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Background-—Adjuvant cancer treatments have been shown to decrease cardiac function. In addition to changes in cardiovascular
risk, there are several additional functional consequences including decreases in exercise capacity and increased incidence of
cancer-related fatigue. However, the effects of adjuvant cancer treatment on peripheral vascular function during exercise in cancer
survivors have not been well documented. We investigated the vascular responses to exercise in cancer survivors previously
treated with adjuvant cancer therapies.

Methods and Results-—Peripheral vascular responses were investigated in 11 cancer survivors previously treated with adjuvant
cancer therapies (age 58�6 years, 34�30 months from diagnosis) and 9 healthy controls group matched for age, sex, and
maximal voluntary contraction. A dynamic handgrip exercise test at 20% maximal voluntary contraction was performed with
simultaneous measurements of forearm blood flow and mean arterial pressure. Forearm vascular conductance was calculated from
forearm blood flow and mean arterial pressure. Left ventricular ejection time index (LVETi) was derived from the arterial pressure
wave form. Forearm blood flow was attenuated in cancer therapies compared to control at 20% maximal voluntary contraction
(189.8�53.8 vs 247.9�80.3 mL�min�1, respectively). Forearm vascular conductance was not different between groups at rest or
during exercise. Mean arterial pressure response to exercise was attenuated in cancer therapies compared to controls
(107.8�10.8 vs 119.2�16.2 mm Hg). LEVTi was lower in cancer therapies compared to controls.

Conclusions-—These data suggest an attenuated exercise blood flow response in cancer survivors �34 months following adjuvant
cancer therapy that may be attributed to an attenuated increase in mean arterial pressure. ( J Am Heart Assoc. 2017;6:e004784.
DOI: 10.1161/JAHA.116.004784.)
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C hemotherapy or a combination of chemotherapy and
radiation are frequently used to treat several types of

cancer. Cancer survivors treated with these anticancer
therapies have an increased survival rate,1 but are often at
an increased risk for cardiovascular disease, with myocardial
injury consistently reported as a long-term treatment side
effect (for review, see Khouri et al2). However, the cardiovas-
cular toxicity observed within the myocardium may also occur
within the peripheral vasculature, given that the mean

vascular age of cancer survivors has been reported to be
�8 years greater than chronological age, suggesting that a
degree of vascular dysfunction may be present within the
vasculature of some cancer survivors.3 Despite the increased
risk of cardiovascular disease, established cardiac toxicity,
and advanced vascular aging in many cancer survivors, the
effects of chemotherapy and radiation on vascular function
remains poorly understood, particularly in the years following
treatment.4

To date, the effects of chemotherapy and radiation on
vascular health have primarily been studied in childhood
cancer survivors or following a single treatment session.5–7

Chow et al observed a decreased brachial artery
flow-mediated dilation (FMD), a measurement of endothelial-
dependent dilation, �20 months following anthracycline-
based chemotherapy.5 Similarly, Vaughn et al demonstrated
a decreased FMD in long-term survivors of testicular cancer.
These decreases in vascular function, which are associ-
ated with increased mortality and morbidity, can lead to
decreases in blood flow and increases in arterial stiffness.8 As
such, in subjects receiving anthracycline chemotherapy,
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Chaosuwannaki et al, Miza-Stec et al, and Draft et al inde-
pendently demonstrated significant increases in aortic stiff-
ness 4 to 6 months following treatment, which, attributed to
increase in vascular resistance, can decrease peripheral blood
flow.9–12

Decreases in limb blood flow and vascular conductance
have been shown to have key implications in both function
and disease risk in humans.13,14 Whereas whole-body
exercise stress is commonly used in the clinical setting to
evaluate integrated cardiorespiratory function, it is limited by
an inability to investigate key peripheral vascular responses.
Handgrip exercise is a common exercise model that utilizes
a small muscle mass and allows for direct noninvasive
investigation of blood flow control.15,16 Importantly,
decreases in vascular function and the control of blood
flow during exercise will decrease exercise capacity, which is
inversely related to mortality rate in healthy individuals17,18

and may play a role in the development and persistence of
cancer-related fatigue.19 Given that little is known to date
about the peripheral vascular control of blood flow in cancer
survivors, the purpose of the present study was to
investigate vascular responses to exercise in cancer sur-
vivors previously treated with adjuvant cancer therapies. It
was hypothesized that in relation to healthy cancer-free
controls, cancer survivors previously treated with chemother-
apy or a combination of chemotherapy and radiation would
have a significantly decreased limb blood flow during
submaximal dynamic forearm exercise. To test these
hypotheses, exercise blood flow was measured by two-
dimensional (2D) Doppler ultrasound during dynamic hand-
grip exercise. This modality of exercise was utilized because
it allows for controlled workloads and stable noninvasive
vascular measurements compared to traditional lower-limb
treadmill or cycling exercise. As such, this modality of
exercise has previously been used to evaluate exercise blood
flow responses in aged and clinical populations.15,16

