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Abstract
Introduction and purpose  Estimation of the contractility of the left ventricle during exercise is an important part of the reha-
bilitation protocol. It is known that cardiac contractility increases with an increase in heart rate. This phenomenon is called 
the force–frequency relation (FFR). Using wave intensity, we aimed to evaluate FFR noninvasively during graded exercise.
Methods  We enrolled 83 healthy subjects. Using ultrasonic diagnostic equipment, we measured wave intensity (WD), which 
was defined in terms of blood velocity and arterial diameter, in the carotid artery and heart rate (HR) before and during 
bicycle ergometer exercise. FFRs were constructed by plotting the maximum value of WD (WD1) against HR. We analyzed 
the variation among FFR responses of individual subjects.
Results  WD1 increased linearly with an increase in HR during exercise. The average slope of the FFR was 1.0 ± 0.5 m/
s3 bpm. The slope of FFR decreased with an increase in body mass index (BMI). The slopes of FFRs were steeper in men 
than women, although there were no differences in BMI between men and women.
Conclusions  The FFR was obtained noninvasively by carotid arterial wave intensity (WD1) and graded exercise. The slope 
of the FFR decreased with an increase in BMI, and was steeper in men than women.
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Introduction

In an exercise program for patients with heart disease, it is 
important to assess the cardiac contractility during exercise. 
Normally, cardiac contractility increases with an increase in 
heart rate (HR), which is called the force–frequency relation 
(FFR) [1–5]. It is also known that HR increases together 
with an increase in the intensity of exercise load in humans. 
Exercise has been found to markedly enhance the positive 
FFR in healthy dogs and humans [4, 5]. However, the behav-
ior of FFR during exercise in patients with cardiovascular 
disease differs from that in healthy individuals [6–18].

In conventional methods of obtaining FFRs, the maxi-
mum rate of left ventricular (LV) pressure rise (peak dP/dt) 
measured with a catheter-tipped micromanometer was used 
as an index of cardiac contractility, and atrial pacing was 
used to change HR (peak dP/dt–HR relation). In spite of its 
potential for evaluating cardiac function during exercise, the 
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peak dP/dt–HR relation has not been widely used because 
of its invasive nature.

The conventional carotid arterial wave intensity (WI), 
which is defined in terms of blood velocity and arterial pres-
sure, and is noninvasively measured with a combined system 
of color Doppler and echo tracking, has been reported to be 
a sensitive index of LV contractility [19–25].

We applied WI in evaluating LV contractility during exer-
cise to obtain FFR, and studied the variation in FFR among 
healthy individuals. In addition, we analyzed changes in HR 
with an increase in workload (HR–workload relations).

Methods

Noninvasive measurements of wave intensity

WD is defined by the following equation:

where dD/dt and dU/dt are the derivatives of arterial diam-
eter (D) and arterial blood flow velocity (U) with respect to 
time, respectively. It has been reported that diameter-change 
waveforms and blood velocity waveforms in the carotid 

(1)WD =
[

(1∕D) (dD∕dt)
]

(dU∕dt),

artery are measured simultaneously and noninvasively 
with a combined system of color Doppler and echo track-
ing incorporated in an ultrasonic diagnostic unit (ProSound 
α10; Hitachi, Tokyo, Japan) [22]. The system also yields 
carotid arterial WD. The positive first peak of WD during 
the initial ejection period (WD1 in Fig. 1a) is related to left 
ventricular peak dP/dt [26]. FFRs were constructed by plot-
ting WD1 against HR.

Subjects

We studied 83 healthy volunteers (52 men, mean age 
20.8 ± 1.5  years, age range 18–28  years). We obtained 
informed consent from all of the subjects (Table  1). 
Approval from the Ethics Committee of Himeji Dokkyo 
University was obtained before study initiation.

