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OBJECTIVES This study postulated that antihypertensive therapy with renin-angiotensin-aldosterone system (RAAS)

inhibition may mitigate vascular endothelial growth factor inhibitor (VEGFi)–mediated increases in blood pressure more

effectively than other antihypertensive medications in patients receiving VEGFi therapy.

BACKGROUND VEGFi therapy is commonly used in the treatment of cancer. One common side effect of VEGFi therapy

is elevated blood pressure. Evidence suggests that the RAAS may be involved in VEGFi-mediated increases in blood

pressure.

METHODS This retrospective cohort analysis was performed using a de-identified version of the electronic health record

at Vanderbilt University Medical Center in Nashville, Tennessee. Subjects with cancer who were exposed to VEGFi therapy

were identified, and blood pressure and medication data were extracted. Changes in mean systolic and diastolic blood

pressure in response to VEGFi therapy in patients receiving RAAS inhibitor (RAASi) therapy before VEGFi initiation were

compared with changes in mean systolic and diastolic blood pressure in patients not receiving RAASi therapy before

VEGFi initiation.

RESULTS Mean systolic and diastolic blood pressure rose in both groups after VEGFi use; however, patients who had

RAASi therapy before VEGFi initiation had a significantly lower increase in systolic blood pressure as compared with

patients with no RAASi therapy (2.46 mm Hg [95% confidence interval: 0.7 to 4.2] compared with 4.56 mm Hg [95%

confidence interval: 3.5 to 5.6], respectively; p ¼ 0.034).

CONCLUSIONS In a real-world clinical population, RAASi therapy before VEGFi initiation may ameliorate

VEGFi-mediated increases in blood pressure. Randomized clinical trials are needed to further our understanding

of the role of RAASi therapy in VEGFi-mediated increases in blood pressure. (J Am Coll Cardiol CardioOnc 2019;1:14–23)
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AB BR E V I A T I O N S

AND ACRONYM S

ACE = angiotensin-converting

enzyme

ARB = angiotensin receptor

blocker

CI = confidence interval

EHR = electronic health record

ICD = International

Classification of Diseases

IQR = interquartile range

RAAS = renin-angiotensin-

aldosterone system

RAASi = renin-angiotensin-

aldosterone system inhibitor

VEGF = vascular endothelial

growth factor

VEGFi = vascular endothelial

growth factor inhibitor
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A ngiogenesis is modulated through vascular
endothelial growth factor (VEGF) receptor
signaling. Inhibition of this pathway treats

cancer, but it can also lead to deleterious events
that limit drug tolerability and treatment success. In-
creases in blood pressure occur almost universally
with VEGF inhibitor (VEGFi) therapy, and hyperten-
sion is the most common cardiovascular toxicity of
this therapy, occurring in up to 80% of patients (1).

Uncontrolled hypertension increases the risk for
serious complications such as renal dysfunction,
reversible posterior leukoencephalopathy syndrome,
stroke, heart attack, and cardiomyopathy, and it can
be a dose-limiting factor for treatment with VEGFi
therapy (2,3). These risks may be further enhanced by
treatment strategies that combine VEGFi with other
therapies that also carry cardiovascular risks (4).
Defining optimal treatment strategies in this unique
group of patients is essential.
SEE PAGE 37
The pathophysiology and optimal therapy for
VEGFi-mediated increases in blood pressure are un-
clear. Proposed mechanisms include capillary rare-
faction, increased vascular stiffness, increased
vascular tone secondary to decreased nitric oxide
production, increased endothelin-1 activation, and
glomerular injury (2,3,5,6). The renin-angiotensin-
aldosterone system (RAAS) has also been suggested.
Genetic polymorphisms in components of the renin-
angiotensin system have been implicated in the effi-
cacy of VEGFi therapy (7). In addition, experimental
models suggest that an imbalance between the
RAAS and VEGF contributes to VEGFi-mediated
hypertension (8,9).

VEGF is expressed by renal podocytes and is indis-
pensable for normal development (5,10,11). In murine
models, RAAS activation leads to a compensatory
increase in VEGF expression, and VEGFi therapy
results in loss of glomerular endothelial cells and in
a malignant hypertensive phenotype with severe
glomerulosclerosis (8). In some preclinical studies,
the angiotensin-converting enzyme (ACE) inhibitor
ramipril ameliorated all of these effects (9). However,
other studies have not confirmed this finding (12). The
current recommended management strategies for
VEGFi-mediated hypertension support the use of ACE
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inhibitor and angiotensin receptor blocker
(ARB) therapy but acknowledge a lack of data
specific to the pathophysiology and manage-
ment of VEGFi-mediated hypertension (2,3).
As such, no formal guidelines exist, and cur-
rent recommendations are based on expert
opinion and general cardiovascular principles
rather than on data specific to this group of
patients.