Methods

Subjects
This study utilized a cross-sectional, case-control study
design, with 11 participants recruited to a cancer survivor
group (10 women) and 9 participants recruited to a control
group (8 women). Control participants were selected if their
age and maximal voluntary contraction (MVC) were within 2.5
SDs of the means for the cancer survivor group. All women
were postmenopausal. History of chemotherapy and radiation
treatment history, date of last treatment, and confirmation of
≥12 months from cancer diagnosis was obtained from the
treating oncologists or family practitioner for all cancer
survivor participants. Individuals in the control group were

recruited from local advertisements. Exclusion criteria
included previous diagnosis with diabetes mellitus, cystic
fibrosis, cardiopulmonary disease, chronic obstructive pul-
monary disease, asthma, lung disease, or microvascular/
peripheral artery disease or were currently anemic as
determined by health history questionnaire. Subjects were
free of signs or symptoms indicating the presence of
pulmonary, metabolic, or cardiovascular disease. Individuals
with uncontrolled hypertension (systolic blood pressure [SBP],
>160 mm Hg), or currently smoking were excluded from the
study. None of the participants were currently taking
prescription blood pressure medication or other prescribed
medication. Current level of physical activity was determined
using the International Physical Activity Questionnaire.20

Informed consent was obtained from all individuals included
in the study according to the University of Oklahoma
(Norman, OK) Institutional Review Board for Research Involv-
ing Human Subjects requirements. All testing was conducted
in a temperature-controlled laboratory (21–23°C) after a 4-
hour fast and having refrained from strenuous exercise,
alcohol, and caffeine for at least 12 hours.

Experimental Protocol
MVC was measured in triplicate in the right arm with a
handgrip dynamometer (EH101; Camry, South El Monte, CA)
and highest value recorded. Following a 10-minute rest supine
period, single-arm dynamic handgrip exercise was performed
in the right arm on a custom-built handgrip ergometer with
the arm abducted to �80° at heart level. Each participant
performed a workload equivalent to 20% MVC for 4 minutes
to ensure a steady state was achieved. Given that forearm
blood flow (FBF) is related to the absolute workload
performed21 and potential arterial occlusion occurs with
≥30% MVC workloads,22 cancer survivor and control partic-
ipants were group matched for MVC so that both absolute and
relative exercise workloads would be similar between groups.
Each workload was achieved by lifting the prescribed weight
�3 cm over a pulley at a duty cycle of 1 second contraction
and 2 seconds relaxation, with a metronome used to ensure
correct timing. To minimize the potential risk of external
stimuli altering cardiovascular responses, participants were
asked to refrain from talking and to remain as still as possible
while the experimental measurements were performed
throughout baseline and exercise study periods.

Experimental Measurements
Resting mean arterial blood pressure (MAP) was measured
from the average of 3 brachial artery pressure recordings
following a 10-minute rest period in the supine position
(Omron 10 Plus Series; Omron Healthcare, Hoofddorp, The
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Netherlands). Baseline and handgrip exercise beat-by-beat
MAP was continuously measured by calibrated finger photo-
plethysmography (Finometer Pro; Finapress Medical Systems,
Amsterdam, The Netherlands) and averaged over the last
30 seconds of exercise. This system has previously been used
to evaluate blood pressure responses to handgrip exercise in
clinical populations.23 In all instances, arterial pressure
recordings were performed at heart level. In addition, the
data for each beat were processed to obtain measurements of
left ventricular ejection time (LVET), which was corrected for
changes in heart rate to determine LVET index (men, LVETi
1.79heart rate+LVET; women, LVETi 1.69heart rate+LVET).24

Arterial pressure wave-form–derived measurements of LVETi
can be affected by changes in ventricular performance and
vascular tone (eg, elastiance, compliance, and stiffness),
which may lead to over- or underestimation of measurements
obtained at the left ventricle and therefore should be
interpreted only as an estimate of ventricular function.

A 2D and Doppler ultrasound system (Logiq S8; GE Medical
Systems, Milwaukee, WI) with a linear array transducer
operated at an image frequency of 10.0 MHz was used to
simultaneously measure the brachial artery diameter and
blood velocities. Doppler velocity measurements were made
in pulse-wave mode at a Doppler frequency of 4.0 MHz and
corrected for an angle of insonation less than 60 degrees.
During handgrip exercise, all ultrasound measurements were
made 5 to 10 cm above the antecubital fossa, mid-
way between the antecubital and axillary regions, medial to
the m. biceps brachii. Time-averaged mean velocity values
were measured and averaged over a 3-second interval on the
ultrasound system using the manufacturer’s onscreen
software. Brachial artery diameter was calculated at 15 Hz
and averaged into 3-second bins using an automated
edge-detection software (Medical Imaging Applications,
Coralville, IA).

During the fourth minute of the handgrip exercise,
workload 2D ultrasound images and Doppler velocity wave-
forms were recorded with the last 30 seconds used for data
analysis. Time-aligned artery diameter and mean velocity were
used to calculate FBF [forearm blood flow (mL�min�1)=mean
velocity9p9vessel radius2960]. Forearm vascular conduc-
tance (FVC) [mL�min�1�(100 mm Hg)�1] was calculated as
the ratio of FBF to the time-aligned MAP [forearm vascular
conductance (mL�min�1�(100 mm Hg)�1)=(forearm blood
flow/mean arterial pressure)9100].

Statistical Analysis
All statistical tests were conducted using a commercial
statistical software package (SigmaPlot/SigmaStat 12.5;
Systat Software, Point Richmond, CA). Subject characteristics
were analyzed with parametric or nonparametric statistics

following a Shapiro–Wilk test of normality. Cardiovascular
responses with exercise were analyzed by a 2-factor,
repeated-measures ANOVA with Student–Newman–Keuls
post-hoc analyzes. Given the large post-treatment time frame
within the cancer survivor group, linear regression analysis
was used to evaluate the relationship between months post-
treatment and FBF response. Statistical significance was
declared when P<0.05. All data are presented as mean�SD,
unless otherwise stated.

