D

= diffusion coeflicient, D* = pseudodiffusion coeflicient, DCE = dynamic contrast enhanced, DSC
= dynamic susceptibility contrast, /= perfusion fraction, IVIM = intravoxel incoherent motion,

kcp = reflux constant, K" = volume transfer constant, v = extracellular, extravascular volume, v, =
plasma volume.

* P value indicates a significant difference.

" Data are median and interquartile range, Mann-Whitney U test.

Table 3: Baseline MRI Parameters Associated with ypT Status in Participants Undergoing
Neoadjuvant Treatment

Sequence and Parameter ypT0-1 (2 =9) ypT2-4 (n = 34) P Value
DCE MRI
Ko (min ') 0.047 = 0.013 0.043 = 0.014 44
/eep (min~")* 0.20 = 0.15 0.33 = 0.14 .09
A (%)* 0.18 = 0.07 0.10 = 0.05 .05
v, (%)* 14.6 = 14.3 10.2 £ 8.1 .07
DSC MRI
BF (mL/min/100 g) 120 + 21 96 + 33 01f
AR *peak (au) 28.6 = 10.6 30.6 = 9.8 .59
AUC30 (au)* 0.10 = 0.26 0.12 £ 0.07 .35
AUC,, (au)* 0.81 * 0.62 0.51 = 0.22 30
IVIM MRI
f (%) 36.0 = 5.2 33.9 = 5.6 .30
D* (1073 mm?/sec)* 10.6 + 1.5 12.3 = 2.0 69
D (1072 mm?/sec)* 0.58 = 0.23 0.61 = 0.14 .66

Note.—AUC30 = area under curve for 30 seconds, AUC()O = area under curve for 60 seconds, BF
= blood flow, AR2*peak = maximum value of the R* curve relative to the precontrast value, D

= diffusion coefficient, D* = pseudodiffusion coeflicient, DCE = dynamic contrast enhanced, DSC
= dynamic susceptibility contrast, f= perfusion fraction, IVIM = intravoxel incoherent motion, £, =
reflux constant, K™ = volume transfer constant, v = extracellular, extravascular volume, v,= plasma
volume.

* Median and interquartile range, Mann-Whitney U test.

¥ P value indicates a significant difference.

had higher lactate dehydrogenase and carcinoembryonic anti-
gen levels (264 U/L * 114 and 38 pg/L *= 18.8) than women
(165 U/L = 31 and 6.3 pg/L = 6.5, P = .049 and P = .008,
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Figure 5:  Tumor blood flow in participants receiving neoadjuvant freatment,
stratified by local freatment response and sex. Measurements were obtained af
baseline (pretreatment). * = statistical significance, P=.006.

respectively). In contrast, vascular endothelial growth factor A
was higher in women with localized disease (1.29 pg/mL * 0.67
for women vs 0.86 pg/mL * 0.38 for men, P =.02).

Lymph Node Status

For the participants scheduled for surgery only, participants
without pelvic lymph node dissemination (pNO) had higher
K™ (0.045 min~' * 0.013 vs 0.037 min~' = 0.010, P =
.045), v, (0.14% = 0.07 vs 0.09% = 0.04, P = .008), ARZ*
peak (42.2 = 10.8 vs 30.4 = 11.4, P = .002), AUC, (0.19 *
0.12 vs 0.09 = 0.03, P =.001), and AUC_ (0.84 * 0.30 vs
0.43 = 0.23, P = .004) values than participants with lymph
node involvement (pN1-2) (Table 2). There were no signifi-
cant associations with serologic factors (Table E4 [online]).

Treatment Response in Participants Scheduled for
Neoadjuvant Treatment

For the group in its entirety, tumor BF was higher in good
responders (120 mL/min/100 g = 21 for ypT0-1) compared
with poor responders (96 mL/min/100 g * 33 for ypT2-4,
P =.01) (Table 3). Two participants did not undergo surgery for
personal reasons and lacked the surgical specimens for evalua-
tion; therefore, they were excluded from this particular analy-
sis. When stratifying the study sample based on sex (Fig 5), the
differences in tumor BF were driven by the male population
(BF = 116 mL/min/100 g = 20 for ypT0-1 compared with
BF = 80 mL/min/100 g = 28 for ypT2—4, P = .006) and were
not significant for women (BF = 134 mL/min/100 g * 23
for ypT0-1 vs BF = 122 mL/min/100 g * 23 for ypT2-4,
P =.59). No other parameters from the functional MRI were
associated with response to the neoadjuvant treatment. No cir-
culating factors were associated with ypT (Table E5 [online]).

