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Abstract
Rationale: Diaphragmatic tension-time index [TTdi = (Pdi/Pdimax)(Ti/
Ttot)] assesses inspiratory muscle endurance during rest and
exercise. However, the procedure is invasive and not practical for
general use. Recently, Tidal Volume/Vital Capacity (Vt/VC) has been
substituted for Pdi/Pdimax, to assess need for assisted ventilation in
chronic respiratory disorders. This technique has not been used to
assess respiratory muscle endurance in other conditions during rest
and exercise.

Objective: To compare control of ventilation and BIT in
cardiorespiratory disorders and controls and to assess their relation
to oxygen uptake (V’O2) and annual acute decompensations.

Methods: BIT and V’O2 were assessed in patients with stable CVD (n
= 20), RD (n = 20) and C (n = 20) during bicycle ergometry. ANOVA
assessed differences in variables amongst cohorts at rest and peak
exercise.

Results: Resting BIT was [median (25th, 75th percentiles)] 0.06 (0.04,
0.07), 0.06 (0.04, 0.09) and 0.04 (0.03, 0.05) for CVD, COPD and
controls, respectively. Compared to resting, BIT increased by 3.0- to
4.6- fold at peak exercise in all cohorts (p < 0.0001). V’O2max
exceeded resting values by 7.5-, 4.6-, and 9.4- fold in COPD, CVD and
C, respectively (all p < 0.0001). When corrected for BIT (V’O2/BIT),
controls exhibited significantly greater (V’O2/BIT) max than CVD and
COPD (p < 0.0001). Amongst patients who acutely decompensated,
BIT was higher only in resting CVD patients (p < 0.019).

Conclusions: BIT is useful for evaluating respiratory muscle effort
during rest and exercise in CVD and COPD. Oxygen uptake fails to
increase in proportion to BIT in these conditions as much as in
controls, reflecting impaired oxygen utilization. Its potential
usefulness in predicting acute decompensations should be assessed
in larger prospective studies.

Keywords: Breathing intolerance index; Exercise;
Cardiomyopathies; Chronic obstructive pulmonary disease;
Control of ventilation

Abbreviations:
AECOPD: Acute Exacerbation Of COPD; ANOVA: Analysis Of

Variance; BIT index: Breathing Intolerance Index; FEV1: Forced
Expiratory Volume In One Second; FRC: Functional Residual
Capacity; FVC: Forced Vital Capacity; IC: Inspiratory Capacity;
P0.1: Occlusion Pressure in 0.1 Second; RV: Residual Volume;
Vt: Tidal volume; tEFL: Tidal Expiratory Flow Limitation; Ti:
Inspiratory Time; Te: Expiratory Time; TTdi: Tension-Time Index
Of The Diaphragm; TTmus: Tension-Time Index Of Inspiratory
Muscles; V’E: Minute Ventilation; V’O2: Oxygen Uptake

Introduction
Patients with respiratory disorders experience ventilatory

impairment related to underlying changes in lung volume,
respiratory compliance and resistance, and breathing control
mechanisms. These factors affect the diaphragm’s ability to
sustain ventilation in the face of imposed respiratory loads.
Tension time index of the diaphragm [TTdi = product of the
ratio of the mean transdiaphragmatic pressure swing divided
by the maximum transdiaphragmatic pressure (Pdi/Pdimax)
with the inspiratory time divided by the total breath time (Ti/
Ttot)] is related to diaphragm endurance [1]. The ability to
sustain transdiaphragmatic pressure swings required for
continuous spontaneous breathing cannot be sustained for
more than 45 minutes when the TTIdi is >0.15. However, the
method of Bellemare and Grassino [1] is invasive, requiring the
use of gastric and esophageal balloons, and is difficult for
untrained subjects to perform. Later, Ramonatxo et al. [2]
instituted a noninvasive method for assessing the tension-time
index (based on mouth occlusion pressure, P 0.1) and easy to
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use from a technical standpoint. Koga et al. [3] substituted the
ratio of tidal volume to vital capacity (Vt/VC) for Pdi/Pdimax in
the Bellemare and Grassino [1] relationship, calling this
relationship [(Ti/Ttot) x (Vt/FVC)] the breathing intolerance
index (BIT). They found that the BIT indices of patients with
respiratory failure requiring noninvasive assisted ventilation
(NIV) were higher than those who did not need NIV. Vt/VC can
substitute for Pdi/Pdimax because the more Vt approaches VC,
the less ability the inspiratory muscles have to sustain alveolar
ventilation [1]. The study of Koga et al. [3], however, assessed
the BIT index in quietly breathing patients mainly with
bronchial asthma and restrictive thoracic/neuromuscular
disorders. Baydur and Chen [4] measured BIT in patients with
obesity and COPD during resting breathing in seated and
supine postures, finding that BIT was significantly greater in
seated position in both cohorts due primarily to an increase in
Vt in this position. BIT tended to be higher in patients with
obesity and COPD as compared to control subjects.