Results
Individual cancer survivor characteristics of age, sex, months
since last date of treatment, chemotherapy drugs used, and
radiation exposure are presented in Table 1. Table 2
describes the baseline characteristics of each group. There
were no significant differences in age, height, weight, and
body mass index (BMI) between cancer survivor and control
participants. Resting SBP, diastolic blood pressure (DBP), and
MAP were also not different between groups (P<0.05).
Forearm MVC and the absolute workload performed at 20%
MVC were not different between groups. Thus, participants
were performing both the same absolute and relative exercise
workloads. In the cancer survivor group, 9 (82%) individuals
were classified as inactive and 2 (18%) as minimally active
individuals. The control group was composed of 6 (67%)
inactive and 3 (33%) minimally active individuals.

Supine, resting FBF was not different between cancer
survivors and controls (survivors, 63.7�41.3; controls,
63.0�31.2 mL�min�1; P=0.97). During handgrip exercise at
20% MVC, FBF was significantly lower in the cancer survivors
compared to controls (Figure 1A). Figure 2 illustrates FBF
response in a representative cancer survivor and control
participant. Note that FBF is lower in the cancer survivor
despite performing a similar absolute workload. The associ-
ation between the number of months post-treatment and FBF
response was not statistically significant (r=0.5; SEE, 42.77;
P=0.13). FVC was not different between cancer survivors and
controls during the exercise trial (P=0.15; Figure 1B). MAP
was significantly decreased in the cancer survivors during
exercise compared to the control group (Figure 1C). In
addition, the estimate of LVETi from the arterial pulse wave
was significantly lower in the cancer survivors compared to
controls at rest and during the exercise trail (Figure 3).

Discussion
This study has provided new insight into the peripheral
cardiovascular responses to dynamic handgrip exercise in
long-term cancer survivors previously treated with adjuvant
cancer therapies. First, FBF was attenuated in the cancer
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survivors during moderate-intensity handgrip exercise, but not
FVC. Second, in this group of cancer survivors, arterial
pressure response to exercise was attenuated, which may
have contributed to the attenuated response in FBF during
exercise observed in cancer survivors. Taken together, these
reveal that a cancer survival-related attenuation of forearm
muscle blood flow during exercise may not be a consequence
of differences in vascular conductance, but may be related to
alterations in blood pressure control.

The present findings indicate that the steady-state FBF
response in the cancer survivors is attenuated during
moderate-intensity handgrip exercise (Figure 1A). This differ-
ence was not attributed to differences in the absolute
workloads performed by each group given that the groups
were matched for MVC so that both the same absolute and
relative exercise workloads were performed. Moreover, as can
be seen in Figure 2, a representative cancer survivor had an
attenuated FBF response compared to a control participant
matched for age, sex, and with an identical MVC, which
reflects the mean responses illustrated in Figure 1. Further-
more, we believe the differences observed between groups is
attributed to an reduced blood flow response in the cancer
survivors, not an increased response in our controls, given
that our steady-state blood flow and vascular conductance
values reported for the present study’s control participants is
similar to that reported for healthy aging.16

Our investigation into the underlying factors dictating the
observed decrease in FBF in the cancer survivors revealed
that FVC was not different compared to healthy controls. The
unaltered vascular conductance observed in the cancer
survivors is somewhat at odds with some reports of
cardiovascular function in the weeks following exposure to

cancer therapies. Several studies have examined the effects
of chemotherapy treatments on cardiovascular health25 and
resting cardiac2,26 and peripheral vascular4 function. To date,
several investigations have demonstrated increases in arterial
stiffness within a few weeks following anthracycline
chemotherapy compared to age-matched controls.10–12 Sim-
ilarly, acute exposure to chemotherapy reduces endothelium-
dependent vasodilation.6 Previous studies in testicular cancer
survivors and childhood survivors of leukemia suggest that
endothelium-dependent dilation is decreased on the order of
50% to 75% compared control populations.5,27 In contrast to
these studies, Jones et al reported no difference in endothe-
lium-dependent FMD in adult breast cancer survivors
�20 months post-treatment compared to healthy controls.28

During exercise, the increase in FVC in the active arm
occurs through the integration of mechanical factors (ie,
muscle pump) and locally derived endothelial and metabolic
substances.29 There is limited evidence that acute exposure
to radiation or chemotherapy negatively impacts these
factors. Several studies report altered smooth muscle sensi-
tivity to vasoactive substances, including nitric oxide, follow-
ing radiation exposure30,31 and nitric oxide bioavailability may
also be decreased following radiation as a consequence of an
increased oxidative stress.31 Similarly, Duquaine et al report
significantly decreased nitrite and nitrate concentrations,
which is an indirect index of nitric oxide production, in
patients after a single dose of chemotherapy.6 Endothelial
injury has also been reported following exposure to doxoru-
bicin chemotherapy in organ culture and animal models.32,33

In the initial months following anthracycline chemotherapy in
pediatric cancer patients, Chow et al observed a decreased
brachial artery endothelium-dependent vasodilation.5