We hypothesized that antihypertensive
agents that inhibit the RAAS system are more
efficacious in modulating VEGFi-mediated
blood pressure elevation. Electronic health
records (EHRs) have been used in several
recent precision medicine projects in both
oncology and hypertension (13–16). To test
this hypothesis, we used the EHR to investi-
gate the effect of pre-treatment RAASi ther-
apy on change in mean systolic and mean

diastolic blood pressure in patients treated with
VEGFis.

METHODS

This retrospective cohort analysis was reviewed and
approved by the Vanderbilt University (Nashville,
Tennessee) Institutional Review Board (IRB #171796).
We used Vanderbilt’s Synthetic Derivative database, a
version of Vanderbilt’s EHR with Health Insurance
Portability and Accountability Act identifiers
removed by de-identification software and custom
algorithms (17). The Synthetic Derivative contains
more than 2.8 million unique subject records from
patients seeking care. Records in the database contain
clinical data, including basic demographics, clinical
care notes, laboratory and diagnostic study results,
medication data, and International Classification of
Diseases (ICD) and Current Procedural Terminology
codes. Methodology for data collection and de-
identification within the Synthetic Derivative has
been previously described (17).

DATA EXTRACTION. We developed an algorithm us-
ing regular expression and natural language pro-
cessing to extract structured, quantitative data. Our
algorithm identified subjects with records in both the
Synthetic Derivative and the Vanderbilt Cancer Reg-
istry. This registry was founded in the 1930s and is
h under Award Number UL1 TR000445. The content
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the institutional repository for data regarding in-
dividuals with cancer at Vanderbilt University Medi-
cal Center. Information in the database includes the
number of patients with newly diagnosed cancer each
year, the type of cancer at diagnosis, the state and
county of residence, and the health care outcomes for
each patient (18). Subjects were included if the VEGFi
therapy was mentioned at least twice on 2 separate
dates within the record and outpatient blood pressure
readings were recorded 6 weeks before and 6 weeks
after VEGFi initiation. A complete list of VEGFi ther-
apies included in the algorithm is provided in
Supplemental Table 1. Exclusion criteria included
subjects less than 18 years of age or pregnant at the
time of VEGFi initiation.

Data were extracted through February of 2018.
Baseline characteristics over the lifetime of the sub-
ject, including sex, age, race, body mass index, and
estimated glomerular filtration rate, were collected.
Comorbidities, including heart failure, coronary ar-
tery disease, hypertension, hyperlipidemia, diabetes,
sleep apnea, and nephrectomy, were identified using
ICD-9th revision, ICD-10th revision, and Current
Procedural Terminology codes (Supplemental
Table 2).

A manual chart review of 20 randomly selected,
nonoverlapping subjects was performed using a
standardized adjudication form (Supplemental
Figure 1). On the basis of this review, the algorithm
correctly identified all 20 subjects. The accuracy of
the algorithm to collect blood pressure data was also
assessed. All available outpatient blood pressure re-
cordings during this defined time period were
extracted in 100% of the subjects.

To ensure an accurate start date for VEGFi therapy
in our subjects, a manual chart review was performed
for all 1,013 subjects identified by our algorithm.
Subjects whose specific VEGFi prescribed and start
dates could be determined, through on clinician
notes, prescription records, and infusion records,
within a 7-day period and who had blood pressure
recordings in the 6 weeks before and after VEGFi
initiation were used for all subsequent data collection
and analysis.