In patients with cardiovascular disease, most notably those
with chronic heart failure, respiratory muscle weakness has
been documented by diminished maximal inspiratory
pressures [5-7]. The tension-time index of the diaphragm is
markedly increased in patients with chronic heart failure in
contrast to healthy subjects [8], approaching levels shown to
generate fatigue, as demonstrated by Bellemare and Grassino
[1]. BIT has not been assessed in patients with cardiovascular
and other respiratory disorders at rest or during exercise. Its
measurement would be useful in determining the threshold
for respiratory muscle fatigue and degree of respiratory
impairment in such disorders.

The purpose of this study was to (1) compare control of
ventilation and BIT during rest and peak exercise in individuals
with cardiovascular and ventilatory limitation (due to chronic
obstructive pulmonary disease, COPD) and control subjects
free of cardiorespiratory illness, (2) to assess the relationship
of BIT to oxygen uptake at rest and peak exercise, and (3) to
assess the relationship of BIT to the likelihood of developing
acute exacerbations of COPD (AECOPD) and acute heart
failure.

Methods

Subjects
The records of clinically stable subjects with chronic heart

failure (all cardiomyopathies, 13 ischemic and 7 dilated, non-
ischemic) and COPD referred for cardiopulmonary exercise
testing were reviewed. Patients underwent testing for
evaluation of exercise tolerance and response to medical
therapy. All cardiomyopathy patients were in a clinically stable
condition with no worsening of heart failure or change of
cardiac medications in the previous 2 months. All patients
were receiving angiotensin converting enzyme inhibitors or
angiotensin receptor antagonists and beta-blocking agents;
some patients were also receiving diuretics, and a few,
calcium-channel blockers. Severity of cardiac dysfunction was
classified as New York Heart Association Severity II and III; all

patients had a resting left ventricular ejection fraction of 50%
or less as assessed by echocardiography.

The diagnosis of COPD was based on GOLD/European
Respiratory Society recommendations [9]. History concerning
medical and smoking history, and respiratory symptoms, as
well as hospitalizations for acute cardiorespiratory illness were
recorded. Patients with asthma, primary restrictive respiratory
disorders and acute cardiorespiratory illnesses were excluded.
Control subjects were individuals free of cardiorespiratory
illness. The study was approved by the Institutional Review
Board (HS-14-00244). Written consent was obtained from all
subjects as required by the Board.

Pulmonary function testing
Spirometry, lung volumes by body plethysmography and gas

transfer measurements were performed while seated with a
Collins GS/PLUS or DSII/PLUS system (Warren Collins;
Braintree, MA, or Ultima PF, MedGraphics, Saint Paul, MN).
The cut-off point of FEV1/FVC for COPD was 0.7 [9]. Predicted
values for post-bronchodilator FEV1, FVC and FEV1/FVC were
from Schoenberg et al. [10], and for subdivisions of lung
volume, from Crapo et al. [11].

Exercise testing and control of ventilation
Subjects refrained from eating or drinking coffee for at least

12 hours before testing. They breathed room air through the
equipment assembly with a nose clip on. The exercise test was
performed on a calibrated bicycle ergometer (Lode,
Amsterdam, Netherlands). During the test, subjects wore a
noseclip and breathed through a low resistance (1.5 cm
H2O/L/s) and low dead space (45 mL) breathing valve. The
valve was connected by the expiratory circuit to a breath-by-
breath automated exercise metabolic system (Ultima CardiO2,
MedGraphics, St. Paul, Minnesota). Flow was measured with a
heated bidirectional Pitot tube flow sensor and differential
pressure transducer (MedGraphics) that was linear over the
experimental range of flow up to 14 L/s. Volume was obtained
by integration of digitized flow. A closed system ensured that
end-expiratory volume remained constant. Each subject
underwent a 3 min trial run in order to become accustomed to
the procedure.