Table 1. Cancer Survivor Treatment Characteristics

ID No. Age (y) Sex Cancer Type
Months
Post-Treatment Chemotherapy Treatment Radiation Treatment

1 55 F Breast cancer 41 Cytoxan+taxol Yes

2 54 F Breast cancer 35 Adriamyacin+cytoxan+ taxotere+abraxane Yes

3 59 F Breast cancer 121 Taxotere+neupogen No

4 56 F Breast cancer 40 Herceptin+taxotere+carboplatin+fermara No

5 59 M Lymphoma 31 Cytoxan+adriamycin+vincristine+etoposide
prednisone+ifosamide+caroplatin

Yes

6 52 F Breast cancer 36 Taxotere+cytoxan Yes

7 67 F Breast cancer 22 Taxotere+cytoxan+neulasta No

8 69 F Breast cancer 12 Arimidex+aromasin Yes

9 52 F Breast cancer 13 Adriamycin+cytoxan+taxol Yes

10 52 F Breast cancer 9 Adriamycin+cytoxan+methotrexate+fluorouracil
+tamoxifen+taxotere+perjeta+herceptin
+faslodex+arimidex

Yes

11 62 F Breast cancer 21 Tamoxifen Yes
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Similarly, in women survivors of breast cancer, Beckman et al
observed a decrease endothelium-dependent vasodilation in
arteries directly exposed to external-beam radiation therapy
compared to healthy women.34 However, no endothelial
dysfunction was observed in the nonirradiated arteries of the
same women, suggesting that the negative cardiovascular
effects of radiation occur only in exposed regions.

The increase in FVC above baseline during exercise in the
cancer survivors of the present study could be taken to
suggest that the observed decreases in endothelial function
following acute radiation and chemotherapy in other studies
does not persist long term. This conclusion is supported by
the work of Jones et al and Ederer et al, who demonstrated
no difference in brachial artery endothelium-dependent FMD
in cancer survivors compared to healthy controls.28,35 Given
the potential role several factors may play in mediating
changes in vascular conductance during dynamic exercise,
future investigations will need to determine the relative roles
factors like nitric oxide and prostacyclin have during exercise
in cancer survivors. Additional investigations will also be
required to determine the role vasodilator pathways, partic-
ularly those related to endothelial function, have in mediating
blood flow during heavy and severe exercise intensities.

Limb blood flow during dynamic exercise is dictated not
only by local increases in vascular conductance, but also by
increases in perfusion pressure through increases in MAP. This
increase in MAP is coordinated by integration of adjustments
in cardiac output, the exercise pressor reflex, arterial barore-
flex, and central command.36 Of interest in the present study is
the observed difference in MAP during exercise in cancer
survivors compared to healthy controls. Evaluation of the
blood pressor responses to handgrip exercise in human clinical
and aging populations compared to healthy young controls
regularly utilizes relative exercise intensities.37 However, it is
important to recognize that the MAP response to exercise is
workload and muscle mass dependent.38 Therefore, our goal
was to match the control participants by both age and MVC to
the cancer survivor group, which resulted in an absolute
workload performed by each group that was not statistically
different. Therefore, other factors may have played a key role
in the attenuated MAP response observed in the cancer
survivors compared to healthy controls.

Regarding possible mechanism, decreases in cardiac
output may have contributed to the decreased FBF and
MAP response in the cancer survivor group. Whereas handgrip
exercise only requires a fraction of maximal cardiac output, a
significant relationship exists between cardiac output and
limb blood flow at rest.39 In clinical cardio-oncology practice,
an asymptomatic decrease in left ventricular ejection fraction
(LVEF) is the most commonly observed form of cardiotoxic-
ity.40 LVEF deterioration has been shown to occur in cancer
survivors within the first year of exposure to chemotherapy

Figure 1. Forearm blood flow (A), forearm vascular
conductance (B), andmean arterial pressure (C) responses
during dynamic forearm exercise at 20% maximal volun-
tary contraction (MVC). Forearm blood flow response was
significantly decreased in cancer survivors compared to
controls. Mean arterial pressure response was lower in
cancer survivors during exercise compared to controls,
but not at rest. *P<0.05 versus control. Mean�SE.
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treatment and can continue to decrease in the months
following chemotherapy treatment. In addition, several
reports have demonstrated a decreased LVEF during exercise
following cancer treatment with doxorubicin.41,42 During
exercise, increases in cardiac output are achieved, in part,
through increase in stroke volume attributed to increases in
ventricular preload and contractility. Therefore, if LVEF was
reduced in the cancer survivors, it is possible that it played a
role in limiting the increase in MAP and subsequent limb
perfusion pressure and blood flow. In the present study, direct
measurements of cardiac function were not made and limit

our ability to mechanistically determine the factors contribut-
ing the decreased limb blood flow in the cancer survivor
group. However, estimates of LVETi derived from the arterial
pressure waveform were significantly decreased in the cancer
survivors compared to controls. These data suggest that
decreases in left ventricular performance may have con-
tributed to the decreased FBF observed in the cancer
survivors. However, this should be interpreted with caution
given that estimates of LEVT from peripheral arteries may not
completely reflect what occurs at the left ventricle. Future
investigations performing simultaneous cardiac and vascular
evaluations during exercise stress are required to fully
address this issue.

