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Abstract The objective of this study was to investigate
whether exertional dyspnea correlates with exercise
responses, especially arterial blood pH and plasma nor-
epinephrine (NE) changes, in patients with sequelae of
tuberculosis (TBsq). Cardiopulmonary exercise testings
were performed in 49 TBsq patients and 9 controls. Each
group had a break point in the dyspnea, plasma lactate, and
plasma NE changes during exercise, all of which occurred
at a similar exercise point. In TBsq patients in both exer-
cise phases before and after the dyspnea break point,
the dyspnea-slope (ABorg scale/Aminute ventilation)
correlated with the pH-slope (ApH/Aoxygen uptake) (r =
—0.616, p <0.0001; r= —0.629, p < 0.0001, respec-
tively, before and after the break point) and with the
NE-slope (ANE/Aoxygen uptake) (r = 0.443, p = 0.0012;
r = 0.643, p < 0.0001, respectively, before and after the
break point). In TBsq patients during exercise, increases in
circulating NE levels and exertional acidosis were corre-
lated with exertional dyspnea.
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Introduction

In 2005, an estimated 8.8 million people were infected with
tuberculosis and 1.6 million people died of tuberculosis
worldwide [1]. In Japan, tuberculosis was one of the most
contagious diseases before World War II; after that, the
mortality of tuberculosis decreased rapidly over a 2-decade
period [2]. During the time when no effective anti-tuber-
culosis drugs were available, surgical therapy, such as
thoracoplasty, was the most effective therapy, and in Japan,
1 million patients with pulmonary tuberculosis underwent
chest surgery [3, 4]. Advanced pulmonary tuberculosis, due
to delays in its diagnosis and treatment, continues to be a
disease that causes a major health burden that can result in
residual anatomic and cardiopulmonary changes [4-7],
despite developments in anti-tuberculosis therapy [8—12].
In Japan, the sequelae of pulmonary tuberculosis (TBsq)
due to complicated TB and/or surgical therapy are related
to the cardiopulmonary disorder that frequently occurs and
still limits patients’ activities of daily living because of
exertional dyspnea. Though there are currently no recom-
mendations for evaluation of cardiopulmonary impairment
in TBsq patients [9, 10], a better understanding of the
mechanisms and the assessment of dyspnea would help
improve our ability to treat and care for TBsq patients.
We have performed cardiopulmonary exercise testing
(CPET) on patients with symptoms of dyspnea, including
TBsq patients, in our department since 1989 to assess
the pathophysiological mechanisms of exertional dyspnea.
Although the mechanisms for exertional dyspnea are con-
sidered to be multifactorial in respiratory disease patients
[13, 14], we previously reported that, in idiopathic pul-
monary fibrosis (IPF) patients during exercise, increases in
circulating norepinephrine and exercise-induced acidosis
due to pulmonary vascular and ventilatory disorders were
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associated with the intensity of exertional dyspnea [15]. In
TBsq patients, however, little is known about the rela-
tionships among these parameters.

This study was undertaken to investigate how the
intensity of exertional dyspnea contributes to the cardio-
pulmonary response in TBsq patients, and to test the
hypothesis that the intensity of exertional dyspnea may
correlate with the change in arterial blood pH and cate-
cholamine levels during exercise in such patients.

Materials and methods
Study subjects

The exercise pathophysiology of 49 patients with TBsq
who were referred for evaluation of exertional dyspnea to
our department from July 1989 to December 2008 and of 9
healthy volunteers with a similar distribution of age, gen-
der, and anthropometric measurements, was retrospectively
investigated (Table 1). The institutional ethics committee
approved the study, and, before each CPET session, all
patients and control subjects gave written informed consent
allowing their CPET data to be used for clinical studies.
The inclusion criteria for the study were:

1. a post-tuberculosis lung disorder (the presence of both
a history of pulmonary tuberculosis and a reduced lung
volume defined as a vital capacity of 80% of predicted
value);

2. a clinically stable condition (no respiratory infection
for at least 4 weeks prior to CPET);

3. able to tolerate CPET for at least 4 min (i.e., 4 or more
measurement points) to ensure adequate evaluation,
and exercise limitation caused primarily by exertional
dyspnea on CPET, that is, breathing discomfort either
alone or in conjunction with leg discomfort at the same

Table 1 Subjects’ baseline characteristics

level was the primary reason for stopping (see section
“Cardiopulmonary exercise testing”); and

4. absence of any other significant diseases, including
neuromuscular diseases, malignancies, cardiac dis-
eases, anemia, and/or peripheral vascular diseases.