All outpatient blood pressure readings 6 weeks
before and up to 6 weeks following initiation of VEGFi
therapy were collected. These blood pressures were
obtained according to routine clinical practice in our
medical center and included blood pressure readings
obtained on separate clinical visits, as well as multi-
ple readings obtained during the same clinical visit.
Blood pressure readings that occurred after a change
in antihypertensive medications were censored.
Nonphysiological data suggestive of entry error were
deleted. Our criteria for nonphysiological data were
systolic blood pressure $300 mm Hg, diastolic blood
pressure #20 mm Hg, diastolic blood pressure
greater than systolic blood pressure, or pulse
pressure <5 mm Hg. Our criteria for a plausible range
of physiological hemodynamics were based on a
population study of mean blood pressure in adults
(19). This resulted in the deletion of 11 of 8,442 blood
pressure recordings. Using these data, mean systolic
and mean diastolic blood pressures were calculated
for the 6-week intervals before and after VEGFi
initiation. The 6-week time interval was selected on
the basis of previous data demonstrating that the
hypertensive effect of VEGFi therapy can be detected
within the first 24 hours after initiation and plateaus
within days (20–23).

Antihypertensive medication data were extracted
by electronic-prescribing tools and MedEx, a previ-
ously described and validated natural language pro-
cessing software program capable of extracting
medication information from clinical notes (24,25).
We required the presence of at least 1 of the following
identifiers—drug dose, route, frequency or duration—
for a MedEx-identified drug to be counted. Drug data
were extracted using a complete, previously defined,
and validated list of antihypertensive agents
(Supplemental Table 3) (16). RAASis were defined as
aldosterone antagonists, ACE inhibitors, ARBs, renin
inhibitors, and any combination medications con-
taining a drug from these classes. For each antihy-
pertensive medication, our algorithm identified the
date of drug initiation so that any changes in anti-
hypertensive regimen during the study period could
be identified and accounted for in our statistical
analysis.

We defined our primary outcomes as a difference
in the change of mean systolic blood pressure and
mean diastolic blood pressure between subjects using
a RAASi before VEGFi initiation and those not using a
RAASi before VEGFi initiation. Because the existing
published reports are most robust for ACE inhibitor
and ARB use, we also assessed the difference in the
change of mean systolic and diastolic blood pressure
for ACE inhibitor and ARB use alone instead of all
RAASis. In addition, we examined the effect of using
a RAASi alone without any other antihypertensive
medications on the difference in the change of mean
systolic and diastolic blood pressure compared with
subjects using no antihypertensive medication before
VEGFi initiation.

STATISTICAL ANALYSIS. Data are expressed as
mean � SD for continuous variables and as absolute
value and proportion for categorical variables, unless
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FIGURE 1 Flow Diagram for Cohort Selection

The database investigated was the Synthetic Derivative (a de-identified version of Vanderbilt University’s electronic health record). Subjects

within the Synthetic Derivative with a history of cancer were identified on the basis of their presence in the Vanderbilt Cancer Registry. From

these subjects, 3,866 had a mention of a vascular endothelial growth factor inhibitor (VEGFi). Within this group, we required a mention of a

vascular endothelial growth factor inhibitor $2 times and blood pressure (BP) recorded in any setting 6 weeks before and 6 weeks after

initiation of vascular endothelial growth factor inhibitor therapy. These criteria narrowed our cohort to 1,013 subjects. We then narrowed

this selection to our final cohort by including only those subjects with outpatient blood pressure recordings. On the basis of these selection

criteria we identified 265 patients using renin-angiotensin-aldosterone system inhibitor (RAASi) therapy before initiation of vascular endo-

thelial growth factor inhibitor and 530 patients not using renin-angiotensin-aldosterone system inhibitor therapy before vascular endothelial

growth factor inhibitor initiation.
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stated otherwise. Between-group comparisons were
made using Student’s t-test or the chi square test as
appropriate. Because the number of potential
confounders was not large in comparison with the
effective sample size, we used direct covariate
adjustment to maintain power and sample size and to
ensure a representative sample group (26–28). Linear
regression modeling was used to identify the effect of
pre-specified covariates known to influence blood
pressure. Variables were selected a priori on the basis
of clinical knowledge, content expertise, and current
published reports. All pre-specified variables were
included in the final model. In our analytic approach,
nonlinear terms (spline) were used for all continuous
variables initially and were removed because of
nonsignificance. Variables included baseline mean
systolic and diastolic blood pressure, age, sex, race,
body mass index, glomerular filtration rate, history of
heart failure, coronary artery disease, hypertension,
hyperlipidemia, diabetes, sleep apnea, specific VEGFi
prescribed, and the presence of antihypertensive
medication changes during the 6 weeks after VEGFi
initiation. The variable specific VEGFi prescribed was
treated as a categorical variable according to the fre-
quency of drug prescription within our study group.
This resulted in 3 categories: bevacizumab, sorafenib,
and all other VEGFis prescribed. An alpha level
of <0.05 was defined as statically significant. Statis-
tical analysis was performed using IBM SPSS Statistics
version 25 (IBM Corp., Armonk, New York) and
reconfirmed using R Statistical Software (R Founda-
tion, Vienna, Austria).

