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Abstract

Purpose of Review Cardiovascular autonomic dysfunction (AD) among cancer survivors is increasingly being recognized.
However, the mechanisms and incidence are poorly understood. In this review, the clinical features, diagnostic modalities,
proposed mechanisms, and currently available treatments of cardiovascular AD in cancer survivors are described.

Recent Findings Much of our current understanding of cardiovascular AD is based on disease states such as diabetes, multisys-
tem atrophy, and Parkinson’s disease. Several non-invasive tests, measurements, and scoring systems have been developed as
surrogates for autonomic function, with some even demonstrating associations with all-cause mortality. The mechanism of
cardiovascular AD specifically in the cancer population, however, has not been directly studied. The etiology of cardiovascular
AD in cancer survivors is likely multifactorial, and proposed mechanisms include direct nerve damage by chemoradiation, the
pro-inflammatory state associated with malignancy, and paraneoplastic syndromes. It may also be that cardiovascular AD is an
early marker of global cardiomyopathy rather than its own condition. Current pharmacologic options for cardiovascular AD are
extrapolated from how it has been treated in other disease processes, and these agents have not been studied in the cancer
population or compared head-to-head.

Summary Cardiovascular AD in cancer survivors can cause significant debilitation and may be associated with all-cause
mortality. Current diagnostic modalities have several limitations, such as standardization and validity. However, given the
nonspecific nature of cardiovascular AD, these tools provide an objective marker for diagnosis and tracking treatment response.
While the mechanism of cardiovascular AD in cancer survivors has not been directly studied, it may be useful to evoke
mechanisms of cardiovascular AD in other disease states such as diabetes, Parkinson’s disease, and multisystem atrophy in
addition to identifying unique conditions associated with malignancy like a pro-inflammatory state. Until further studies are
performed, management of cardiovascular AD as seen in other disease states may serve as a guide for symptom management in
cancer survivors.
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Both radiation therapy (RT) and many chemotherapeutic
agents have been well-documented to be associated with an
increased risk for cardiovascular disease [6]. These studies tend
to focus primarily on left ventricular dysfunction and cardio-
myopathy as clinical endpoints for cardiotoxicity. Additionally,
many cancer-directed treatments are known to cause peripheral
neuropathy and generalized autonomic dysfunction (AD) such
as gastrointestinal and genitourinary dysfunction [7—10]. More
recently, cardiovascular AD among cancer survivors is increas-
ingly being recognized as its own distinct entity [11-15].
However, the mechanisms underlying cardiovascular AD in
this patient population are less well understood.

Cardiovascular AD can arise from several etiologies in-
cluding, but not limited to, hereditary, metabolic, immunolog-
ic, infectious, inflammatory, neurodegenerative, and toxic
causes [16, 17¢]. It is challenging to identify a causative link
between cardiovascular AD and cancer therapies, as there are
many confounding variables and potential etiologies.
Cardiovascular AD in cancer patients could be related to
pre-existing neuropathy, paraneoplastic effect, tumor invasion
or compression of the autonomic nervous system (ANS),
cancer-related deconditioning, or an underlying autoimmune
etiology. Likewise, it can take decades after treatment for
symptoms to develop, at which point it can be difficult to
discern age-related cardiovascular AD from cancer-related
cardiovascular AD [15, 18]. Furthermore, the heterogeneity
of cancer treatment regimens and types of cancers make the
study of cardiovascular AD in cancer challenging. Current
methods of diagnosing cardiovascular AD are difficult to ac-
cess, perform, and interpret, and their validity and normative
values are subject to debate. As such, little is known regarding
the incidence and precise mechanisms by which cardiovascu-
lar AD ensues in patients with cancer.

In this review, the clinical features of cardiovascular AD
are described, along with methods in which to quantify and
diagnose cardiovascular AD. Potential mechanisms for car-
diovascular AD associated with chemotherapy and radiother-
apy, with suggested treatment options of symptoms, are pro-
posed in this unique population. The following two patient
cases demonstrate the challenges in the diagnosis and treat-
ment of cancer-related cardiovascular AD.

Case 1

A 65-year-old man with prior history of hypertension, hyper-
lipidemia, chronic kidney disease, and multiple myeloma was
referred to cardio-oncology clinic for evaluation of dizziness
and atrial flutter. The patient had been diagnosed with multi-
ple myeloma 4 months prior to evaluation and had undergone
five cycles of lenalidomide, bortezomib, and dexamethasone
in addition to autologous stem cell transplant after condition-
ing with melphalan followed by maintenance lenalidomide.
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Bone marrow biopsy 100 days after this treatment course
was negative for plasma cells.

His post-transplant course was complicated by one episode of
new-onset atrial flutter that self-resolved following correction of
electrolyte abnormalities. Additionally, approximately 2 weeks
after his bone marrow transplant, he began experiencing
lightheadedness with exertion and orthostatic positional changes
with documented vital signs consistent with orthostatic hypoten-
sion (OH) in oncology clinic. These symptoms did not improve
with conservative measures including routine intravenous fluid
resuscitation, prompting referral to cardio-oncology clinic.

On evaluation, he endorsed palpitations associated with
fatigue and generalized weakness for several weeks lasting a
few seconds at a time. He denied any chest pain or symptoms
of decompensated heart failure. His hematologic medications
consisted of lenalidomide 15 mg every other day. His prior
anti-hypertensive medications had been held in the setting of
low blood pressure and aspirin had been held in the setting of
chemotherapy-induced thrombocytopenia.

His vital signs revealed a blood pressure of 115/65 mmHg
and pulse of 91 beats per minute (BPM) with lying, blood
pressure of 84/62 mmHg and pulse of 113 BPM after standing
for 2 min. His exam was notable for inability to sit up due to
dizziness but was otherwise unremarkable. Relevant laborato-
ry abnormalities included hemoglobin of 9.9 g/dL, platelet
count of 65 x 10° cells/uL, and creatinine of 3.0 mg/dL. His
electrocardiogram (ECG) demonstrated normal sinus rhythm
at 82 BPM. TTE was notable for severe septal hypertrophy,
delayed basal septal wall contraction, left ventricular ejection
fraction (LVEF) of 55-60%, normal left ventricular diastolic
function, abnormal global longitudinal strain of —15.0%,
mildly reduced right ventricular systolic function, normal pul-
monary artery systolic pressure (PASP), and mild to moderate
mitral valve regurgitation.

Fourteen-day ambulatory rhythm monitoring demonstrated
sinus thythm with an average heart rate of 83 BPM, range of
51-140 BPM, and no arrhythmias or reported symptoms.

The patient subsequently underwent autonomic reflex testing.
Tilt-table test demonstrated a significant systolic blood pressure
(SBP) drop of 53 mmHg and tachycardic response of 43 BPM,
with reported symptoms of dizziness (Fig. 1). Valsalva maneu-
ver demonstrated failure of late phase 2 to return to baseline and
absent phase 4 overshoot (Fig. 2). Sudomotor testing was nota-
ble for abnormal sweat response in the forearm, proximal leg,
distal leg, and foot. Heart rate response to deep breathing was
normal. Given these findings, the patient was diagnosed with
severe OH. Additionally, these studies indicated severe general-
ized autonomic impairment, with severe adrenergic and
sudomotor impairment and mild cardiovagal impairment in the
adrenergic and sudomotor systems.

