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Abstract

IMPORTANCE—Stem and progenitor cells mobilize from the bone marrow in response to
myocardial ischemia. However, the association between the change in circulating progenitor cell
(CPC) counts and disease prognosis among patients with ischemia is unknown.

OBJECTIVE—To investigate the association between the change in CPC counts during stress
testing and the risk of adverse cardiovascular events in patients with stable coronary artery disease
(CAD).
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DESIGN, SETTING, AND PARTICIPANTS—This prospective cohort study included a
population-based sample of 454 patients with stable CAD who were recruited between June 1,
2011, and August 15, 2014, at Emory University-affiliated hospitals and followed up for 3 years.
Data were analyzed from September 15, 2018, to October 15, 2018.

EXPOSURES—Myocardial perfusion imaging with technetium Tc 99m sestamibi at rest and 30
to 60 minutes after conventional stress testing.

MAIN OUTCOMES AND MEASURES—Circulating progenitor cells were enumerated with
flow cytometry as CD34-expressing mononuclear cells (CD45™ed/CD34), with additional
quantification of subsets coexpressing the chemokine (C-X-C motif) receptor 4 (CD34*/
CXCR4%). Changes in CPC counts were calculated as poststress minus resting CPC counts. Cox
proportional hazards regression models were used to identify factors associated with the combined
end point of cardiovascular death and myocardial infarction after adjusting for clinical covariates,
including age, sex, race, smoking history, body mass index, and history of heart failure,
hypertension, dyslipidemia, and diabetes.

RESULTS—Of the 454 patients (mean [SD] age, 63 [9] years; 76% men) with stable CAD
enrolled in the study, 142 (31.3%) had stress-induced ischemia and 312 (68.7%) did not, as
measured by single-photon emission computed tomography. During stress testing, patients with
stress-induced ischemia had a mean decrease of 20.2% (interquartile range [IQR], -45.3t0 5.5; P
<.001) in their CD34*/CXCR4™* counts, and patients without stress-induced ischemia had a mean
increase of 3.2% (IQR, —20.6 to 35.1; £< .001) in their CD34*/CXCR4* counts. Twenty-four
patients (5.2%) experienced adverse events. After adjustment, baseline CPC counts were
associated with worse adverse outcomes, but this association was not present after stress-induced
ischemia was included in the model. However, the change in CPC counts during exercise remained
significantly associated with adverse events (hazard ratio, 2.59; 95% ClI, 1.15-5.32, per 50%
CD34*/CXCR4* count decrease), even after adjustment for clinical variables and the presence of
ischemia. The discrimination of risk factors associated with incident adverse events improved
(increase in C statistic from 0.72 to 0.77; £=.003) with the addition of the change in CD34*/
CXCR4* counts to a model that included clinical characteristics, baseline CPC count, and
ischemia.

CONCLUSIONS AND RELEVANCE—In this study of patients with CAD, a decrease in CPC
counts during exercise is associated with a worse disease prognosis compared with the presence of
stress-induced myocardial ischemia. Further studies are needed to evaluate whether strategies to
improve CPC responses during exercise stress will be associated with improvements in the
prognosis of patients with CAD.

Coronary artery disease (CAD) remains the predominant cause of mortality worldwide, and
its prevalence continues to increase.! There is a need for comprehensive risk stratification in
individuals with CAD to identify those at risk of adverse outcomes. Documentation of
stress-induced myocardial ischemia, often by single-photon emission computed tomography
(SPECT) myocardial perfusion imaging or echocardiography, has become the primary
method used to stratify risk among patients with CAD.2~* However, the imaging associated
with stress testing is expensive, and SPECT has been reported to expose participants to
substantial levels of radiation.>8 It remains unknown whether alterations in biomarkers
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associated with ischemia can be used as surrogates for the traditional assessment of
ischemia.