The increase in arterial pressure during dynamic exercise is
also achieved by adjustments within the autonomic nervous
system through the integration of central command, arterial
baroreflex, and the exercise pressor reflex.43 Several studies
to date have pointed to the presence of chemotherapy-
induced peripheral neuropathy in cancer patients receiving
adjuvant therapy, which often does not completely recover
(for review, see Quasthoff and Hartung44). Given the integral
role of the type III and IV afferent arms of the exercise pressor
reflex during exercise in mediating the mechanically and
chemically evoked increases in MAP,43 it is possible that
some form of peripheral neuropathy still existed in the
present study’s cancer group. In addition, an attenuated
increase sympathetic nerve activity subsequent to a
depressed exercise pressor reflex would have an adverse
impact on cardiac function. Peripheral neuropathy is com-
monly assessed in cancer patients using a series of
questionnaires or by clinician grading.45 Unfortunately, an
assessment of peripheral neuropathy was not performed in
the present study and will require further investigation to
determine its role in blood pressure control during exercise.

Implications
In addition to cardiotoxicity and changes in cardiovascular
disease risk, cancer survivors have a decreased exercise
capacity46 and presence of cancer-related fatigue symp-
toms.47,48 Of importance, both have been shown to be related
to mortality rate17,18 and functional outcomes (eg, ability to
return to work).49 Inmany patient populations, like heart failure,
the peripheral blood flow response to exercise is a key
mechanism in determining exercise capacity and could play a
key role in cancer patients.50,51 Although this study did not
evaluate exercise capacity or cancer-related fatigue, it is
reasonable to speculate that changes in peripheral vascular
function may be an underlying factor in the decreased exercise
capacity associated with adjuvant cancer therapies and in
cancer survivors.51 To date, no other studies have investigated
peripheral blood flow responses to exercise in cancer survivors,

Figure 2. Forearm blood flow response to handgrip exercise in
individual cancer survivors and controls (A). Given that control
participants were selected if their age and maximal voluntary
contraction (MVC) were within 2.5 SDs of the means for the
cancer survivor group, a representative female cancer survivor
and control are also presented who were similar in both age and
BMI (B). BMI indicates body mass index.
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and the present findings suggest that peripheral cardiotoxicity
with cancer treatments should not be overlooked.

Limitations
The strengths of the study include the use of a diverse group
of cancer survivors, which allow the findings to be generalized
to more than a single chemotherapy drug, radiation exposure,
or cancer type. Similar to the present study, other studies
have also used participants from different cancer populations
when evaluating evidence of cardiovascular disease.11 How-
ever, having a diverse group of cancer populations is a
limitation and does not allow the exact treatment-related
mechanisms to be explained. For instance, it is well estab-
lished that anthracycline chemotherapy drugs negatively
impact long-term cardiovascular health.2 Additionally, the
taxane class of chemotherapy drugs are often associated with
chemotherapy-induced peripheral neuropathy.52 As noted in
Table 1, the cancer survivors in the present study were
treated with various combinations of anthracycline and taxane
class chemotherapies. Whereas certain types of chemother-
apy medications, like anthracycline chemotherapy, are asso-
ciated with adverse cardiac health, there is a paucity of
information regarding the effects of specific chemotherapies
on peripheral vascular health. Given this, we had no justifi-
cation for examining only 1 type of chemotherapy or cancer at
this time. Therefore, the type of chemotherapy and type of

cancer were not controlled for, but was recorded for each
participant. There are several additional limitations to this
study that need to be addressed. First, the population studied
was predominantly female and therefore does not accurately
represent all cancer survivors.53 Second, the sample size was
modest, but very similar to previous investigations investigat-
ing the effects of healthy aging on the peripheral cardiovas-
cular responses to dynamic handgrip exercise.16,54 The
present study also did not evaluate differences in arterial
stiffness because of a lack of proper equipment at the time of
data collection. The fourth limitation concerns the cross-
sectional design. A longitudinal study design would have been
more robust and may have allowed for a more-mechanistic
evaluation of blood flow and vasodilator responses following
adjuvant cancer treatments. This type of study design would
have minimized the effects of various confounding variables
that may have introduced variability into the present study.

Summary
This is the first study, to our knowledge, to quantify and
characterize the impact of previous adjuvant cancer therapy

Figure 3. Left ventricular ejection time index (LVETi) derived
from the arterial pressure waveform during dynamic forearm
exercise at 20% maximal voluntary contraction (MVC). LVETi was
significantly decreased in cancer survivors compared to controls.
*P<0.05 versus control. Mean�SE.

Table 2. Participant Characteristics

Characteristics Value

Control participants

Sex (M/F) 1/8

Age, y 56�6

Height, cm 166.7�6.0

Weight, kg 72.1�17.7

BMI, kg/m2 25.5�6.5

MVC, kg 30�8

Heart rate, bmp 61�9

SBP, mm Hg 148�23

DBP, mm Hg 78�6.0

Cancer subjects

Sex (M/F) 1/10

Age, yr 58�6

Height, cm 167.0�4.5

Weight, kg 79.9�19.54

BMI, kg/m2 28.6�6.3

MVC, kg 28�8

Heart rate, bpm 67�6

SBP, mm Hg 150�22

DBP, mm Hg 76�11

Values expressed as means�SD. BMI indicates body mass index; bpm, beats per minute;
DBP, diastolic blood pressure; MVC, maximal voluntary contraction; SBP, systolic blood
pressure.
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in cancer survivors on peripheral vascular responses to
dynamic exercise. During dynamic handgrip exercise in cancer
survivors previously treated with adjuvant cancer therapy, an
attenuated blood flow and arterial pressure responses were
observed compared to controls. In contrast, FVC during
exercise was not influenced by cancer survival. These findings
highlight the contribution the decreased arterial pressure
response to exercise may have on attenuated blood flow
response in our cancer survivors. The mechanistic reasons for
these findings and the functional consequences can only be
speculated on at this point, but may, in total, contribute to the
altered cardiorespiratory function previously reported in this
population.46

Sources of Funding
Publication of this article was funded in part by the Kansas
State University Open Access Publishing Fund.