Twenty-five patients had undergone previously thora-
coplasty (10 patients), lobectomy (5 patients), pneumo-
nectomy (5 patients), or artificial pneumothorax (5
patients). The remaining 24 patients had only a severe lung
disorder due to a past history of large lung involvement
and/or pleuritis. At the time of CPET, no patients were
receiving beta blockers, long-term oxygen therapy, or
therapy with non-invasive ventilation; 7 patients were
receiving digitalis, 2 patients were receiving diuretics, 1
patient was receiving calcium antagonists, and 5 patients
were receiving inhaled anticholinergic agents daily. All
control subjects were healthy volunteers who were enrolled
in another study [15].

Study design
Pulmonary function testing

Pulmonary function testing was done as previously
described [16] at the same time as CPET. The results are
expressed as percentages of reference values [16].

Cardiopulmonary exercise testing

CPET was performed as previously described [15]. Briefly,
while breathing room air with a mask, the patients and the
subjects exercised on a treadmill using the Sheffield [17] or
one of two modified Sheffield protocols [15]. The protocol
was selected after considering the intensity of the subjects’
daily activities and their pulmonary function. CPET was
performed until patient exhaustion or the presence of signs

Control subjects (n = 9) TBsq patients (n = 49) p value
Gender ratio, M:F 7:2 36:13 NS
Age, years 67.0 £ 3.4 (52-84) 67.0 £ 1.4 (30-80) NS
Smoking history, smoker:never 5:4 30:19 NS
BMI, kg m—? 20.6 £ 1.0 (16.1-25.7) 19.2 £ 0.5 (13.1-27.8) NS
Pulmonary function
VC, L 33 £0.3 (1.8-5.0) 1.7 £ 0.1 (0.7-2.8) <0.0001
%V C, % 104.9 £+ 6.9 (83.9-142.3) 54.3 £ 1.9 (29.4-79.2) <0.0001
FEV,, L 2.5+ 0.2 (1.5-3.3) 1.1 £0.1 (0.5-2.1) <0.0001
FEV,/FVC, % 81.2 £ 2.6 (71.5-91.7) 70.7 £ 3.1 (29.4-100.0) NS

Values are mean =+ standard error of the mean with the range shown in parentheses unless otherwise stated

TBsq sequelae of pulmonary tuberculosis, M male, F' female, BMI body mass index, VC vital capacity, FEV; forced expiratory volume in one-

second, FVC forced vital capacity, NS not significant
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indicating that exercise should stop. Expired gas data were
collected breath-by-breath using a Vmax 229 (Sensor
Medics Corporation, Yorba Linda, CA, USA) and were
recorded at 30-s intervals during each stage. Systemic
arterial blood samples were drawn through an indwelling
radial artery cannula. Pre-exercise resting measurements
were done during the steady-state period after at least
3 min of breathing using a mask while sitting. Dyspnea
intensity (Borg scale) and arterial blood gases were mea-
sured at rest and during the last 15-s at 1 min, at each
exercise stage, and at end exercise. Soon after obtaining a
sample for arterial blood gas analysis, blood samples for
plasma norepinephrine (NE) and plasma lactate (LT) levels
were collected and measured as described previously [15].
In addition, the subjects were asked to express their pre-
dominant reason for stopping exercise at exhaustion:
breathing discomfort, leg discomfort, both, or other
reasons.

Data and statistical analysis

Break point By plotting individual dyspnea-VO,, LT-
VO, and NE-VO, curves during exercise, a break point
was determined for each subject using the intersection of
two lines [15, 18]. To illustrate the relationship between the
cardiorespiratory parameters and each percentage of
Aoxygen uptake (VO,) (=peak VO, — resting VO,) that
occurs during exercise, the values of the parameters at each
percentage of AVO, were calculated for each subject by
linear interpolation between adjacent measurement points,
as previously described [15].

