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Abstract

Objective: To assess the effects of bevacizumab and
everolimus, individually and combined, on CT perfusion
(CTp) parameters in liver metastases from neuroen-
docrine tumors (mNET) and normal liver.
Methods: This retrospective study comprised 27 evalu-
able patients with mNETs who had participated in a
two-arm randomized clinical trial of mono-therapy with
bevacizumab (Arm B) or everolimus (Arm E) for
3 weeks, followed by combination of both targeted
agents. CTp was undertaken at baseline, 3 and 9 weeks,
to evaluate blood flow (BF), blood volume (BV), mean
transit time (MTT), permeability surface area product
(PS), and hepatic arterial fraction (HAF) of mNET and
normal liver, using a dual-input distributed parameter
physiological model. Linear mixed models were used to
estimate and compare CTp parameter values between
time-points.
Results: In tumor, mono-therapy with bevacizumab
significantly reduced BV (p = 0.05); everolimus had no
effects on CTp parameters. Following dual-therapy, BV
and BF were significantly lower than baseline in both
arms (p £ 0.04), and PS was significantly lower in Arm E
(p < 0.0001). In normal liver, mono-therapy with either
agent had no significant effects on CTp parameters:
dual-therapy significantly reduced BV, MTT, and PS,
and increased HAF, relative to baseline in Arm E

(p £ 0.04); in Arm B, only PS reduced (p = 0.04).
Conclusions: Bevacizumab and everolimus, individually
and when combined, have significant and differential
effects on CTp parameters in mNETs and normal liver,
which is evident soon after starting therapy. CTp may
offer an early non-invasive means to investigate the
effects of drugs in tumor and normal tissue.
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Computed tomography perfusion (CTp) provides a non-
invasive means of assessing tissue perfusion [1–3]. It has
been applied in a variety of clinical settings, including
cerebral perfusion and stroke assessment [4]. More lim-
ited evaluations have been undertaken in oncologic
applications [5].

The CTp technique relies on capturing the time-con-
centration curve of tissues and vascular inputs simulta-
neously following the intravenous administration of
contrast medium. This data is then applied to physio-
logical perfusion models, in this work the distributed
parameter model, which ultimately yield a variety of CTp
parameters.

Neuroendocrine tumors and their metastases are
generally highly vascular tumors, which are well recog-
nized radiologically by their hypervascular characteris-
tics, most notably on arterial phase imaging [6]. Vascular
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endothelial growth factor (VEGF) and the mammalian
target of rapamycin (mTOR) are implicated in the
pathogenesis of this tumor [7–11]. Targeted antivascular
therapies which inhibit these pathways are attractive
potential therapeutic agents in this tumor. Such agents
include bevacizumab, which is a targeted humanized
monoclonal antibody to human VEGF, and everolimus,
which is a targeted mammalian target of rapamycin
(mTOR) inhibitor. Their mechanisms of action have
components which affect the angiogenesis pathway
(Fig. 1), and the combination of both agents might be
expected to have some synergy. Everolimus, which is also
used as an immunosuppressive agent, also interrupts
signaling pathways of several cytokines and growth fac-
tors including interleukin-2 and causes a decrease in
protein synthesis and arrest of the cell cycle.

The liver is a particularly common site for metastases
from neuroendocrine tumors. CTp provides the oppor-
tunity to non-invasively assess the effects of these tar-
geted agents on such tumors. There have been some
previous reports of the effects of bevacizumab on liver
tumors on CTp parameters [12, 13], and specifically on
neuroendocrine liver metastases [14]. A recent article has
reported CTp effects of everolimus in liver metastases
from pancreatic neuroendocrine tumors [15]. However,
to the best of our knowledge, there have been no previ-
ous studies investigating the effects on perfusion of either
of these agents on normal liver tissue. Furthermore, the
dual-vascular input of the liver, which is required to
model liver perfusion correctly, has been challenging to
incorporate into modeling and has not been utilized in
the above studies.

The purpose of our study was to investigate the ef-
fects of the above two targeted antivascular agents,
bevacizumab and everolimus, individually and in com-

bination, on perfusion in liver metastases from neu-
roendocrine tumors and normal liver, as assessed by CT
perfusion utilizing dual-vascular inputs.