Due to his debilitating symptoms and diagnosis of OH, the
patient was started on midodrine 7.5 mg three times daily. With
this regimen, the patient had almost complete resolution of his
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Fig. 1 Tilt-table test results for
case 1. The top graph
demonstrates the patient’s heart
rate over time throughout the tilt
maneuver. The bottom graph
demonstrates the patient’s
systolic, mean, and diastolic
blood pressures over time
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orthostatic lightheadedness. He was able to ambulate without a
walker and no longer needed routine intravenous hydration.

Case 2

A 22-year-old woman was referred to a cardio-oncology clinic
for evaluation of persistent tachycardia and postural-related
symptoms of dizziness. Two years prior to evaluation, she
was diagnosed with primary mediastinal diffuse large B cell
lymphoma (DLBCL). Over the next year and a half, the
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e (Minutes)

patient achieved complete response after an allogeneic stem
cell transplant, approximately 40 Gy of radiation to the medi-
astinum, and multiple regimens of chemotherapy, including
alkylating agents, anthracyclines (total cumulative dosing of
doxorubicin equivalent of 253 mg/mz), anti-metabolites,
DNA replication inhibitors, platinum-based agents, monoclo-
nal antibodies, steroids, and vinca alkaloids.

She was noted throughout routine medical visits to have
tachycardia beginning shortly after her bone marrow trans-
plant. Six months after the tachycardia was noted, she began
to feel intermittent palpitations. The patient developed graft-

Case 1 Valsalva Maneuver Results
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Fig. 2 Valsalva maneuver test results for case 1. The yellow line
demonstrates the patient’s expiratory pressure, which is used as a
marker to indicate when the patient is performing the Valsalva
maneuver. The first and second purple arrows represent the start and
stop of the Valsalva maneuver, respectively. The blue line demonstrates
the patient’s systolic blood pressure throughout the Valsalva maneuver.
The patient’s systolic blood pressure tracing throughout the maneuver

was notable for late phase 2 blood pressure not returning to baseline
and an absence of phase 4 overshooting the baseline blood pressure,
which are abnormal findings. The patient’s Valsalva ratio, which is
defined as the maximum heart rate during the maneuver divided by the
lowest heart rate during the maneuver, was within the 5th-95th percentile
range
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versus-host disease of the heart complicated by pericardial
effusion and cardiac tamponade, for which she received a
pericardial window.

The patient was then referred to a cardio-oncology clinic.
She described symptoms of dizziness with positional changes,
fatigue, dyspnea on exertion with walking more than 30 min,
and a 50-pound weight gain over the previous year. Her other
medical history was notable for well-controlled type 1 diabe-
tes, adrenal insufficiency, and peripheral small fiber sensory
neuropathy attributed to cyclosporine and diabetes. Despite
being on metoprolol succinate 100 mg daily, her pulse at her
initial cardio-oncology visit was 105 BPM with a blood pres-
sure of 142/96 mmHg. Her physical exam was notable for
tachycardia without evidence of volume overload. Labs were
notable for a chronic anemia with hemoglobin of 11.8 g/dL
and hemoglobin Alc of 6.0%. Thyroid studies and brain na-
triuretic peptide levels were within normal limits. Her electro-
cardiogram (ECG) demonstrated sinus tachycardia at
103 BPM. Transthoracic echocardiography (TTE) demon-
strated a low normal left ventricular ejection fraction of 50—
55% and normal global longitudinal strain.

Further evaluation of her symptoms and tachycardia in-
cluded an exercise stress echocardiogram, 48-h ambulatory
rhythm monitoring, and autonomic reflex testing. Stress echo-
cardiography demonstrated a submaximal cardiac workload
of 4.6 metabolic equivalent of task (MET), maximum heart
rate 142 BPM (72% of maximum predicted heart rate).
Cardiac monitoring revealed heart rates ranging from 63 to
124 BPM (average 97 BPM) and no arrhythmias or reported
symptoms. Tilt-table test demonstrated maximal SBP drop of
18 mmHg with tachycardia response of 30 BPM. Valsalva
maneuver demonstrated a Valsalva ratio of 1.4 (age-normative
value 1.46-2.73), failure of late phase 2 to return to baseline,
and prolonged pressure recovery time. Heart rate deep breath-
ing test demonstrated mean heart rate difference of 7.3 BPM,
below the age-normative lower limit of 14.0 (Fig. 3).

Sudomotor testing was normal. Her tilt-table test demonstrat-
ed a cardio-inhibitory hemodynamic pattern, which was con-
sidered indeterminate for an orthostatic pattern, but was clin-
ically suspicious for postural orthostatic tachycardia syn-
drome (POTS). Overall, these studies indicated moderate gen-
eralized autonomic impairment with severe adrenergic and
mild cardiovagal impairment.

For these findings and her symptoms, she was started on
ivabradine 5 mg twice daily. Her resting heart rates improved
to approximately 60—70 BPM, and she reported significant
improvement in her symptoms. However, ivabradine was
discontinued due to the patient reporting luminous phenome-
na, a known side effect of this medication. After discontinuing
ivabradine, her symptoms recurred, and she had a syncopal
episode in the context of positional changes. She was then
switched to short acting diltiazem 30 mg twice a day with
improvement of symptoms and continues to do well.

Clinical Features, Identifying, and Quantifying
Cardiovascular Autonomic Dysfunction

Clinical Features

The sympathetic and parasympathetic limbs of the ANS act in
a coordinated fashion via multiple reflex loops to regulate
cardiovascular function, including heart rate, blood pressure,
and cardiopulmonary integration [19-21]. This interplay al-
lows the circulatory system to maintain relatively consistent
and appropriately compensated hemodynamics despite fluctu-
ations in variables such as position, exertion, and fluid status.
While the sympathetic nervous system releases norepineph-
rine that is responsible for increasing heart rate and contractil-
ity and vasoconstricting peripheral vasculature, the parasym-
pathetic nervous system counteracts the sympathetic output
and results in the opposite effects. The dynamic interplay

Case 2 Heart Rate Deep Breathing Results
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Fig. 3 Heart rate deep breathing test results for case 2. The green line
demonstrates the patient’s heart rate over time throughout the heart rate
deep breathing test. The blue line demonstrates the patient’s respirations
over time. The first and second green arrows represent the start and stop
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14.0-41.0 BPM

of the deep breathing maneuvers, respectively. The heart rate deep
breathing test demonstrated a mean heart rate difference of 7.3 BPM,
which is below the age-normative lower limit of 14.0 BPM
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between these two systems is mediated partially by responses
to stretch of pressure baroreceptors in the carotid sinus and
aortic arch (Fig. 4) and volume baroreceptors in the heart and
pulmonary vasculature [22, 23].

Dysfunction in this system can result in symptoms of
lightheadedness, dizziness, blurred vision, palpitations, fa-
tigue, headache, syncope, and cognitive impairment. Given
the nonspecific nature of these symptoms, it can be challeng-
ing to attribute them to cardiovascular AD. This underscores
the utility of a reliable, objective assessment tool not only to
diagnose but also to characterize the type and severity of car-
diovascular AD. Unfortunately, there is currently no gold
standard diagnostic strategy with regard to hemodynamic
criteria nor is there a comprehensive classification system that
captures the spectrum of diseases seen. There are a handful of
non-invasive tests and measurements that can be performed in
an attempt to quantify and diagnose cardiovascular AD, but
many are complex, burdensome, and inadequate as isolated
tests necessitating use in combination with other techniques.