Disclosures
None.

References
1. Howlader N, Noone AM, Krapcho M, Miller D, Bishop K, Altekruse SF, Kosary

CL, Yu M, Ruhl J, Tatalovich Z, Mariotto AB, Lewis DR, Chen HS, Feuer EJ,
Cronin KA. Seer cancer statistics review. NIH publication. 2013:v.

2. Khouri MG, Douglas PS, Mackey JR, Martin M, Scott JM, Scherrer-Crosbie M,
Jones LW. Cancer therapy-induced cardiac toxicity in early breast cancer:
addressing the unresolved issues. Circulation. 2012;126:2749–2763.

3. Daher IN, Daigle TR, Bhatia N, Durand JB. The prevention of cardiovascular
disease in cancer survivors. Tex Heart Inst J. 2012;39:190–198.

4. Mulrooney DA, Blaes AH, Duprez D. Vascular injury in cancer survivors. J
Cardiovasc Transl Res. 2012;5:287–295.

5. Chow AY, Chin C, Dahl G, Rosenthal DN. Anthracyclines cause endothelial injury
in pediatric cancer patients: a pilot study. J Clin Oncol. 2006;24:925–928.

6. Duquaine D, Hirsch GA, Chakrabarti A, Han Z, Kehrer C, Brook R, Joseph J,
Schott A, Kalyanaraman B, Vasquez-Vivar J, Rajagopalan S. Rapid-onset
endothelial dysfunction with adriamycin: evidence for a dysfunctional nitric
oxide synthase. Vasc Med. 2003;8:101–107.

7. Dengel DR, Ness KK, Glasser SP, Williamson EB, Baker KS, Gurney JG.
Endothelial function in young adult survivors of childhood acute lymphoblastic
leukemia. J Pediatr Hematol Oncol. 2008;30:20–25.

8. Bellien J, Favre J, Iacob M, Gao J, Thuillez C, Richard V, Joannides R. Arterial
stiffness is regulated by nitric oxide and endothelium-derived hyperpolarizing
factor during changes in blood flow in humans.Hypertension. 2010;55:674–680.

9. Kokkinos PF, Narayan P, Papademetriou V. Exercise as hypertension therapy.
Cardiol Clin. 2001;19:507–516.

10. Chaosuwannakit N, D’Agostino R Jr, Hamilton CA, Lane KS, Ntim WO,
Lawrence J, Melin SA, Ellis LR, Torti FM, Little WC, Hundley WG. Aortic
stiffness increases upon receipt of anthracycline chemotherapy. J Clin Oncol.
2010;28:166–172.

11. Drafts BC, Twomley KM, D’Agostino R Jr, Lawrence J, Avis N, Ellis LR, Thohan
V, Jordan J, Melin SA, Torti FM, Little WC, Hamilton CA, Hundley WG. Low to
moderate dose anthracycline-based chemotherapy is associated with early
noninvasive imaging evidence of subclinical cardiovascular disease. JACC
Cardiovasc Imaging. 2013;6:877–885.

12. Mizia-Stec K, Goscinska A, Mizia M, Haberka M, Chmiel A, Poborski W, Gasior
Z. Anthracycline chemotherapy impairs the structure and diastolic function of
the left ventricle and induces negative arterial remodelling. Kardiol Pol.
2013;71:681–690.

13. Jorfeldt L, Wahren J. Leg blood flow during exercise in man. Clin Sci.
1971;41:459–473.

14. Lind L, Lithell H. Decreased peripheral blood flow in the pathogenesis of the
metabolic syndrome comprising hypertension, hyperlipidemia, and hyperinsu-
linemia. Am Heart J. 1993;125:1494–1497.

15. Barrett-O’Keefe Z, Lee JF, Berbert A, Witman MA, Nativi-Nicolau J, Stehlik J,
Richardson RS, Wray DW. Hemodynamic responses to small muscle mass
exercise in heart failure patients with reduced ejection fraction. Am J Physiol
Heart Circ Physiol. 2014;307:H1512–H1520.

16. Donato AJ, Uberoi A, Wray DW, Nishiyama S, Lawrenson L, Richardson RS.
Differential effects of aging on limb blood flow in humans. Am J Physiol Heart
Circ Physiol. 2006;290:H272–H278.

17. Gulati M, Pandey DK, Arnsdorf MF, Lauderdale DS, Thisted RA, Wicklund RH,
Al-Hani AJ, Black HR. Exercise capacity and the risk of death in women: the St
James Women Take Heart Project. Circulation. 2003;108:1554–1559.

18. Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise
capacity and mortality among men referred for exercise testing. N Engl J Med.
2002;346:793–801.