RESULTS

DEMOGRAPHIC AND CLINICAL CHARACTERISTICS.

We identified 377,541 unique subjects with a diag-
nosis of cancer. Of these subjects, 3,867 included at
least 1 mention of a VEGFi in the initial review of the
subject record. A total of 1,013 unique subjects met
inclusion criteria and did not meet any of the exclu-
sion criteria. By manual chart review, the date of
VEGFi initiation could be determined within a 7-day
window for 844 individuals. We were then able to
collect outpatient blood pressure readings during
both the 6 weeks before and the 6 weeks after initi-
ation of VEGFi therapy for 795 of these individuals,
thus representing our final group of patients. Of these
subjects, 265 were using RAASis before initiation of
VEGFi (Figure 1). The median number of days between
first mention of RAASi in the EHR and VEGFi initia-
tion was 458 days (SD ¼ 1,033 days).

Regardless of RAASi use before VEGFi start, bev-
acizumab and sorafenib were the most commonly
prescribed VEGFis (Table 1). The most common cancer
types were genitourinary, gastrointestinal, neuro-
logical, and lung or thoracic (Table 1). In unadjusted
analysis, subjects using a RAASi before VEGFi therapy
were older (68 years vs. 61 years of age) and more
likely to be male (63% vs. 46%) (p < 0.001 for both



TABLE 1 Clinical Characteristics and Blood Pressure Response

RAASi at
Baseline
(n ¼ 265)

No RAASi at
Baseline
(n ¼ 530) p Value

Mean age, yrs 68 � 10.52 61 � 13.59 <0.001

Male 166 (63) 242 (46) <0.001

Race 0.048

White 243 (92) 467 (88)

Black 18 (7) 36 (7)

Other or unknown 4 (2) 27 (5)

BMI (kg/m2) 30 � 6.91 27 � 6.11 <0.001

GFR (ml/min) 78 � 29.87 95 � 36.81 <0.001

HLD 204 (74) 287 (54) <0.001

DM 122 (46) 132 (25) <0.001

HTN 243 (92) 294 (56) <0.001

OSA 46 (17) 41 (8) <0.001

CAD 55 (21) 73 (14) 0.012

CHF 163 (62) 440 (83) <0.001

Number of baseline
antihypertensives

3 � 1.46 1 � 0.91 <0.001

Antihypertensive class —

Beta-blocker 105 (40) 106 (20)

RAASi 265 (33) 0

CCB 99 (37) 89 (17)

Other diuretics 265 (33) 35 (7)

Loop 120 (35) 23 (3)

Cancer type <0.001

Genitourinary 95 (36) 91 (17)

Eye 1 (<1) 1 (<1)

Musculoskeletal
(including soft
tissue and
peripheral nerves)

7 (3) 29 (6)

Head and neck 2 (1) 3 (1%)

Gastrointestinal 50 (19) 130 (25)

Gynecological 11 (4) 28 (5)

Endocrine 4 (2) 9 (2)

Lung or thoracic 35 (13) 58 (11)

Neurological 24 (9) 85 (16)

Unknown primary 1 (<1) 3 (1)

Hematologic 11 (4) 37 (7)

Dermatologic 12 (5) 10 (2)

Breast 12 (5) 46 (9)

Continued in the next column

TABLE 1 Continued

RAASi at
Baseline
(n ¼ 265)

No RAASi at
Baseline
(n ¼ 530) p Value

VEGFi —

Bevacizumab 134 (51) 325 (61)

Sorafenib 50 (19) 79 (15)

Axitinib 5 (2) 4 (1)

Pazopanib 30 (11) 51 (10)

Lenvatinib 0 3 (0.5)

Sunitinib 37 (25) 45 (8)

Ramucirumab 8 (3) 18 (3)

Vandetanib 0 3 (0.5)

Regorafenib 1 (0.3) 1 (0.1)

Aflibercept 0 1 (0.1)

Baseline SBP 128 � 13.59 123 � 13.29 <0.001

Baseline DBP 76 � 10.23 75 � 8.92 0.500

Response SBP 131 � 15.16 128 � 15.31 0.006

Response DBP 79 � 10.07 79 � 9.66 0.948

Values are mean � SD or n (%).