Diagnostic Maneuvers and Measurements

Some objective data can be obtained using physical exam tech-
niques and routine studies that can readily be done in the out-
patient setting [24, 25]. Perhaps the most useful and convenient
physical exam technique, though nonspecific, is measurement
of OH and POTS, which can be performed by measuring blood
pressure supine and then 3-5 min after standing. OH is defined
as a reduction of the SBP of at least 20 mmHg and/or a reduc-
tion in diastolic blood pressure (DBP) of 10 mmHg. In patients
with baseline SBP > 160 mmHg at rest, a decrease in SBP of
30 mmHg or more is diagnostic of OH [22]. POTS is defined as
an increase in heart rate by at least 30 BPM in the absence of a
reduction in blood pressure that would be consistent with OH
[26¢°¢]. One limitation of diagnosing OH by physical exam is

Fig. 4 Simplified schematic of
the autonomic nervous system’s
dual innervation of the heart by
both sympathetic and
parasympathetic inputs.
Preganglionic neurons are lightly
myelinated, while postganglionic

that this method does not distinguish between hypovolemic,
anemic, polypharmacy, and neurogenic orthostasis. However,
Norcliffe-Kaufmann et al. demonstrated that using the ratio of
the change in heart rate over change in systolic blood pressure
(AHR/ASBP) can help distinguish between neurogenic and
other causes. A blunted heart rate increase during hypotension,
defined as a AHR/ASBP < 0.49 BPM/mmHg, diagnosed neu-
rogenic OH with 91.3% sensitivity and 88.4% specificity [27].

Another physical exam maneuver that reflects sympathetic
function involves assessing blood pressure response to
sustained handgrip. It requires a handgrip dynamometer and
having the patient maintain handgrip at 30% of their maximum
strength for as long as possible for up to 5 min. A reflexive
increase of at least 16 mmHg in DBP is considered normal [28].

Exercise testing can also be helpful in determining the
blood pressure, chronotropic, and rate-pressure product re-
sponses to exertion. Abnormalities in these markers are asso-
ciated with cardiovascular AD [24, 25]. Blunted (= 10 mmHg
fall in SBP) or exaggerated blood pressure response (> 190/
105 mmHg in women or >210/105 mmHg in men) to exercise
can be indicative of cardiovascular AD [29, 30]. Groarke et al.
measured heart rate recovery (HRR) in patients with a history
of Hodgkin’s lymphoma by comparing their heart rates at
peak exercise and after 1 min of recovery [24]. An abnormal
recovery was constituted as < 12 BPM decrease after 1 min of
recovery in active cool-down, or <18 BPM decrease in pas-
sive recovery. What was particularly concerning was the find-
ing that abnormal HRR was associated with increased all-
cause mortality in this cohort (age-adjusted hazard ratio of
4.6, 95% CI: 1.62—-13.02).

Several hemodynamic surrogates for autonomic function
and diagnostic procedures have been developed to specifically
study autonomic impairment (Table 1). These tests allow for
more robust measurements of type and severity of dysfunction
[31, 32]. Some of the most accepted surrogates for autonomic
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Table 1

Methods used to quantify autonomic dysfunction and surrogate variable for autonomic function

Autonomic reflex testing methods

Test

Blood pressure
response to
standing
(orthostatic
vital signs)

Blood pressure
response to
sustained
handgrip

Heart rate
recovery
(HRR)

Blood pressure
response to
exercise

Tilt-table testing

Valsalva
maneuver

Sudomotor
testing

@ Springer

Required
equipment

= Blood pressure
monitor

* Blood pressure
monitor

 Handgrip
dynamometer

= Continuous
cardiac rhythm
monitor
= Treadmill

= Blood pressure
monitor

= Treadmill

= Tilt-table
= Non-invasive

continuous blood
pressure monitor

= Continuous
cardiac rhythm
monitor

= Non-invasive

continuous blood
pressure monitor

= Continuous
cardiac rhythm
monitor

= Mouthpiece with
pressure monitor

= Sudomotor test kit

including
capsules and
acetylcholine

How test is performed

= Patient lays supine and then stands

= BP measured while supine and 3—5 min
after standing

* Maintain handgrip on dynamometer at 30%
of max strength for up to 5 min
= BP is measured 3x before and at 1-min
intervals during handgrip

= Ambulates on treadmill under Bruce
protocol

= Once protocol is complete, patient either
undergoes passive recovery (immediately
lying down at exercise completion), or
active cool-down (slow walk for 1 min)

= HR measured at peak exercise and 1-min
recovery

= Ambulates on treadmill under Bruce
protocol

= Blood pressure is measured at rest and at
3-min intervals during exercise

= Patient lays supine on a tilt-table

= Table tilted from 0 to 70° angle over 10 s
= Hold at 70° for 10 min

= BP and HR are measured continuously

= Patient lays supine with head of bed
elevated 30°

= Patient performs a Valsalva maneuver
through forced expiration against a
mouthpiece to achieve expiratory pressure
during strain of 40 mmHg for 15 s

= BP and HR are measured continuously at
baseline and throughout maneuver.

= Capsules filled with acetylcholine placed on
multiple sites along patient’s extremities
= Sweat output is recorded for 5 min to
establish a baseline

Autonomic function measured

= Sympathetic BP response to
arterial baroreflexes

= Orthostatic syndromes (OH,
POTS)

= Sympathetic effect on BP in
response to arterial
baroreflexes

= Sympathetic withdrawal on

HR in response to decreased

exertion

= Parasympathetic reactivation

on HR in response to
decreased exertion

= Sympathetic effect on BP in
response to exercise

= Parasympathetic withdrawal

on BP in response to exercise

= Sympathetic effect on BP in
response to arterial
baroreflexes

= Orthostatic syndromes

= Parasympathetic effects on HR

in response to arterial

baroreflexes (Valsalva ratio)

= Sympathetic effect on BP in
response to arterial
baroreflexes (rest of test)

= Postganglionic sympathetic
cholinergic response to

acetylcholine stimulation on

sweat glands production

Example of normative
values

= A SBP >—20 mmHg and

= ADBP >— 10 mmHg and

= A HR <30 BPM after
standing

= ADBP >16 mmHg with
handgrip

= AHR > 12 BPM after
1 min of recovery in
active cool-down or

= AHR > 18 BPM in passive
recovery

= ASBP >—10 mmHg from
exercise compared to rest
and

= BP <190/105 mmHg in
women and
<210/105 mmHg in men
during exercise

A SBP > —20 mmHg and
* ADBP >—10 mmHg and

= A HR <30 BPM after
standing

= Valsalva ratio (max
HR/min HR) > 1.5 for a
55-year-old woman and

= Max A MAP during phase
2 >—20 mmHg and

= Phase 2 (recovery) MAP >
baseline MAP and

= Phase 4 (overshoot) MAP
at phase 4 (overshoot) >
baseline MAP and

= Max A pulse pressure >
—50% of baseline pulse
pressure and

= SBP recovery time <4 s

= For a 55-year-old man:
forearm sweat volume of
0.3-2.5 pL and latency
of 2.3 min
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Table 1 (continued)