19. Neil SE, Klika RJ, Garland SJ, McKenzie DC, Campbell KL. Cardiorespiratory and
neuromuscular deconditioning in fatigued and non-fatigued breast cancer
survivors. Support Care Cancer. 2013;21:873–881.

20. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE, Pratt
M, Ekelund U, Yngve A, Sallis JF, Oja P. International physical activity
questionnaire: 12-country reliability and validity. Med Sci Sports Exerc.
2003;35:1381–1395.

21. Radegran G, Saltin B. Muscle blood flow at onset of dynamic exercise in
humans. Am J Physiol. 1998;274:H314–H322.

22. Lind AR, Mcnicol GW. Local and central circulatory responses to sustained
contractions and effect of free or restricted arterial inflow on post-exercise
hyperaemia. J Physiol. 1967;192:575–593.

23. Muller MD, Drew RC, Blaha CA, Mast JL, Cui J, Reed AB, Sinoway LI. Oxidative
stress contributes to the augmented exercise pressor reflex in peripheral
arterial disease patients. J Physiol. 2012;590:6237–6246.

24. Lewis RP, Rittogers SE, Froester WF, Boudoulas H. A critical review of the
systolic time intervals. Circulation. 1977;56:146–158.

25. Patnaik JL, Byers T, DiGuiseppi C, Dabelea D, Denberg TD. Cardiovascular
disease competes with breast cancer as the leading cause of death for older
females diagnosed with breast cancer: a retrospective cohort study. Breast
Cancer Res. 2011;13:R64.

26. Scott JM, Khakoo A, Mackey JR, Haykowsky MJ, Douglas PS, Jones LW.
Modulation of anthracycline-induced cardiotoxicity by aerobic exercise in
breast cancer: current evidence and underlying mechanisms. Circulation.
2011;124:642–650.

27. Vaughn DJ, Palmer SC, Carver JR, Jacobs LA, Mohler ER. Cardiovascular risk in
long-term survivors of testicular cancer. Cancer. 2008;112:1949–1953.

28. Jones LW, Haykowsky M, Peddle CJ, Joy AA, Pituskin EN, Tkachuk LM,
Courneya KS, Slamon DJ, Mackey JR. Cardiovascular risk profile of patients
with HER2/neu-positive breast cancer treated with anthracycline-taxane-
containing adjuvant chemotherapy and/or trastuzumab. Cancer Epidemiol
Biomark Prev. 2007;16:1026–1031.

29. Laughlin MH, Davis MJ, Niels SH, van Lieshout JJ, Arce-Esquivel AA, Simmons
GH, Bender SB, Padilla DJ, Bache RJ, Merkus D, Duncker DJ. Peripheral
circulation. Compr Physiol. 2012;2:321–447.

30. Qi F, Sugihara T, Hattori Y, Yamamoto Y, Kanno M, Abe K. Functional and
morphological damage of endothelium in rabbit ear artery following irradiation
with cobalt60. Br J Pharmacol. 1998;123:653–660.

31. Soloviev AI, Tishkin SM, Parshikov AV, Ivanova IV, Goncharov EV, Gurney AM.
Mechanisms of endothelial dysfunction after ionized radiation: selective
impairment of the nitric oxide component of endothelium-dependent vasodi-
lation. Br J Pharmacol. 2003;138:837–844.

32. Murata T, Yamawaki H, Yoshimoto R, Hori M, Sato K, Ozaki H, Karaki H.
Chronic effect of doxorubicin on vascular endothelium assessed by organ
culture study. Life Sci. 2001;69:2685–2695.

33. Wu S, Ko YS, Teng MS, Ko YL, Hsu LA, Hsueh C, Chou YY, Liew CC, Lee YS.
Adriamycin-induced cardiomyocyte and endothelial cell apoptosis: in vitro and
in vivo studies. J Mol Cell Cardiol. 2002;34:1595–1607.

34. Beckman JA, Thakore A, Kalinowski BH, Harris JR, Creager MA. Radiation
therapy impairs endothelium-dependent vasodilation in humans. J Am Coll
Cardiol. 2001;37:761–765.

35. Ederer AK, Didier KD, Reiter LK, Brown M, Hardy R, Caldwell J, Black CD,
Larson RD, Ade CJ. Influence of adjuvant therapy in cancer survivors on
endothelial function and skeletal muscle deoxygenation. PLoS One. 2016;11:
e0147691.

DOI: 10.1161/JAHA.116.004784 Journal of the American Heart Association 8

Cardiovascular Responses in Cancer Survivors Didier et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on A
ugust 15, 2017

http://jaha.ahajournals.org/
D

ow
nloaded from

 

http://jaha.ahajournals.org/


36. Saltin B, R�ADegran G, Koskolou MD, Roach RC. Skeletal muscle blood flow in
humans and its regulation during exercise. Acta Physiol Scand. 1998;162:421–
436.

37. Park J, Quyyumi AA, Middlekauff HR. Exercise pressor response and arterial
baroreflex unloading during exercise in chronic kidney disease. J Appl Physiol
(1985). 2013;114:538–549.

38. Iellamo F, Massaro M, Raimondi G, Peruzzi G, Legramante JM. Role of muscular
factors in cardiorespiratory responses to static exercise: contribution of reflex
mechanisms. J Appl Physiol (1985). 1999;86:174–180.