BMI ¼ body mass index; CAD ¼ coronary artery disease; CCB ¼ calcium-channel
blocker; CHF ¼ congestive heart failure; DBP ¼ diastolic blood pressure;
DM ¼ diabetes mellitus; GFR ¼ glomerular filtration rate; HLD ¼ hyperlipidemia;
HTN ¼ hypertension; OSA ¼ obstructive sleep apnea; RAASi ¼ renin-angiotensin-
aldosterone system inhibitor; SBP ¼ systolic blood pressure; VEGFi ¼ vascular
endothelial growth factor inhibitor.
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comparisons). Subjects using a RAASi were more
likely to be white (92% vs. 88%) compared with sub-
jects not using a RAASi (p ¼ 0.048). RAASi use was
significantly associated with higher body mass index
and lower estimated glomerular filtration rates. There
was also a significant association between RAASi use
and an increase in cardiovascular comorbidities,
including a history of hyperlipidemia (74% vs. 54%),
diabetes (46% vs. 25%), hypertension (92% vs. 56%),
and obstructive sleep apnea (17% vs. 8%), a decrease
in heart failure (62% vs. 83%) (p < 0.001 for all com-
parisons), and an increase in history of coronary dis-
ease (21% vs. 14%) (p ¼ 0.012).
Subjects using a RAASi before VEGFi were most
commonly using an ACE inhibitor or ARB, with only
15 subjects not using an ACE inhibitor or an ARB. On
average, subjects had 5 outpatient blood pressure
readings in the 6 weeks before VEGFi initiation and
3 outpatient blood pressure readings in the 6 weeks
after VEGFi initiation. At baseline, the mean systolic
blood pressure for subjects using RAASi was higher
than for subjects not using RAASi (p ¼ 0.001), with
similar mean diastolic blood pressures. A comparison
of the subject groups is displayed in Table 1.

OUTCOMES. Although mean blood pressure
increased in both groups during the 6 weeks after
VEGFi therapy, the increase in mean systolic blood
pressure was significantly lower in subjects using a
RAASi before a VEGFi (2.46 mm Hg [95% confidence
interval (CI): 0.7 to 4.2] vs. 4.56 mm Hg [95% CI: 3.5 to
5.6]; p ¼ 0.034) (Central Illustration). This observation
was consistent when only ACE inhibitor or ARB use
rather than any RAASi was evaluated (2.27 mm Hg
[95% CI: 0.43 to 4.1] vs. 4.56 mm Hg [95% CI: 3.5 to
5.6]; p ¼ 0.024). Although the absolute increase in
mean diastolic blood pressure after VEGFi initiation
was larger in subjects not using RAASis, this differ-
ence did not meet our threshold for statistical sig-
nificance (3.30 mm Hg [95% CI: 2.2 to 4.4] vs.
3.82 mm Hg [95% CI: 3.1 to 4.5]; p ¼ 0.419) (Central
Illustration). This finding was also consistent among
subjects using only ACE inhibitor or ARB therapy
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Using Student’s t-test, the change in mean systolic blood pressure in subjects with baseline renin-angiotensin-aldosterone system inhibitor use was 2.46 mm Hg (95%

confidence interval [CI]: 0.7 to 4.2), and without renin-angiotensin-aldosterone system inhibitor use it was 4.56 mm Hg (95% CI: 3.5 to 5.6; p ¼ 0.034). The change in

mean diastolic blood pressure in subjects with baseline renin-angiotensin-aldosterone system inhibitor use was 3.30 mm Hg (95% CI: 2.2 to 4.4), and without renin-

angiotensin-aldosterone system inhibitor use it was 3.82 mm Hg (95% CI: 3.1 to 4.5; p ¼ 0.419). The rise in blood pressure was less in those patients who had renin-

angiotensin-aldosterone system inhibitor therapy at baseline.
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rather than any RAASi (3.15 mm Hg [95% CI: 2.0 to
4.3] vs. 3.82 mm Hg [95% CI: 3.1 to 4.5]; p ¼ 0.314).