= An electrical current is ran to promote

iontophoresis of acetylcholine

= The volume of sweat output/time is

recorded for another 5 min

= The latency time from stimulation to sweat
output and total sweat volume are

= For a 35-year-old woman:
sympathetic effects on HR in ~ LF/HF ratio: 0.4-3.0

response to arterial baroreflex

» Time domain: standard
deviation of beat to beat
intervals > 50 ms

= Parasympathetic effects on HR = For a 55 years old RSA
in response to arterial >9 BPM

baroreflex

collected
Heart rate » Ambulatory heart = Can be done at rest, change in position, with = Parasympathetic and
variability monitor or Valsalva maneuver, or over 24-h of usual
(HRV) continuous activity
cardiac rhythm
monitor
* Spectral analysis = Spectral analyses assess frequency and time
software domains
= Frequency domains separated into LF and
HF changes in recorded heart rhythm
= Time domains assess the amount of change
between heart beats
Heart rate = Continuous = Patient lays supine and breathes at 6
response to cardiac rhythm breaths/min
deep breathing monitor
= Respiration = RSA = max HR-min HR during deep
monitor breathing

Pre-ejection = Echocardiograph

period (PEP) = Continuous obtained.
cardiac rhythm
monitor
Baroreflex = Non-invasive = Can be done with Valsalva maneuver or at = Parasympathetic and
sensitivity continuous blood  rest while IV phenylephrine administered
(BRS) pressure monitor until SBP increases by 15-40 mmHg

= Continuous
cardiac rhythm
monitor

throughout maneuver

= Patient lays supine while echo images are

= BP and HR are measured continuously and

= Parasympathetic and
sympathetic effects
myocardial contractility

= PEP (delay from Q wave
of QRS on rhythm strip to
aortic valve opening on
echo) <100 ms

= Based on A inter-beat R-R
sympathetic effects on HR in  interval/A BP
response to arterial baroreflex

= >8-10.5 ms/mmHg for

Valsalva maneuver

*>13-19 ms/mmHg for
phenylephrine

BP blood pressure; A change in; BPM beats per minute; DBP diastolic blood pressure; echo echocardiograph; HF high frequency; HR heart rate; IV
intravenous; LF lower frequency; MAP mean arterial blood pressure; max maximum; min minute or minimum; ms milliseconds; OH orthostatic
hypotension; POTS postural orthostatic tachycardia syndrome; RSA, respiratory sinus arrhythmia; SBP systolic blood pressure

function include heart rate variability (HRV), pre-ejection pe-
riod (PEP), and baroreflex sensitivity (BRS) [33, 34]. In ad-
dition, tests such as tilt-table testing, sudomotor testing, and
blood pressure and heart rate changes during the Valsalva
maneuver can be used to assess the integrity of the autonomic
reflex [35]. These different markers are tested in response to
various stressors, such as deep breathing, Valsalva, volume
loads, and posture change to assess the integrity of the auto-
nomic reflex response.

Tilt-table testing can be used to diagnose and better char-
acterize postural syndromes such as OH. It is more sensitive
and specific than orthostatic blood pressure maneuvers. It is
indicated in patients with symptoms of orthostasis despite
normal vital signs or patients who have physical limitations

to undergoing orthostatic measurements [36]. Tilt-table test-
ing can also help assess response to treatment and distinguish
subtypes of orthostasis such as vasodepressor syncope,
cardio-inhibitory syncope, subtypes of OH, and POTS [37].

The Valsalva maneuver can be performed while measuring
blood pressure with a continuous non-invasive monitor to
assess sympathetic function. The normal physiological re-
sponse to Valsalva involves four phases with distinct hemo-
dynamic effects on cardiac physiology (Fig. 5) [32, 35]. A
larger drop in the blood pressure during phase 2, lack of the
blood pressure returning to baseline at the end of late phase 2
recovery period, absence of the expected phase 4 overshoot,
and prolonged pressure recovery time are markers of sympa-
thetic dysfunction.
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Valsalva
Strain

Valsalva
Release

Mean Arterial
Pressure

Phase

Heart Rate

10 Time (sec)

Fig. 5 The Valsalva maneuver. The Valsalva maneuver is normally
composed of 4 phases: 1, the initial pressure rise in blood pressure
during inhalation at the onset of Valsalva strain; 2, initial drop in blood
pressure due to decreased venous return followed by compensatory
vasoconstriction and rise in heart rate; 3, pressure release of Valsalva
causing slight fall in pressure but concomitant rise in venous return; and
4, return of cardiac output and blood pressure to baseline. Adapted from
Mariorenzi MC, Matson A, Sonne C (2015) Dynamic auscultation. In:
Taylor A. (eds) Learning cardiac auscultation. Springer, London

HRYV can help assess parasympathetic and sympathetic
function. It is measured in both frequency and time domains
[38]. These domains can be tested at rest or with provocative
maneuvers such as change in position or with Valsalva.

Using spectral analysis, the frequency of heart rate modu-
lation is separated into high (HF) and low frequency (LF)
domains, denoting parasympathetic and sympathetic activity
respectively [13]. In comparing the ratios between LF and HF,
a larger ratio (>3.0 in a 35-year-old female, for instance)
indicates greater sympathetic activity, although this is not
without controversy [19, 20, 39].

The time domain of HRV considers the time interval be-
tween heart beats and how this interval varies between suc-
cessive beats, which can differentiate and characterize sympa-
thetic and parasympathetic modulation of the heart rate. An
example of the time domain is the standard deviation of beat to
beat intervals (SDNN), which measured over a 24-h interval
that can provide information about both the parasympathetic
and sympathetic nervous system. Additionally, heart rate var-
iability in response to deep breathing isolates a vagally medi-
ated reflex, thereby acting as a surrogate for parasympathetic
function. Heart rate variability in response to deep breathing
represents the ratio between the mean of the maximum and
minimum instantaneous heart rates while subjects breathe
deeply at a set rate for a set number of cycles [40]. The
Valsalva ratio measures the ratio of mean electrocardiographic
RR interval after a strain compared to during the strain, with a
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higher ratio representing autonomic adjustment to altering he-
modynamics, and suggests intact autonomic function [41].

Baroreflex sensitivity (BRS) has been developed as a
means to quantify arterial baroreflexes. Under normal circum-
stances, baroreflexes serve to trigger sympathetic and para-
sympathetic responses based on changes in blood pressure
to maintain appropriate hemodynamics [42]. An increase in
BP should result in reflexive slowing of the heart rate via
decreased sympathetic tone and increased parasympathetic
activity. BRS measures the change in the inter-beat interval
divided by the change in blood pressure. This marker can be
obtained non-invasively by comparing HRV and blood pres-
sure variability [43, 44].

Postganglionic sympathetic cholinergic function can be
assessed using sudomotor testing. Capsules filled with acetyl-
choline are placed on the patient’s skin at multiple sites along
the extremities. The capsules are stimulated with an electrical
current. The amount of sweat output over time is recorded.
The degree of AD can be assessed based on the latency, vol-
ume, and persistence of sweat response [35].

Pre-ejection period (PEP) is considered to be an indirect
measurement of myocardial contractility. It demarcates the
period from the onset of ventricular depolarization until the
point at which the aortic valve opens [45]. Since contractility
is controlled by autonomic input, a decrease in PEP corre-
sponds with increased sympathetic activity or withdrawal of
parasympathetic activity.

