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Introduction: Tumor hypoxia and angiogenesis are implicated in tumor growth and
metastases, and anti-angiogenic therapies have an important role in treating patients with
metastatic colorectal cancer. However, the prevalence of hypoxia has not been fully
evaluated in colorectal liver metastases, and hypoxic response to anti-angiogenic therapy
has not been clearly established. The aims of the study were to evaluate the changes seen
on 18F-FMISO and 18F-FDG PET scans in patients treated with anti-angiogenic therapy,
and to correlate these measures of hypoxia and metabolism with clinical outcomes, and
blood biomarkers of angiogenesis.

Methods: Patients with metastatic colorectal carcinoma planned for treatment with
bevacizumab and chemotherapy received routine staging investigations prior to any
treatment, including a FDG PET scan. A FMISO PET scan was performed within 4
weeks of staging tests, with blood specimens collected at that time for serum VEGF and
osteopontin measurement. Follow-up FDG and FMISO scans were performed after 1
cycle of treatment. Results were compared to response (RECIST), progression free
survival (PFS), and overall survival (OS).

Results: A total of 15 patients were recruited into this prospective trial, of which 13
patients were evaluable for assessment of treatment follow-up. Baseline FDG uptake was
higher than FMISO uptake, and there was a significant decrease in FDG uptake (SUVmax

and TGV) but not FMISO uptake (SUVmax and TNR) after treatment. There was a positive
correlation between FDG and FMISO SUVmax on both baseline and post-treatment PET
scans. Blood biomarkers of serum VEGF and osteopontin were significantly correlated
with the FDG and FMISO PET parameters.
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Conclusions: This study shows that hypoxia in metastatic colorectal cancer, assessed
by FMISO PET, shows minor changes following initial treatment with anti-angiogenic
therapy, but is associated with therapeutic response. FDG PET uptake changes (SUVmax,
TLG) are also associated with response to anti-angiogenic therapy. These findings
demonstrate the interplay between tumor metabolism and hypoxic regulation following
anti-angiogenic treatment of metastatic colorectal cancer.
Keywords: metastatic colorectal carcinoma, fluoromisonidazole (FMISO) positron emission tomography (PET),
hypoxia, bevacizumab, angiogenesis, response
INTRODUCTION

Colorectal cancer (CRC) is the fourth most common cancer
type and the second leading cause of cancer-related death
according to the WHO GLOBOCAN (1). More than 50% of
patients develop metastatic disease, with the most common
visceral metastasis found in the liver (2) with 20% of patients
presenting initially presenting with synchronous liver
metastasis (3). The last few decades has seen improvement
in the early detection of colorectal cancer and therapeutic
options for metastatic disease, especially with the use of
antibody directed therapies according to the mutation status of
the tumor (4), and anti-angiogenic treatments, since colorectal
cancers is one of the best studied angiogenesis-dependent solid
tumors (5).

Tumor angiogenesis has been shown to be a prerequisite for
tumor growth beyond 1–2 mm3 (6, 7). Most tumors remain
restricted in size until the tumor mass expands and overtakes
the rate of internal apoptosis by developing blood vessels. This
change is the result of a shift in the net balance of stimulators and
inhibitors of angiogenesis within the tumor microenvironment
(8). In many cancers, the degree of vascularization is inversely
correlated with patient survival, and can predict the development
of metastases, and tumor growth.

In metastatic colorectal carcinoma, tumor angiogenesis is a
key process in tumor growth and metastasis, and is inextricably
linked with tumor hypoxia (9). There are many factors involved
in the “angiogenic switch”, which is thought to be triggered when
hypoxia around a tumor leads to expression of hypoxia response
genes (9). Vascular Endothelial Growth Factor (VEGF)
messenger RNA (mRNA) levels are dramatically increased
within a few hours of exposing different cell cultures to
hypoxia, and return to background levels when normal oxygen
supply is resumed (10).

