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Abstract

Purpose: There is limited data on cardiopulmonary exercise testing (CPX) and cardiorespiratory
fitness (CRF) following open repair for a proximal thoracic aortic aneurysm or dissection. The aim
was to evaluate serious adverse events (SAEs), abnormal CPX event rate, CRF (peak oxygen
consumption, VOapeak), and blood pressure.

Methods: Patients were retrospectively identified from cardiac rehabilitation participation or
prospectively enrolled in a research study and grouped by phenotype: (1) bicuspid aortic valve/
thoracic aortic aneurysm, (2) tricuspid aortic valve/thoracic aortic aneurysm, and (3) acute type A
aortic dissection (ATAAD).

Results: Patients (n=128) completed a CPX a median of 2.9 mo (interquartile range (IQR): 1.8,
3.5) following repair. No SAEs were reported, although 3 abnormal exercise tests (2% event rate)
were observed. Eighty-one percent of CPX studies were considered peak effort (defined as
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respiratory exchange ratio >1.05). Median measured VO;peax Was < 36% predicted normative
values (19.2 mL-kg~L:min~1 versus 29.3 mL-kg~>min~1, < 0.0001); the most marked impairment
in VOypeak Was observed in the ATAAD group (< 40% normative values), which was significantly
different from other groups (P <0.05). Peak exercise systolic and diastolic blood pressures were
160mmHg (144, 172) and 70mmHg (62, 80), with no differences noted between groups.

Conclusions: We observed no SAEs with an abnormal CPX event rate of only 2% 3 mo
following repair for a proximal thoracic aortic aneurysm or dissection. VOgpeax Was reduced
among all patient groups, especially the ATAAD group, which may be clinically significant given
the well-established prognostic importance of reduced CRF.

CONDENSED ABSTRACT

There were no serious adverse events although 2% of exercise tests were abnormal 3 mo following
thoracic aortic repair. Cardiorespiratory fitness (CRF) was reduced 36% among all patients,
however, the dissection patients showed the most marked impairments. The prognostic importance
of reduced CRF warrants further clinical investigation in this setting.

Keywords
thoracic aortic aneurysm; aortic dissection; exercise; cardiopulmonary exercise testing

Thoracic aortic disease represents a broad range of clinical phenotypes (e.g., degenerative,
congenital/structural, and genetically-mediated) predisposing to aortic aneurysm, dissection,
or rupture, and typically necessitating elective or urgent repair.! The direct adverse
consequences of thoracic aortic disease, the secondary effects of repair (e.g.,
deconditioning), and the likely presence of known cardiovascular disease (CVD) risk factors
may result in an increased CVD risk,2 3 impaired quality of life (QoL),* and possibly
reduced cardiorespiratory fitness (CRF).

To mitigate these effects, cardiac surgery populations (e.g. valvular, coronary, transplant) are
referred to cardiac rehabilitation (CR), prior to which they undergo treadmill exercise testing
or cardiopulmonary exercise testing (CPX). The intent is to ensure safety, assess CRF, and
guide exercise prescriptions to achieve the goals of reducing CVD-related morbidity and
mortality and hospital readmission rate, as well as improve CRF and QoL.> 6

This paradigm is not routine following repair for a thoracic aortic aneurysm or acute type A
aortic dissection (ATAAD), likely due to insufficient data to support these recommendations.
The Aortic Valve and Ascending Aorta Guidelines for Management and Quality Measures
indicate limited data on CRF as assessed objectively by serial and formal exercise testing.”
Moreover, the American College of Cardiology/American Heart Association8 and 2014
European Society of Cardiology? guidelines state a lack of data to support a safe and
tolerable level of exercise appropriate for patients with thoracic aortic aneurysm and
dissection patients.

As an initial step toward addressing these knowledge gaps, we report our experience
performing CPX procedures approximately 3 months following open repair for a proximal
thoracic aortic aneurysm or ATAAD. The purpose was to evaluate whether patients are able
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to perform CPX procedures and to assess CRF levels as there is currently no data or
guidelines in this regard.