Subjects were monitored for leaks at the mouthpiece. The
system continuously measured oxygen uptake, carbon dioxide
output, and respiratory exchange ratio. Before each test, the
gas analyzers were calibrated with two gas mixtures of known
oxygen and carbon dioxide concentration. Heart rate was
continuously recorded on a cardioscope and
electrocardiogram periodically recorded. The subjects then
performed an incremental exercise test on the ergometer in
seated position. Resting measurements were obtained over 5
minutes at rest on the cycle. Following the warm-up period the
workload was increased by 10 Watts every 90 sec for patients
with COPD and CVD and by 20 Watts every 90 sec for the
control subjects. All subjects were encouraged to perform up
to their maximal abilities until they felt unable to continue or
they reached their maximal oxygen uptake (V’O2). Patients
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ended their exercise because of dyspnea, leg fatigue, or both.
For the control subjects, indications that they had reached
V’O2max included stability of heart rate close to their
predicted maximal heart rate, stability of V’O2 despite increase
in the work load, achieving a respiratory exchange ratio of at
least 1.1, and inability of the subject to maintain a pedaling
rate of 50 rpm.

Data acquisition began after regular breathing was achieved
and was continued for at least 5 minute post-exercise for
purposes of expired gas analysis and ECG monitoring.The data
were averaged during the last 20 sec of each load over an
integral number of breaths during which steady state had been
achieved. Tidal volume (Vt), inspiratory time (Ti), and total
time of the respiratory cycle (Ttot) were measured. From these
values, the duty cycle (Ti/Ttot) and mean inspiratory flow
(Vt/Ti) which corresponds to an intensity index of inspiratory
activity (index of neural drive) were computed [12,13]. BIT was
computed as (Ti/Ttot) × (Vt/FVC) [3], where Vt and Ti/Ttot
were determined during steady states at the end of the pre-
exercise and peak exercise periods, respectively. Coefficients
of variation for tidal volume (Vt), inspiratory time (Ti), and
expiratory time (V’E) were 5%-15%, as reported for normal
subjects and patients with COPD [12-15].

Data analysis
Characteristics of participants compared across

cardiovascular, COPD and control cohorts using linear
regression, where each characteristic variable was inverse
cumulative normal transformed [16]. Age, sex and BMI were
adjusted for in the model for their potential confounding
effect. Kruskal-Wallis test was used to compare the
exacerbations between COPD and cardiovascular groups [17].
Notched boxplots were used to present the distribution of lung
function variables across groups at rest or peak exercise. The
notches surrounding the medians provide a measure of the
rough significance of differences between the values.
Specifically, if the notches about two medians do not overlap

in this display, the medians are significantly different at about
a 95% confidence level (that is, p < 0.05) [18].

For each of the variables investigated, linear regressions
that inverse cumulative normal transformed variable as a
function of the indicator of cohorts and covariates including
age, sex and BMI was modeled to assess differences in central
tendency between subjects with cardiovascular, COPD and
controls [16]. The Wilcoxon signed rank test was used to test
for differences between variables obtained at rest and peak
exercise. Relationships between V’O2 (resting and max) and
BIT index (expressed as V’O2/BIT), and between BIT index and
numbers of acute exacerbations of COPD (AECOPD) and
episodes of heart failure per annum were assessed. The BIT
index was further analyzed by plotting isopleths of Vt/VC
versus Ti/Ttot, and of BIT vs V’O2, on which median values of
BIT for each cohort were placed [1,3].

Results

Anthropometric and spirometric data
Of 77 patients screened, excluded from analysis were 9

patients with restrictive lung disease, and 8 with idiopathic
pulmonary hypertension. The remaining 60 subjects consisted
of 20 patients each with COPD, cardiovascular disease (CVD)
(New York Heart Association classifications II and III) and non-
smoking healthy subjects (C) (Table 1). Ten (50%) of the
cardiomyopathy patients were past smokers; none were
currently smoking. Sixteen (80%) COPD patients were past
smokers and 4 (5%) were still smoking.

The median ages of the CVD and COPD patients were
greater than the control subjects, and median BMI was slightly
higher in the CVD group, but these differences were
statistically insignificant. Compared to the control group, both
FEV1 and FVC were lower in the CVD and COPD cohorts (p <
0.0001), while FEV1/FVC in COPD patients was significantly
lower than in the other two cohorts (p < 0.0001).

Table 1: Anthropometric and physiologic data.