There is now extensive evidence to suggest that circulating progenitor cells (CPCs) and
resident stem cells are associated with repair and regeneration after vascular and myocardial
injury. Circulating progenitor cells can be characterized as CD34-expressing mononuclear
cells that originate primarily from the bone marrow and can be quantified using flow
cytometry.”~10 Mononuclear cells expressing both CD34* and chemokine (C-X-C motif)
receptor 4 (CXCR4*) permit homing of progenitor cells to stromal cell-derived factor-1 a
(SDF-1a)-enriched hypoxic environments and further characterize CPCs with the capacity
for homing and tissue repairll; CD34" cells have greater myocardial reparative potential
than unselected populations, and reduced numbers of CPCs are associated with an increase
in incident adverse cardiovascular outcomes.12-16

A previous study has reported that patients with CAD who develop myocardial ischemia
during physical exercise experience a decrease in CD34*/CXCR4* counts and an increase in
circulating SDF-1a levels, changes not observed in patients without ischemia.1” Moreover,
the magnitude of ischemia was associated with a proportionately greater decrease in CPC
counts.1” Whether changes in CPC counts during exercise are associated with adverse
cardiovascular events is unknown and was the subject of our investigation. We measured
changes in CPC counts among patients with CAD undergoing exercise stress testing with
SPECT perfusion imaging and explored the association between these changes and incident
cardiovascular events. Our hypothesis was that the change in CPC counts during exercise
would be associated with adverse outcomes in patients with CAD.

Study Population

A total of 454 patients with stable CAD who had previously participated in the Mental
Stress Ischemia Prognosis Study were enrolled in this prospective cohort study; participants
were recruited between June 1, 2011, and August 215, 2014, at Emory University-affiliated
hospitals and followed up for 3 years.18 Data were analyzed from September 15, 2018, to
October 15, 2018. The research protocol was approved by the institutional review board of
the Emory University School of Medicine institutional review board, and all participants
provided informed consent.

The presence of CAD was identified based on either the presence of angiographic
atherosclerosis, a history of myocardial infarction (MI) or revascularization, or a positive
nuclear stress test result. Patients were excluded if they had a recent (less than 2 months)
history of acute coronary syndrome or de-compensated heart failure, end-stage renal disease,
systolic blood pressure greater than 180 mm Hg or diastolic blood pressure greater than 110
mm Hg on the day of the test, or unstable psychiatric conditions. Clinical information,
including previous CAD-related events, risk factors for CAD, coronary angiography results,
and current medications, was documented using standardized questionnaires and medical
record reviews.
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Stress Testing and SPECT Imaging

Antianginal medications, including beta blockers, calcium channel blockers, and nitrates,
were not administered to patients for at least 12 hours before the stress testing. Patients were
tested in the morning after completing a 12-hour fast. All patients underwent treadmill
exercise stress testing according to the Bruce protocol. The SPECT myocardial perfusion
imaging was performed with technetium Tc 99m sestamibi, both at rest and 30 to 60 minutes
after conventional stress testing. Stress-rest SPECT results were independently evaluated and
interpreted by 2 experienced readers who were blinded to the patients’ medical histories.

The number and severity of perfusion defects were visually compared between the rest and
stress images using a 17-segment model. Each segment was scored from 0 to 4, with 0
indicating no defect and 4 indicating severe defect. Ischemia was defined as a new
impairment with a score of 2 or greater in any segment or as the worsening of a preexisting
impairment by at least 2 points if in a single segment or by at least 1 point if in 2 or more
contiguous segments.1? The magnitude of the ischemic myocardium was calculated as the
summed difference score divided by 68, then multiplied by 100.20

CPC Measurements

We measured CPC counts using flow cytometry at rest and 45 minutes after stress testing.
12,21 After patients completed an overnight fast, venous blood samples were collected in
tubes containing EDTA and processed within 4 hours.2* Mononuclear cells enriched for
CPCs were enumerated using flow cytometry as CD45™Md cells coexpressing CD34, CD133,
and/or CXCR4 epitopes. A total of 300 pL of peripheral blood was incubated with 7 pL of
fluorochrome-labeled monoclonal PE mouse antihuman CD181 antibody (BD Biosciences),
15 L of PerCP antihuman CD45 antibody (BD Biosciences), 3 UL of PE/Cy7-conjugated
antihuman CD184 (CXCR4) antibody (EBio-science), and 10 pL of human antibody
CD133-APC (Miltenyi Biotec) in the dark for 15 minutes. To lyse red blood cells, 1.2 mL of
ammonium chloride lysing buffer was added. Subsequently, 1.2 mL of staining medium
(phosphate-buffered saline with 3% heat-inactivated serum and 0.1% sodium azide) was
added to stop the lysing reaction.

