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The traditional exercise stress test incorporates heart 
rate (HR), blood pressure (BP), electrocardiography 

(ECG), and subjective symptom assessment. Ideally, pa-
tients who do not prematurely terminate exercise because 
of an abnormal exercise response exert themselves to a 
near-maximal or maximal level, ensuring that myocardial 
tissue is assessed across the entire spectrum of aerobic ca-
pacity. In fact, submaximal exertion is recognized as one 
mechanism for a false-negative exercise stress test.1 Clini-
cians currently use percentage of age-predicted maximal 
heart rate (APMHR) achieved (target threshold, ≥85%) 
and/or maximal rate pressure product (RPP), the product 
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OBjeCTIVe: To determine if the attainment of at least 85% of  
age-predicted maximal heart rate (APMHR), using the equation 
220 – age, and/or at least 25,000 as the product of maximal heart 
rate and systolic blood pressure (rate pressure product, RPP) is 
an accurate indicator of exertion level during exercise stress  
testing.

PATIenTS AnD MeThODS: From May 1, 2009, to February 15, 
2010, 238 patients (mean ± SD age, 49.3±11.9 years; 50% male) 
with symptoms suggestive of myocardial ischemia underwent an 
exercise stress test with the addition of ventilatory expired gas 
analysis and a myocardial perfusion study. Ventilatory expired gas 
analysis determined the peak respiratory exchange ratio (RER), 
which is considered a valid and reliable variable for quantifying a 
patient’s exertion during exercise.

ReSUlTS: Of the patients, 207 (87%) attained a peak RER of 1.00 
or more, and 123 (52%) attained a peak RER of 1.10 or more. An 
APMHR of 85% or more and peak RPP of 25,000 or more were 
both ineffective in identifying patients who put forth a maximal 
exercise effort (ie, peak RER, ≥1.10). Perceived exertion was a 
significant indicator (P=.04) of patient exertion, with a threshold 
of 15 (6-20 scale) being an optimal cut point. The percentage 
of equivocal myocardial perfusion study results was significantly 
higher in patients who demonstrated a submaximal exercise ef-
fort by peak RER (P≤.007).

COnClUSIOn: Aerobic exercise testing is an integral component 
in the assessment of patients with suspected myocardial isch-
emia. Our findings indicate that the currently used percentage of 
APMHR and peak RPP thresholds are ineffective in quantifying a 
patient’s level of exertion during exercise stress testing.
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of maximal HR and maximal systolic BP (target thresh-
old, ≥25,000), to quantify exertional level during exer-
cise.2 However, the large degree of natural variability of 
both HR and BP makes it plausible that neither variable 
effectively reflects a given individual’s level of exercise 
exertion.2

 The peak respiratory exchange ratio (RER), defined as 
carbon dioxide production divided by oxygen consump-
tion and obtained from ventilatory expired gas analysis, is 
considered a criterion standard in quantification of exercise 
exertion level. A peak RER of 1.10 or more is considered a 
universal indicator of maximal exercise effort independent 
of patient characteristics such as age, sex, fitness, and dis-
ease state.3

 The current study aims to assess the ability of percent-
age of APMHR achieved, maximal RPP, and maximal per-
ceived exercise effort to identify level of exertion as de-
fined by peak RER in patients undergoing stress testing for 
suspected myocardial ischemia.