Cardiovascular COPD Controls P‡

sex (M/F) 14/6 12/8 11/9 0.61

Age (y) 57.0 (46.5, 63.5) 60.5 (48.5, 68.0) 50.5 (44.0, 58.5) 0.19

BMI (kg/m2) 31.3 (24.4, 33.7) 27.9 (23.5, 30.5) 27.7 (23.2, 32.5) 0.41

FVC (% predicted) 79.0 (63.0, 85.5) 73.5 (68.5, 94.0) 99.0 (89.0, 104.0) <0.0001 §

FEV1 (% predicted) 83.5 (66.0, 90.5) 65.0 (55.0, 85.0) 102.5 (91.5, 109.5) <0.0001 §

FEV1/FVC (%) 79 (72, 88) 64 (50, 66) 79 (76, 81) <0.0001 §

*MVV (% predicted) 99.5 (75.9, 119.0) 83.3 (50.4, 106.1) 142.1 (104.1, 156.6) <0.0001 §

Values are presented as medians (25th, 75th percentile).

*: MVV, maximum voluntary ventilation.

‡: Each inverse cumulative normal transformed variable as a function of indicator of cohort was modeled as linear regression.

§: Age, sex and BMI were adjusted for as confounders.

Chronic Obstructive Pulmonary Diseases

Vol.1 No.2:11

2016

© Copyright iMedPub 3



Control of ventilation and BIT index
Figures 1 through 7 summarize the findings of control of

ventilation amongst cohorts at rest and peak exercise.

Figures 1 and 4 show that Vt and Vt/Ti in the control group
at peak exercise were significantly higher than in the CVD and
COPD cohorts (all p ≤ 0.0003), but did not differ amongst the
cohorts at rest.

Figure 1: Vt data for patients with, COPD, and control subjects.
Tidal volume (Vt) at rest and peak exercise in the three cohorts. See text for details. Each notched box represents the 25th-75th

percentile; internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58
inter-quartile range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.10, but did show
differences amongst cohorts at peak exercise, p < 0.0001.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 2: Ti data for patients with COPD, and control subjects.
Inspiratory time (Ti) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th percentile;
internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-quartile
range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.92, or peak exercise, p
= 0.06. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 3: Ttot data for patients with COPD, CVD and control subjects.
Total respiratory cycle (Ttot) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th

percentile; internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-
quartile range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.24, or peak exercise, p
= 0.10. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 4: Vt/Ti data for patients with COPD, CVD and control subjects.
Mean inspiratory flow (Vt/Ti) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th

percentile; internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-
quartile range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.77, but did show
differences amongst cohorts at peak exercise, p = 0.0003. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease

The CVD cohort exhibited the lowest values for Vt/Ti,
minute ventilation (V’E) and V’E/MVV at peak exercise (all p <
0.0003, Figures 4, 6 and 7, respectively), while the COPD
patients showed the highest V’E/MVV (i.e., the lowest
ventilatory reserve) at peak exercise (Figure 7).

Duty cycle, Ti/Tot, significantly increased during exercise,
but did not differ amongst cohorts either at rest or during peak
exercise (Figure 5).

Compared to resting, BIT increased by 3.1-, 3.0- and 4.6-
fold at peak exercise in COPD, CVD and control groups,
respectively (all p < 0.0001, Figure 8). It was higher in the
COPD and CVD groups only at rest (p < 0.016) because of their
lower FVCs, but this difference became insignificant as their
tidal volumes increased during exercise.
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Figure 5: Minute ventilation (V’E) data for patients with COPD, CVD and control subjects.
Minute ventilation (V’E) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th percentile;
internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-quartile
range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.18, but did show
differences amongst cohorts at peak exercise, p < 0.0001. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 6: V’E/MVV data for patients with COPD, CVD and control subjects.
Ratio of minute ventilation to maximum voluntary ventilation (V’E /MVV) at rest and peak exercise in the three cohorts. Each
notched box represents the 25th-75th percentile; internal line indicates the median; whiskers indicate the 10th and 90th

percentiles. Notches extend to +/-1.58 inter-quartile range/ n1/2. Notches that do not overlap suggest strong evidence of
different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed significant differences amongst cohorts at rest, p = <0.0001, and at peak
exercise, p < 0.0001. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 7: Ti/Ttot data for patients with COPD, CVD and control subjects.
Duty cycle (Ti/Ttot) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th percentile;
internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-quartile
range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.66, or peak exercise, p
= 0.92. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 8: Breathing intolerance (BIT) index for patients with COPD, CVD and control subjects.
Breathing intolerance index (BIT) at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th

percentile; internal line indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-
quartile range/ n1/2. Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed significant differences amongst cohorts at rest, p = 0.016, but not at peak
exercise, p = 0.72. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease

