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ABSTRACT 
 
Objective: To determine whether Bezold-Jarisch reflex or enhancement of vagal nerves, 
which are preferentially distributed in the inferoposterior myocardium, results from 
exercise-induced ischemia in this region. 
Methods: Based on exercise myocardial scintigraphy and coronary angiography, 145 
subjects were classified into: Group I, 34 with inferoposterior ischemia; Group A, 32 
with anterior ischemia; and control, 79 without ischemia. We analyzed the relationship 
of ischemic areas to electrocardiographic leads with ST-segment changes and vagal 
modulation assessed by heart rate variability (HRV): high frequency component (HF, 
0.15-0.40 Hz) and coefficient of component variance (CCVHF, square root of HF/mean 
RR interval).  
Results: The rate of ST-segment depression in any lead did not differ between Group I 
and Group A. HF and CCVHF were similar before exercise but higher in Group I than in 
Group A and control after exercise (HF, mean (SEM) 94 (17) ms2, 41 (7) ms2, 45 (6) 
ms2, p = 0.021; CCVHF, 1.18 (0.09)%, 0.81 (0.07)%, 0.89 (0.05)%, p = 0.0053). 
Furthermore, the percentile change in CCVHF before and after exercise was higher in 
Group I (mean (SEM) 22 (10)%, -24 (4)%, -21 (3)%, p < 0.0001); the optimal cutoff 
for diagnosis of inferoposterior ischemia was -5% with a sensitivity of 74%, a 
specificity of 75%, and an accuracy of 75%. 
Conclusions: The vagal modulation as assessed by HRV analysis was enhanced in 
association with exercise-induced inferoposterior ischemia. Exercise 
electrocardiographic test combined with HRV analysis will increase accuracy in the 
diagnosis of ischemic areas in selected patients with angina pectoris. 
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INTRODUCTION 
Acute myocardial infarction involving the inferoposterior wall of the left ventricle (LV) 
is often associated with transient hypotension along with sinus bradycardia.[1][2][3] 
The cardioinhibitory response or Bezold-Jarisch reflex has been thought to be induced 
by enhanced afferent vagal activities as they are preferentially distributed in the 
inferoposterior wall of the LV.[3][4][5] This phenomenon has been reproduced by 
experimental coronary occlusion in animals.[6][7] 

Heart rate is under the influence of the balance between vagal and sympathetic 
nerve activities in the cardiovascular system. The analysis of heart rate variability 
(HRV) has attracted special attention in the estimation of vagal 
modulation.[8][9][10][11][12] We determined the site of ischemia based on exercise 
Tc-99m-tetrofosmin myocardial scintigraphy and coronary angiography. Then, using 
HRV, we analyzed the alteration of vagal modulation associated with exercise-induced 
ischemia of the LV inferoposterior wall in comparison with those of the LV anterior 
wall. The regional difference in HRV was further compared with that in the ST-segment 
changes in electrocardiogram (ECG). 
 
METHODS 
Study population 
We enrolled 283 consecutive outpatients who were suspected of having angina pectoris 
and had undergone exercise test with Tc-99m-tetrofosmin myocardial scintigraphy at 
Matsushita Memorial Hospital from November 2001 to August 2003. No patient had 
either documented history of myocardial infarction or abnormal Q waves in ECG at rest. 
We excluded 32 patients having diabetes mellitus, 23 taking any cardiovascular 
medications, 4 having non-sinus rhythm, 1 having left bundle-branch block, 2 having 
right bundle-branch block, 3 having LV hypertrophy with strain on ECG at rest because 
the ECG change during exercise was equivocal,[13] 3 having uremia due to 
interference with HRV,[10] [14] 12 with cardiac arrhythmias ≥ 1% and 5 with 
technically inadequate ECG tracing for HRV analysis during exercise test,[15] and 2 
patients who refused cardiac catheterization study and 8 with no angiographically 
detectable coronary stenosis consistent with reversible defects on scintigraphy. We 
further excluded 21 patients with reversible scintigraphic defects in multiple sites, 8 
with reversible defects in the LV lateral wall, and 14 with nonreversible defects possibly 
due to silent myocardial infarction. 