After mixing, samples were centrifuged at 1500 rpm for 5 minutes, then washed with
phosphate-buffered saline. Cells were then suspended in 500 pL of staining medium and
mixed and run on a BD FACSCanto Il flow cytometer (BD Biosciences) within 4 hours.
Before flow cytometry was performed, 100 L of Invitrogen AccuCheck counting beads
(ThermoFisher Scientific) was added to act as an internal standard for direct estimation of
the concentration of target cell subsets. At least 2.5 million events were acquired from the
cytometer. Flow data were analyzed using Flowjo software, version 8 (BD).

The absolute mononuclear cell count was estimated as the sum of lymphocytes and
monocytes using a Coulter AcT diff cell counter (Beckman Coulter). The selection of
CD45Med cells excluded CD45PM9Mt and CD45™ cells. Exclusion of the rare CD45Prgt cells
helped to eliminate lymphoblasts, and exclusion of CD45™ cells helped to eliminate
nonhematopoietic progenitors, such as mesenchymal or osteoprogenitor cells, as these cells
are typically CD45™. In 20 samples that were repeatedly analyzed on 2 occasions by the
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same technician, the coefficients of variation of the cell types were 2.9% for CD34* and
6.5% for CD34*/CXCR4™.

Follow-up and Outcomes

Follow-up was conducted to evaluate the primary end point of cardiovascular death and M.
Personnel who were blinded to the study data ascertained adverse events for all participants
by performing follow-up clinic visits at 1 and 2 years, phone calls at 3 years, medical record
reviews, and queries of the Social Security Death Index. Cause of death was ascertained by 2
cardiologists (A.S. and A.A.Q.), with a third arbitrator (V.V.) in case of disagreement.
Cardiovascular death was defined as death associated with cardiovascular ischemia,
including fatal M, stroke, peripheral arterial disease, or sudden death associated with an
unknown but presumed cardiovascular event in CAD patients. Medical records were
accessed or requested to validate all self-reported Ml events, which were defined using
standard criteria.22 Follow-up data were not available for 3 patients (0.5%).

Statistical Analysis

Continuous variables are presented as mean (SD) or median (interquartile range [IQR]), and
categorical variables are presented as proportions. Differences between groups were
assessed using a ftest for continuous variables and XZ or Fisher exact test for categorical
variables where appropriate. The Wilcoxon signed rank test was used to compare CPC
counts and biomarker levels before and after stress testing. Spear-man rank correlation
coefficients were used to examine associations between CPC counts and continuous
variables. For variables that are not normally distributed (eg, CPCs and bio-markers), the
base-2 logarithm transformation was used to calculate percentage change during stress
testing.

The association between CPC counts and adverse events (cardiovascular death and MI) was
examined using Kaplan-Meier curves and Cox proportional hazards regression models. For
Kaplan-Meier curves, patients were divided into 2 groups based on whether they had a
decrease or an increase in their CPC counts after stress testing. Multivariable competing-
risks Cox proportional hazard regression models were constructed to assess the association
between stress-induced ischemia and change in CPC counts after stress testing and adverse
events after adjusting for baseline demographics (age, sex, race, smoking history, and body
mass index [calculated as weight in kilograms divided by height in meters squared]) and
cardiovascular risk factors (history of heart failure, hypertension, dyslipidemia, and
diabetes). Noncardiac death before the diagnosis of MI was considered as a competing event
using the Fine and Gray method.23

We tested the incremental value of the change in CPC counts after stress testing to the
identification of factors associated with adverse events by adding it to a model that included
stress-induced ischemia, traditional risk factors, and baseline CPC counts. The Harrell C
statistic (ie, area under the receiver operating characteristic curve), category-free net
reclassification improvement, and integrated discrimination improvement were calculated as
indices of risk discrimination.?4 Significance testing was 2-sided with a significance
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threshold of P< .05, and all statistical analyses were performed using Stata software, version
14.0 (StataCorp).

Of the 454 patients (mean [SD] age, 62 [9] years; 76% men) enrolled in the study, 142
(31.3%) had stress-induced ischemia and 312 (68.7%) did not, as measured by SPECT
(Table 1). Patients with ischemia had higher rates of previous coronary bypass surgery, but
no other significant differences in baseline characteristics, comorbidities, or medication use
were noted between patients with and without myocardial ischemia (Table 1). As expected,
participants with ischemia were more likely to report angina during exercise; however, no
significant differences between the groups were observed with respect to heart rate, systolic
blood pressure, or rate-pressure product at rest or during exercise (Table 1).