The ability of the BIT index to assess respiratory muscle
impairment at baseline and maximal exercise in each cohort
was depicted by iso-BIT index graphs (analogous to the iso-
diaphragmatic tension-time plot of Bellemare and Grassino
[1]) in which Ti/Ttot was plotted against Vt/FVC at rest and

peak exercise with BIT isopleths ranging from 0.04 to 0.16
(Figure 9). Vt/FVC for all three cohorts increased at peak
exercise (all p < 0.0001). Coupled with increases in the duty
cycle at peak exercise (Figure 5), these changes resulted in
significant increases in the BIT index, as noted in Figure 8.
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Figure 9: Ti/Ttot versus Vt/FVC for patients with COPD, CVD and control subjects.
Ti/Ttot versus Vt/FVC at peak exercise (solid symbols) and rest (hollow symbols).
Diagram is analogous to the iso-diaphragmatic tension-time index plot of Bellemare and Grassino [1] and is constructed from
the data of our patients. Ordinate: inspiratory to total cycle duration ratio, or duty cycle (Ti/Ttot); abscissa: mean tidal volume
expressed as a fraction of the forced vital capacity (Vt/FVC).
The product of the two variables is the breathing intolerance (BIT) index. Four isopleths are drawn for reference. Each symbol
refers to the median (inter-quartile range) of each group.

Exercise data and gas exchange measurements
Median duration of the exercise segment during testing for

COPD, CVD and control subjects was 8.1, 7.2, and 12.3
minutes, respectively.

Figures 10 and 11 show the variables of cardiopulmonary
exercise testing. As can be seen, compared to resting values,
median V’O2 increased by 7.5-, 4.6- and 9.4- fold at peak
exercise in the COPD, CVD and control groups, respectively (all
differences significant at p < 0.0001, Figure 10).
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Figure 10: Oxygen uptake (V’O2) at rest and peak exercise for patients with COPD, CVD and control subjects.
V’O2 at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th percentile; internal line
indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-quartile range/ n1/2.
Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.63, but were
significantly different amongst cohorts at peak exercise, p < 0.0001, with the CVD group exhibiting the lowest value. See text
for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 11: O2-pulse (V’O2/HR) at rest and peak exercise for patients with COPD, CVD and control subjects.
V’O2/HR at rest and peak exercise in the three cohorts. Each notched box represents the 25th-75th percentile; internal line
indicates the median; whiskers indicate the 10th and 90th percentiles. Notches extend to +/-1.58 inter-quartile range/ n1/2.
Notches that do not overlap suggest strong evidence of different medians.
The general linear model used to model the normal ranks of the test variable as a function of the resting and peak exercise
groups, adjusted for age, sex and BMI, showed no significant differences amongst cohorts at rest, p = 0.67, but were
significantly different amongst cohorts at peak exercise, p = 0.0001. See text for details.
P-values presented in the figure were obtained from Wilcoxon signed rank test (non-parametric paired-sample t-test) for
comparisons between rest and peak exercise in each cohort.
COPD: chronic obstructive pulmonary disease; CVD: cardiovascular disease
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Figure 12: Breathing intolerance index (BIT) vs oxygen uptake (V’O2) at peak exercise (solid symbols) and rest (hollow symbols)
for patients with COPD, CVD and control subjects.
Breathing intolerance index (BIT) vs oxygen uptake (V’O2) at peak exercise (solid symbols) and rest (hollow symbols). Five
isopleths are drawn for reference. Each symbol refers to the median (inter-quartile range) of each group.
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Figure 13: Annual numbers of episodes of AECOPD and acute heart failure (CHF) with respect to the breathing intolerance
index (BIT) in patients with COPD and CVD at rest and at peak exercise.
Annual numbers of exacerbations with respect to breathing intolerance index (BIT) in patients with COPD at rest (a) and at
peak exercise (b), and CVD at rest (c) and at peak exercise (d).

At rest, the median O2-pulse, an index of stroke volume, did
not significantly differ amongst cohorts (Figure 11); however,
in the COPD, CVD and control groups it increased by 2.8-, 2.7-
and 4.2- fold at peak exercise, respectively (all p < 0.0001).
Notably, the O2- pulse in the CVD group reached only 76% and
67% of the corresponding COPD and control group values,
respectively, at peak exercise (both differences significant at p
< 0.0001).