METHODS

Study Design

Patients were identified as follows: (1) retrospectively based on referral to CR between June
2010 to February 2017 prior to which they completed a CPX for exercise safety/clearance
and improve the exercise prescription based upon the peak oxygen uptake (VO2peak), and (2)
prospectively enrolled in a research study aiming to evaluate VOypeqi Utilizing CPX
procedures between March 2016 and June 2017. There were no differences in the primary
endpoints, including SAEs, abnormal CPX event rates, and VOppeak, and thus, data was
combined for analysis (Supplemental Table 1). Other eligibility criteria included: (1)
primary indication was a root and/or ascending aortic aneurysm or ATAAD, (2) completed
CPX procedures utilizing the Cornell Protocol,® (3) =18 yr of age, and (4) primary
cardiologist or aortic surgeon approval. Connective tissue disease was defined as physician-
diagnosed Marfan syndrome using the revised Ghent nosology.1? The Institutional Review
Board approved all study-related procedures.

Clinical and Operative Outcomes

Investigators leveraged Society of Thoracic Surgeons data elements as previously reported.1!
CPX data was extracted from the Division of Cardiovascular Medicine, Preventive
Cardiology Cardiac Rehabilitation Database? or from the research study. Electronic medical
record review was conducted to confirm clinical and surgical outcomes. Phenotype groups
were (1) bicuspid aortic valve (BAV)/thoracic aortic aneurysm (TAA), (2) tricuspid aortic
valve (TAV)/TAA, and (3) ATAAD. Outcome differences among phenotype groups were
explored since the mechanisms propagating aneurysmal formation or dissection may be
unique to the designated phenotype.

Serious Adverse Events (SAEs) were defined as any occurrence of syncope, sustained
ventricular tachycardia (\VT), acute coronary syndrome, external defibrillation or
implantable cardioverter-defibrillator discharge, provision of cardiac life support
medications, direct admission to the emergency room, or death.13 An abnormal exercise test
was defined as: (1) significant ischemic changes in ECG during exercise or recovery (=1 mm
horizontal or downsloping ST depression or ST elevation =1 mm in leads without diagnostic
Q waves) in the absence of ECG/echocardiographic left ventricular (LV) hypertrophy
(LVH), (2) development of an exercise-induced arrhythmias including sustained and
nonsustained VT = 4 beats [sustained VT is defined as an arrhythmia originating from the
ventricles at a rate >100 bpm lasting >30 sec. Nonsustained VT is defined as an arrhythmia
originating from the ventricles at a rate >100 bpm lasting <30 sec but = 4 beats] and
atrioventricular block, (3) hypotension [decrease in systolic blood pressure (BP) of > 20
mmHg or > 10 mmHg drop in systolic BP with signs and symptoms].>: 14
Echocardiographic and clinical outcomes associated with abnormal CPX were
independently reviewed to identify potential abnormalities not identifiable on the ECG.
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Readmission events were assessed by reviewing electronic medical records within seven-
days following CPX procedures.

CPX and Echocardiographic Outcomes

CRF (as measured by VOypeak) Was evaluated using an electronic/motorized treadmill test
performed by two advanced cardiovascular life support (ACLS) and American College of
Sports Medicine certified clinical exercise physiologists under the supervision of the
interpreting cardiologist.1®> Expired gases were analyzed continuously by a metabolic stress
test system (MGC Diagnostics, Ultima CPX™). After stable resting values had been
achieved, patients were tested according to the Cornell protocol until patient request to stop,
general/leg fatigue, clinical decision to terminate, or a VOypeak Was achieved/maximal effort.
5.14 The Cornell protocol increases the treadmill speed and grade every 2 min with
standardized metabolic equivalent (MET) increases per stage. VOopeak Was defined as the
greatest VO, mL-kg~L-min~1 value for a given 30-sec interval; anaerobic threshold was
calculated using standard methods.18 Percent-predicted VOypeak Was calculated according to
the FRIEND normative values for VO, (referred to as normative valves from this point
onward).17- 18 A peak CPX criterion was defined as a respiratory exchange ratio (RER)
>1.05.19-22 Heart rate (HR) response as evaluated utilizing continuous 12-lead ECG
monitoring (Mac ® 5000, GE Healthcare) and BP response was measured manually by
auscultatory sphygmomanometer every 2 minutes during CPX procedures. BP termination
criteria for the research study cohort was = 180 mmHg systolic over = 90 mmHg diastolic
BP.22 Although, BP exceeded above these thresholds due to the time interval between BP
measurements. Exercise termination BP criteria> 14 in the CR cohort was standard at >
240mmHg systolic or > 110mmHg diastolic. Patients were not asked to discontinue
medications prior to exercise testing. The criteria utilized to determine an abnormal HR
recovery was < 12 bpm™1 (max HR — 1-minute HR recovery) following a walking protocol.
23 Echocardiography outcomes including LV ejection fraction (LVEF) and aortic valve
insufficiency were obtained from the 3 mo post-operative transthoracic or intra-operative
transesophageal echocardiogram.