Finally, we divided remaining 145 patients into 3 groups based on scintigraphic 
findings: Group I, 34 patients with reversible defects localized in the LV inferoposterior 
wall; Group A, 32 patients with reversible defects localized in the LV anterior wall; and 
control, 79 patients with no reversible defects in the LV. All patients of Group I and 
Group A underwent selective coronary angiography. This study was approved by our 
institutional ethic committees, and informed consent for the study was obtained from all 
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subjects. 
 
Exercise test 
An electrically operated bicycle ergometer (ERGOMED 840L, SIEMENS, Erlangen, 
Germany) was used under continuous monitoring with 12-lead ECG (ML-4500, 
FUKUDA DENSHI, Tokyo, Japan). Blood pressure was measured using an arm-cuff 
sphygmomanometry every 2 minutes or more frequently (STBP-780B, COLIN, Aichi, 
Japan). The exercise workload began with 25 watts and was increased by 25 watts 
every 2 minutes. The exercise test was finished at the achieved target heart rate, defined 
as 85% of the maximal predicted heart rate[16] or due to leg fatigue, chest pain, 
dyspnea, ST-segment depression ≥ 2 mm, or systolic blood pressure ≥ 250 mmHg.[13] 
After having achieved the peak workload, all patients had a cool-down period for 1 
minute maintained at a exercise grade of 30 watts as a exercise period. 

Every exercise-induced displacement of ST-segment was measured at 0.08 second 
after J point in 3 consecutive beats. Positive exercise ECG was defined as[17]: 
horizontal or down sloping ST-segment depression ≥ 1 mm or ST-segment elevation ≥ 
1 mm. Negative exercise ECG was defined as ST-segment changes < 1 mm in 
achieving the target heart rate. Exercise ECG was inconclusive when the patients failed 
to reach the target heart rate in the absence of ischemic ST-segment changes. 
 
HRV analysis 
A single-lead ECG (lead II) during exercise test was obtained on-line from the 
continuous monitoring equipment for 12-lead ECG. Beat-to-beat heart rate data were 
sampled at a frequency of 500Hz using personal computer and software 
(MemCalc/Tarawa, GMS, Tokyo, Japan). This system can compute 5 spectral 
components by means of the maximum entropy method[18] according to the data 
obtained: ultra low frequency component (< 0.003 Hz), very low frequency component 
(0.003 - 0.04 Hz), low frequency component (0.04 - 0.15 Hz), high frequency 
component (HF, 0.15 - 0.40 Hz), and low frequency to HF ratio. Among them, HF was 
employed in the estimation of vagal modulation.[8][9][10][11][12] 

Our system requires ≥ 30 seconds, preferably ≥ 1 minute,[10] to determine HF 
component. Hence, HF was extracted every 1 minute and averaged for 5 minutes 
immediately before exercise and immediately after a cool-down period following 
exercise. We employed for HF component the absolute value of power (ms2) without 
normalization, because the normalization needs the value of very low frequency 
component, a dubious measure on a short-term recording for ≤ 5 minutes.[10]  

We adjusted the magnitude of HF component every 1 minute by the average RR 
interval to determine coefficient of component variance (CCVHF, square root of 
HF/mean RR interval).[19][20] Furthermore, using measured RR intervals, we 
calculated the square root of mean of sum of the square of differences between adjacent 
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RR intervals (RMSSD), which also can be obtained from a short-term recording and 
predominantly reflects vagal modulation.[10] 
 
Single photon emission computed tomography (SPECT) 
Tc-99m-tetrofosmin of 370 MBq or 740 MBq was injected intravenously 1 minute 
before the termination of exercise or 4 hours later after exercise, respectively. SPECT 
was obtained 30 minutes after injection of tracer with a digital gamma camera (Starcam 
3000XC/T, GE Medical System, Wisconsin, USA). SPECT images were estimated on 
the short-axis slices at the apical, mid, and basal LV levels in combination with the 
apical long-axis views.[21][22] The apical short-axis section was divided into 4 
segments (anterior, septal, inferior, and lateral), and 2 other short-axis sections were 
divided into 6 segments (anterior, anteroseptal, inferoseptal, inferior, inferolateral, and 
anterolateral). 