To express V’O2 in relation to BIT, isopleths of its product
with BIT were plotted as shown in Figure 12. Control subjects
exhibited significantly greater values at peak exercise (without
difference in BIT) than the CVD and COPD cohorts (p < 0.0001)
indicating their greater oxygen uptake with respect to
ventilatory effort.

Episodes of AECOPD and acute heart failure
Figure 13 depicts the relation of BIT index at rest and peak

exercise to the annual numbers of AECOPD and acute heart
failure in COPD and CVD patients, respectively. Resting BIT was
40% higher in the 8 resting CVD patients who experienced
acute heart failure (p < 0.019). There were only 3 patients who
experienced AECOPD requiring hospitalization, and so while
their resting BIT was more than twice as high as in the 17 who
did not decompensate, the difference did not reach
significance (p < 0.13).

No patients required assisted ventilation or died during the
period of this study.

Discussion
To our knowledge this study is the first to evaluate

respiratory muscle effort using a noninvasive method
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comparing patients with CVD and COPD under resting and
exercise conditions. The method of assessment was the
breathing intolerance index (BIT) that until recently had been
used only to evaluate need for assisted ventilation in patients
with asthma, chest wall and neuromuscular disorders [19]. The
key findings in this study are that (a) resting BIT was similar
amongst the CVD, COPD and control groups, (b) compared to
resting values, BIT increased by several-fold at maximal
exercise in all cohorts, and to the greatest degree in the
control group, (c) oxygen uptake increased out of proportion
to the increase in BIT with exercise in all cohorts, but less so in
the CVD and COPD patients, confirming less efficient oxygen
uptake for the increase in ventilatory effort at V’O2max in CVD
and COPD than in the controls.

Control of ventilation and its relation to BIT in
COPD and CVD patients

At rest, the ventilatory pattern (Vt, Ti, Ttot, V’E, Vt/Ti)
observed in our COPD and CVD patients was similar to that
reported to that by other investigators [4,5,12-15,19-23].
Bellemare and Grassino [1] showed that the critical product of
Pdi/Pdimax and Ti/Ttot, tension-time index (TTdi) leading to
diaphragmatic fatigue was 0.15 during inspiratory resistive
loading at normal resting V’E. In a later study, these authors
showed similar results in COPD patients who developed
respiratory fatigue by increasing their duty cycle (Ti/Ttot) [20].
Garcia-Rio [24] found that the TTdi in neuromuscular patients
(0.145) was about twice as high as in patients with chest wall
disorders (0.074) and usual interstitial pneumonia (0.077), and
more than twice as high as in control subjects (0.058) because
of the higher percentage of the maximal Pdimax generated
during tidal breathing. In addition, using mean inspiratory
mouth pressure (PI) as a noninvasive means of estimating
respiratory muscle effort, these authors found that, compared
to control subjects, PI was 65% to 241% higher in their patients
with restrictive respiratory disorders. Koga et al. [3] showed
that during resting breathing, BIT index was, on average, 0.186
in patients with lung and chest wall disorders requiring
nocturnal noninvasive positive-pressure ventilation,
significantly greater than in non-ventilator users (0.087) and
healthy volunteers (0.05), the last values being similar to those
of our cohorts at rest. Similarly, Bach and colleagues [19]
showed that in patients requiring noninvasive ventilatory
support, BIT was 2- to 3- fold greater during spontaneous
breathing as compared to patients who did not need assisted
ventilation. Resting BIT indices in our control subjects (median
0.04) was similar to that of nonsmoking healthy individuals
reported by Koga et al. (0.05) [3]; in our CVD and COPD
patients BIT indices were slightly higher than in controls (0.06)
but similar to patients with mild to moderate respiratory
impairment not requiring noninvasive ventilation
(0.057-0.085) reported by Koga et al. [3]. Thus, as expected,
resting BIT indices in our patients were in the range that would
not predict the likelihood of AECOPD or acute CHF. Clearly, the
ventilatory reserves of our patients, while less than in control
subjects, are greater than those of neuromuscular and chest
wall patients reported by Koga et al. [3]. During resting
breathing, BIT becomes useful as a predictor for acute

exacerbation likely shortly before overt respiratory failure, and
does so by an increase above resting stable conditions.