Hypoxia-mediated aggressive tumor behavior and resistance
to therapy is mediated by several molecular events which allow
the adaptation of tumor cells to hypoxia. Positron Emission
Tomography (PET) is a non-invasive imaging modality which
can be employed to assess hypoxia. The most validated
radiotracer for detection of hypoxia is 18F-Fluoromisonidazole
(18F-FMISO) as it is the only radiotracer that has been validated
by multiple studies comparing uptake thresholds to direct pO2

measurement with the Eppendorf pO2 hypoximeter (11–13).
2

Tumor hypoxia has been implicated in the mechanisms of
resistance to chemoradiotherapy in several malignancies,
therefore may be the key to the resistance mechanisms
of chemoradiotherapy in rectal adenocarcinoma (14).

The presence and impact of hypoxia on patients with metastatic
colorectal cancer is not well understood, and imaging and
biochemical markers correlating hypoxia and therapy response
may have a significant role in the management of colorectal
cancer patients, particularly as a predictor of tumor response to
chemotherapy with angiogenic inhibitors.

VEGF has also been reported to be relatively higher in
colorectal metastases compared to the primary lesions, but
may also vary with the location of metastatic disease (15, 16).
One study has shown a correlation between the VEGF mRNA of
liver metastasis and primary colon tumor tissue (15), and VEGF
binding stimulates endothelial cell proliferation, migration and
survival (16). The key role angiogenesis plays in cancer growth
and metastasis makes it a very attractive target for developing
anticancer therapies. Bevacizumab was the first anti-VEGF
therapy that was approved for patients with metastatic
colorectal carcinoma, with combination treatments of
bevacizumab and chemotherapy resulting in prolonged overall
survival (17). However, there is a lack of data available on the
impact of bevacizumab on hypoxia regulation in metastatic
colorectal cancer, especially in the setting of imaging with
hypoxic PET tracers. Osteopontin is a secreted multifunctional
glycophosphoprotein which is also involved in angiogenesis, and
a large meta-analysis of patients with colorectal carcinoma
showed that high osteopontin expression was significantly
associated with high tumor grades, metastatic disease, with
prognostic implications (18).

18F-fluorodeoxyglucose (FDG) is widely used to stage and
monitor treatment response in metastatic colorectal cancer. FDG
uptake depends on the expression of GLUT1, which is over-
expressed on tumor cells, but the FDG uptake is dependent
on tumor vascularity and might be influenced by tumor
hypoxia (19).

The primary aim of this study was to assess changes in
hypoxia and glucose metabolism in metastatic colorectal
cancer following anti-angiogenic therapy by 18F-FMISO and
18F-FDG PET scans, and to correlate these findings with
patient outcomes. The secondary aim was to assess the
correlation between blood biomarkers of angiogenesis (VEGF
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and osteopontin) and PET-derived parameters of hypoxia
and metabolism.
METHODS

Patients with metastatic colorectal carcinoma considered
appropriate for treatment with chemotherapy and anti-VEGF
inhibitor (bevacizumab) were recruited to this study. All patients
had pre-treatment routine staging investigations as deemed
appropriate by the treating clinician, in the form of diagnostic
CT chest, abdomen, pelvis and 18F-FDG PET scan. A subsequent
18F-FMISO PET scan was performed within 4 weeks of the FDG
PET scan prior to commencement of treatment with pre-
treatment bloods collected. The patients were treated with
bevacizumab as part of a combined therapy regimen, which
was started within 4 weeks of the FMISO PET scan. The dose of
bevacizumab was 7.5 mg/kg per dose, given every 3 weeks.
Follow-up FDG and FMISO PET scans were performed within
2–3 weeks after the 1st cycle of treatment which included
bevacizumab and standard chemotherapy. Routine post-
treatment restaging CT scans were performed at regular
intervals, and the patients were followed-up clinically for up to
5 years. All patients signed an informed consent form to
participate in this institutional ethics approved trial.