The anterior and septal segments at the apical level and the anterior and 
anteroseptal segments at the mid and basal LV levels were assigned to the territory of 
the left anterior descending artery; the inferior segments at the apical level and the 
inferior and inferoseptal segments at the mid and basal LV levels, to that of the right 
coronary artery; and the lateral segments at the apical level and the anterolateral and 
inferolateral segments at the mid and basal LV levels, to that of the left circumflex 
artery.[21] A perfusion defect was restricted in one territory or covered multiple 
territories, reflecting multiple coronary lesions.[21] [23] 
 The degree of the tracer uptake in each segment was semi-quantified by 2 
experienced observers who had no information on HRV analysis by means of a 
four-point scoring system: 0 = normal, 1 = mildly reduced, 2 = moderately decreased, 3 
= severely reduced. Disagreements between these observers were resolved by 
consensus. A score of ≥ 2 on stress images was considered abnormal; abnormal 
perfusion with complete or partial normalization on rest images was classified as 
reversible defect; and that with no change, as nonreversible or fixed defect.[21] [24] 
Furthermore, summed stress score and summed rest score were calculated by adding 
the 16 segment scores of the stress and rest images, respectively; Summed difference 
score was derived as the difference between stress and rest scores. 
 
Coronary angiography 
The Judkins’ technique was used. The interval between exercise test and coronary 
angiography was 6 (3) weeks. Coronary artery stenosis was quantified by means of 
edge-detection software (Advantx DLX, GE Medical System, Wisconsin, USA); a 
diameter reduction ≥ 50% was considered significant. 
 
Statistical analysis 
Categorical variables were compared by Chi-square test or Fisher’s exact test as 
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appropriate. Continuous variables were expressed as mean (SD) and compared between 
the 3 groups by one-way ANOVA followed by Scheffe’s multiple comparison test. 
HRV variables were expressed as mean (SEM) and compared by Kruskal-Wallis test 
followed by Bonferroni correction for multiple comparison test. Furthermore, analysis 
of covariance (ANCOVA) was applied to correct the influencing factors on intergroup 
differences of HRV; the variables with p value < 0.1 in ANOVA were used as possible 
influencing factors. Spearman correlation coefficients were used to determine the 
correlations of HRV variables with scintigraphic scores. Receiver operator 
characteristics analysis was performed to determine the best cutoff point. A p value < 
0.05 was considered statistically significant. 
 
RESULTS 
Basic features and hemodynamic measurements 
Table 1 shows that the 3 groups were well matched with respect to baseline 
characteristics, except that the systemic hypertension were more common in Group I 
and Group A. The maximum workload level tended to be lower in Group I and Group 
A than in control, with no statistical significance. The mean systolic blood pressure 
before and after exercise test was each significantly higher in Group I and Group A than 
in control, and the mean heart rate and the maximum heart rate during exercise were 
both lower in the former two than in control. But, there were no significant differences 
in hemodynamic parameters between Group I and Group A during exercise test. 
 
Exercise ECG 
In the total of 145 patients, 130 (90%) had normal ECG at rest and 15 (10%) had slight 
ST-segment depression. Only 1 patient exhibited ST-segment elevation during exercise. 
The rate of positive exercise ECG did not differ between Group I and Group A (65% 
and 66%) although it was significantly higher in the 2 groups than in control (32%, p = 
0.0006). Exercise ECG enabled us to detect myocardial ischemia as demonstrated by 
SPECT with a sensitivity of 80%, a specificity of 59%, an accuracy of 69%, a positive 
predictive value of 63%, and a negative predictive value of 77%. The rate of 
ST-segment depression ≥ 1 mm during exercise did not differ between Group I and 
Group A in II, III, aVF (71% v 75%, p = 0.69), in I, aVL (0% v 6%, p = 0.25), in V1-4 
(71% v 53%, p = 0.14), and in V5,6 (71% v 66%, p = 0.67). 
 
Coronary angiograph 
Of 34 patients in Group I, who all had significant stenosis in the right coronary artery, 3 
had also stenosis in the left anterior descending coronary artery (58%, 65%, 72% in 
diameter stenosis) and 2 had stenosis in the left circumflex coronary artery (56%, 68%). 
These 5 patients were not excluded from Group I because reversible defects were 
localized in the LV inferoposterior wall on exercise scintigraphy and all HRV variables 
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in the 5 patients did not significantly differ from those in the remaining 29 patients (e.g. 
CCVHF before exercise, 1.13 (0.21)% v 1.15 (0.14)%; CCVHF after exercise, 1.17 
(0.12)% v 1.18 (0.10)%).  