Statistical Analysis

The initial analysis provided descriptive information on demographic, clinical, and surgical
outcomes. Results are presented as median (interquartile range (IQR): 25% and 75%) for
continuous data and n (%) for categorical data. Chi-square tests were performed for
categorical variables. Wilcoxon rank sum tests were performed for continuous variables to
test the significance among groups. The pairwise comparisons for continuous variables were
performed using analysis of variance tests with the Tukey-Kramer method. Pearson
correlation was used to evaluate the association between estimated and objectively measured
VOypeak- All statistical calculations used SAS 9.4 (SAS Institute) and were considered
significant at £< 0.05.
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RESULTS

Study Design and Clinical Outcomes

Patients were either retrospectively identified based on participation in CR evaluation (n=67,
55%) or prospectively enrolled in a research study (n=61, 45%). Symptom-limited CPX was
performed a median of 2.9 mo (1.8, 3.5) following open repair. Patients were grouped by
phenotype as follows: (1) BAV/TAA (n=49, 38%), (2) TAVITAA (n=51, 40%), and (3)
ATAAD (n=28, 22%). All patients underwent proximal thoracic aortic repair (including the
aortic root, ascending, or arch aorta) through sternotomy for a root and/or ascending aortic
aneurysm or an ATAAD. Details regarding demographics and clinical characteristics are
provided in Table 1.

Intra- and Post-operative Outcomes

Intra- and post-operative outcomes are provided in Table 2. There were no significant
differences between groups for ascending aortic replacement or concomitant surgery,
defined as a concurrent intervention including coronary bypass grafting and mitral/tricuspid
valve repair/replacement. The ATAAD group had significantly more aortic root repairs and
arch replacements compared to the BAV/TAA and TAV/TAA groups (P <0.05). The ATAAD
group suffered more post-operative complications including higher rates of postoperative
stroke, pneumonia, and new-onset renal failure requiring dialysis as well as longer time
ventilated and intubated with longer length of stays compared to BAV/TAA and TAV/TAA
groups (P <0.05).

SAEs and Abnormal Exercise Test Event Rates

There were no SAEs observed during or within 7 d of CPX procedures. Initially, 5 CPX
were interpreted as abnormal, however, 2 CPX demonstrating ST segment depression or T
wave inversion were determined to be “false positive” given echocardiographic findings of
LVH not observed on the resting ECG. Three CPX were abnormal representing a 2% event
rate with 1 event observed per group as follows: (1) 67-yr-old male post-op BAV/TAA had
baseline 15t degree AV block and occasional sinus pauses on metoprolol for whom exercise
testing was stopped due to a sudden transient Mobitz type | 2" degree AV block at a
VO2peak Of 14.8 mL-kg™1'min~ and RER 1.22; (2) 70-yr-old male post-op TAV/TAA with a
LVEF of 50% and mild global hypokinesis on losartan, metoprolol, and furosemide with
recent endorsements of positional lightheadedness who during CPX experienced a
symptomatic decrease in BP from baseline 120/80 to 90/60 mmHg with rapid normalization
upon sitting; CPX was stopped due to hypotension at a VOppeax Of mL-kg~t'min~1 and RER
0.94; and (3) 57-yr-old male post-op ATAAD had LVH, normal LVVEF, and a normal
functioning dual chamber pacemaker (DDD mode) who experienced a symptomatic
decrease in systolic BP of 30 mmHg related to upper tracking rate behavior at greater than
130 bpm with 2:1 conduction which normalized as the atrial rate slowed; CPX was stopped
at VOgpeak Of 15.8 mL-kg™t'min~ and RER 1.13.
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CPX Procedure Outcomes