Multivariable linear regression modeling was used
to account for baseline differences between cases
with RAASi exposure and those without. RAASi
exposure before VEGFi was significantly associated
with a decrease in mean systolic and mean diastolic
blood pressure (95% CI: �4.94 to �0.60; p ¼ 0.012;
and 95% CI: �2.74 to �0.05; p ¼ 0.042, respectively).
Further, a prior history of hypertension and escala-
tion of antihypertensive therapy after VEGFi initia-
tion were significantly associated with increased
mean systolic and diastolic blood pressures after
VEGFi initiation. An increase in mean systolic blood
pressure tended to be associated with age, whereas a
decrease in mean diastolic blood pressure tended to
be associated with female sex. Variables accounted
for the in the model, 95% CIs and p values, are dis-
played in Table 2.

We also examined the effect of RAASi mono-
therapy. Although this analysis did not reach statis-
tical significance, the results are summarized here. In
our subgroup analysis of 368 subjects, 311 were not
using any antihypertensive therapy, and 57 were us-
ing only a RAASi before VEGFi initiation. In this
model, mean systolic and diastolic blood pressure did
increase in both groups; however, the increase in
mean systolic blood pressure was 2.53 mm Hg (95%
CI: �1.2 to 6.3) in subjects using RAASi before VEGFi
compared with 4.52 mm Hg (95% CI: 3.2 to 5.8) in
those who were not (p ¼ 0.256). The increase in mean
diastolic blood pressure after VEGFi initiation was
3.84 mm Hg (95% CI: 1.3 to 6.4) in subjects using
RAASi before VEGFi compared with 4.14 mm Hg (95%
CI: 3.3 to 5.0) in those who were not (p ¼ 0.799). In a
regression model accounting for covariates, RAASi
monotherapy tended to be associated with a decrease
in mean systolic blood pressure (�2.31mm Hg; 95%
CI: �5.81 to 1.2; p ¼ 0.196) and diastolic blood pres-
sure (�1.08 mm Hg; 95% CI: �3.37 to 1.2; p ¼ 0.352)
(Supplemental Table 4).

DISCUSSION

Our findings suggest that RAASi use before VEGFi
initiation may ameliorate VEGFi-mediated increases
in blood pressure in a real-world clinical setting.
These findings may support the hypothesis that an
imbalance between RAAS and VEGF could potentially
play a role in VEGFi-mediated elevations in blood
pressure, a hypothesis that is supported by previous
studies, although not definitely proven (8,9).

To examine the role of the RAAS in VEGFi-
mediated blood pressure elevations, we compared
the difference in the change of mean blood pressure
in subjects using a RAASi alone or as part of a

https://doi.org/10.1016/j.jaccao.2019.07.002


TABLE 2 Linear Regression Modeling Demonstrating the Effect of Baseline RAASi on Change in Mean Blood Pressure After VEGFi Initiation

Change Between Groups in
Mean SBP
b (95% CI)

Change Between Groups in
Mean SBP

Significance (p Value)

Change Between Groups in
Mean DBP
b (95% CI)

Change Between Groups in
Mean DBP

Significance (p Value)

RAASi �2.71 (�4.83 to �0.60) 0.012 �1.40 (�2.74 to -0.05) 0.042

Age 2.31 (1.04 to 3.58) <0.001 �0.69 (�1.48 to 0.10) 0.088

Sex (male vs. female) 0.57 (�1.18 to 2.33) 0.522 �1.53 (�2.65 to �0.40) 0.008

Race 0.152 0.616

Black vs. white 3.35 (�0.12 to 6.82) 1.10 (�1.11 to 3.31)

Other vs. white �0.77 (�5.22 to 3.68) �0.103 (�2.93 to 2.73)

BMI 1.12 (�0.07 to 2.31) 0.066 0.38 (�0.37 to 1.13) 0.318

GFR �0.38 (�1.49 to 0.74) 0.509 �0.61 (�1.32 to 0.10) 0.093

HTN 2.91 (0.79 to 5.03) 0.007 2.57 (1.21 to 3.92) <0.001

DM 1.65 (�0.30 to 3.59) 0.097 �0.76 (�1.99 to 0.48) 0.228

CHF �1.39 (�4.94 to 2.16) 0.442 �1.77 (�4.03 to 0.50) 0.126

OSA 1.46 (�1.45 to 4.38) 0.324 0.10 (�1.75 to 1.95) 0.915

CAD 0.96 (�1.50 to 3.42) 0.444 �0.03 (�1.54 to 1.59) 0.972

Baseline mean SBP �7.57 (�8.81 to �6.33) <0.001

Baseline mean DBP �5.48 (�6.26 to �4.71) <0.001

Medication change 2.90 (0.60 to 5.19) 0.014 1.86 (0.41 to 3.31) 0.012

VEGFi 0.452 0.001

Sorafenib vs. bevacizumab 0.023 (�2.24 to 2.70) �0.28 (�1.85 to 1.29)