Of 32 in Group A, who all had significant stenosis in the left anterior descending 
coronary artery, 3 had stenosis in the right coronary artery (62%, 78%, 68%) and 3 had 
stenosis in the left circumflex coronary artery (54%, 81%, 62%). These 6 patients were 
not excluded from Group A; they showed reversible defects localized in the LV anterior 
wall and had HRV not significantly different from others (e.g. CCVHF before exercise, 
1.08 (0.14)% v 1.06 (0.10)%; CCVHF after exercise, 0.83 (0.12)% v 0.80 (0.08)%). 
 
HRV analysis 
All HRV variables were similar in the 3 groups before exercise, but significantly higher 
in Group I than in Group A and control after exercise (fig. 1). Absolute change (value 
after exercise – value before exercise) and percentile changes (absolute change/value 
before exercise, expressed as a percentage) in HRV parameters are shown in fig. 2 and 3. 
The absolute change in CCVHF and the percentile change in RMSSD, HF, and CCVHF 
were higher in Group I than in Group A and control, in which the percentile change in 
CCVHF was most marked (mean (SEM) 22 (10)%, -24 (4)%, -21 (3)%, p < 0.0001). 
ANCOVA, with maximum workload and mean systolic blood pressure after exercise as 
covariates, revealed significant intergroup differences in the percentile change in 
CCVHF (p = 0.024). The percentile change in CCVHF was not significantly correlated 
with summed stress score (ρs = -0.033, p = 0.85), summed rest score (ρs = 0.14, p = 
0.42), and summed difference score (ρs = 0.15, p = 0.39). Receiver operator 
characteristics curve of the percentile change in CCVHF for the detection of 
inferoposterior ischemia demonstrated that the optimal cutoff was –5% (fig. 4). This 
cutoff point yielded a good diagnostic value for the presence of inferoposterior 
ischemia: a sensitivity of 74%, a specificity of 75%, an accuracy of 75%, a positive 
predictive value of 47%, and a negative predictive value of 91%. 
 
DISCUSSION 
The present study demonstrated that HRV variables were altered in association with 
exercise-induced ischemia of the LV inferoposterior wall. HRV analysis can partially 
distinguish vagal modulation from autonomic nervous control in the cardiovascular 
system; vagal activities are the major contributor to the HF and RMSSD.[10][11][12] 
Accordingly, we may safely consider that vagal modulation was enhanced by 
exercise-induced inferoposterior ischemia. A similar cardioinhibitory response or 
Bezold-Jarisch reflex has been observed in the cardiac events injuring the 
inferoposterior wall such as: acute myocardial infarction,[1][2] experimental coronary 
occlusion,[4][5][6] coronary spasm,[5] ischemia induced by dobutamine stress test,[25] 
or intracoronary injection of contrast media.[26] This reflex has been explained by the 
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preferential distribution of cardiac receptors and afferent vagal pathways in the 
inferoposterior wall of the LV.[3][4][5] 

Few data are available as to the vagal enhancement associated with ischemia 
during exercise. Miller et al.[27] reported that 7 patients with significant narrowing of 
the right coronary artery displayed sinus deceleration defined as ≥5 beats/min during 
exercise in approximately 40 000 consecutive exercise tests. Considering that far more 
numerous patients with right coronary lesions must have been included in the study by 
Miller et al., the prevalence of sinus deceleration during exercise may be very low in 
general, even in patients with right coronary lesions. In our study, no patients exhibited 
sinus deceleration during exercise, which suggests the difficulty in the estimation of 
vagal activities by means of heart rate change. This difficulty may be explained by the 
physiological conditions during exercise; that is, a decrease in heart rate by enhanced 
vagal activities may be offset by simultaneous sympathetic activation provoked by 
exercise.[28] 