PATIENTS AND METHODS

The current investigation prospectively assessed 278 pa-
tients presenting to the Noninvasive Cardiology Clinic of 
Virginia Commonwealth University Medical Center from 
May 1, 2009, to February 15, 2010. Patients presented 
with symptoms suggestive of myocardial ischemia and/
or a history of coronary artery disease (CAD). Common 
indications included chest pain (n=186; 67%), dyspnea 
(n=29; 10%), and history of CAD (n=14; 5%). Only 19 
(8%) of the 238 patients in the cohort included in the  
final analysis had a history of CAD. Exclusion criteria 
for the current investigation were myocardial infarc - 
tion or percutaneous coronary intervention within 3 
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months of testing, diagnosis of heart failure, left ventricu-
lar ejection fraction of less than 35%, moderate lung dis-
ease by pulmonary function testing, moderate or severe 
aortic or mitral valve stenosis, unstable angina or uncon-
trolled hypertension, previous pacemaker implantation 
or coronary artery bypass grafting, use of a β-adrenergic 
blocking agent, and/or inability to collect interpretable 
ECG and nuclear imaging data. The traditional modifi-
able and nonmodifiable cardiac risk factors (hyperten-
sion, low-density lipoprotein cholesterol profile, tobacco 
use, obesity, physical activity, diabetes, and family his-
tory of early CAD) were recorded on the day of testing. 
Physical activity frequency, duration, and intensity were 
measured by patient self-report. Premature termination of 
the exercise test because of an abnormal hemodynamic 
or ECG response, as well as angina warranting cessation 
of exercise, served as postassessment exclusion criteria. 
The protocol was approved by the Institutional Review 
Board of Virginia Commonwealth University. All patients 
signed an informed consent form before inclusion in the 
study.

Nuclear ImagINg Procedures

All patients had the stress portion of a single-photon 
emission computed tomographic myocardial perfusion 
study (MPS) on the same day as the exercise stress test 
with ventilatory expired gas analysis. All single-photon 
emission computed tomographic MPSs were done with 
ECG gating (16 time frames in the heart cycle) to allow 

for determination of global and segmental left ventricular 
function as well as for detection of perfusion abnormali-
ties. Each result was categorized as the presence and ex-
tent of reversibility as follows: 0/normal = no evidence 
of attenuation or reversibility or fixed defect likely due to 
soft tissue attenuation; 1/equivocal = small and low-grade 
reversible defect; 2/mildly abnormal = small reversible 
defect of moderate grade or reversible defect of moderate 
size and low grade; 3/moderately abnormal = reversible 
defect of moderate size and grade; 4/severely abnormal = 
moderate or large reversible defect of high grade.

exercIse TesTINg Procedures

All exercise tests were done on a motorized treadmill us-
ing the Bruce protocol.4 Exercise testing procedures out-
lined by the American Heart Association were followed 
for all assessments.5,6 All patients were continuously 
monitored with 12-lead ECG (GE Marquette 12SL; GE 
Healthcare, Waukesha, WI), and hemodynamic measure-
ments were made during each stage of the protocol. Blood 
pressure was measured with an automated sphygmoma-
nometer (SunTech Tango+; SunTech Medical, Morrisville, 
NC) with auditory confirmation. Patients were encouraged 
to exercise to their maximum tolerance. Percentage of AP-
MHR was determined by dividing maximal HR achieved 
during testing using several established maximal HR pre-
diction equations (listed in Table 1).7,8 Maximal RPP was 
defined as the product of the highest HR and BP obtained 
during the last stage of exercise. For level of exertion, the 

TABle 1. Key Baseline and Exercise Test Characteristics According to Peak RER Thresholdsa,b 

 Peak RER

   Overall group <1.00 1.00-1.09 ≥1.10
   (N=238) (n=31) (n=84) (n=123) P value

Baseline characteristics     
 Age (y)    49.3±11.9    46.6±12.0    50.4±11.7    49.3±12.0 ≥.29
 Sex (% male/female) 50/50 45/55 54/46 48/52 ≥.12
 BMI (kg/m2)  30.3±6.5  32.6±6.8  30.3±5.9  30.0±6.6 ≥.07
 No. of cardiac risk factors    2.9±1.5    2.7±1.4    3.0±1.6    3.0±1.4 ≥.70
Exercise characteristics     
 Peak V̇o