Chronic obstructive pulmonary disease
In the present study, no patients required assisted

ventilation as expected by absence of significant differences in
BIT indices amongst cohorts. At peak exercise, the COPD group
encroached on their ventilatory reserve, reaching 76% of their
maximum voluntary ventilation, significantly higher than the
CVD and control groups. The diagnosis of respiratory fatigue is
a challenge because of the lack of universally agreed criteria
and technical difficulties [25]. Nevertheless, even though
patients with respiratory impairment are able to maintain
spontaneous ventilation, they may be in the “fatigue process”,
as described by Vassilakopoulos et al. [26]. According to
predictions of the TTdi concept, overt fatigue and task failure
(that is, not being able to breathe spontaneously) eventually
develop over time. Therefore, fatigue should be considered as
a continuum, and what determines ability to sustain
spontaneous breathing is whether one is in the “fatigue
process”. In COPD patients who fail to be weaned off
mechanical ventilation, TTdi is 38% higher than in patients who
are successfully weaned off ventilation [26], and higher than
0.15, the critical value above which diaphragmatic fatigue may
occur in normal subjects [1] and COPD [20]. During exercise,
even patients with mild COPD exhibit increased dead space
(Vd) ventilation, leading to compensatory increase in minute
ventilation to maintain a constant alveolar ventilation [27],
resulting in early exercise intolerance. In fact, in the study of
Elbehairy [27] the patient group exhibited levels of PaCO2
lower than in the control group throughout exercise,
suggesting cortical or behavioral input accounting for the
hypocapnia [28].

Cardiovascular disease
Values for BIT at rest in our CVD patients were, on average,

50% higher than in control subjects. These values were slightly
lower than the tension-time index of respiratory muscles
measured by a different non-invasive technique, in which the
product of the ratio of mean inspiratory pressure to maximal
inspiratory pressure and the duty cycle [TTdi = (Pi/Pimax) (Ti/
Ttot) = 0.08] was used [22]. In our CVD patients BIT increased
three-fold at peak exercise, similar to the 2.7- fold increase in
the tension-time index of inspiratory muscles (TTmus)
reported by Vibarel et al. [22]. As was the case with TTmus
reported by Vibarel et al. [22], the difference in peak exercise
BIT between CVD and controls was not significant.

Median peak V’O2 for CVD patients was 54% lower than in
control subjects. Exercise intolerance in patients with chronic
(stable) heart failure is characterized by decreased maximal
exercise capacity as well as slower adaptions to and from
submaximal levels of exercise [29]. In a study of 18 men with
chronic heart failure, using constant work rate cycle ergometry,
Sietsema et al. [29] showed that peak V’O2 (corrected for
weight) was 62% lower than in normal control subjects, similar
to our findings. This difference remained essentially
unchanged even when corrected for BIT (Figure 11).
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Furthermore, the O2-pulse (an index of stroke volume) in our
patients with CVD was significantly less than in the COPD and
control groups. Peak V’O2 and O2-pulse (an index of stroke
volume) have strong predictive values for prognosis [30].
Reduced maximal exercise tolerance is associated with worse
symptoms, diminished quality of life and survival, and a higher
New York Heart Association functional class. Even if cardiac
output is normal at rest, it usually does not increase enough
with even mild exertion [31]. V’O2max is directly related to
cardiac output and muscle perfusion at peak exercise [32,33].
Inability to raise cardiac output in response to increased
metabolic demand leads to diminished perfusion to exercising
muscles, including the diaphragm and other respiratory
muscles, and contributes to dyspnea and muscle wasting [34].
Factors contributing to exercise intolerance particularly in
patients with cardiomyopathy include diastolic as well as
systolic dysfunction with impairment of stroke volume, down
regulation of beta-receptors, pulmonary congestion and
reduced lung compliance, increased pulmonary vascular
resistance resulting in decreased cardiac output response to
exercise [35] and limited metabolic capacity of peripheral
skeletal muscles [36]. These factors undoubtedly contributed
to the reduced exercise duration in our CVD patients.