Materials and methods

Patients and therapy

This exploratory analysis was approved by our institu-
tional review board (IRB), with waiver of informed
consent and was HIPAA (Health Insurance Portability
and Accountability Act) compliant. Novartis and
Genentech provided partial funding support for conduct
of the study, and everolimus and bevacizumab, respec-
tively. Patients for this analysis were drawn from those
who had participated in a randomized two-arm
prospective clinical trial employing targeted antivascular
therapies for metastatic or recurrent well-differentiated
neuroendocrine tumors; patients in that study had pro-
vided written informed consent for participation in that
trial, including CT perfusion. One arm (Arm B) consisted
of mono-therapy with bevacizumab for one cycle
(3 weeks), followed by combined (‘‘dual-’’) therapy with

Fig. 1. Mechanisms of action of bevacizumab and ever-
olimus. Adapted from http://jkcvhl.com/index.php/jkcvhl/
article/view/7/36. Morais [26].

Fig. 2. Treatment and CTp schema. BEV, bevacizumab;
EVE, everolimus.
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bevacizumab and everolimus thereafter; the other arm
(Arm E) consisted of mono-therapy with everolimus for
one cycle, followed by dual-therapy with everolimus and
bevacizumab thereafter (Fig. 2).

Bevacizumab was administered intravenously at a
dose of 15 mg/kg every 3 weeks, and everolimus was
administered orally at a dose of 10 mg daily. Exclusion
criteria for the clinical protocol included prior VEGF- or
mTOR-inhibitor therapies, although prior antineoplastic
therapies were permitted. Other inclusion and exclusion
criteria for the clinical study have been presented previ-
ously [16]. The current analysis focused solely on the
subset of patients who had metastatic disease in the liver
(mNET), which comprised 33 patients. In addition, un-
like the previous work, the current analysis included
dual-input liver CT perfusion modeling, full CT perfu-
sion acquisition durations, image registration, and pixel-
level analyses.

CT perfusion

CTp scans were undertaken prior to the initiation of
therapy (baseline, T0), at the end of the first cycle of
therapy (3 weeks, T1), and at the end of the third cycle
(9 weeks, T2) (Fig. 2). Prior to enrollment, previous
imaging studies had been reviewed and a single target le-
sion in the liver identified by a radiologist (C.S.N. with
more than 15 years’ experience in interpretingCT studies).
The target lesion was required to be a contrast-enhancing
solid mass and larger than 2.5 cm in longest diameter.

CT perfusion imaging was obtained with a 64-row
multidetector CT scanner (VCT, GE Healthcare,
Waukesha, WI) and employed a scanning protocol pre-
viously described [17]. In brief, the CTp scans were ob-
tained in two phases: Phase 1, continuous (‘‘cine’’,
8 9 0.5-cm slice thickness) acquisition during a 30 s
breath-hold; followed by Phase 2, consisting of eight
intermittent short breath-hold helical scans through
590 s after commencement of Phase 1. Phase 1 images
were reconstructed every half second, and both phases
were reconstructed to a thickness of 0.5-cm.

The acquired images of each patient were anatomi-
cally registered using a semi-automated rigid registration
algorithm, as previously described [18]. The resultant
CTp datasets were analyzed using commercially avail-
able CT perfusion software on a workstation (CT Per-
fusion 4 version 4.3.1, Advantage Workstation 4.4; GE
Healthcare, Waukesha, WI). The perfusion software
utilizes the distributed parameter model. We utilized the
Liver Protocol of the vendor software, which incorpo-
rates the dual-vascular input of the liver. Regions of
interest (ROI) were placed in the abdominal aorta and in
the portal vein on the source images to provide these
vascular inputs, and perfusion parametric maps were
generated of BF, BV, MTT, PS, and HAF, as previously
described [17].