2
 (mL/kg/min)  23.1±7.0  21.0±6.3  23.5±6.1  23.3±7.6 ≥.18

 Peak RER    1.12±0.13    0.94±0.04    1.05±0.03    1.21±0.11 <.001c

 HR
max

(beats/min)  151.9±18.9  147.1±21.7  151.3±18.0  153.5±18.7 ≥.22
 Maximal SBP (mm Hg)  182.4±23.2  177.5±24.4  181.4±22.8  184.3±23.3 ≥.32
 Percentage of HR

max 
  220 – age  89.0±9.9    84.8±10.5  89.2±9.2    90.0±10.0 .02d

  206.9 – (0.67 × age)  87.3±9.7    83.6±10.8  87.3±9.0  88.2±9.7 .04d

  208 – (0.7 × age)  87.5±9.7    83.7±10.7  87.3±9.1  88.4±9.7 .04d

  192 – (0.007 × age2)  87.2±9.7    83.5±10.7  87.3±9.1  88.2±9.7 .04d

 Maximum RPP: HR × SBP 27,729±5018 26,181±5307 27,450±4662 28,308±5120 ≥.09
 Maximum RPE (6-20 scale)  14.7±2.4  13.8±2.2  14.2±2.5  15.2±2.2 .03d

a BMI = body mass index; HR
max

 = heart rate at maximal exercise; RER = respiratory exchange ratio; RPE = rating of per-
ceived exertion; RPP = rate pressure product; SBP = systolic blood pressure; V̇o

2
 = oxygen consumption.

b Data are provided as mean ± SD, unless otherwise indicated.
c Statistically significant difference among all 3 peak RER subgroups.
d Statistically significant difference between peak RER <1.00 subgroup and peak RER ≥1.10 subgroup.
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Borg 6-20 Rating of Perceived Exertion (RPE) scale was 
used in a standard fashion.9

 Ventilatory expired gas was collected for each test us-
ing a metabolic cart (Vmax Encore; SensorMedics, Yorba 
Linda, CA), which was calibrated before each test. All pa-
tients were fitted with a neoprene face mask, and a tight seal 
around the nose and mouth was confirmed. Peak V

·
o

2
 is ex-

pressed as the highest 30-second averaged sample obtained 
during the exercise test in milliliters of oxygen per kilogram 
per minute. Peak RER is expressed as the highest 10-second 
averaged value obtained during the exercise test.
 The following exercise test termination criteria were 
used: onset of severe typical angina, arrhythmias (frequent 
premature ventricular contractions; 3 or more beats of non-
sustained ventricular tachycardia; new-onset atrial fibrilla-
tion, atrial flutter, or atrial tachycardia with rapid response; 
second-degree or third-degree heart block), hypotension, 
bradycardia or decrease in HR with same or greater work-
load, dyspnea, intermittent claudication, central nervous 
system symptoms (ie, ataxia or vertigo), marked hyperten-
sion, more than 2 mm of horizontal or down-sloping ST-
segment depression or 1 mm or more of ST-segment eleva-
tion, and patient’s request to stop or inability to keep up 
with the treadmill.

sTaTIsTIcal aNalyses

One-way analysis of variance assessed the difference in 
key continuous variables according to peak RER–defined 
subgroups (<1.00, 1.00-1.09, ≥1.10). When a significant 
difference was detected, post hoc analysis was performed 
by the Tukey honestly significant difference test. The per-
centage of patients who achieved an APMHR of at least 
85% was assessed with χ2 analysis using the 220 – age 
equation and a peak RPP of at least 25,000 according to 
peak RER subgroup. Differences in sex distribution and 
MPS results were also evaluated using χ2 analysis, and 
the Kruskal-Wallis test assessed differences in maximal 
RPE and number of cardiac risk factors among peak RER 
subgroups. Receiver operating characteristic curve analy-
sis determined the ability of the percentage of APMHR 
achieved, maximal RPE, and maximal RPP to identify pa-
tients surpassing peak RER thresholds of 1.00, 1.05, and 
1.10. P<.05 was considered significant.