The PET scans were performed on a Philips Gemini PET
scanner (Philips Medical Systems, Cleveland, OH, USA) which
included a low dose 30 mA/slice 2-slice CT for purposes of
attenuation correction and anatomical localization. The PET
emission scan duration was for 3 min per bed position, and
the patients were scanned from skull base to mid-thigh with arms
raised above their heads for the FDG PET scan. The FMISO scan
was performed of the abdomen and pelvis in most patients,
extending to include the lungs in patients with known metastatic
lung disease. For the FDG PET scans, the patients were fasted for
a minimum of 6 h prior to injection of approximately 5 MBq/kg
of 18F-FDG after a 60 min uptake time. Patients did not fast for
the FMISO PET scans, where they were injected with
approximately 370MBq of 18F-FMISO intravenously and
imaged after a 2 h uptake time.

Both FDG PET and FMISO PET scans were analyed using
MedView® (MedImage Inc. Ann Arbor, MI, USA) software
platform to assess the SUVmax of tumor and normal liver, with
a ratio of tumor to normal liver SUVmax subsequently calculated.
A visual uptake score of the tumor was also performed, rating
tumor uptake from a scale of 1–5. A score of 1 had uptake less
than normal liver; a score of 2 had uptake similar to normal liver;
as score of 3 had mildly increased uptake compared to normal
liver; a score of 4 had moderately increased uptake compared to
normal liver; and a score of 5 had markedly increased uptake
compared to normal liver. Semi-quantitative analysis of the PET
scans was performed to assess for the maximum standardised
uptake (SUVmax) in the region of interest on both FDG and
FMISO PET scans. The total glycolytic volume (TGV) on the
FDG PET scan and tumor to normal ratios (TNR) for the FDG
Frontiers in Oncology | www.frontiersin.org 3
and FMISO PET scan were also obtained. These values were
subsequently correlated with the blood biomarkers of VEGF
and osteopontin.

Blood Biomarkers
Correlative blood specimens were also obtained at the time of the
FMISO PET scan, and archived in the Victorian Cancer Biobank
for further analysis. The blood samples were analyzed for plasma
VEGF and osteopontin, biomarkers of angiogenesis and hypoxia,
using commercially available ELISA kits (R&D Systems; catalogue
numbers QVE00B and DOST00 respectively). The experiments
were performed according to the manufacturer’s instructions.

Statistical Analysis
Statistical analysis was performed using Prism 8 for MacOS®

version 8.4.1 (GraphPad Software LLC) statistical software
package, with paired t-test, ANOVA, and progression-free
survival and overall survival analysis performed as suitable. For
the comparison of means, Student t-test was employed where
only two groups were being considered. For survival analysis,
median values were used to assess the discriminative
performance of FDG PET parameters of SUVmax, TGV or
TNR, and FMISO SUVmax, but the well-established FMISO
TNR value of 1.2 was used (11). A p-value of <0.05 was
considered statistically significant.
RESULTS

Patient Demographics
There were 15 patients (9M:6F) recruited into this study, mean
age 56.8 years (range 23 to 77 years). Thirteen patients had
evaluable baseline and follow-up PET scans performed. One
patient died after one cycle and another patient withdrew from
the study after the baseline scans, therefore follow-up scans could
not be performed. The patient demographics are summarized in
Table 1. Most metastatic lesions were in the liver, with the
remainder of metastases within intra-abdominal nodes. The
average size of the largest metastatic lesions per patient
measured at 43mm on pre-treatment CT scan.

Positron Emission Tomography Scan
Assessment
On visual assessment of baseline PET scans, all patients had a
more intense FDG uptake in the reference lesion(s) compared to
FMISO uptake, as summarized in Table 2. On the follow-up PET
scans, the FDG PET did visually decrease by at least 1 point, but
on FMISO scans, the visual scores either remained the same or
only decreased by 1 point in all patients, apart from one patient
who initially scored a 4 and this decreased to 1 on their follow-
up. Figures 1A, B show FDG and FMISO changes in liver
metastases and extrahepatic metastases respectively.