Details regarding CPX, HR, BP, and echocardiographic outcomes are provided in Table 3
and Figures 1 and 2. The median VOypeax Was 36% below normative values (19.2 mL-kg
~Imin~1 versus 29.5 mL-kg~>-min~1, P< 0.0001). When compared to normative values, the
most significant decrement was observed in the ATAAD group (40% below normative
values) compared to the BAV/TAA (32% below, p<0.05) and TAV/TAA groups (33% below,
p<0.05). Eighty-one percent of studies were considered “peak” as defined by a RER >1.05.
Primary reasons for CPX termination included general/leg fatigue (n=74), BP response (total
n=21), maximal effort reported (n=13), technican termination (n=8), shortness of breath/
lightheadedness (n=6), and patient request due to mouth piece or CPX discomfort (n=6).
Only 2 patients whose CPX were terminated due to BP experienced a hypotensive response
and met criteria for an abnormal CPX. The highest peak exercise BP was 210 mmHg,
occurring in 2 patients within the BAV/TAA (n=1) and ATAAD (n=1) groups. Systolic BP
was 2180 mmHg in 26 patients (range 180-210 mmHg) occurring in BAV/TAA (n=10),
TAVITAA (n=7), and ATAAD (n=9) groups. The highest peak diastolic BP was 100 mmHg,
occurring in 2 patients within the TAV/TAA (n=1) and ATAAD (n=1) groups. Diastolic BP
was =290 in 14 patients (range 90-100) occurring in in BAV/TAA (n=7), TAV/TAA (n=4),
and ATAAD (n=3) groups. Systolic and diastolic BPs were = 180 mmHg /=90 mmHg in
eight patients. The median 1-minute HR recovery was 12 bpm= (IQR: 7, 16) and 52%
(66/128) of patients had an abnormal 1-minute HR recovery response; there were no
significant differences between groups.

Echocardiography Outcomes

There were no significant differences between groups for post-surgical aortic insufficiency,
although LVEF was significantly higher in the ATAAD group compared to the BAV/TAA
group (60% versus 50%, p<0.05) (Table 3).

DISCUSSION

To our knowledge, this is the first study to perform CPX procedures three months following
repair for a proximal thoracic aortic aneurysm or an ATAAD. We report that the risk of a
major CPX event appears to be low, as there were no SAEs and an abnormal CPX event rate
of 2%. Second, the median VOypeak Was 19.2 mL-kg~1min~1 corresponding to 36% below
normative values, indicating moderately reduced overall CRF among these patients. Third,
we observed normal HR and BP responses to CPX for patients on anti-hypertensive
medications.

First, this study provides evidence that the risk of a major event occurring during an acute
bout of exercise appears to be low (no SAES). A distinct minority (2%) of patients
experienced unexpected but explainable abnormal ECG or BP responses to CPX. Our
findings are similar to Delsart et. al.,2* who reported no SAEs and one abnormal exercise
test. Test procedures were terminated due to VT resolving without clinical consequence,
representing a <1% event rate among 105 type A and B aortic dissection patients 22 mo
following hospitalization (not necessarily surgical repair). In contrast, our patients were
evaluated 3 mo following surgery, which aligns with recommendations for referral to CR, in
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which an exercise test is typically conducted to ensure exercise safety/clearance and to guide
exercise prescriptions.25: 26. 27 The present study extends upon prior work by including both
thoracic aortic aneurysm and ATAAD phenotypes, which is important considering the
pathophysiology of these presentations can vary. Additionally, ATAAD patients typically
undergo more complex operations involving the aortic arch and hypothermic circulatory
arrest, are at a greater risk for post-operative complications, and have prolonged
hospitalizations (i.e., length of stay).

Second, VOzpeak Was 36% (median, 19.2 mL-kg~tmin~1) below normative values 3 mo
following repair, which is moderately reduced compared to a mean VOppeak Of 23.5 mL-kg
~Imin~1 among 10 ATAAD patients 3 mo following repair. Delsart et. al.,24 reported a mean
VO2peak Of 19.2 mL-kg™1min~! among 105 type A and B aortic dissection patients;
however, CPX was evaluated 22 + 30 mo following hospitalization. Modest differences
between studies may be attributable to sample size, timeframe of repair or hospitalization to
CPX, and CPX modality (cycle ergometry versus treadmill).28 Nonetheless, VO2peak IS
reduced following repair and it may not may not recover years following repair or
hospitalization. We contend that addressing this important knowledge gap is critical
considering the established data highlighting the association between reduced VOzpeak (1
MET or 3.5 mL-kg~1'min~1) and a 12-17% increased risk of CVD-related mortality.29: 30