RESulTS

Of the 278 patients initially included in this analysis, 40 
(14%) were excluded because of premature termination 
of the exercise test for the following reasons: 14 (5%), 
hemodynamic abnormalities; 12 (4%), severe angina; 6 
(2%), ECG changes suggestive of severe ischemia; and 
8 (3%), development of arrhythmias (ie, ventricular ecto-

py). The remaining 238 (86%) were included in the final 
analysis described in subsequent sections.
 Of the 238 patients included in the study, 207 (87%) 
reached or surpassed a peak RER of 1.00, and 123 (52%) 
achieved an RER of 1.10 or more. The remaining 31  
patients (13%) failed to reach a peak RER of 1.00. Baseline 
and pa tient characteristics for the overall group and peak 
RER subgroups are listed in Table 1. No differences in  
baseline characteristics were observed among peak RER  
sub groups. With respect to exercise test variables, peak 
RER was significantly different among all 3 subgroups. 
Regardless of the equation used to predict maximal HR, 
the per centage of predicted value was significantly lower 
in patients with a peak RER of less than 1.00 compared 
with those with a peak RER of 1.10 or more. Finally, peak 
RPE was significantly lower in patients with a peak RER 
of less than 1.00 compared with those with a peak RER 
of 1.10 or more.
 In the overall cohort, 174 patients (73%) achieved an 
APMHR of at least 85% using the 220 – age equation, 
and 171 (72%) achieved a peak RPP of at least 25,000. 
Moreover, 202 patients (85%) achieved 1 or both of the 
aforementioned traditional criteria to gauge level of ex-
ercise exertion. The numbers of patients in the peak RER 
subgroups who achieved an APMHR of at least 85% using 
the 220 – age equation were as follows: <1.00, 21 (68%); 
1.00-1.09, 58 (69%); ≥1.10, and 92 (75%). The differ-
ence in the percentage of patients achieving an APMHR 
of at least 85% according to peak RER subgroup was not 
statistically significant (P≥.09). The numbers of patients 
achieving a peak RPP of at least 25,000 in the peak RER 
subgroups were as follows: <1.00, 21 (68%); 1.00-1.09, 61 
(74%); and ≥1.10, 89 (72%). The difference in percentage 
of patients achieving this peak RPP threshold was like-
wise not statistically significant according to peak RER 
subgroup (P≥.23).
 Receiver operating characteristic curve analysis results 
are provided in Table 2. Percentage of APMHR determined 
using the 220 – age equation was significant only for iden-
tifying patients who achieved a peak RER of at least 1.00. 
The optimal dichotomous threshold for this HR-derived 
variable was 88% (62% sensitivity/65% specificity). The 
peak RPE classification scheme was significant for iden-
tifying all 3 peak RER thresholds. The optimal dichoto-
mous threshold for peak RPE was 15 for the peak RER 
≥1.00 (59% sensitivity/62% specificity), ≥1.05 (64% sen-
sitivity/62% specificity), and ≥1.10 (66% sensitivity/56% 
specificity) thresholds.
 The numbers of patients with either an equivocal or 
abnormal MPS in the peak RER subgroups were as fol-
lows: <1.00, 10 (32%); 1.00-1.09, 22 (26%); and ≥1.10, 41 
(33%). The distribution of equivocal and abnormal MPS 
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results according to peak RER subgroup is illustrated in the 
Figure. The percentage of patients with an equivocal MPS 
was significantly higher in the peak RER <1.00 subgroup 
compared with both the peak RER 1.00-1.09 and ≥1.10 
subgroups.

DISCuSSION

A peak RER of 1.10 or more is well recognized to reflect 
maximal exertion irrespective of baseline patient charac-
teristics.10,11 Others have proposed that a peak RER thresh-
old of 1.05 may be an indicator of acceptable exertion level 

during aerobic exercise testing.12 In the absence of an 
abnormal physiologic response to aerobic exertion,6 ter-
mination of the exercise test at a peak RER of less than 
1.00 is generally considered an indicator of poor patient 
effort.13 The results of the current study indicate that tra-
ditional HR and BP parameters are ineffective indicators 
of achieving a peak RER of 1.05 or 1.10 during exercise 
stress tests that were not terminated because of an abnor-
mal physiologic response. Although most patients includ-
ed in the current analysis met the criteria of an APMHR 
of at least 85% and/or a peak RPP of at least 25,000, only 
slightly more than 50% met or surpassed a peak RER of 
1.10. Other HR equations have been proposed as better 
predictors of age-related maximal HR with a lower stan-
dard error of estimate.7,8 The results of the current study 
indicate that these alternative HR equations are not ef-
fective in predicting a patient’s level of exertion and that 
values are similar to those obtained with the more often 
used 220 – age equation.
 Our findings indicate that peak RPE may provide insight 
into the level of patient effort, perhaps at a level superior 
to the percentage of APMHR and/or peak RPP achieved. 
This may suggest that the variability of peak RPE is less 
than that found in both the HR and systolic BP response to 
maximal aerobic exercise.14 On the Borg 6-20 RPE scale,9 
a value of 15 (verbal anchor = hard) was the optimal di-
chotomous threshold, a value proposed to indicate a higher 
likelihood of surpassing anaerobic threshold during aero-
bic exercise testing.2