Change in CPC Counts During Stress Testing

The resting CPC counts were not significantly different between patients with and without
stress-induced ischemia (Table 1). Patients with stress-induced ischemia had a median
decrease of 20.2% (IQR, —45.3to 5.5; £< .001) in their circulating CD34*/CXCR4* cell
counts, whereas those without ischemia had a median increase of 3.2% (IQR, —20.6 to 35.1;
P <.001) after stress testing.

In bivariate analyses, black patients had a greater overall increase in the number of CD34*
and CD34*/CXCR4™ cells during exercise compared with white patients (Table 2). As
reported in a previous study,1’ a significant negative association was noted between the
magnitude of ischemia during stress and the decrease in circulating CD34* and CD34%/
CXCR4* cell counts (Table 2). These factors remained significant in a multivariable
regression analysis that included demographic variables, such as age, sex, race, CAD risk
factors, and comorbidities (smoking history, body mass index, and history of heart failure,
hypertension, dyslipidemia, and diabetes). Thus, after adjustment, for every unit increase in
the ischemic defect, the CD34" cell counts were 13% lower after exercise stress.

Change in CPC Counts During Exercise Stress and Adverse Outcomes

During a median follow-up of 3 years (IQR, 2.4-3.7 years), 24 patients (5.2%) experienced
adverse events, including 12 cardiovascular deaths and 12 Mls. After adjustment for clinical
and demographic variables (age, sex, race, smoking history, body mass index, and history of
heart failure, hypertension, dyslipidemia, and diabetes), the presence of stress-induced
ischemia was associated with adverse events (hazard ratio [HR],2.79; 95% CI, 1.55-5.03).

In a Cox proportional hazards regression analysis adjusting for the above variables, the
baseline CD34*/CXCR4™ count was associated with adverse events; for each 50% lower
CPC count, the adverse event rate increased by 48% (HR, 1.48; 95% Cl, 1.23-2.95; Table
3). However, after further adjustment for stress-induced ischemia, the baseline CPC count
was no longer a significant factor in identifying the risk of adverse outcomes.

Poststress CPC counts were more strongly associated with adverse events compared with
baseline CPC counts (eFigure in the Supplement). Even after adjustment for exercise stress
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results and resting CPC count, the poststress CPC counts remained independently associated
with adverse events. Thus, after all the aforementioned adjustments, the HR for the
poststress CD34*/CXCR4" counts was 1.84 (95% ClI, 1.34-3) for each 50% decrease in
CPC count (Table 3). Similar results were observed for the CD34" subset.

In addition, the change in CPC counts during exercise stress was the strongest factor in
identifying the risk of adverse events, even after adjustment for the presence of ischemia
during stress and the baseline CPC count, with an adjusted HR for CD34*/CXCR4™ cells of
2.59 (95% Cl, 1.15-5.32) for each 50% further decrease in CPC count after stress testing
(Table 3; Figure). Results were similar for the CD34* subset. The Kaplan-Meier survival
analysis for participants with a decrease compared with an increase in CPC counts during
exercise stress is shown in the Figure. Moreover, stress-induced ischemia was no longer
significantly associated with outcomes (HR, 1.28; 95% CI, 0.68-2.21) after stress-induced
changes in CPC counts were included in the model.

Because CD34*/CXCR4* cells are a subset of CD34" cells, and both CPC subsets were
associated with adverse outcomes, we further investigated whether the CD34*/CXCR4*
cells were the primary factors associated with outcomes among the CD34* population by
examining the association between the subgroup of CD34* cells that did not express a
CXCR4 epitope, CD34*/CXCR4™ cell counts, and adverse outcomes. There was no
association between either poststress CD34*/CXCR4~ cells (HR, 1.10; 95% CI, 0.85-1.64)
or changes in CD34*/CXCR4~ cells during exercise stress (HR, 1.12; 95% Cl, 0.88-1.76)
and the risk of cardiovascular death and M.