The SUVmax for baseline FDG uptake in tumor was higher
compared to SUVmax for FMISO (Table 2). There was a
statistically significant association of all baseline PET
March 2021 | Volume 11 | Article 606210
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parameters (FDG SUVmax, FMISO SUVmax, FDG TGV and
FMISO TNR) using ANOVA analysis, with a p-value of 0.02.
Following anti-angiogenesis therapy, the average decrease of
mean SUVmax on FDG PET was 4.58 (range 1.7-10.9) on the
follow-up scans available (n=13). The mean difference in follow-
up FDG SUVmax was a reduction of 2.79 +/- 1.11 (p-value 0.02).
For the FMISO PET scans, the baseline FMISO SUVmax was 2.55
(range 1.7–3.8), with a decrease in the mean SUVmax to 2.36
(range 1.2–3.5) on the follow-up scans available. The mean
decrease in follow-up FMISO SUVmax was 0.28 +/- 0.3, with a
non-significant p-value of 0.36.

The tumor to normal ratio (TNR) on baseline FDG PET had a
mean of 3.4 +/- 0.42 (range 1.6–6.2), with an average decrease
in mean TNR to 2.4 +/- 0.5 on the follow-up scans (Table 2).
The mean difference in FDG TNR was a reduction of 1.01 +/-
0.59 (p-value 0.11). The FMISO TNR had a mean of 1.2 +/- 0.08
on baseline (range 0.9–2.1), with a decrease in the mean TNR to
1.12 +/- 0.06 (range 0.9–1.6) on follow-up scans. The mean
decrease in FMISO TNR was 0.09 +/- 0.1, with a non-significant
p-value of 0.39.

The total glycolytic volume (TGV) on baseline FDG PET
scans was 1693 +/- 669.9 (range 18.3–7,777 SUV*ml), whilst the
mean TGV on follow-up FDG PET scans was 465.9 +/- 206.4
(range 0.9–2,812 SUV*ml). The mean decrease in TGV was
-1227 +/- 590 SUV*ml, with a significant p-value of 0.012.

There was a positive correlation between FDG and FMISO
uptake as measured by SUVmax on both baseline and follow-up
PET scans. On the baseline PET scans, there was a statistically
significant correlation between the SUVmax on the FDG and
Frontiers in Oncology | www.frontiersin.org 4
TABLE 1 | Therapy response cohort patient demographics.

Patient
No.

Age Sex Primary
Tumor

Site of
metastasis

Reference
lesion size (mm)

1 69 F Transverse
colon

Liver 44

2 75 M Rectum Liver
Lung

42
13

3 65 M Descending
colon

Liver
Lung

98
25

4 77 M Sigmoid Para-aortic LN
Liver

39
28

5 75 M Rectum Liver 62
6 40 M Sigmoid Liver (multiple

>100)
50

7 64 F Rectum Liver 22
8 53 F Rectosigmoid Liver 40
9 23 F Sigmoid Liver 20
10 50 F Sigmoid Lung

Para-aortic LN
34
22

11 63 M Splenic flexure Liver
Lung

45
29

12 70 M Caecum Mesenteric mass
Retroperitoneal
LN

40
25

13 50 F Ascending
colon

Omentum
Liver

32
21

14 27 M Rectal Para-aortic LN 27
15 51 M Ascending

colon
Liver 22
T
A
B
LE

2
|
P
ET

sc
an

fi
nd

in
gs

an
d
th
er
ap

y
re
sp

on
se
.

P
t.
N
o
.