For each of the eight axial slice locations of each da-
taset, a tumor ROI was drawn freehand around the
periphery of the target tumor if present on that slice, with
reference to the source cine CT images and perfusion maps
(C.D., more than 5 years of experience in interpreting CT
studies). Visible vessels and artifacts were avoided. Wher-
ever possible, a second tumor ROI was delineated, pro-
vided it fulfilled the same criteria as the primary target
lesion and was greater than 1.5 cm in diameter.

Parallel analyses were undertaken for background
(‘‘normal’’) liver parenchyma, in which metastases were
not evident, on all available CT slices. Circular or ellip-
tical ROIs were delineated in normal liver regions. These
ROIs were as large as possible and placed to avoid ves-
sels and artifacts. We delineated two normal liver ROIs
on each of the 8 slices where possible; if possible, sepa-
rate ROIs were placed in the right and left lobes.

The pixel-level CTp data from tumor and normal li-
ver ROIs were extracted for summary statistics and
further analyses.

Statistical methods

Pixel-level data was transformed to the cubic-root scale due
to right skewness. All pixel-level data from the same tissue
were combined to obtain mean CTp parameters based on
the resultant volume of interest (VOI) by patient and time-
point. All statistical analyses were carried out on thesemeans
on the cubic-root scale. These means were back-transformed
to the raw scale for plotting and summary statistics.

Linear mixed models were used to estimate and
compare CTp parameters by time, arm, and tissue type.
Arm and time were modeled as fixed effect factors and
patient as random effect. Since it was expected that
changes in CTp parameters over time would be different
between arms, an interaction between arm and time was
kept for each model. Linear mixed model was also used
to compare tumor and normal liver CTp parameters at
baseline; arm and tissue type were modeled as fixed effect
factors and patient as random effects.

Tukey–Kramer adjustment was used to control overall
type I error rate at 5% for comparisons within each model.
Estimated means on the cubic-root scale were back-
transformed to raw scale, along with 95% confidence
intervals for easier interpretation. All tests were two-sided
and p values of 0.05 or less were considered statistically
significant. Statistical analysis was carried out using SAS
version 9 (SAS Institute, Cary, NC).

Results

Patient demographics and clinical features

A total of 39 patients were enrolled in the clinical
treatment protocol, of which 33 had a target metastatic
lesion in the liver. Patients with non-hepatic metastatic
disease were not included in the current work (pancreas
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(n = 3), abdominal adenopathy (n = 2), and bone
(n = 1)). Of the 33 patients with liver metastases, 5 pa-
tients were excluded because of inability to satisfactorily
delineate a porto-venous vascular input (due to failure to
image the portal vein adequately (n = 2) or its cav-
ernous transformation (n = 3)), and one because the
target lesion could not be adequately visualized due to
streak artifacts. This resulted in a study cohort of 27
patients (median (range) age, 58.3 (21.0–76.9 years); 17
female, 10 male). There were 13 patients in Arm B
(median (range) age, 56.0 (21.0–76.9 years); 7 female, 6
male); and 14 patients in Arm E (median (range) age,
56.9 (33.2–76.9 years); 10 female, 4 male). VOI sizes
were: for tumor, median 25.0 cm3 (range 1.9–648.1 cm3);
and for normal tissue, median 19.4 cm3 (range
1.0–92.3 cm3). Followup CT perfusion scans in 5 patients
failed to be obtained: two 9-weeks time-points in each
arm, and one 3-week time-point in Arm E.

Tumor vs. normal liver at baseline

CTp parameter values in tumor were significantly dif-
ferent from normal liver at baseline (T0): tumor BF, BV,

and HAF were significantly higher than normal liver
(p £ 0.02); and MTT and PS were significantly lower
(p £ 0.01) (Table 1).

Effects on CTp parameters in tumor

Mono-therapy with bevacizumab for 3 weeks (one cycle)
resulted in significant reduction in BV relative to baseline
(p = 0.05), and a trend towards reduction in BF
(p = 0.09). Following 2 cycles (6 weeks) of combined
therapy (i.e. Arm B, with the addition of everolimus), BV
and BF were significantly lower than baseline (p = 0.008
and p = 0.01, respectively) (Table 2, Fig. 3A).