Risk Discrimination Testing

We tested the incremental value of adding the change in CPC counts during stress testing to
a model with traditional risk factors, baseline CPC counts, and the presence or absence of
ischemia during stress testing to the identification of factors associated with incident
cardiovascular death and MI. The addition of the change in CD34*/CXCR4™* counts during
exercise, the C statistic, the category-free net reclassification index, and the integrative
discrimination improvement significantly improved the discrimination of risk factors
associated with incident cardiovascular death and MI compared with the clinical model that
included stress ischemia alone (Table 4).

Discussion

In patients with stable CAD, the magnitude of change in the CPC counts during exercise
stress testing was associated with a higher risk of death and MI during follow-up,
independent of other clinical risk factors, the presence or absence of stress-induced
myocardial ischemia, and the resting CPC count. An increase in CD34*/CXCR4* counts
during exercise stress was associated with increases in survival compared with a decrease in
CPC counts during exercise stress. Importantly, the change in CPC counts during exercise
stress was associated with significant improvements in the discrimination of future risk of
death and MI compared with a standard clinical model that included risk factors, reversible
ischemia, and baseline CPC counts, as indicated by the significant improvement in the C
statistic and other reclassification indices. Therefore, a decrease in CPC counts during
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exercise appears to be an independent factor associated with a high risk of adverse events in
patients with stable CAD, even after adjusting for known clinical risk factors and the
presence of ischemia.

Studies have previously reported that lower baseline CPC counts are associated with
cardiovascular risk factors, vascular dysfunction, and all-cause mortality in patients with
CAD, acute coronary syndromes, peripheral arterial disease, and congestive heart failure.
12-16,25-27 |n the present study, baseline CPC counts were also associated with a higher risk
of death and M1 during follow-up. However, when both baseline CPC counts and changes in
CPC counts during stress testing were included in the Cox proportional hazards regression
models, only the change in CPC counts was independently associated with adverse events.

Myocellular ischemia mobilizes progenitor cells from the bone marrow into the peripheral
circulation.28:2% Following myocardial injury, the transient hypoxic microenvironment
recruits CPCs to the site of injury and promotes local repair and regeneration.28 Stromal
cell-derived factor-1 a is known to mediate the mobilization and migration of CPCs in vivo,
29,30 and the expression of SDF-1a is increased during tissue hypoxia, in which it
constitutes a homing signal for recruitment of CPCs to the ischemic myocardium.3132 The
binding of SDF-1a to its receptor, CXCR4, promotes the homing of CPCs by activating
phosphoinositide-3 kinase—dependent chemotaxis and cell migration.33-3% A previous study
has reported an inverse association between the change in SDF-1a levels and the change in
CPC counts during exercise stress testing, especially among the CD34"/CXCR4* subgroup.
17 In the present study, we suggest that the magnitude of this decrease in CD34*/CXCR4*
counts during stress testing is independently associated with a higher risk of incident adverse
events.

We found that measurement of the changes in CPC counts during exercise stress was more
accurate in identifying factors associated with incident adverse events than detection of the
magnitude of ischemia, even with SPECT imaging. These results suggest that measuring
CPC counts during stress testing may be an inexpensive and more sensitive method of
evaluating the association between exercise stress and disease prognosis in patients with
stable CAD compared with measurement of reversible ischemia using conventional imaging
technologies, which are expensive and may be associated with radiation exposure.

Several potential mechanisms may explain the association between decreased CPC counts
after exercise and worse outcomes. The lower CPC count in the peripheral blood after stress-
induced ischemia may reflect the homing of cells expressing CXCR4 into the ischemic
myocardium during stress testing. Previous studies have indicated that intense bouts of acute
exercise are associated with transient increases in CPC counts in the peripheral blood by
mobilizing these cells from the bone marrow.36:37 Although the exact mechanisms
responsible for CPC mobilization during exercise have not been fully elucidated, increases
in angiogenic factors, such as vascular endothelial growth factor and granulocyte colony-
stimulating factor37-38 as well as norepinephrine levels, have been reported to be associated
with the magnitude of increase in CPC counts.3?
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Our findings support previous studies, in which exercise stress testing was associated with
an increase in CPC counts among patients without exercise-induced ischemia. However, in
patients with exercise-induced ischemia, we observed a decrease in both CPC subsets 45
minutes after exercise stress testing. We also found an inverse linear association between the
magnitude of the decrease in CD34*/CXCR4* counts and the magnitude of ischemia during
exercise; this inverse linear association was not observed among subsets that did not express
CXCR4. These findings could be explained by the possible homing of CPC subsets
expressing the CXCR marker to sites of ischemic myocardium during exercise. In support of
this hypothesis, previous studies have reported avid homing of intracoronary-injected CPC
cells into the viable but ischemic peri-infarct tissue in patients with a recent M14041 as well
as increased myocardial engraftment of CPCs in patients with microvascular ischemia
detected through coronary flow reserve.42