FD
G

P
E
T

FM
IS
O

P
E
T

B
as

el
in
e

Fo
llo

w
-u
p

S
U
V
m
ax

R
es

p
o
ns

e
T
G
V

R
es

p
o
ns

e
B
as

el
in
e

Fo
llo

w
-u
p

S
U
V
m
ax

R
es

p
o
ns

e
T
N
R

re
sp

o
ns

e
V
is
ua

l
S
U
V
m
ax

T
G
V

V
is
ua

l
S
U
V
m
ax

T
G
V

V
is
ua

l
S
U
V
m
ax

T
N
R

V
is
ua

l
S
U
V
m
ax

T
N
R

1*
5

8.
1

60
3.
15

N
/A

N
/A

N
/A

N
/A

N
/A

3
2.
1

1.
0

N
/A

N
/A

N
/A

N
/A

N
/A

2
5

5.
4

7,
77

7.
3

4
3.
6

77
7.
73

-3
3%

-9
0%

2
2.
7

1.
1

2
2.
7

1.
2

+
0.
4

+
3%

3
5

10
.6

38
2.
27

5
8.
4

16
4.
38

-2
1%

-5
7%

4
3.
6

1.
4

3
2.
8

1.
2

-2
2%

-1
5%

4
4

4.
3

13
1.
91

3
2.
7

6.
60

-3
7%

-9
6%

2
2.
1

1.
0

2
2.
0

0.
9

-5
%

-1
3%

5*
5

9.
1

25
8.
77

N
/A

N
/A

N
/A

N
/A

N
/A

1
2.
0

1.
0

N
/A

N
/A

N
/A

N
/A

N
/A

6
5

7.
0

3,
95

1.
7

3
2.
5

23
7.
10

-6
4%

-9
4%

3
2.
5

1.
3

2
2.
3

1.
1

-8
%

-2
0%

7
4

4.
3

70
.9
2

3
1.
9

24
.8
2

-5
6%

-6
5%

3
2.
1

1.
2

2
2.
0

1.
1

-5
%

-5
%

8
5

8.
7

3,
74

9.
0

4
3.
2

67
4.
82

-6
3%

-8
2%

4
3.
8

1.
5

1
3.
0

0.
9

-1
6%

-4
2%

9
5

4.
7

18
.1
3

3
1.
7

0.
90

-6
4%

-9
5%

2
1.
7

1.
0

2
1.
6

1.
0

-6
%

-6
%

10
5

5.
7

36
9.
80

4
3.
7

21
4.
48

-3
5%

-4
2%

2
2.
2

1.
8

2
2.
1

1.
1

-5
%

-3
7%

11
5

6.
1

61
2.
78

5
4.
1

42
8.
95

-3
3%

-3
0%

2
2.
6

1.
1

2
2.
4

1.
0

-8
%

-8
%

12
5

6.
1

35
1.
76

5
5.
2

15
7.
85

-1
5%

-5
5%

3
3.
2

1.
2

2
2.
6

0.
9

-1
9%

-2
5%

13
5

15
.2

4,
01

6.
9

5
10

.9
28

11
.9

-2
8%

-3
0%

3
3.
8

1.
2

2
3.
5

1.
2

-8
%

+
2%

14
5

3.
7

28
3.
91

5
3.
6

33
2.
17

-2
%

17
%

2
1.
7

1.
2

2
1.
2

1.
6

-2
9%

+
33

%
15

5
9.
1

28
3.
99

5
6.
0

22
5.
35

-3
4%

-2
1%

2
2.
2

1.
0

2
2.
2

1.
0

0
0

M
ea

n
+
/-

S
D

7.
2
+
/-

3
1,
52

4
+/
-
2,
28

1
4.
4+

/-
2.
7

46
6+

/-
74

4
-3
7%

+
/-

20
-5
7+

/-
35

2.
6
+
/-

0.
72

1.
2
+/
-
0/
23

2.
3
+
/-

0.
6

1.
1
+
/-

0.
19

-1
0
+
/-

8.
8

-1
0
+
/-

19

*P
at
ie
nt

1
di
ed

af
te
r
tr
ea

tm
en

t,
be

fo
re

po
st
-t
re
at
m
en

t
P
ET

;*
P
at
ie
nt

5
w
ith
dr
ew

fro
m

st
ud

y
af
te
r
ba

se
lin
e
P
ET

sc
an

s.
TG

V
,T

ot
al
G
ly
co

ly
tic

V
ol
um

e;
TN

R
,T

um
or

to
N
or
m
al
R
at
io
.