Other vs. bevacizumab 1.34 (�0.77 to 3.44) 2.37 (1.03 to 3.72)

Number of baseline
antihypertensive agents

�1.18 (�2.95 to 0.59) 0.190 �0.69 (�1.81 to 0.44) 0.230

CI ¼ confidence interval; other abbreviations as in Table 1.
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multidrug antihypertensive regimen with subjects
without RAASis and with or without the use of other
antihypertensive drug classes. Even though subjects
using RAASis were older and had higher baseline
mean blood pressures, both of which are known risk
factors for VEGFi-mediated increases in blood pres-
sure, subjects using RAASis had a smaller increase in
mean blood pressure than subjects not using this drug
class (29).

We attempted to account for baseline differences
between our 2 groups by using a linear regression
model in which all clinical characteristics with sig-
nificant differences between both groups were
included in the model. Even after accounting for
these differences, a significantly smaller increase in
mean systolic and diastolic blood pressure was
observed for patients using a RAASi before VEGFi
therapy.

We aimed to clarify the role of RAASi use alone
further by comparing changes in mean blood pressure
in subjects using only a RAASi before VEGFi initiation
with those using no antihypertensive medications.
Our regression model for this small subgroup analysis
again demonstrated the ability of RAASi therapy to
modulate VEGFi-mediated increases in blood pres-
sure, although this was not statistically significant.

The potential role of the RAAS system in VEGFi-
mediated hypertension is an area of scientific
uncertainty, and other potential mechanisms have
been identified, including endothelin-1 activation
(30). Our findings, however, are supported by several
studies in murine models. In models overexpressing
renin, renal VEGF expression is increased (8). When
VEGFi is used in this model, loss of glomerular
endothelial cells, glomerulosclerosis, and malignant
hypertension are more severe compared with control
models (8). Belcik et al. (9) demonstrated increased
afterload, elevated plasma angiotensin II, left ven-
tricular remodeling, and glomerular disease in mice
treated with VEGFi. In this model, coadministration
of ramipril almost entirely prevented these adverse
effects. In addition, Nagasawa et al. (31) demon-
strated a 50% reduction in blood pressure rise in rats
treated with oral captopril and sorafenib versus sor-
afenib alone. These studies suggest that VEGFi may
lead to a state of relative RAAS overactivation,
thereby creating an iatrogenic imbalance between
RAAS and VEGF.

Other basic models have not as clearly demon-
strated a link between RAAS and VEGFi-mediated
hypertension. There is some evidence to suggest a
decrease in renin levels with VEGFi exposure. How-
ever, in these studies aldosterone levels did not
appear to decline and may have increased (32,33).
Therefore, it is possible that RAAS is involved in
VEGFi-mediated hypertension but that aldosterone
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rather than renin is a more prominent factor. We were
not able to evaluate renin and aldosterone levels in
our cohort because of the limited availability of these
data.

Additional conflicting evidence for the role of
RAASis in VEGFi-mediated hypertension includes the
observation of superior blood pressure control in
models using calcium-channel blockade or endothe-
lin receptor antagonism rather than ACE inhibitors
(12,32). Although this study seemingly contradicts the
findings of Nagasawa et al., methodological differ-
ences between these studies, such as subcutaneous
rather than oral administration of an ACE inhibitor,
may account for these results (12). Interestingly,
decreased proteinuria and renal injury were observed
in this model with ACE inhibitor therapy, and the
investigators suggested that renal injury, although
perhaps not the primary factor, may further
contribute to VEGFi-mediated hypertension. The hy-
pothesis of potential renal involvement is supported
by clinical studies describing glomerular disease
consistent with thrombotic microangiopathy in pa-
tients treated with bevacizumab (5). In a corollary
animal model, renal disease preceded all cases of
VEGFi-mediated hypertension (5). Given that ACE
inhibitors and ARBs are used for the treatment of
proteinuria, this observation may support the use of
these agents in VEGFi-mediated increases in blood
pressure.