Protocol

Before measuring WD1 and HR, the subjects lay down in 
the supine position for 10 min. The location to be measured 
was the common carotid artery at about 2 cm proximal to the 
carotid bulb. We used scanning in the long-axis view, and 
obtained a B-mode image of a longitudinal section of the 

Fig. 1   a Representative recordings of carotid arterial diameter (D), 
blood flow velocity (U), calculated wave intensity (WD), and elec-
trocardiogram (ECG) obtained from a healthy individual. b Simul-
taneous measurements of diameter-change waveform and blood flow 
velocity. Data were acquired from the common carotid artery at about 
2  cm proximal to the carotid bulb. View on the monitor during the 
measurements: left color doppler/B-mode long-axis view of the com-
mon carotid artery. The yellow-green line (A) and the sky blue line 
(B) indicate the ultrasonic beam for echo tracking and for blood flow 
velocity measurement, respectively. By setting the tracking posi-

tions displayed as small yellow-green bars on the echo-tracking beam 
to arterial walls, echo tracking automatically starts. The blood flow 
velocity averaged along the Doppler beam (sky blue line) crossing the 
artery was measured using range-gated color Doppler signals (color 
of the blood flow velocity is removed to indicate the tracking bars 
clearly). Right The diameter-change waveform (C), which is calcu-
lated by subtracting the distance to the near wall from that to the far 
wall (A′–A′), and the velocity waveform is displayed on the M-mode 
view (B′)



65Journal of Medical Ultrasonics (2019) 46:63–68	

1 3

artery. Optimal images were best achieved by positioning and 
orienting the probe so that clear and parallel delineation of 
the intima–media complex at both the anterior and posterior 
walls could be seen. The echo-tracking beam was steered so 
that it was orthogonal to the arterial walls. With the B- and 
M-mode scans displayed simultaneously on a split screen, the 
echo-tracking system tracked the vessel wall movements to 
produce displacement waveforms of the anterior and poste-
rior artery walls, which yielded diameter-change waveforms 
(Fig. 1b). After measuring WD1 and HR at rest, graded bicycle 
exercise was performed starting at an initial workload of 20 W 
and lasting for 2 min; thereafter, the workload was increased 
stepwise by 20 W at 1-min intervals. Electrocardiogram was 
continuously monitored. The blood pressure was measured 
approximately every 30 s. Data were recorded continuously 
for 20 s at each step of graded exercise. Five consecutive beats 
were selected at each step to obtain the ensemble-averaged 
waveform as the representative waveform at that step. Crite-
ria for interrupting the test were maximal predicted heart rate 
[(220-age) × 0.8], systolic blood pressure >200 mmHg, and 
signs of fatigue to end exercise.

Data analysis

Statistical analysis: data are expressed as mean ± SD. Cor-
relation between WD1 and HR was assessed by the linear 
regression method before and during exercise. The regres-
sion line was interpreted as the FFR. A value of p <0.05 was 
considered statistically significant.

Results

Subject baseline data are shown in Table 1. Hemodynamic 
data at peak load are shown in Table 2. HR increased linearly 
with an increase in workload in all subjects. Figure 2a shows 

a representative relation between HR and workload. The 
goodness-of-fit of the regression line of HR on workload in 
each subject was very high (r2 = 0.94 ± 0.04). The slopes 
(k) of the HR–workload relations were steeper in women 
than in men (0.59 ± 0.14 vs 0.46 ± 0.21 bpm/W, p < 0.0001) 
(Fig. 2b). WD1 increased linearly with an increase in HR. 
Figure 3 shows a representative relation between WD1 and 
HR. The goodness-of-fit of the regression line of WD1 on 
HR in each subject was very high (r2  = 0.7 ± 0.2).

The slope (k) of the WD1–HR relation (FFR) varied with 
the individual, ranging from 0.30 to 2.89 (m/s3 bpm). k was 
smaller for greater BMI (k  = − 0.04 BMI + 1.92, p <0.05) 
(Fig. 4a). The slopes were gentler in women than in men 
(0.72 + 0.23 m/s3 bpm vs. 1.14 + 0.62 m/s3 bpm, p  < 0.001.) 
(Fig 4b) although there was no difference in BMI between 
men and women (p  = 0.46) (Table 1).