Another possible mechanism that may explain the association between reduced CPC counts
and worse outcomes could be that the lack of an increase in CPC counts in response to
ischemia was owing to abnormalities in the mobilization of the progenitor cells from the
bone marrow rather than the homing of the cells to the ischemic myocardium. Although we
did not assess the regenerative capacity of the CPCs in the present study, previous studies
have reported that, in patients with acute MlI, lower CPC counts were associated with lower
bone marrow CD34+ counts and worse long-term outcomes.® We excluded the possibility
that the observed CPC changes were owing to differences in the intensity of exercise and the
associated hemoconcentration between patients with and without ischemia by noting similar
changes in both groups.

In addition to exercise, aging and the presence of cardiovascular risk factors modulate the
number of CPCs.#3-46 Both experimental and clinical studies have reported that
mobilization of progenitor cells from the bone marrow to the peripheral circulation is a
homeostatic response to tissue ischemia, which is preserved in young and healthy
individuals and diminishes with aging.#3-46 A previous study has also reported that the
presence of cardiovascular risk factors is associated with modifications to this age-related
decrease in CPC counts, such that those with a higher risk factor burden experience a
progressively steeper age-related decrease in their CPC counts.*® These data suggest that
therapeutic interventions, such as optimization of risk factor control, may be associated with
improvements in cardiovascular outcomes by preserving the endogenous regenerative
capacity.

We also found that black patients had a greater degree of mobilization during exercise
compared with white patients, despite the fact that black patients had lower resting CPC
counts.4” However, race was not associated with adverse events, and the change in CPC
counts remained significantly associated with worse outcomes after adjusting for race.

Strengths and Limitations

The strengths of our study include the large number of patients investigated, the detailed
information gathered on CPC phenotypes at rest and after exercise stress testing, and the
long-term follow-up conducted. Measurements of myocardial ischemia and CPC levels were
performed using state-of-the-art reproducible techniques. The study’s limitations include the
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lack of functional assessments of CPCs, which would have required long-term cell cultures;
thus, these assessments were not feasible to perform in this study. In addition, the single-
study nature, together with the relatively small number of events, limits the generalizability
of our findings. Furthermore, we only assessed regenerative capacity using circulating
CD34" cell subsets; however, other progenitor cell pools may be more informative. Our
study included patients with known CAD; thus, our findings may not apply to the general
population.

Conclusions

Our study highlights the potential significance of measuring CPC counts during stress
testing as a novel method of stratifying risk in patients with known CAD. Although stress
SPECT imaging for the detection of ischemic defects has been considered a valuable tool,
our results suggest that measuring the change in CPC counts may improve the
discrimination of future risk of cardiovascular events compared with a standard clinical
model that includes stress testing alone. Further investigation is needed to evaluate whether
therapeutic interventions aimed at increasing CPC mobilization will be associated with
improvements in outcomes.
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Key Points
Question

Are changes in circulating progenitor cells during exercise associated with future
cardiovascular events in individuals with coronary artery disease?

Findings

In this cohort study of 454 patients with coronary artery disease, for every 50% reduction
in circulating progenitor cell counts during exercise stress, the adverse event risk more
than doubled. Stress-induced ischemia was no longer associated with outcomes after
stress-induced changes in circulating progenitor cell counts were included in the analysis.

M eaning

Among patients with coronary artery disease, a decrease in circulating progenitor cell
counts during exercise is associated with a worse prognosis and is a stronger factor in
outcomes than the presence of stress-induced myocardial ischemia.
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Figure. Association Between Changesin Circulating Progenitor Cells (CPCs) and Exercise and
Incident Cardiovascular Death and Nonfatal Myocar dial Infarction

A, Changes in CD34" counts. B, Changes in CD34*/CXCR4* counts. All CPC counts were

measured after exercise stress testing.
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