In comparison, mono-therapy with everolimus for
one cycle did not have significant effects on any of the 5
CTp parameters. Following 2 cycles of combined therapy
(i.e. Arm E, following the addition of bevacizumab), BV,
BF, and PS were significantly lower than baseline
(p = 0.002, p = 0.04 and p < 0.0001, respectively); and
BV was significantly lower compared to mono-therapy
alone (p = 0.03). An illustrative example is presented in
Fig. 4.

Table 1. CTp parameters for tumor vs. normal liver, at baseline (T0)

Parameter Tissue Est. mean 95% confidence interval p value

BF Tumor 207.8 164.4–258.1 0.0004*
Normal 138.5 105.6–177.5

BV Tumor 18.6 14.7–23.1 0.02*
Normal 14.6 11.3–18.5

MTT Tumor 6.28 5.56–7.06 0.001*
Normal 7.68 6.85–8.58

PS Tumor 61.6 55.1–68.5 <0.0001*
Normal 79.5 71.9–87.7

HAF Tumor 0.30 0.23–0.39 <0.0001*
Normal 0.10 0.07–0.15

Estimated means (on raw scale) and p values from linear mixed model
BF, in mL/min/100 g; BV, in mL/100 g; MTT, in seconds; PS, in mL/min/100 g; HAF, unitless
* Significant

Table 2. CTp parameter values and changes by time-point for tumor

CTp Arm CTp value at T0 CTp value at T1 CTp value at T2 Adj p value#

Est. mean 95% confidence
interval

Est. mean 95% confidence
interval

Est. mean 95% confidence
interval

T1 vs. T0 T2 vs. T1 T2 vs. T0

BF Arm B 200.7 147.5–265.4 155.7 115.0–205.1 136.8 99.5–182.5 0.09 0.68 0.01*
Arm E 222.7 166.5–290.4 197.6 150.1–254.2 159.8 119.1–208.9 0.78 0.20 0.04*

BV Arm B 17.4 12.9–22.7 13.4 10.0–17.5 11.2 8.0–15.3 0.05* 0.13 0.008*
Arm E 19.9 15.1–25.6 16.8 12.9–21.4 12.4 9.0–16.7 0.35 0.03* 0.002*

MTT Arm B 6.23 5.40–7.14 6.36 5.49–7.30 5.83 4.91–6.87 1.00 0.76 0.92
Arm E 6.06 5.29–6.93 6.03 5.20–6.94 5.62 4.78–6.66 1.00 0.94 0.92

PS Arm B 56.6 49.3–64.7 49.1 39.8–59.8 49.9 41.1–59.8 0.47 1.00 0.59
Arm E 66.4 58.4–75.1 54.4 44.3–66.0 45.6 37.5–54.9 0.12 0.48 <0.0001*

HAF Arm B 0.31 0.26–0.36 0.28 0.23–0.34 0.26 0.20–0.33 0.96 0.99 0.66
Arm E 0.30 0.26–0.36 0.30 0.24–0.36 0.25 0.19–0.32 1.00 0.81 0.47

Estimated means (on raw scale) and p values from linear mixed model
BF, in mL/min/100 g; BV, in mL/100 g; MTT, in seconds; PS, in mL/min/100 g; HAF, unitless
# Tukey–Kramer adjusted p value within each model
* Significant
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No significant effects on tumor MTT or HAF were
evident with mono- or subsequent dual-therapy in either
arm.

Effects on CTp parameters in normal liver

Mono-therapy, with bevacizumab or everolimus, was not
associated with significant changes in any CTp parame-
ters in normal liver.

The addition of everolimus to bevacizumab, in Arm
B, was associated with significant reductions in BV, PS,
and MTT relative to baseline (p £ 0.01) and significant
increase in HAF (p = 0.04), with no significant effects
on BF; PS and MTT were also significantly lower, and
HAF significantly higher, compared to mono-therapy
alone (p £ 0.03). In comparison, the addition of beva-
cizumab to everolimus, in Arm E, was associated with a

significant reduction in PS relative to baseline
(p = 0.04), but no significant effects on other CTp
parameters were evident (Table 3, Fig. 3B).