Scoring Systems

A variety of scoring systems have been developed to charac-
terize the type and severity of autonomic impairment using
objective measures. This is helpful not only in determining
treatment choices, but also in assessing response to treatment.
The Composite Autonomic Severity Score (CASS) takes into
account heart rate variability in response to deep breathing,
tilt-table testing, Valsalva maneuver, and sudomotor testing to
generate an aggregate score with cardiovagal (parasympathet-
ic), adrenergic (sympathetic), and sudomotor (postganglionic
sympathetic) subgroups [35] (Table 2). The Ewing scoring
system uses the Valsalva ratio, heart rate variability in re-
sponse to deep breathing, blood pressure response to hand-
grip, immediate heart rate response to standing, and blood
pressure response to standing [28] (Table 3).

Limitations

Overall, these markers are not perfect, nor are they standard-
ized. For example, the Valsalva ratio declines inversely with
age and may be difficult to perform correctly in elderly and
frail patients [34, 35]. Heart rate variability in response to deep
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Table 2 CASS grading of
autonomic failure

Composite Autonomic Scoring Scale (CASS)

Sudomotor index
1

2
3
Adrenergic index
1

Cardiovascular heart rate index
1
2
3

Single site abnormal or quantitative sudomotor axon reflex test or
Length-dependent pattern (distal sweat volume < 1/3 of proximal value) or
Persistent sweat activity at foot

1 site < 50% of lower limit on quantitative sudomotor axon test

>2 sites < 50% of lower limit on quantitative sudomotor axon reflex test

Phase II MAP decrease of >20 mmHg but <40 mmHg or

Phase II does not return to baseline or

Decrease in pulse pressure to <50% of baseline

Phase II MAP decrease of <40 mmHg or

Phase II MAP decrease of >20 mmHg + phase II or IV absent

Phase II decrease of >40 mmHg + absent phases II and IV

Criteria for 3 and

Orthostatic hypotension (A SBP > —30 mmHg and A DBP > —20 mmHg)

HR or VR decreased but > 50% of min
HR or VR decreased to <50% of min
HR decreased to <50% of min and
VR decreased to <50% of min

Composite score of 1-3 indicates mild autonomic failure, 4—6 moderate, and 7-10 severe

BP blood pressure; MAP mean arterial blood pressure; min minimum; VR Valsalva ratio

Adapted from Low PA “Composite autonomic scoring scale for laboratory quantification of generalized auto-
nomic failure.” Mayo Clin Proc 1993;68:748-752

breathing can decrease inversely to percentage of body fat
[46]. PEP can be affected by changes in preload and afterload.
HRYV can have limited usefulness in certain cardiac arrhyth-
mias such as atrial fibrillation or in patients with pacemakers.
The high frequency domain of HRV can be influenced by
respiratory variation [35, 43]. Thus, the diagnosis of cardio-
vascular AD remains a challenge.

Potential Mechanisms for Chemotherapy
and Radiation-Associated Dysautonomia

Autonomic Nerve Dysfunction/Damage

Peripheral somatic neuropathies are well studied and are com-
mon among patients with diabetes, certain chemotherapy ex-

Table 3 Ewing tests
Test

Normal value

HR response to deep breathing
HR response to standing

HR response to Valsalva maneuver

BP response to standing

BP response to static exercise (handgrip)

> 15 beats/min

>1.04

>1.21

Drop in MAP <10 mmHg
Increase in MAP by > 16 mmHg

Each test is given 0 points for normal, 0.5 points for borderline, or 1 point for abnormal. Composite score of 0—1
indicates no autonomic dysfunction, 1.5-2 mild, 2.5-3 moderate, and 3.5-5 severe

BP blood pressure; HR heart rate; MAP mean arterial blood pressure

Adapted from Guo Y et al. “Heart rate variability as a measure of autonomic dysfunction in men with advanced
cancer.” Eur J Cancer Care (Engl). 2013;22 [5]:612—-16
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posure, alcoholism, and other metabolic derangements.
Somatic sensory fibers are preferentially affected due to the
fact that they are surrounded by little or no myelination com-
pared to motor fibers [47, 48]. Similarly, postganglionic auto-
nomic fibers are unmyelinated and preganglionic fibers are
lightly myelinated. It is likely that autonomic neurons are sus-
ceptible to many of the same mechanisms by which peripheral
nerves are damaged in these other conditions. It is plausible
that similar processes play key roles in the development of
nerve damage in cardiovascular AD associated with radiation
and chemotherapy [4] (Fig. 6).

For example, the themes contributing to peripheral somatic
neuropathy in the context of diabetes likely overlap with the
mechanisms responsible for chemotherapy-associated cardio-
vascular AD [49]. In diabetes, hyperglycemia results in the
activation of several metabolic pathways that increase oxida-
tive stress due to increased mitochondrial activity. As a result,
there is an increase in reactive oxygen species (ROS) and
reactive nitrogen species that trigger an inflammatory cascade
that further results in demyelination, neuronal apoptosis, and
axonal atrophy. Although specific mechanisms vary among
chemotherapy agents, inflammatory pathways, damage to
neurovascular supply, and oxidative stress all contribute [50]
(Table 4). Platinum-based agents, taxanes, and proteasome
inhibitors cause mitochondrial damage and the release of

pro-inflammatory cytokines, which results in oxidative stress
and the formation of ROS [51¢]. Thalidomides may also cause
the formation of ROS through dysregulation of neurotrophins
[S1e, 52, 53].

As studied outside of oncology, injury to different compo-
nents of sensory neurons can result in neuropathy. Injury to mi-
crotubules within a neuron would alter axonal transport.
Taxanes, vinca alkaloids, and epothilones, such as ixabepilone,
cause microtubule injury by various mechanisms [54]. Vinca
alkaloids, including vincristine and vinblastine, prevent polymer-
ization of dimers to form microtubules, which play an important
role in axonal length, arrangement, and orientation. Taxanes, by
comparison, reconfigure axonal microtubules, cause direct axo-
nal damage, and impair organelle function [11, 12].

Effects on ion channels can alter signaling and result in
neuronal apoptosis [12, 55]. Proteasome inhibitors, such as
bortezomib, alter cell signaling pathways through
sphingolipid dysregulation, which can cause increases in
neuroinflammatory signaling pathways and inappropriate
neurotransmitter release [51¢]. Moreover, taxanes disrupt in-
tracellular signaling through alterations in calcium homeosta-
sis. Platinum-based agents are also known to alter cell signal-
ing pathways [51¢]. These mechanisms that affect the cell
signaling of somatic sensory neurons are also likely to play a
role in damage to the nerves of the autonomic system.

| CHEMOTHERAPY/RADIATION/CANCER |

L 2 ¥
Inflammatory state | Dysfunction of:
-microtubules
-organelles
»| (mitochondria,
endoplasmic
v reticulum)
| Cytokine release | -axonal ion-channels

4 L 4
Alterations 1 Oxidative
in vagal stress v
tone Nerve damage via:

-neurovascular
damage

-axonal damage

ROS/RNS -demyelination
release | -apoptosis

Y

’| Heart failure | | Confounding factors
J 2
Paraneoplastic Underlying
syndrome autoimmune
condition
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Autonomic
dysfunction

A

Fig. 6 Outline of multiple factors likely contributing to the development of autonomic dysfunction in cancer patients who have received chemotherapy
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Table 4 Cancer-directed treatment and possible mechanisms of autonomic injury