WD1 also increased linearly with an increase in workload. 
Figure 4c shows a representative relation between WD1 and 
workload. The goodness-of-fit of the regression line of WD1 
on workload was rather high (r2  = 0.65±0.23). There was no 
difference in the slope (M) of the regression line of WD1 on 
workload between men and women (Fig. 4d).

The coefficient of variation for the measurement of FFR 
was assessed in 20 subjects. The coefficient of variation was 
0.20, which was within the clinically practical range.

Discussion

Evaluation of the changes in the contractile state of the left 
ventricle during exercise is an important part of the car-
diac rehabilitation protocol. The positive inotropic effect of 
increased heart rate (HR) produced by pacing has been dem-
onstrated in healthy individuals, which has been called the 
force–frequency relation (FFR) [3–5]. In conventional meth-
ods of obtaining FFRs, the maximum rate of left ventricular 
(LV) pressure rise (peak dP/dt) measured with a catheter-
tipped micromanometer was used as an index of cardiac con-
tractility, and atrial pacing was used to change HR (peak dP/
dt–HR relation). Instead of invasive atrial pacing, we applied 

Table 1   Baseline data of the subjects

HR heart rate, SystolicP systolic pressure, diastolicP diastolic pres-
sure, WD1 the peak value of wave intensity (WD)
p value: level of statistical significance by comparison between men 
and women

All Men Women p value

Age (year) 20.9 ± 1.5 21.1 ± 1.6 20.3 ± 1.1 < 0.05
Height (m) 1.69 ± 0.1 1.70 ± 0.1 1.60 ± 0.1 < 0.0001
Weight (kg) 60.2 ± 11.3 64.0 ±11 53.4 ± 7.9 < 0.0001
BMI (kg/m2) 20.9 ± 2.5 21.6 ± 3.1 20.9 ± 2.4 n.s.
HR (bpm) 75.3 ± 10.5 74.9 ± 9.9 77 ± 11 n.s.
SystolicP (mmHg) 119 ± 12 125 ± 9.3 111 ± 10 < 0.005
DiastolicP (mmHg) 74 ± 12 76.5 ± 8.3 70 ± 13 n.s.
WD1 (m/s3) 24.7 ± 10.7 26.3 ± 12 22 ± 8 < 0.05

Table 2   Hemodynamic data at the maximum load

HR heart rate, SystolicP systolic pressure, diastolicP diastolic pres-
sure, WD1 the peak value of wave intensity (WD)
p value: level of statistical significance by comparison between men 
and women

All Men Women p value

HR (bpm) 155 ± 13 156 ± 14 153 ± 12 n.s.
SystolicP (mmHg) 153 ± 21 164 ± 25 152 ± 22 < 0.01
DiastolicP (mmHg) 83 ± 11 87 ± 9 83 ± 12 n.s.
WD1 (m/s3) 113 ± 53 125 ± 58 91 ± 31 < 0.001
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graded exercise. During the exercise, HR increased linearly 
with an increase in workload (Fig. 2a); therefore, atrial pac-
ing was not needed for changing HR. In normal hearts, the 
peak dP/dt–HR relation is markedly enhanced (the slope is 

increased) during exercise compared with during pacing, 
which is due to β-adrenergic stimulation induced by exercise 
[3–5]. The peak dP/dt–HR relation (FFR) during exercise is 
significantly affected by a variety of heart diseases, and has 
the sensitivity to detect contractile impairment [1–10]. In 
spite of its potential for evaluating cardiac function during 
exercise, peak dP/dt–HR relation has not been widely used 
because of its invasive nature.