Discussion

Our results show that bevacizumab and everolimus
individually have differential effects on perfusion in
metastases to the liver from neuroendocrine tumors. Our
results also demonstrate that there are different effects on
the various perfusion parameters when the two agents
are subsequently combined. Furthermore, our results
show that normal liver is affected by these agents, and
that there are again differential CTp effects according to
the temporal sequencing of these agents.

Our study indicates that mono-therapy with beva-
cizumab was associated with significant reductions in

Fig. 3. Changes in CTp parameter. Raw data (p values from linear mixed model). Bevacizumab (red), everolimus (blue) (i) BF,
in mL/min/100 g; (ii) BV, in mL/100 g; (iii) MTT, in seconds; (iv) PS, in mL/min/100 g; (v) HAF, unitless. A Tumor. B Normal liver.
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tumor BV, and a trend towards reduction in BF, 3 weeks
after initiation of therapy (1 cycle). Early changes in
tumor perfusion, as detected by CT perfusion, following
the administration of bevacizumab have been observed
in other studies and other tumor types. In a study of CTp
in hepatocellular carcinoma, BV and BF significantly
reduced 2 weeks after the initiation of bevacizumab [12,
13]. In a study of primary rectal cancers, reductions in
BV and BF were found 2 weeks after initiation of
bevacizumab; interstitial fluid pressure was also found to
decrease [19]. In a previous study of mNETs, significant
reductions in BV and BF were observed in as little as
2 days after the initiation of bevacizumab, and were
sustained at 18 weeks [14]. Antiangiogenic agents, such
as bevacizumab, inhibit the proliferation of tumor vessels
and are thought to ‘‘normalize’’ and ‘‘prune’’ the tumor
vasculature [20], thereby reducing tissue perfusion and
the leakiness of the chaotic tumor vessels [20].

In comparison to mono-therapy with bevacizumab,
our results suggest that everolimus alone did not have
any significant effects on tumor perfusion after one cycle
to therapy. It is not possible from our study to determine
if this is related to the sample size, dose level, duration of
drug exposure and/or the agent itself.

Regarding the effects of dual-therapy, tumor BF de-
creased significantly relative to baseline in both arms. As
regards tumor BV, when bevacizumab was added to
everolimus (i.e. Arm E), there was a significant reduction
in tumor BV relative to mono-therapy with everolimus
alone. In comparison, in Arm B, when everolimus was
added to bevacizumab, BV did not significantly change
relative to bevacizumab alone. Of note, the individual
agents had differing effects on tumor BV. Nevertheless,
the net effect was that tumor BV significantly decreased
following combined therapy relative to baseline, in both
arms. The observations might hint at a more potent ef-

Fig. 3. continued.
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fect on BV and BF of bevacizumab compared to ever-
olimus.

Although the combination of both agents in both
arms ultimately reduced tumor BV and BF relative to
baseline, a differential response was observed with tumor
PS. In Arm E, the addition of bevacizumab to everolimus
significantly reduced tumor PS relative to baseline; while

in Arm B, no significant changes in tumor PS were evi-
dent. Thus unlike with BV and BF above, the ultimate
effects on PS appear to be affected by temporal
sequencing of the agents, which may reflect complex
underlying mechanisms and drug interactions. However,
it is difficult to determine if this effect might simply be
related to the differences of duration of exposure to one
of the agents.

A consideration in assessing the efficacy of thera-
peutic agents in general is their side-effect and toxicity
profile; it would be advantageous to have minimal, or
preferably no, effects on normal organs. Our study re-
veals that bevacizumab and everolimus have some effects
on perfusion in normal liver: the agents have different
effects compared to tumor and also relative to each
other. Mono-therapy with bevacizumab or everolimus
did not have significant effects on any CTp parameters in
normal liver, at least after one cycle of therapy and at the
dose levels used in the study. Regarding the effects fol-
lowing dual-therapy, following the addition of ever-
olimus to bevacizumab (Arm B) normal liver PS, MTT,
and BV significantly decreased and HAF significantly
increased relative to baseline; PS, MTT, and HAF were
also significantly different from mono-therapy alone. In
comparison, in Arm E, following the addition of beva-
cizumab after mono-therapy with everolimus, no signif-
icant changes in normal liver CTp parameters were
evident except for PS where a significant reduction in
normal liver PS was observed relative to baseline. A
differential effect on PS between arms was also observed
for PS in tumor.