Survival

Low tumor BF was associated with shorter PES (hazard ratio
[HR] = 0.97; 95% confidence interval: 0.96, 0.98; P < .001)
for stage 1-3 tumors and shorter OS for the whole study sample
(HR = 0.98; 95% confidence interval: 0.97, 0.99; P < .001)
(Table 4; Fig 6a, 6b). Figures E2-E4 (online) show representa-

tive T2-weighted images with tumor BF as an overlay. Further-
more, in participants undergoing neoadjuvant treatment, low
tumor BF was also associated with shorter OS (Table 4). Low
D*, which has been previously shown to be correlated with tu-
mor BF (10), was also associated with shorter PFS (HR = 0.82;
95% confidence interval: 0.70, 0.96; P = .01) (Table 4, Fig 6c¢).
No other functional MRI parameters were associated with PFS
(for example, K*: HR = 0.01, P = .25; ARZ*—peak: HR =0.97,
P=.57; f HR = 0.04, P = .40) or OS (see Table E6 [online] for
full list of results). Sex, which was associated with BE, was not a
prognostic factor of PES (HR = 1.4; 95% confidence interval:
0.5, 3.7; P = .54) or OS (HR = 1.2; 95% confidence interval:
0.5,2.7; P=.63), with female as reference. BF remained a signif-
icant parameter in the multivariable analysis (HR = 0.97; 95%
confidence interval: 0.96, 0.99; P < .001) (Table 4).

Discussion

To investigate individual patients’ biologic tumor features related
to treatment outcome, we explored predictive and prognostic
values of functional MRI parameters of tumor perfusion as a
surrogate measure of hypoxia. Low tumor blood flow (BF) from
dynamic susceptibility contrast MRI was a prognostic marker of
both adverse progression-free survival (PES) (hazard ratio [HR]
=0.97, P < .001) and overall survival (HR = 0.98, P < .001)
and was predictive of poor tumor response to neoadjuvant treat-
ment (120 mL/min/100 g = 21 for ypT0-1 vs 96 mL/min/100
g * 33 for ypT2-4). Area under the curve (AUC), was higher
in participants without lymph node involvement compared with
those with lymph node involvement (0.19 * 0.12 vs 0.09 =
0.03, P=.001). D* from intravoxel incoherent motion MRI was
associated with tumor BF and PFS (HR = 0.82, P=.01). Sex dif-
ferences were revealed, with men having lower BF than women
at stage 4 disease (74 mL/min/100 g = 26 vs 125 mL/min/100 g
*+ 27, P < .001). MRI findings were supported by higher levels
of lactate dehydrogenase (264 U/L *+ 114 vs 165 U/L * 31) and
carcinoembryonic antigen (38.0 pg/L * 18.8 vs 6.3 pg/L = 6.5)
in the blood of male participants with advanced disease.

Low tumor BF could be an important characteristic of rec-
tal cancer aggressiveness. The underlying biology might be re-
lated to hypoxia, a condition in which poorly perfused tumors
receive too little oxygen and become increasingly hypoxic and
consequently have a greater potential of metastasizing (15) and
becoming radioresistant (5). Neoadjuvant treatment in rectal
cancer has improved local recurrence rates (16), but metastatic
disease remains a challenge (17). Attempts to improve survival
via intensified neoadjuvant treatment is often limited by side ef-
fects (18). This calls for new strategies, intensifying only those
at high risk of metastatic progression. Hence, novel quantitative
MRI parameters to identify patients at high risk are warranted.

Most dynamic contrast MRI methods are based on T1-
weighted DCE MRI, but results are heterogeneous (3). DCE
MRI uses the T1 relaxation effect of the contrast agent, relying
on its leakage into tissue, thus measuring a combination of per-
fusion and capillary permeability (19). DSC MRI depends on
the bolus’ long-range susceptibility effect, wherein leakage has
a more confounding effect because standard kinetic models as-
sume intravascular contrast agent distribution. BF from DSC

radiology.rsna.org = Radiology: Volume 00: Number O— 2020
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Table 4: Uni- and Multivariable Cox Regression Analysis Predicting Shorter PFS and Shorter OS

OS (Participants with
Neoadjuvant Treatment)

PFES (Stage 1-3) OS (All Participants)