Third, we observed normal HR and systolic BP (n=128, 124 mmHg at rest to 160 mmHg at
peak) and diastolic BP (77 mmHg at rest to 70 mmHg at peak) responses to CPX for patients
on anti-hypertensive medications (Table 3, Figures 1 and 2).31 The BP trends are similar to
findings reported by Fuglsang et al. [systolic BP of 143 mmHg at rest to 200 mmHg at peak)
and (diastolic BP of 80 mmHg at rest to 95 mmHg at peak)] with similar BP termination
criteria, although BP was only reported for 10 ATAAD patients.22 Per the AHA Scientific
Statement!4 on standards for exercise testing, it is a relative indication to terminate exercise
testing if BP is > 250 mmHg/115 mmHg. An exaggerated systolic BP response to exercise
testing has been defined as a peak systolic BP of >210 mmHg for men and >190 mmHg for
women. There is a need for more evidence to support the utilization of the above criteria
when performing exercise testing in this high-risk population. Overall, it is reassuring that
no one, male or female, demonstrated exaggerated BP responses as defined by the above
systolic BP threshold during CPX procedures.32

Blood pressure responses to exercise may be the single most important factor guiding
moderate-intensity physical activity recommendations in this patient population.
International Registry of Acute Aortic Dissection (IRAD) data showed physical inactivity
significantly increased seven years after discharge following an aortic dissection.# Reduced
VOzpeak and exercise behavior may be the result of both clinicians being hesitant to promote
exercise33 and patients being fearful* of exercise given that it is physiologically plausible
that acute elevations in BP, induced by vigorous-intensity physical activity (i.e., weight
lifting34 35), may increase the risk of aortic dissection, rupture, and/or death.8 Although,
moderate-intensity exercise should be safe given that it confers only small increases in
systolic BP and diastolic BP remains stable.3® IRAD data showed that systolic BP was
significantly lower among post-dissection patients engaging in = 2 sessions/wk of aerobic
exercise 36 mo following discharge.* Initial evidence provided by Corone et al. and
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Fuglsang et al. support the beneficial effects of moderate-intensity aerobic exercise on
CRF2237 and quality of life22 following surgical repair for an ATAAD.

There are important limitations that need to be considered when interpreting the findings.
First, the sample size is small, limiting the statistical power to appropriately assess SAEs,
abnormal CPX event rates, and VOgpeak. Larger longitudinal studies are necessary to
determine the safety of CPX following repair for a root and/or ascending aneurysm or
ATAAD. Secondly, it can be argued that VOppeak Was reduced compared to normative values
since patients attaining a RER <1.05 were included. To address this point, we evaluated only
patients achieving a RER >1.05, and VOypeak remained 34% (overall, 104/128) below
normative values compared to 36% for all patients. We acknowledge the potential for
selection bias as the patients were referred to CR or enrolled a research study. To address
this limitation, we examined outcomes between the CR group (n=68) and the research study
group (n=61). Given no differences in the primary endpoints, including SAEs, abnormal
CPX event rates, and VOzpeak, the data was combined for analysis (Supplemental Table 1).
Finally, readmission events were examined via electronic medical record review withina 7 d
timeframe following CPX procedures. We acknowledge that events may have occurred, as it
is possible that patients could have been admitted elsewhere.

In conclusion, we provide preliminary evidence to clinicians that under proper conditions
and physician supervision, CPX procedures can be conducted and a peak effort can be
attained while maintaining an appropriate BP response to exercise testing. VOjpeax Was
reduced among all patients (36% below normative values), especially ATAAD (40% below
normative values), which may affect long-term survival. As such, prospective studies are
warranted considering the well-established prognostic importance of reduced VOypeak
among other clinical and healthy populations. Finally, the risks versus benefits of moderate-
intensity aerobic exercise in this patient population are not known and future studies aiming
to improve VOypeqi are likely warranted. These studies have the potential to inform clinical
practice by providing precision-based evidence to support the need for CR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Average Heart Rate Response to Exercise Testing
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Figurel.

Heart Rate Response to Exercise Testing. Median heart rate (bpm™~1) with standard errors of
means (combined all groups) per stage according to the Cornell Protocol.
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Average SBP and DBP Response to Exercise Testing
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Figure2.
Blood Pressure Response to Exercise Testing. Median systolic and diastolic blood pressures

(mm Hg) with standard errors of means (combined all groups) per stage according to the
Cornell Protocol.
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