Cole et al.[29] examined heart rate recovery after exercise in 2 428 adults referred 
to the first symptom-limited exercise test and suggested that recovery by ≤ 12 beats 
during the first minute was a potent predictor of overall mortality independent of 
standard cardiovascular risk factors, the medications, exercise capacity, etc. Imai et 
al.,[30] using pharmacological autonomic nerve blockades, clarified that vagal 
reactivation was the principal determinant of postexercise heart rate recovery during the 
first 30 seconds in healthy adults. In our study, however, heart rate after exercise did not 
significantly differ between the 3 groups although vagal modulation in Group I was 
more activated after exercise. Another finding in the study by Cole et al.[29] was that 
abnormal ST-segment response or angina during exercise was not associated with the 
delay of heart rate recovery, in which study, however, they did not classify the subjects 
into subgroups in accordance with ischemic areas. Heart rate recovery may not be 
sensitive enough to detect enhanced vagal activities caused by inferoposterior ischemia, 
suggesting that there is room for examining the vagal modulation by means of HRV 
analysis during exercise test. 
 
Methodological consideration 
RR intervals during recovery are non-stationary time series, which trend will have 
influences on HRV variables.[10] [15] [31] In general, HRV is evaluated by time 
domain methods consisting of statistical pattern and geometric pattern, or frequency 
domain methods. HRV variables calculated by the geometric pattern are relatively 
insensitive to the analytical quality of the time series of RR intervals.[32] The geometric 
analysis, however, needs a reasonable number of RR intervals to construct the 
geometric pattern.[10] In practice, the geometric analysis should be performed through 
recordings of heart rate at least 20 minutes but preferably 24 hours,[10] suggesting that 
the current geometric methods are inappropriate to assess short-term changes in HRV, 
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such as exercise-related alterations of HRV. Thus, we employed HRV variables 
calculated by time domain methods of statistical pattern and frequency domain methods. 
These selected variables can be calculated from the short-term recordings and will 
predominantly reflect vagal modulation.[10] 

Tulppo et al.[31] studied beat-to-beat heart rate dynamics by plotting each RR 
interval (Poincaré plot) during exercise with the help of pharmacological autonomic 
nerve blockades. They reported that quantitative two-dimensional vector analysis of 
Poincaré plot, based on geometric methods and useful for relatively short-term 
recordings, could provide meaningful information on vagal modulation of RR interval 
dynamics. The present change in CCVHF, determined by the adjustment of HF 
component by RR interval, seemed to be similar to that in two-dimensional vector 
analysis of Poincaré plot.[15] Furthermore, in our present study, the influence of the 
trend that RR intervals are non-stationary time series after exercise may have been 
reduced by the HRV analysis after a cool-down period following the peak workload and 
by the time interval shortened up to 1 minute. 
 
Clinical implications 
ST-segment depression on exercise ECG suggests the presence of coronary artery 
disease.[13] However, it seems to be controversial whether or not ST-segment 
depression during exercise test provides information as to which myocardial portion 
was involved.[33][34] In our patients with angina pectoris, ST-segment depression did 
not necessarily occur in the ECG leads reflecting the area of ischemia as demonstrated 
by Tc-99m-tetrofosmin myocardial scintigraphy. On the other hand, the present study 
demonstrated that alterations of HRV variables, such as percentile change in CCVHF, 
were exclusively associated with exercise-induced ischemia of the LV inferoposterior 
wall. Thus, exercise test combined with HRV analysis will improve the accuracy in the 
ECG diagnosis of ischemic areas in selected patients with angina pectoris. 
 
Study limitations 
This study cohort is highly selected; patients with myocardial infarction/lateral ischemia, 
having diabetes mellitus, or taking any medication were excluded. These selections 
may have influenced the predictive accuracy of the percentile change in CCVHF. 
Furthermore, the percentile change in CCVHF yielded a good negative predictive value 
for the detection of inferoposterior ischemia, but a positive predictive value was not 
enough high. We did not measure respiratory parameters; the altered respiratory pattern 
associated with exercise may have important neural and non neural effects on HRV 
signal which cannot be distinguished even by cross spectral analysis of RR and 
respiratory signal.[10] [35] We analyzed post-exercise HRV for 5 minutes immediately 
after a 1-minute cool-down period following achievement of peak exercise; the optimal 
timing and/or period extracted HRV variable after exercise remains to be elucidated. 
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The enhancement of vagal modulation was not associated with significant blood 
pressure decrease. We measured blood pressure at least every 2 minutes; more frequent 
measurement may have detected transient hypotension induced by afferent vagal 
enhancement. Control subjects were diagnosed as not having myocardial ischemia by 
means of exercise myocardial scintigraphy, but not always in conjunction with coronary 
angiography. The exercise myocardial scintigraphy, however, has been reported to have 
a good predictive value for the presence of coronary stenosis.[21] 
 