Therapeutic
class

Example
therapeutic
agents

Epothilones Ixabepilone Microtubule depolymerization
inhibitor

Platinum-based ~Cisplatin DNA cross-linking

agents

Carboplatin

Proteasome Bortezomib Small molecule inhibitor
inhibitors

Carfilzomib

Paclitaxel
Docetaxel

Taxanes Microtubule depolymerization

inhibitor

Thalidomide Thalidomide Precise mechanism unknown;
immunomodulator and
angiogenesis inhibitor

Microtubule polymerization

inhibitor

Vinblastine
Vincristine

Vinca alkaloids

Immunotherapy Ipilimumab Checkpoint inhibitor
Nivolumab
Pembrolizumab

Radiation Free radical formation causing

DNA damage

Therapeutic mechanism of action Example of

cancers treated
Breast cancer

Small cell lung
cancer
Hematologic
malignancies
Head and neck
squamous cell
carcinoma
Ovarian
carcinoma
Lymphoma
Cervical cancer
Sarcoma
Mantle cell
lymphoma
Multiple
myeloma

Breast cancer
Kaposi’s sarcoma
Non-small cell
lung cancer
Ovarian cancer

Prostate cancer

Multiple
myeloma

Brain cancer
Hodgkin’s
lymphoma
Leukemia
Lung cancer
Melanoma
Testicular cancer
Hodgkin’s
lymphoma
Lung cancer
Melanoma
Breast cancer
Head and neck
cancer
Leukemia
Lymphoma
Non-melanoma
skin cancer
Prostate cancer

Possible mechanism of autonomic injury

Microtubule injury
Mitochondrial damage
Cytokine release causing oxidative stress and formation of ROS

Alteration of cell signaling pathways
Voltage-gated ion channel dysfunction

Reduction in parasympathetic activity

Sphingolipid dysregulation causing alteration of cell signaling
pathways leading to neuroinflammatory signaling pathways and
inappropriate neurotransmitter release

Mitochondrial damage

Cytokine release causing oxidative stress and formation of ROS

Microtubule injury

Mitochondrial damage

Cytokine release causing oxidative stress and formation of ROS

Direct axonal damage

Organelle function impairment

Voltage-gated ion channel dysfunction

Alterations of calcium homeostasis causing disruption of intracellular
signaling

Dysregulation of neurotrophins causing formation of ROS

Ischemic and hypoxic damage to nerve fibers causing acceleration of
neuronal death

Microtubule injury

Precise mechanism unknown, possibly autoimmune related

Direct nerve damage leading to inflammation and fibrosis

ROS reactive oxygen species

Thalidomides cause peripheral nerve damage through is-
chemia and hypoxia of nerve fibers and dysregulation of
neurotrophins, which accelerates neuronal cell death [51e,
52]. Platinum-based agents and taxanes also cause voltage-
gated ion channel dysfunction in somatic nerve cells. It is
plausible that these compounds also cause cardiovascular
AD through similar mechanisms.

Furthermore, the autonomic system is composed of para-
sympathetic and sympathetic components, and understanding
which arms of the system are dysregulated could lead to re-
finement of treatment methods. A number of case reports have
described AD associated with chemotherapy, and the etiology
has been attributed to parasympathetic nerve damage. One
early study identified autonomic neuropathy after treatment
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with cisplatin, vinblastine, and bleomycin for germ cell can-
cer. In this case series, autonomic neuropathy was attributed to
damage to the small fibers of parasympathetic nerves, similar
to peripheral sensory nerves [14]. Hironven et al. evaluated
cytotoxic treatment with vincristine in acute lymphoblastic
leukemia patients and found that transient autonomic
cardiotoxicity occurred, as reflected by reduced HRV. The
authors postulated that reduced HRV represented reduced
parasympathetic activity, as the HRV abnormality could be
improved with atropine and not beta blockade. Furthermore,
they identified similar effects on HRV in diabetic
cardioneuropathy, suggesting both chemotherapy and diabetic
AD may be reflective of shared mechanisms of damage to the
vagal nerve [56].

Direct nerve damage has also been proposed as a mecha-
nism by which radiation contributes to RT-associated cardio-
vascular AD. Direct radiation to the regions in which the ca-
rotid and vagus nerve reside can cause inflammation and ulti-
mately fibrosis, which results in injury to the vagal nerve and
the baroreflexes of the carotid sinus [57-60]. A recent
case-control trial showed that long-term survivors of
Hodgkin lymphoma who underwent thoracic irradiation had
higher resting heart rates (defined as above 80 BPM; OR of
6.22 in women, 1.90 in men) and more frequent abnormal
HRR (31.9% compared to 9.3%) compared to Hodgkin lym-
phoma survivors who did not receive radiation [24]. Adams
et al similarly demonstrated that Hodgkin’s survivors who
underwent mediastinal radiation developed persistent tachy-
cardia and impaired blood pressure and HRR to exercise [18].
Radiation to the skull has also been shown to be associated
with cardiovascular AD [15, 61].

Thus, we propose chemotherapy and RT can cause cardio-
vascular AD via similar mechanisms by which somatic sen-
sory nerves are damaged by chemotherapy agents and other
disease processes as well as by direct damage to the nerves by
radiation.

Precursor to Heart Failure

An alternative explanation for cardiovascular AD associated
with chemotherapy and RT is a more indirect relationship.
Perhaps chemotherapy and RT cause left ventricular dysfunc-
tion, and the cardiovascular AD is related to LV dysfunction,
rather than damage to the autonomic system itself. Multiple
studies have shown that LV dysfunction is associated with
increases in sympathetic drive and parasympathetic withdraw-
al leading to decreased HRV [62—64].

The mechanisms by which chemotherapeutic agents cause
heart failure vary based on the type of chemotherapeutic
agent. For instance, anthracyclines incite ROS that lead to
lipid peroxidation and membrane damage as well as trigger
apoptosis pathway in cardiomyocytes. Alkylating agents like
cyclophosphamide can cause direct endothelial injury,
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releasing toxic metabolites that result in injury to
cardiomyocytes. Taxanes like paclitaxel, as mentioned, target
microtubules, which are also found in cardiac myocytes
[65-67].

In patients who received anthracyclines, at a mean interval
of 29 months from the last cycle of chemotherapy, Tjeerdsma
et al. found that HRV was abnormal in 85% of those patients
compared to diastolic dysfunction on echocardiography in
only 50% of those patients. They concluded that HRV may
be an early sign of diastolic dysfunction and a precursor to the
downstream development of systolic dysfunction [68].
Ekholm et al. suggested that HRV decreased after paclitaxel
use by a similar mechanism [13]. Thus, reduced HRV may not
necessarily be direct sequelae of chemotherapy, but may serve
as a predictor of incipient cardiac dysfunction.

The changes associated with direct radiation damage apply
to not only the nerves, but also all structures within the radi-
ation field. Fibrotic changes from radiation have also been
associated with cardiomyopathies [69, 70]. Although difficult
to quantify the epidemiology given the rapidly evolving tech-
niques and decreasing radiation requirements, RT-induced
cardiomyopathy has been seen in up to 24.8% of patients
[71]. It is thought to be due to radiation-induced inflammation
that causes interstitial fibrosis of myocardium and effacement
of peri-myocyte endothelium. In turn, this leads to diastolic
dysfunction and ultimately systolic dysfunction as time goes
on. This would likely also manifest with reduced HRV
[72-74].