M
arc
h 2
021
 |
 Vo
lum
e 1
1
 | Ar
ticle
 606
210

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lee et al. Hypoxia and Metabolic Imaging in mCRC
FMISO PET, with a Pearson’s r-value of 0.67 (p-value 0.007), but
not the baseline tumor to normal ratio (TNR), which had a
Pearson’s r-value of 0.49 (p-value 0.06), these are shown in
Figures 2A, B. On the follow-up scans, there was a statistically
significant correlation between the SUVmax of the FDG and
FMISO PET scans with a Pearson’s r-value of 0.61 (p-value
0.027), as well as the FDG and FMISO TNR, with a Pearson’s r-
value of 0.79 (p-value 0.0014) as shown in Figures 2C, D.

Treatment Response Assessment
There were 13 patients with evaluable treatment response, as two
patients (Patient 1 and 5) did not have follow-up scans
performed. These results are illustrated in the waterfall plot
compared to anatomic assessment of response by with CT scan
(RECIST), as seen in Figure 3.

According to the RECIST 1.1 criteria for evaluation of
treatment response on CT scan, there were four patients
with partial response with a decrease in tumor lesion size of
Frontiers in Oncology | www.frontiersin.org 5
at least 30% from the reference, and nine patients had stable
disease, with insufficient shrinkage to qualify for partial
response and insufficient increase to qualify for progressive
disease (Table 3).

Using the EORTC/NCI criteria for evaluation of metabolic
response on FDG PET scan, there were 12 patients with partial
metabolic response (decrease in SUVmax of 15%–25%), of which 10
patients had a decrease of >25%, and 1 patient had stable metabolic
disease with a small decrease in SUVmax of 2% (Table 2). Although
similar criteria could not be applied to FMISO uptake in
response to treatment, there were two patients with a decrease
in FMISO SUVmax of >20%, two patients with moderate decrease
in FMISO SUVmax between 10%–20%, seven patients who had
small decreases in FMISO SUVmax of <10%. There were two
patients with no change in FMISO uptake.

The TGV changes on FDG PET following treatment were
greater, with eight patients demonstrating decreases in TGV of
>50%; while four patients had decreases in TGV between 20%–
A

B

FIGURE 1 | (A) Pre and post-treatment FDG and FMISO PET scans in patient 8 in transverse (top row) and coronal (bottom row) projections. This shows
complete metabolic and hypoxic response in the liver metastases to treatment, with photopenic defects in the liver on post-treatment scans. (B) Pre and post-
treatment FDG and FMISO PET scans in patient 12 in transverse (top row) and coronal (bottom row) projections. This shows incomplete metabolic and hypoxic
response to treatment on FDG & FMISO PET in retroperitoneal lymph nodes seen on CT (white arrowhead). Intense bowel activity on FMISO scans is noted
anteriorly (black arrows).
March 2021 | Volume 11 | Article 606210
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50%, and one patient had an increase of 17% (Table 2). The
tumor to normal ratio (TNR) changes on FMISO PET showed
four patients had decreases between 20%–50%; two patients had
decreases between 10%–20%; three patients had minor decrease
Frontiers in Oncology | www.frontiersin.org 6
of <10%; one patient had no change in FMISO TNR; and two
patients had minor increase of up to 10%. One patient had an
increase of 33%, who was also the single patient who
demonstrated an increase in burden of disease on FDG PET too.
A B