Conclusion 
The vagal modulation as assessed by HRV analysis was enhanced through 
exercise-induced myocardial ischemia of the LV inferoposterior wall. Exercise test 
combined with HRV analysis will improve the accuracy in ECG diagnosis of ischemic 
areas in selected patients with angina pectoris. 
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FIGURE LEGENDS 
 
Figure 1 
Square root of mean of sum of squares of differences between adjacent RR intervals 
(RMSSD), high frequency (HF), and coefficient of high frequency component variance 
(CCVHF) before exercise and after exercise. Data are mean (SEM). *p < 0.05 and **p < 
0.01. Significant compared with Control or Group A. 
 
Figure 2 
Absolute changes in square root of mean of sum of squares of differences between 
adjacent RR intervals (RMSSD), high frequency (HF), and coefficient of high 
frequency component variance (CCVHF) from before exercise to after exercise. 
Medians and 10th, 25th, 75th, and 90th percentiles are shown. *p < 0.01 compared with 
Control or Group A. 
 
Figure 3 
Percentile changes in square root of mean of sum of squares of differences between 
adjacent RR intervals (RMSSD), high frequency (HF), and coefficient of high 
frequency component variance (CCVHF) from before exercise to after exercise. 
Medians and 10th, 25th, 75th, and 90th percentiles are shown. *p < 0.05 and **p < 0.01 
compared with Control or Group A. 
 
Figure 4 
Receiver operator characteristics curve for the detection of inferoposterior ischemia was 
obtained from exercise-related percentile changes in the coefficient of high frequency 
component variance (CCVHF). The optimal cutoff point was –5%. 
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Table 1   Baseline characteristics and hemodynamic parameters during exercise test 
 

 
Control 
(n = 79) 

Group I 
(n = 34) 

Group A 
(n = 32) p Value 

Age (years) 60 (7) 61 (10) 61 (10) 0.68 

Men (%) 66 (84%) 28 (82%) 27 (84%) 0.98 

Body mass index (kg/m2) 24.0 (5.1) 24.6 (2.6) 24.1 (3.1) 0.76 

Systemic hypertension 23 (29%) 19 (56%)* 18 (56%)* 0.0044 

Hyperlipidemia 43 (54%) 16 (47%) 20 (63%) 0.45 

Current smoking 22 (28%) 15 (44%) 8 (25%) 0.16 

 

Maximum workload (watt) 104 (30) 91 (31) 91 (22) 0.057 

Maximum rate-pressure product, x103 27.6 (4.6) 26.1 (4.3) 26.4 (4.9) 0.27 

Before exercise 

Mean heart rate (beats/minute) 75 (11) 75 (13) 74 (11) 0.85 

Mean systolic blood pressure (mmHg) 146 (17) 158 (21)* 158 (28)* 0.0032 

 Mean diastolic blood pressure (mmHg) 91 (11) 90 (16) 89 (14) 0.89 

During exercise 

Mean heart rate (beats/minute) 109 (10) 103 (12)* 104 (11)* 0.01 

Maximum heart rate (beats/minute) 137 (14) 124 (14)** 125 (16)** <0.0001 

Maximum systolic blood pressure (mmHg) 202 (24) 211 (24) 210 (24) 0.11 

 Maximum diastolic blood pressure (mmHg) 104 (17) 106 (21) 104 (17) 0.66 

After exercise 

Mean heart rate (beats/minute) 88 (12) 84 (15) 88 (15) 0.25 

Mean systolic blood pressure (mmHg) 151 (24) 170 (31)** 170 (29)** 0.0004 

 Mean diastolic blood pressure (mmHg) 87 (14) 90 (12) 93 (18) 0.16 
 

Data are mean (SD) or number (%). *p < 0.05 and **p < 0.01 compared with Control. 
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