39. Dinenno FA, Seals DR, DeSouza CA, Tanaka H. Age-related decreases in basal
limb blood flow in humans: time course, determinants and habitual exercise
effects. J Physiol. 2001;531:573–579.

40. Swain SM, Whaley FS, Ewer MS. Congestive heart failure in patients treated
with doxorubicin: a retrospective analysis of three trials. Cancer.
2003;97:2869–2879.

41. Gottdiener JS, Mathisen DJ, Borer JS, Bonow RO, Myers CE, Barr LH, Schwartz
DE, Bacharach SL, Green MV, Rosenberg SA. Doxorubicin cardiotoxicity:
assessment of late left ventricular dysfunction by radionuclide cineangiogra-
phy. Ann Intern Med. 1981;94:430–435.

42. Palmeri ST, Bonow RO, Myers CE, Seipp C, Jenkins J, Green MV, Bacharach
SL, Rosenberg SA. Prospective evaluation of doxorubicin cardiotoxicity by
rest and exercise radionuclide angiography. Am J Cardiol. 1986;58:607–
613.

43. Fisher JP, Young CN, Fadel PJ. Autonomic adjustments to exercise in humans.
Compr Physiol. 2015;5:475–512.

44. Quasthoff S, Hartung HP. Chemotherapy-induced peripheral neuropathy. J
Neurol. 2002;249:9–17.

45. HershmanDL, Unger JM, CrewKD,Minasian LM, AwadD,MoinpourCM,Hansen L,
Lew DL, Greenlee H, Fehrenbacher L, Wade JL III, Wong SF, Hortobagyi GN,

Meyskens FL, Albain KS. Randomized double-blind placebo-controlled trial of
acetyl-l-carnitine for the prevention of taxane-induced neuropathy in women
undergoing adjuvant breast cancer therapy. J Clin Oncol. 2013;31:2627–2633.

46. Jones LW, Courneya KS, Mackey JR, Muss HB, Pituskin EN, Scott JM, Hornsby
WE, Coan AD, Herndon JE II, Douglas PS, Haykowsky M. Cardiopulmonary
function and age-related decline across the breast cancer survivorship
continuum. J Clin Oncol. 2012;30:2530–2537.

47. Ryan JL, Carroll JK, Ryan EP, Mustian KM, Fiscella K, Morrow GR. Mechanisms
of cancer-related fatigue. Oncologist. 2007;12(suppl 1):22–34.

48. van Weert E, Hoekstra-Weebers J, Otter R, Postema K, Sanderman R, van der
Schans C. Cancer-related fatigue: predictors and effects of rehabilitation.
Oncologist. 2006;11:184–196.

49. de Boer AG, Verbeek JH, Spelten ER, Uitterhoeve AL, Ansink AC, de Reijke TM,
Kammeijer M, Sprangers MA, van Dijk FJ. Work ability and return-to-work in
cancer patients. Br J Cancer. 2008;98:1342–1347.

50. Hirai DM, Musch TI, Poole DC. Exercise training in chronic heart failure:
improving skeletal muscle O2 transport and utilization. Am J Physiol Heart Circ
Physiol. 2015;309:H1419–H1439.

51. Jones LW, Eves ND, Haykowsky M, Freedland SJ, Mackey JR. Exercise
intolerance in cancer and the role of exercise therapy to reverse dysfunction.
Lancet Oncol. 2009;10:598–605.

52. Miltenburg NC, Boogerd W. Chemotherapy-induced neuropathy: a compre-
hensive survey. Cancer Treat Rev. 2014;40:872–882.

53. DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein KD, Kramer JL, Alteri R,
Robbins AS, Jemal A. Cancer treatment and survivorship statistics, 2014. CA
Cancer J Clin. 2014;64:252–271.

54. Casey DP, Ranadive SM, Joyner MJ. Aging is associated with altered
vasodilator kinetics in dynamically contracting muscle: role of nitric oxide. J
Appl Physiol (1985). 2015;119:232–241.

O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

DOI: 10.1161/JAHA.116.004784 Journal of the American Heart Association 9

Cardiovascular Responses in Cancer Survivors Didier et al

 by guest on A
ugust 15, 2017

http://jaha.ahajournals.org/
D

ow
nloaded from

 

http://jaha.ahajournals.org/


Caldwell, Christopher Black, Michael G. Bemben and Carl J. Ade
Kaylin D. Didier, Austin K. Ederer, Landon K. Reiter, Michael Brown, Rachel Hardy, Jacob

Adjuvant Therapy
Altered Blood Flow Response to Small Muscle Mass Exercise in Cancer Survivors Treated With

Online ISSN: 2047-9980 
Dallas, TX 75231

 is published by the American Heart Association, 7272 Greenville Avenue,Journal of the American Heart AssociationThe 
doi: 10.1161/JAHA.116.004784

2017;6:e004784; originally published February 7, 2017;J Am Heart Assoc. 

 http://jaha.ahajournals.org/content/6/2/e004784
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 
 for more information. http://jaha.ahajournals.orgAccess publication. Visit the Journal at 

 is an online only OpenJournal of the American Heart AssociationSubscriptions, Permissions, and Reprints: The 

 by guest on A
ugust 15, 2017

http://jaha.ahajournals.org/
D

ow
nloaded from

 

http://jaha.ahajournals.org/content/6/2/e004784
http://jaha.ahajournals.org
http://jaha.ahajournals.org/