Three prospective human studies investigated
VEGFi-mediated hypertension. One study examined
changes in levels of VEGF, catecholamines,
endothelin-1, urotensin II, renin, and aldosterone
(34). In this study renin and aldosterone levels did
not change after sorafenib initiation; however,
vascular stiffness did increase. These results were
confirmed by Catino et al. (35), who demonstrated
increases in arterial stiffness, resistance, and pulsa-
tile load in the setting of sunitinib use. Although the
absence of an increase in renin and aldosterone may
indicate that the RAAS system is not involved in
VEGFi-mediated hypertension, this finding may not
fully eliminate the possibility of a relative imbalance
between VEGF and RAAS such that the absence of a
compensatory decrease in renin and aldosterone after
VEGFi administration could possibly play a role in
VEGFi-mediated hypertension. In particular, given
the role of RAAS in vascular stiffness, it is possible
that RAASi may be more effective in patients using
sorafenib or sunitinib (36). Although our study did
not address levels of these vasoactive mediators, it
did help to address the hypothesis of a potential
relative imbalance between RAAS and VEGF by
investigating the effects of RAASi therapy, a hypoth-
esis that currently remains unproven.

The third study investigated the role of prophy-
lactic calcium-channel blockade in patients receiving
the VEGFi cediranib. Although prophylactic treat-
ment with calcium-channel blockers did not reduce
the incidence of mild or moderate hypertension, the
incidence of severe hypertension was lower in pa-
tients receiving prophylaxis with calcium-channel
blockers. Notably, before developing severe hyper-
tension, 44% of patients who were randomized to no
antihypertensive prophylaxis had been started on
antihypertensive therapy because of blood pressure
increases. This may influence interpretation of these
results given the number of patients in the no–
antihypertensive therapy group who were started on
antihypertensive therapy before developing severe
hypertension (23). Our study did not investigate the
use of calcium-channel blockade specifically, but
more than one-third of subjects were using RAASis in
the setting of calcium-channel blockade.

Strengths of our study include our subject size, use
of a previously validated database, and medication
extraction programming. Our study was able to
replicate previous work that has shown that age and
existing hypertension are risk factors for VEGFi-
mediated increases in blood pressure (29). In addi-
tion, our results suggest a benefit to RAASis, a class of
agents supported by current management recom-
mendations for VEGFi-mediated elevations in blood
pressure.

STUDY LIMITATIONS. Limitations of our study are
predominantly related to the retrospective nature of
the study’s design, as well as the inherent limitations
of EHR use. Among such limitations are the inability
to determine the actual VEGFi start date and the
requirement of a 7-day window. In addition, blood
pressures were obtained clinically and not by a single
uniform protocol, as in clinical trials. Although this is
certainly a limitation, these outcomes better reflect
the data available to practitioners managing patients
using VEGFis in daily practice. In addition, we
cannot exclude the possibility that regression to the
mean influenced our results, given the direction of
association between mean baseline blood pressures
and our outcome. However, because of a rise in blood
pressure in both groups, we believe that regression to
the mean would not fully explain our results, and this
association could also be explained by differences in
clinical practice patterns such as more intensified
blood pressure management for subjects with higher
blood pressure readings at baseline. Further,
although we were able to account for the addition of
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antihypertensive agents after VEGFi initiation, we
were not able to account for changes in antihyper-
tensive doses, discontinuation of a medication, or
medication compliance. Finally, in subjects using
more than 1 antihypertensive drug class, we could
discern the effect of RAASi therapy on mean blood
pressure, but not the effect of each antihypertensive
drug class. Similarly, we were not powered to
examine the effects of specific VEGFis. Despite these
limitations, our study provides real-world clinical
data regarding antihypertensive therapy in patients
receiving VEGFi therapy and may support the hy-
pothesis that RAAS contributes to VEGFi-mediated
elevations in blood pressure.

CONCLUSIONS

Our results may support the hypothesis that an iat-
rogenic imbalance between RAAS and VEGF could
contribute to VEGFi-mediated elevations in blood
pressure. In addition, RAASi use before VEGFi ther-
apy may better protect patients from VEGFi-mediated
increases in blood pressure. Future prospective clin-
ical trials and direct mechanistic studies are war-
ranted to confirm the validity of this hypothesis and
determine whether RAAS blockade should be
initiated prophylactically in patients receiving VEGFi
therapy.
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