 Although percentage of APMHR and peak RPE pro-
vide some value in gauging a patient’s level of exertion, 
sensitivity and specificity levels appear to be on the lower 
end of clinical acceptability (ie, within the 60% range). 
Thus, our findings support considering the implementa-
tion of ventilatory expired gas analysis during the assess-
ment of patients with suspected myocardial ischemia. 
Its use to ensure adequate patient exertion via peak RER 
may be enough justification to support a paradigm shift. 

TABle 2. Select Exercise Variables and Their Ability to Reflect Peak RER Thresholdsa

 Peak RER ≥1.00 Peak RER ≥1.05 Peak RER ≥1.10

  ROC area (95% CI) P value ROC area (95% CI) P value ROC area (95% CI) P value

Percentage of HR
max

 220 – age 0.63 (0.55-0.72)b .02 0.56 (0.49-0.64) .14 0.56 (0.49-0.63) .11
 206.9 – (0.67 × age) 0.61 (0.51-0.70) .05 0.57 (0.49-0.65) .09 0.56 (0.49-0.63) .12
 208 – (0.7 × age) 0.61 (0.52-0.70) .05 0.57 (0.49-0.64) .10 0.56 (0.48-0.63) .13
 192 – (0.007 × age2) 0.61 (0.51-0.70) .06 0.57 (0.49-0.65) .09 0.56 (0.49-0.63) .11
Max RPP: HR × SBP 0.58 (0.48-0.69) .13 0.57 (0.46-0.60) .09 0.56 (0.48-0.63) .13
Max RPE (6-20 scale) 0.62 (0.52-0.71)b .04 0.67 (0.60-0.71)b <.001 0.62 (0.54-0.69)b .002

a CI = confidence interval; HR = heart rate; HR
max

 = HR at maximal exercise; RER = respiratory exchange ratio; ROC = receiver operating 
characteristic curve; RPE = rating of perceived exertion; RPP = rate pressure product; SBP = systolic blood pressure.

b Statistically significant ROC area.

FIgURe. Distribution of equivocal and abnormal myocardial perfu-
sion studies according to peak respiratory exchange ratio (ReR).
* P≤.007 for peak ReR <1.00 subgroup vs both other subgroups.
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However, it has other potential advantages. The current 
body of evidence clearly supports the robust prognostic 
value of aerobic capacity in patients with suspected or 
confirmed cardiovascular disease.15,16 Currently, aerobic 
capacity is estimated from treadmill speed and grade or 
ergometry workload during the exercise stress test. This 
approach is problematic in that the error in aerobic capac-
ity estimation may be rather large, creating the potential 
for a less than optimal prognostic assessment. Moreover, 
recent data suggest that abnormal ventilatory expired gas 
responses to exercise may be an accurate indicator of 
myocardial ischemia, substantially outperforming ECG 
assessment.17,18