C D

FIGURE 2 | (A) Correlation between baseline FDG and FMISO SUVmax, with a Pearson’s correlation of 0.67 and p-value of 0.007. (B) Correlation between baseline
FDG and FMISO TNR, with a Pearson’s correlation of 0.49 with a non-statistically significant p-value of 0.06. (C) Correlation between post-treatment FDG and
FMISO SUVmax, with a Pearson’s correlation of 0.61 and p-value of 0.06. (D) Correlation between post-treatment FDG and FMISO TNR, with a Pearson’s
correlation of 0.79 and p-value of 0.0014.
FIGURE 3 | Waterfall plot of the changes seen of PET parameters on FDG and FMISO PET scans, and RECIST measurements on diagnostic CT for each patient.
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Blood Biomarkers and Positron Emission
Tomography Scan Parameters
To evaluate the PET scan parameters of TGV and SUVmax for
FDG PET scans, and TNR and SUVmax for FMISO PET scans,
compared to the blood biomarker of VEGF and osteopontin,
one-way ANOVA was performed. The ANOVA analysis
indicated that there was a statistically significant correlation
between all the PET parameters and VEGF levels and
osteopontin levels in each patient (p-value <0.05).

Survival Assessment
Progression-free survival and overall survival in this cohort of
patients was also evaluated, using a median cut-off of 6.6 for FDG
SUVmax, 2.25 for FMISO SUVmax, 333 for FDG TGV. A cut-off
value of 1.2 was used for FMISO TNR according to previously
well published data (11). These were not statistically significant
for neither progression-free or overall survival for all four PET
parameters. However, the survival curves for the post-treatment
FMISO TNR did demonstrate a trend towards significance, with
p-value of 0.16 for PFS and 0.14 for OS (Figures 4A, B).
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DISCUSSION

Tumor hypoxia and angiogenesis are hallmarks of cancer, and
tumor cells have been found to be accompanied by angiogenic
blood vasculature that exhibited altered permeability and vessel
compression, with compressed and non-functional lymphatic
vessels (20). These features lead to increased interstitial fluid
pressure, which is a major transport barrier for the delivery of
chemotherapeutic agents in tumor (20, 21). The concept of
vascular “normalization” by anti-VEGF agents for improved
drug delivery and efficacy is the basis of anti-angiogenic
treatments (e.g., bevacizumab) which has been approved for
treatment of metastatic colorectal cancer.

Our study evaluating FMISO response in patients with
metastatic colorectal carcinoma treated with bevacizumab has
demonstrated that hypoxia is present at baseline, but there is
only minor changes in hypoxia in the tumor following initial
treatment. While FDG uptake in the metastases was greater than
FMISO uptake at baseline, FDG change in response to treatment
was also greater than hypoxia change. Changes in FDG uptake
(particularly TGV) were also associated with the response to anti-
angiogenic treatment. These findings indicate that there is a
complex interplay between tumor metabolism and hypoxic levels
following anti-angiogenic treatment of metastatic colorectal cancer.

Following treatment with bevacizumab, changes in FMISO
TNR showed a correlation with progression free and overall
survival, although this did not reach statistical significance. To
our knowledge, our study is the first to explore dynamic changes
in hypoxia following bevacizumab treatment in colorectal cancer
patients. In a prior study, a preclinical model of colorectal
xenografts treated with bevacizumab demonstrated that post-
treatment FMISO scan demonstrated a trend toward lower
FMISO uptake, however, this did not correspond to hypoxia
related parameters of carbonic anhydrase IX and GLUT1
staining which increased following treatment. This is likely due
to the “normalization” of tumor vasculature and permeability
following bevacizumab which improves blood supply to the
tumor (22, 23). Changes in vascular morphology following
anti-angiogenesis therapy have been reported from a study of
patients with hepatic liver metastases where treatment with
bevacizumab resulted in tumor vessel stabilization, reduced
vascular density and increased necrosis (24).
TABLE 3 | Diagnostic CT findings and therapy response.