Instead of measuring peak dP/dt with a catheter, we 
measured carotid arterial wave intensity (WD) noninva-
sively using a combined system of color Doppler and echo 
tracking. The definition of WD (Eq. (1)) is different from 
the conventional definition of wave intensity (WI), which is

where dP/dt and dU/dt are the derivatives of blood pressure 
(P) and velocity (U) with respect to time, respectively [22]. 
Both wave intensities are related as follows [26]:

 where β is the stiffness parameter, which is defined as

WI = (dP∕dt) (dU∕dt),

WD = (1∕�P)WI,

Fig. 2   a Representative relation 
between HR and workload. b 
The difference in the slope (k) 
of this relation between men 
and women

Fig. 3   Representative relation between WD1 and HR, which is 
defined as FFR

Fig. 4   a Dependence of the 
slope (k) of FFR on BMI. b 
The difference in k between 
men and women. c Representa-
tive relation between WD1 and 
workload. d Comparison of the 
slope (M) of the WD1–work-
load relation between men and 
women (not significant)
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where Ps and Pd are the systolic and diastolic pressures, 
and Ds and Dd are the systolic and diastolic diameters, 
respectively.

We have reported that the maximum value of WI (W1) 
during a cardiac cycle correlates with peak dP/dt [21]. 
Therefore, the maximum value of WD (WD1) also correlates 
with peak dP/dt. WD contains (1/β), and β increases with 
an increase in age, though WI does not depend on age. This 
dependency of WD on age is a disadvantage of WD as an 
index of cardiac contractility. To obtain WI, it is necessary 
to measure upper arm systolic and diastolic pressures with 
a sphygmomanometer at each step of graded exercise. This 
is rather a hard task. On the other hand, WD is obtained 
by measuring U and D without measuring upper arm pres-
sures. Nevertheless, our study group ranged in age from 
18 to 28 years. Therefore, we do not have to consider the 
dependence of WD on age.

The slope (k) of WD1–HR relation (FFR) decreased with 
an increase in BMI (Fig. 4a). The mechanism of this phe-
nomenon is unclear. Nevertheless, Seo et al. [27] reported 
the relations between BMI and echocardiographic indices 
of diastolic function in subjects with normal hearts. In their 
study, the participants were classified as normal weight 
(BMI < 23.0 kg/m2), overweight (BMI 23.0–27.4 kg/m2), 
or obese (BMI ≥ 27.5 kg/m2). In their multivariate analy-
ses, BMI was independently associated with higher A (late 
transmitral velocity), lower E′ (early diastolic mitral annulus 
velocity), and higher E/E′ (E = early transmitral velocity). 
The risk of diastolic dysfunction was significantly higher 
among overweight and obese participants. Janssen [28] 
reported strong coupling between contraction and relaxa-
tion of the myocardium. The force of contraction and the 
speed of relaxation increased with an increase in contrac-
tion frequency. Although the mechanisms responsible for the 
relation between k and BMI are currently unclear, the con-
traction–relaxation coupling may account for the decrease in 
k with an increase in BMI, at least in part. In addition, k was 
steeper in men than in women (Fig. 4b) although there was 
no difference in BMI between men and women in our study 
group (Table 1). The slope (k) of the HR–workload relation 
was steeper in women than in men (Fig. 2b). We also studied 
the relation between WD1 and workload (Fig. 4c) although 
this relation was not validated as an index of cardiac func-
tion and was rarely used. There was no difference in the 
slope (M) of the WD1–workload relation between men and 
women (Fig. 4d). Thus, the same level of workload causes 
a greater increase in HR in women than in men, but causes 
the same level of increase in WD1 both in men and women. 
This explains superficially the reason why the slope (k) was 
steeper in men than in women. However, the real underlying 
mechanism is unclear.

� = (lnPs −lnPd) ∕[(Ds − Dd)∕Dd], Limitation

The final goal of our study was to apply the noninva-
sive method of measuring the force–frequency relation 
to cardiac rehabilitation. However, we did not enroll 
patients with heart disease in the present feasibility study. 
Although the WD1–HR relation depends on age, our study 
subjects only ranged from 18 to 28 years old. We should 
enroll a greater number of subjects with a wider age range 
and divide them into age groups in a future study.

Conclusions

Using an ultrasonic system to measure wave intensity and 
graded exercise to change heart rate, we developed a non-
invasive method of obtaining the force–frequency rela-
tion (FFR). The slope of obtained FFR decreased with an 
increase in BMI. The slope of FFR was steeper in men 
than women, despite there being no difference in BMI 
between men and women.
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