Overall, our results suggest that the two agents had
differential effects on CTp parameters in tumors, and
also had different effects in tumor as compared to nor-
mal liver. Noticeably, the agents in both arms after 3
cycles of exposure resulted in lower tumor BF and BV,
which could potentially be useful biomarkers of drug
efficacy. In comparison in normal liver, of these two CTp
parameters, only BV in Arm B was reduced. The sig-
nificant BV and BF effects on tumor, but relative lack of
effects in normal liver, suggests some degree of selectivity
for tumors and supports their utility as therapeutic
agents. The reduction in tumor PS (Arm E) may be a
reflection of the pruning and normalization of tumor
vasculature. However, the agents also appear to mediate
significant effects on normal liver PS, the consequences
of which would require further investigation.

In the context of drug development and in the
assessment of therapeutic efficacy, CT perfusion offers
the potential to non-invasively assess the effects of indi-
vidual and combined therapeutic agents, and perhaps to
allow titration of dose levels. More broadly, it may have
potential to provide insights into pathophysiology and
mechanisms of action in tumor and normal tissue, and to
act as a prognostic and/or predictive biomarker [1].

Fig. 4. Illustrative example of BF parametric maps: 60 year
old female with neuroendocrine tumor metastatic to the liver
in Arm E, at: A baseline, B 3 weeks (end of cycle 1), and
C 9 weeks (end of cycle 3). Tumor (white arrows) and normal
liver ROIs, purple outlines.
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We found that tumor BF, BV, PS, and HAF were
significantly higher, and MTT significantly lower, than
normal/background liver at baseline. Similar findings
have been reported in other studies of liver metastases
from neuroendocrine tumors [21, 22], and indeed in other
tumors, such as hepatocellular carcinoma [23]. Some
caution should be exercised when comparing results
across studies. In particular, our study utilized a dual
(arterial and portal) vascular input CT perfusion model,
which more correctly models hepatic perfusion. Marked
differences in absolute CTp parameter values when using
single- vs. dual-vascular inputs have been demonstrated
previously [24]. Also, unlike some other studies, the
acquisition duration utilized in our study provided a
robust evaluation of CTp parameters, particularly PS
[25]. Furthermore, our statistical analyses incorporated
consideration of pixel-level distribution of CTp param-
eter values and the longitudinal nature of the data de-
rived from individual patients.

Comparison with a previous report of the CTp effects
of everolimus on liver metastases from pancreatic neu-
roendocrine tumors in 9 patients is difficult because of
differences in perfusion models utilized, study objectives
and statistical analyses [15]. Of note, in assessing the
potential utility of CTp parameters in differentiating
responders from non-responders, the authors undertook
a lesion-based (and not patient) analysis, in which they
did not appear to acknowledge the non-independent
nature of the liver metastases.

We acknowledge limitations in our study. The study
was relatively small. The delineation of vascular inputs
and tumor ROIs is potentially subject to some observer
variability, assessment of which was beyond the scope of
this study. As regards delineation of normal liver, we
were limited to gross assessments of normality as deter-
mined by CT, namely, without pathological confirmation
and thus without excluding the possibly of micro-
metastases and associated alteration in the microvascular
environment. A study which included a longer period of

mono-therapy, dose-escalations, and/or more CTp time-
points may have provided more insight into the effects of
the agents and better temporal delineation of the time
course of therapeutic effects; however, this would have
increased overall radiation burden, imposed logistics
constraints, and possibly compromised patient compli-
ance.

In summary, mono-therapy with bevacizumab and
everolimus have different effects on tumor perfusion.
The agents have differential effects on CT perfusion in
tumor and normal liver parenchyma. Within a tissue
type, CTp effects may be influenced by the temporal
sequencing of the agents. CT perfusion provides a
potential non-invasive means of assessing the early ef-
fects of therapies on perfusion in tumors and normal
tissues.
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