(n=71)* (n=94)" (n = 45)*
Analysis Hazard Ratio P Value Hazard Ratio P Value Hazard Ratio P Value
Univariable
BF (mL/min/100 g 0.97 (0.96, 0.98) <.001° 0.98 (0.97, 0.99) <.001°% 0.98 (0.96, 0.99) .03°
D* (1072 mm?/s) 0.82 (0.70, 0.96) .01° 0.9 (0.8, 1.0) .19 0.9 (0.7, 1.1) .16
Sex (female as reference) 1.4 (0.5, 3.7) .54 1.2 (0.5, 2.7) .63 1.4 (0.4, 4.3) .61
Stage
1 and 2/
3 2.06 (0.9, 5.0) 11 1.5 (0.5, 4.4) 43 4.7 (0.6, 38.0) .15
4 NA 6.5(2.5,17.3) <.001° 12 (1, 100) 028
ypT (0-1 vs 2-4) NA* NA* 3.7 (0.5, 28) 21
ypN (0 vs 1-2) NA* NA* 24(0.7,7.9) 14
Multivariable
BF (mL/min/100 g) 0.97 (0.96, 0.99) <.0015 0.98 (0.97, 0.99) 001 0.98 (0.96, 0.99) 01
Stage
1 and 28 .28 .73 15
3 1.6 (0.7, 4.0) 1.2 (0.4, 3.5) <.001° 5 (0.6, 38.4) .01°
4 NA** 6 (2, 16) 15 (2, 133)

Note.—The results for progression-free survival (PFS) include participants with stage 1-3 cancer, as those with metastasis at the time of
diagnosis were excluded. Cox regression analysis was performed with blood flow (BF) and pseudodiffusion coeflicient (D*) as continuous
variables, whereas other variables (sex and disease stage) were categorical. Median follow-up for participants was 41 months (range, 25-71
months). Data in parentheses are the 95% confidence interval. NA = not applicable, OS = overall survival, ypT/ypN = pathologically deter-

mined T//N-stage after neoadjuvant treatment.

* 23 events, 48 censored.

32 events, 62 censored.

*15 events, 30 censored.

§ P value indicates a significant difference.

" Stage 1 and 2 as reference.

# Not applicable for patients without neoadjuvant treatment.

** Stage 4 participants are not included in the PFS analysis.

MRI more directly estimates perfusion; thus, high BF reflects
good blood supply to the tumor.

Sex differences in tumor BF were not explained by tumor
size or location, but they might relate to hormonal influence
in progression of rectal tumors, linked to the angiogenic
process. The role of female sex hormones in colorectal can-
cer has been demonstrated by Norwegian (20) and Danish
(21) studies, where hormone therapy for postmenopausal
women lowered risk of advanced colorectal cancers. The
idea that men are more prone to having hypoxic tumors at
higher stages was supported by higher levels of lactate de-
hydrogenase and carcinoembryonic antigen, serologic fac-
tors associated with tumor hypoxia (22,23). Furthermore,
women with lower tumor stages had higher vascular endo-
thelial growth factor A, which may indicate that in women,
carly stage rectal cancer recruits more blood vessels. This
may not be surprising, as female sex hormones are linked to
angiogenesis (24) and vascular endothelial growth factor A
activation (25).

The association between D* and PFS was less discriminat-
ing than for BE but D* was obtained without a contrast agent.
DW MRI is suitable for patients with contraindications to
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gadolinium-based contrast agents and is less resource intensive
and may therefore be an alternative to contrast agent—based
imaging.

Several MRI parameters, all associated with tumor vascular-
ity, were predictive of lymph node dissemination, supporting the
theory that the tumor microenvironment is decisive in the early
metastatic process. Tumor BF did not significantly predict pN
stage, which suggests that MRI parameters related to pN reflect
other hemodynamic tumor features, possibly linked to the leaki-
ness of the vasculature.

Our study had limitations. It was a single-center study, scan-
ning on one system only. We did not perform leakage correc-
tion of DSC MR, as leakage correction methods are developed
for use in the brain and rely on identifying nonleaky reference
tissue (26). These methods only correct the blood volume esti-
mate, which we did not attempt to estimate. However, simpler
kinetic modeling makes DSC MRI more robust and more clini-
cally relevant than DCE MRI. It is convenient to use DSC MRI
to determine cancer aggressiveness because MRI is already part
of standard clinical work-up, and the sequence only tracks the
first pass of the bolus and is therefore not time consuming. Our
multiecho MRI resulted in several excluded participants, and
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further protocol optimization might be necessary before clinical
implementation. Other limitations include lack of study-specific
posttreatment MRI and multiple comparison correction. Our
results are preliminary in nature, and our findings will require
further validation in larger and external cohorts.

In conclusion, tumor blood flow from dynamic susceptibil-
ity contrast MRI was found to be a prognostic marker of both
progression-free survival and overall survival as well as predictive
of local tumor response to neoadjuvant treatment in rectal can-
cer. We revealed sex differences in tumor perfusion and disease
progression, which is interesting for future research to dissect the
role of underlying tumor biology.
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