 Admittedly, the use of ventilatory expired gas analysis 
technology is not common in current exercise stress testing 
laboratories owing to several perceived barriers, including 
patient comfort, technical expertise, space requirements, 
and fiscal constraints. The use of a neoprene face mask, 
which does not impede ventilation through the nose or 
mouth, minimizes patient discomfort and concerns about 
the collection procedures for ventilatory expired gas po-
tentially impeding exercise test performance. Ventilatory 
expired gas analysis systems have also become (1) dra-
matically more user-friendly, with decreased calibration 
time (<5 minutes); (2) a good deal smaller, reducing space 
requirements; and (3) substantially less expensive. More-
over, the inclusion of ventilatory expired gas analysis may 
increase revenue at the current reimbursement rates and the 
volume of tests conducted in a typical exercise stress test-
ing laboratory on a yearly basis.19 These changes, in con-
junction with current scientific evidence strongly support-
ing its use,13 reduce perceived and actual barriers to adding 
ventilatory expired gas analysis to the exercise stress test-
ing laboratory.
 Perhaps the finding of the current investigation with 
most impact is the significant difference in MPS distri-
bution according to peak RER level. The percentage of 
equivocal MPS studies was significantly higher, whereas 
the percentage of abnormal MPS results was significantly 
lower, in the peak RER <1.00 subgroup compared with 
both other subgroups. Although not statistically signifi-
cant, a trend toward a lower percentage of equivocal and 
higher percentage of abnormal MPS results was found in 
the peak RER ≥1.10 subgroup compared with the peak 
RER 1.00-1.09 subgroup. From these findings, one may 
posit that a portion of the equivocal MPS results in the 
peak RER <1.00 subgroup, and potentially the peak RER 
1.00-1.09 subgroup, would be abnormal if the patient 
achieved a higher level of exertion. One may argue that 
only 31 patients, making up 13% of the sample, were 
found to have a peak RER of less than 1.00 in the current 
study and that this number does not justify the inclusion of 

ventilatory expired gas analysis during exercise stress test-
ing. Moreover, only 9 MPS results were equivocal in this 
group and, if trends were consistent with the 2 higher peak 
RER subgroups, only 2 of the 9 equivocal results would 
shift to an abnormal level with maximal exercise exertion. 
Consider, however, the extrapolation of this small percent-
age of patients over a year in a high-volume exercise stress 
testing center. The Noninvasive Cardiology Center at Vir-
ginia Commonwealth University conducts about 3000 
nuclear stress tests each year. If trends in the current study 
were extrapolated to the entire population undergoing testing 
at this center over a given year, 390 tests would present with 
a peak RER of less than 1.00, and about 112 would have an 
equivocal MPS. Conservatively hypothesizing that 20% of 
the equivocal MPS results would be reclassified as abnormal 
with a higher level of exercise exertion, about 20 patients a 
year with a submaximal exercise effort may have a false-
negative MPS. This number may still not seem significant 
until extrapolated out to the number of exercise stress tests 
conducted yearly on a national and international level.20-22 To 
address this hypothesis, future research is needed to identify 
a peak RER threshold that captures the vast majority of pa-
tients who develop myocardial dysfunction due to ischemia 
if exerted to a sufficient level. This type of study would ben-
efit from using a criterion standard comparative assessment 
that could quantify real-time abnormal shifts in myocardial 
function, such as stress echocardiography,23 with simultane-
ous assessment of RER.
 One obvious limitation of the current study was its in-
ability to determine if the higher percentage of equivocal 
studies in the low peak RER subgroup was truly indicative 
of patients who would have had an abnormal MPS had they 
been exerted to a higher level. This finding should therefore 
be viewed as compelling but in need of additional research 
to determine clinical importance. However, our results 
convincingly indicate that the currently used percentage of 
APMHR and peak RPP thresholds are ineffective in gaug-
ing the level of exercise intensity achieved. The results of 
the current study are highly relevant to primary care phy-
sicians because ensuring an appropriate level of exertion 
during exercise stress testing is recognized as a clinically 
important goal.24 

CONCluSION

Exercise stress testing will certainly continue to be a key 
clinical assessment in patients with suspected myocardial 
ischemia.25 Our results indicate that current practices used 
to determine the level of exercise exertion during this as-
sessment are inaccurate. Perceived exertion adds some 
value to determining a patient’s level of exertion but still 
seems to produce a large degree of predictive error that 
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may prove clinically unacceptable. The findings presented 
here further indicate that unidentified submaximal exertion 
may lead to a misclassification of MPS results. As such, 
consideration of adding ventilatory expired gas analysis 
technology to improve test quality in all patients undergo-
ing an exercise stress test may be warranted.
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