Pro-inflammatory State

Another possible mechanism is that cardiovascular AD in cancer
survivors is a result of modulation of the ANS due to a pro-
inflammatory state without intrinsic nerve damage. Resting heart
rates are under tonic inhibitory control by the vagus nerve. Pro-
inflammatory states have been shown to dampen vagal activity
by excess production of cytokines, including IL-1, IL-6, and
TNF-alpha [20]. Therefore, decreased vagal activity will both
increase resting heart rate and disrupt the balance of the two
inputs of the autonomic system of the heart. In the setting of
cancer in general, and even more so with initiation of a chemo-
therapeutic agent and radiation, pro-inflammatory states are cre-
ated that may tip sympathovagal balance towards increased sym-
pathetic neurotransmission. A growing body of research suggests
that inflammation may be a unifying mechanism underlying a
spectrum of cancer and cancer treatment-related symptoms, in-
cluding autonomic dysfunction, peripheral neuropathy, pain, de-
pression, cognitive dysfunction, and gastrointestinal symptoms.
These symptoms are referred to as “sickness behavior,” and have
been recreated in with the administration of pro-inflammatory
cytokines, such as interleukin-1, tumor necrosis factor-alpha, in-
terferon-alpha, and interleukin-2 in animal models [75, 76].
Conversely, anti-inflammatory agents have been shown to
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attenuate symptoms such as peripheral neuropathy [77]. Thayer
et al. found that increased resting HR and reduced HRV were
both independent predictors of leukocytosis and elevated CRP,
reinforcing the effects of an inflammatory state [20].

Dobrek et al. examined the relationship between alkylating
agents, including cyclophosphamide and ifosfamide, and
overactive bladder, a clinical marker of autonomic dysfunc-
tion [78]. Patients with symptoms of overactive bladder were
found to have decreased HF/LF ratio with respect to the fre-
quency domain of HRV. This too was thought to be due to
increased sympathetic drive due to inflammatory cytokine re-
lease in the setting of cyclophosphamide and ifosfamide.

Direct radiation to the neck and thorax induces inflamma-
tion and ultimately induces damage to the conduction system,
coronary arteries, valves, myocardium, and the autonomic
system [60, 70, 79-82]. Several case reports and series have
identified atrioventricular blocks and bundle branch blocks in
patients who received RT, which may contribute to syncopal
and presyncopal events. Slama et al. observed six cases of
atrioventricular block 10-18 years following radiation. They
concluded that this conduction disease was most likely due to
radiation given the presence of concomitant pericardial in-
volvement, other cardiac or mediastinal radiation-induced le-
sions, and development of other preceding conduction abnor-
malities [82]. Additionally, post-mortem autopsies performed
on several patients who had undergone radiation for
Hodgkin’s disease demonstrated significant fibrosis of the si-
noatrial node, atrioventricular node, and the bundles of the
conduction system [81]. Other case reports have demonstrated
higher rates of lesions affecting the right ventricle and causing
right bundle branch blocks [79]. Higher doses of radiation
have also been shown to be associated with higher resting
heart rates [24]. Combined, these findings suggest a direct
relationship between radiation exposure, both with regard to
proximity and dose, and the development of inflammation-
induced fibrotic lesions. These lesions affect both the sensors
and outputs of the autonomic system. Moreover, a latent pe-
riod has also been observed, with clinical manifestations of
arrhythmias and cardiomyopathies years to decades after the
cancer and treatment have ceased. Cohen et al. postulated that
perhaps initial capillary endothelial injury results in failure of
microcirculation and ischemia that triggers a longer, chronic
development of fibrosis [81]. Thus, cardiovascular AD in can-
cer survivors may be due to the overall pro-inflammatory mi-
lieu associated with cancer before, during, and after treatment.

Confounding Mechanisms

While each of the mechanisms described may play a part in
chemotherapy and radiation-related cardiovascular
dysautonomia, confounding mechanisms may also play a role
that are difficult to differentiate from treatment-induced ef-
fects. One such mechanism is a paraneoplastic syndrome

induced by the primary malignancy. Paraneoplastic neuropa-
thies can present before clinical detection of a cancer or after a
diagnosis has been made and treatment has been initiated [83].
It is challenging to differentiate a paraneoplastic neuropathy
from any of the other concomitant processes including effects
related to the primary cancer such as malnutrition, hypervis-
cosity, or other effects of cancer treatment.

Likewise, in the setting of inflammation from the cancer
and treatment, a previously latent underlying autoimmune
condition may be unmasked. Although typically autoimmune
autonomic ganglionopathy is not a subtle presentation with
findings of diffuse autonomic failure characterized by OH,
anhidrosis, sicca symptoms, and impaired GI motility, some
studies suggest lower ganglionic acetylcholine receptor anti-
body levels may present with a limited form of dysautonomia.
However, acetylcholine receptor antibodies, while highly spe-
cific, are only present in 50% of cases and more research is
needed to better understand how to detect these autoimmune
dysautonomias [84]. Anti-Hu, anti-CV2/CRMP-5, and
antiganglionic acetylcholine receptor antibodies are associat-
ed with autonomic neuropathies and may be helpful in iden-
tifying autoimmune-associated autonomic dysfunction, but
are limited in sensitivity and specificity [85].

Treatment of Autonomic Dysfunction

Currently there are few guidelines on how to address cardiac
side effects as a result of chemotherapy and radiation [74].
Until further studies are performed, management of neurogen-
ic AD as seen in Lewy body dementia, Parkinson’s disease,
diabetes, and amyloidosis may serve as a guide for symptom
management (Table 5). Recent guidelines for neurogenic au-
tonomic dysfunction were created by the American
Autonomic Society and the National Parkinson’s
Foundation. Non-pharmacologic strategies include adequate
oral hydration, increased salt consumption, low-intensity ex-
ercise, avoiding activities that increase core body temperature
leading to vasodilation, compression stockings, and sleeping
with a head-up position.