Pt. No. Baseline
lesion size

(mm)

Follow-up
lesion size

(mm)

Response in
lesion size
(RECIST)

Tumor volume
(mm3)

1* 44 N/A N/A 119.55
2 42 25 -40% 1,446.78
3 98 95 -3% 127.62
4 39 31 -21% 44.86
5* 62 N/A N/A 55.84
6 50 35 -30% 970.62
7 22 24 9% 19.39
8 40 33 -18% 744.19
9 20 11 -45% 6.91
10 34 29 -15% 112.9
11 45 53 18% 195.71
12 40 35 -13% 82.82
13 32 30 -6% 919.68
14 27 30 11% 94.72
15 22 10 -55% 75.71
Mean
+/- SD

41.13 +/- 19.4 33.92 +/- 21.3 -16% +/- 22.3 334.5 +/- 452.4
*Patient 1 died after treatment, before post-treatment PET.
*Patient 5 withdrew from study after baseline PET scans.
A B

FIGURE 4 | Post-treatment FMISO TNR and PFS and OS. (A) Post-treatment FMISO TNR and PFS (p-value 0.16); (B) Post-treatment FMISO TNR and OS (p-value 0.14).
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The baseline VEGF and osteopontin levels correlated
significantly with all the baseline PET parameters on FDG and
FMISO scans, indicating that the serum levels of these markers
are reflective of the underlying level of hypoxia in patients with
metastatic colorectal cancer.

The study limitations are this is a pilot study, and there were a
small number of patients who had PET scans available for
comparison post-treatment. The changes in vascularization,
and hence changes in hypoxia with anti-angiogenic treatments
may also require a longer period of treatment before significant
changes in hypoxia level are seen to be able to be assessed by
FMISO PET scans, which were performed after 1 cycle of
treatment in our study. In addition, possible changes in normal
liver blood flow following anti-angiogenic therapy and
subsequent impact on FMISO uptake and TNR values are not
fully understood, and could be addressed in future studies with
direct measurement of normal liver blood flow changes following
anti-angiogenic therapy.

This study has shown that hypoxia in metastatic colorectal
cancer, assessed by FMISO PET, is present and shows minor
changes following initial treatment with anti-angiogenic
therapy, but is associated with therapeutic response. FDG
PET uptake changes (SUVmax and TGV) are also associated
with response to anti-angiogenic therapy. Both FDG and
FMISO PET parameters showed significant correlation with
biomarkers of angiogenesis. These findings demonstrate the
complex interplay between tumor metabolism and hypoxic
regulation following anti-angiogenic treatment of metastatic
colorectal cancer.
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24. Weißhardt P, Trarbach T, Düring J, Paul A, Reis H, Tilki D, et al. Tumor
vessel stabilization and remodelling by anti-angiogenic therapy with
bevacizumab. Histochem Cell Biol (2012) 137(3):391–401. doi: 10.1007/
s00418-011-0898-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lee, Tebbutt, Gan, Liu, Sachinidis, Pathmaraj and Scott. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
March 2021 | Volume 11 | Article 606210

https://doi.org/10.1016/j.humpath.2011.01.015
https://doi.org/10.1016/j.humpath.2011.01.015
https://doi.org/10.1159/000071080
https://doi.org/10.1158/1078-0432.CCR-05-1275
https://doi.org/10.1056/NEJMoa032691
https://doi.org/10.1038/srep12713
https://doi.org/10.1007/s00259-008-0888-9
https://doi.org/10.1007/s00259-008-0888-9
https://doi.org/10.1158/0008-5472.CAN-05-2655
https://doi.org/10.1158/0008-5472.CAN-05-2655
https://doi.org/10.1158/0008-5472.CAN-05-4536
https://doi.org/10.1158/0008-5472.CAN-05-4536
https://doi.org/10.1371/journal.pone.0120823
https://doi.org/10.18632/oncotarget.8712
https://doi.org/10.1007/s00418-011-0898-8
https://doi.org/10.1007/s00418-011-0898-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Evaluation of 18F-FMISO PET and 18F-FDG PET Scans in Assessing the Therapeutic Response of Patients With Metastatic Colorectal Cancer Treated With Anti-Angiogenic Therapy
	Introduction
	Methods
	Blood Biomarkers
	Statistical Analysis

	Results
	Patient Demographics
	Positron Emission Tomography Scan Assessment
	Treatment Response Assessment
	Blood Biomarkers and Positron Emission Tomography Scan Parameters
	Survival Assessment

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