V’O2-BIT relationship
This relationship describes oxygen uptake for a given degree

of ventilatory effort. It is analogous to the V’O2-work rate
relationship used in cardiopulmonary exercise testing, and has
the advantage of not having to use the esophageal balloon
technique to directly measure the work produced by the
respiratory muscles. While (V’O2)(BIT) was similar amongst the
3 cohorts at rest, a significant divergence in the products was
noted at peak exercise, with control subjects exhibiting values
25% and 120% greater than the COPD and CVD cohorts,
respectively. The change was almost entirely due to increases
in the O2 uptake, as BIT did not differ amongst the 3 groups at
peak exercise. CVD and COPD are both associated with
impaired O2 transport [37]. In chronic heart failure, a blunted
increase in cardiac output and stroke volume at peak exercise
results in diminished blood flow and O2 supply to the
respiratory muscles, resulting in decreased force generation to
breathe with. The presence of interstitial edema reduces lung
compliance, further increasing the work of breathing.

In the case of COPD, dynamic hyperinflation during exercise
plays a major role in exercise intolerance and dyspnea. It might
be expected that patients with the most severe airflow
limitation would be the most dyspneic. Yet, some patients with
severe airway obstruction, as reflected by the FEV1, have few
symptoms, while others with minimal flow limitation exhibit
severe dyspnea. In this connection, use of the negative
expiratory pressure technique during quiet tidal breathing has
shown that tEFL at rest is associated with lower inspiratory
capacity (IC) [38]. Since maximal tidal volume correlates with
IC during exercise, patients with tEFL at rest exhibit an increase
in end-expiratory lung volume and a further decrease in IC
with concomitant exercise limitation.

Relation of BIT to episodes of AECOPD and
acute heart failure

Resting BIT was significantly higher in CVD patients who
experienced 2 or more episodes of acute CHF; findings showed
a similar trend in patients with lung disease experienced
AECOPD, but their numbers did not reach significance. No
patients required assisted ventilation despite their acute
illness. Koga et al. [3] showed that patients with
neuromuscular and chest wall disorders who required NIV
exhibited significantly higher BIT values than those who did
not. Since patients with patients with COPD and heart failure
both exhibit respiratory muscle weakness and impaired
function [5-8,20,22,39], one would expect similarly higher
values of BIT in these patients as they developed respiratory
insufficiency.

One might expect that BIT would reach higher values during
AECOPD than in acute heart failure because respiratory muscle
dysfunction in COPD develops as a result of mechanical
disadvantage (hyperinflation) as well as progressive atrophy
and impaired oxygen utilization. Dynamic hyperinflation and a
reduced appositional area of the diaphragm (to the abdominal
wall) are not features described in patients with acute heart
failure, although the latter may exhibit both restrictive and
obstructive defects [39,40] as well as respiratory muscle
dysfunction related to decreased oxygen delivery [22].

Limitations of study
There were some limitations to this study. Conditions were

identified on the basis of conventional clinical and diagnostic
findings. The possibility that some patients with COPD
harbored subclinical features of CVD, such as coronary artery
disease or pulmonary hypertension, cannot be ruled out.
Indeed, a recent meta-analysis has shown compelling evidence
that COPD is associated with increased risk of common
cardiovascular risk factors including smoking, diabetes and
hypertension [41]. Patients with coexistent CVD or impaired
oxygen-carrying capacity may exhibit impaired respiratory
muscle oxygenation [8], therefore since the ability of these
muscles to function anaerobically is limited [42], their ability to
sustain spontaneous ventilation is ultimately limited by their
aerobic capacity. Furthermore, increasing evidence suggests
that cardiac dysfunction during AECOPDs is common and is
associated with poor prognosis [43]. Lung volume
measurements by body plethysmography were not available
for all patients, so that we could not relate BIT or V’O2 to
degree of lung hyperinflation.

Another limitation of this study is its retrospective design.
However, patients were selected for analysis based on strict
diagnostic criteria gleaned from medical records. Cohorts were
maintained adherent to inclusion criteria as much as possible,
assuring the homogeneity of the COPD and CVD groups. In
addition, while there were only 20 subjects in each group, the
strict inclusion criteria and high degree of significance of
anthropometric and many physiologic variables allowed for
discrimination amongst cohorts.
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Conclusions
The BIT index is useful for evaluating respiratory muscle

endurance under resting and exercise conditions in patients
with CVD and COPD. Oxygen uptake fails to increase in
proportion to BIT during cardiopulmonary exercise testing in
these conditions as much as in healthy individuals, reflecting
impaired oxygen transport and utilization. BIT may also be
useful in determining those patients who are likely to develop
acute decompensation from their illness, particularly by
analyzing their breathing pattern at rest. Additional studies
under resting and exercise conditions with larger cohorts
would help determine if BIT predicts which patients are likely
to develop AECOPD and acute heart failure, and perhaps the
need for assisted ventilation.
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