If lifestyle modifications are ineffective, initiation of phar-
macologic agents can be considered. FDA-approved medica-
tions for neurogenic OH include midodrine, an alpha-1-
adrenoreceptor agonist that increases vascular resistance, and
droxidopa, a norepinephrine prodrug that is converted to nor-
epinephrine centrally and peripherally [86, 87]. Off-label
agents include pyridostigmine, an acetylcholinesterase inhib-
itor, and fludrocortisone, a mineralocorticoid which increases
sodium and water reabsorption [88, 89]. General recommen-
dations are to initiate one agent, uptitrate to maximum doses,
and switch to an alternative agent if no improvement as op-
posed to combining agents. No studies thus far have per-
formed head-to-head comparisons of these agents; thus, a
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Table 5 Potential pharmacologic treatment options for autonomic dysfunction
Medication Mechanism of action Dose Potential use
Midodrine Alpha-1 adrenergic receptor agonist, 25-10 mg POTID POTS
increased sympathetic activity OH
Pyridostigmine Acetylcholinesterase inhibitor, increased ~ 30-90 mg PO TID  POTS
parasympathetic activity OH
Fludrocortisone Mineralocorticoid, volume expander 0.05-0.2 mg PO POTS
daily OH
Alpha-Lipoic acid ~ Antioxidant 600 mg PO daily Neuropathy
Droxidopa Prodrug of norepinephrine, increased 100-600 mg PO TID OH
sympathetic activity
Metoprolol Selective beta-1 adrenergic receptor 25-200 mg PO daily IST
inhibitor, decreased sympathetic activity Hyperadrenergic
POTS
Ivabradine Funny channel /; inhibitor, reduces heart ~ 5-7.5 mg PO BID IST
rate Hyperadrenergic
POTS
Methyldopa Central alpha-2 adrenergic receptor agonist, 125-250 mg PO BID POTS
decreases sympathetic activity
Clonidine Central alpha-2 adrenergic receptor agonist, 0.1-0.2 mg PO BID POTS
decreases sympathetic activity
Octreotide Somatostatin analog, splanchnic 25-200 mcg SQ OH
vasoconstriction daily
Desmopressin V2 receptor agonist, volume expander 24 mcg IM daily OH
Yohimbine Central alpha-2 adrenergic antagonist, 4-8 mg PO TID OH
increased sympathetic activity
Atomoxetine Selective norepinephrine reuptake inhibitor 18 mg PO daily OH
Recombinant Erythropoietin receptor agonist, increases ~ 25-50 units/kg POTS
erythropoietin red blood cell production, and thus, subcutaneous three OH
circulatory volume times a week
Caffeine Adenosine receptor antagonist, splanchnic 250 mg once daily =~ OH
vasoconstriction
Dihydroergotamine Serotonin receptor agonist with some 6.5-13 megkg SQ  OH
alpha-1 receptor agonism, increased daily
sympathetic activity
Metoclopramide Dopamine-2 receptor antagonist, inhibit 10 mg PO TID OH
vasodilation
Fluoxetine Selective serotonin reuptake inhibitor, 20 mg PO daily POTS
unclear OH

Side effects

Supine hypertension, paresthesia, reflex
bradycardia

Bradycardia, abdominal pain, diarrhea,
diaphoresis, excessive salivation

Adrenal suppression, hypokalemia,
immunosuppression, myopathy,
psychiatric disturbances

Unknown

Supine hypertension, headache,
dizziness, nausea, fatigue

Bradycardia, hypotension, dizziness,
fatigue

Bradycardia, hypertension, visual
disturbances

Hypotension, bradycardia, drowsiness,
fatigue

Hypotension, bradycardia, drowsiness,
fatigue

Headache, bradycardia, hypertension,
hyperglycemia gastrointestinal upset

Hyponatremia, headache, hypertension

Tachycardia, supine hypertension,
tremulousness, nausea

Supine hypertension, headache, nausea

Supine hypertension, thrombosis, tumor
recurrence, nausea, pruritis, fever

tremulousness, gastrointestinal upset

Nausea, paresthesia, fatigue, fibrosis,
vasospasm

Extrapyramidal side effects, diarrhea,
QTc prolongation

Gastrointestinal upset, headache,
dizziness, sexual dysfunction

TID three times a day; BID twice a day; PO oral; SQ subcutaneous; /M intramuscular; kg kilogram; POTS postural orthostatic tachycardia; OH orthostatic
hypotension; /ST inappropriate sinus tachycardia

personalized approach based on the suspected mechanism of
AD should be tailored to each patient [90]. Other agents that
have been trialed are atomoxetine, yohimbine, acarbose, re-
combinant erythropoietin, octreotide, and desmopressin, but
the evidence is only in small or short-term studies [17¢¢].

Conclusion
Cardiovascular AD in the setting of chemotherapy and RT can

cause significant debilitation, exemplified by the unrelenting
tachycardia with palpitations in the first case and paralyzing
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dizziness in the second case. The proper methods to identify,
diagnose, and treat cardiovascular AD as a result of cancer and
oncologic treatments remain largely under-studied.
Identifying cardiovascular AD can be challenging given the
nonspecific nature associated with its symptoms, particularly
in cancer patients, where symptoms of presyncope, dizziness,
fatigue, headaches, and cognitive impairment are common for
multitudes of reasons, including hypovolemia from
chemotherapy-induced nausea, vomiting and poor oral intake,
anemias, deconditioning from prolonged bed rest, and anxiety
[22]. Elevation in resting heart rate, impaired blood pressure
response to exertion, particularly with symptoms—i.e.,
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functional intolerance, palpitations, syncope, presyncope—
should all trigger the provider to consider cardiovascular AD
in the absence of other etiologies. Subsequent workup may
include in office electrocardiogram and orthostatic measure-
ments in addition to 24-h blood pressure and arrhythmia mon-
itoring, exercise stress testing, and echocardiography.

The incidence and causative mechanisms of chemotherapy
and RT-induced cardiovascular AD remain poorly understood
and need further investigation to better understand chemother-
apeutic agents and radiation fields that portend higher risk, with
particular attention to the concentration and doses that precipi-
tate cardiovascular AD. This is a challenging endeavor, as any
individual patient has typically undergone chemotherapy and
radiation with significant variation in regimens, techniques, and
doses that makes it difficult to pinpoint culprit triggers.

A better understanding of the mechanisms may afford the
possibility of tailoring treatment regimens based on adverse
symptoms. For instance, if the mechanism is truly due to an
inflammatory state causing neural dysfunction within the ANS,
altering sympathovagal balance, coupling cancer treatment with
targeted anti-inflammatory agents could minimize symptoms.
Furthermore, perhaps early signs of autonomic dysfunction,
including delayed OH where blood pressure drops after a lon-
ger period of standing or abnormal HRV, may serve as warning
signals for impending heart failure and arrhythmias. Early iden-
tification of these findings may help prevent further, more per-
manent cardiac outcomes, including LV dysfunction and per-
manent fibrosis to baroreflexes and autonomic nerves. In the
meantime, however, treatment is largely based on targeting
symptoms once they have developed. Thus, delineating be-
tween parasympathetic versus sympathetic dysfunction and
identifying hyperactivity versus blunted response may help tai-
lor symptomatic treatments.

Data is even more limited regarding the effects of the newer
biologic agents and the ANS, including monoclonal antibod-
ies and small molecule inhibitors. One recent publication by
Gu et al. described a case of sensorimotor and autonomic
neuropathy in a patient with metastatic melanoma following
initiation of immune checkpoint inhibitor therapy. They also
identified 14 other case reports describing acute neuropathy
following immunotherapy, ranging from hyporeflexia to
Guillain-Barre syndrome [91]. With increasing use of these
agents, there is a definite need for a better understanding of the
prevalence and mechanism of their short and long-term ad-
verse effects, including AD.

Clearly, further research is needed to parse out the indirect
and direct mechanisms of cancer treatment-related autonomic
dysfunction. Specifically, there is a paucity of information to
understand the different mechanisms of cardiovascular AD
specific to different classes of chemotherapy, doses of radia-
tion, and now biologic agents [13, 92]. Additionally, new,
more sensitive markers are needed to identify paraneoplastic
and autoimmune confounders, and less cumbersome, more

sensitive diagnostic tools must be developed to detect AD.
Clinical trials are also needed to test the efficacy of treatments
aimed at patients with confirmed AD in order to discover
potential benefits in reducing morbidity, mortality, and im-
provement of quality of life metrics. Undoubtedly, improved
understanding of these challenging sequelae of cancer patients
can potentially lead to a substantial reduction in both short and
long-term debilitating effects associated with cancer, its treat-
ments, and associated cardiovascular AD.
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