Exercise-response slopes The exercise-response slopes
were calculated as previously described [15]. Briefly,
using linear interpolation between adjacent measurement
points for each subject, the point corresponding to the
dyspnea break point was calculated at which the exercise
parameter value, for example the Borg scale or the minute
ventilation (VE), corresponded to the VO, value at the
dyspnea break point. Next, the dyspnea-slope was calcu-
lated for each subject as the ratio of ABorg scale to AVg
during the early exercise phase (from resting to the point
corresponding to the dyspnea break point), or during the
late exercise phase (from the point corresponding to the
dyspnea break point to the peak exercise point). The other
exercise-response slopes (such as the NE-slope), except
for the dyspnea-slope, were calculated for each subject as
the ratio of A exercise parameter (such as NE level) to
AVO, during the early exercise phase or during the late
exercise phase.

Sample size calculation The effect size was estimated to
be approximately 0.6 by the correlation coefficient values

between the dyspnea-slope and other exercise response-
slopes during the late exercise phase, which was previously
reported for an IPF population [15] but not for TBsq
patients. With o = 0.05, § = 0.20, and a two-tailed test of
statistical significance, a sample size of at least 19 TBsq
patients was calculated on the basis of the effect size for
this study [19].

The data are expressed as mean + SE. Categorical
variables were analyzed using Fisher’s exact probability
test, and continuous variables were analyzed using the
Mann—Whitney test and the Tukey—Kramer test. The sta-
tistical significance of the differences due to the interaction
of exercise phase and group were determined using repe-
ated-measures ANOVA. Pearson’s correlation coefficients
were used to assess the relationships between variables. All
analyses were conducted using Statview 5.0 (Abacus
Concepts, Berkeley, CA, USA); p values of 0.05 were
regarded as significant.

Results
Exercise response

The CPET results are presented in Table 2. The peak
oxygen uptake and the peak tidal volume were signifi-
cantly lower, and the peak physiologic dead space/tidal
volume (Vp/Vr)-ratio and the peak PaCO, were signifi-
cantly higher in TBsq patients than in controls. These
findings suggest that the TBsq patients had a signifi-
cantly reduced exercise tolerance with a ventilatory
impairment.

Correlates of exertional dyspnea

First, the changes in the cardiopulmonary parameters were
examined in both TBsq patients and controls (Fig. 1). In
both groups, there was a break point in the dyspnea-
percentage of the AVO, curve with the current exercise
protocols (Fig. 1a). In each group, there was a break point
in the NE-percentage or the LT-percentage of the AVO,
curve during exercise, and these break points occurred at a
similar exercise point as the dyspnea break point (Fig. la,
¢, e). There were no differences in the changes in exertional
dyspnea, pH, and plasma NE in both groups (Fig. 1a, b, ¢),
although the TBsq patients’ performance was significantly
reduced (Table 2).

Second, the slope of each cardiopulmonary parameter in
response to exercise during the early and late exercise
phases, and the correlates of the dyspnea-slope in both
exercise phases were examined (Table 3). In controls, the
NE-slope and the PaCO,-slope were correlated with the
dyspnea-slope in the late exercise phase. In TBsq patients,
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Table 2 Subjects’ exercise responses

Control subjects (n = 9)

TBsq patients (n = 49)

Rest Peak Rest Peak
VO, (mL kg=' min~") 41403 282+ 1.5 5.0 &+ 0.2% 16.1 £ 0.7%
VO, (% predicted) 104.4 + 7.7 58.3 + 2.2%
Dyspnea (borg scale) 0.1+0.1 7.8 + 0.3 0.1+ 0.1 8.5+ 0.2
HR (beats min~") 81 +3 144 + 5 92 + 2% 128 + 3%
VO,/HR (mL beats™ ") 27 +£02 10.4 £ 0.6 2.8 +0.1 6.4 + 0.3
f (beats min~ ") 242 3442 27 + 1 39+ 1
Vp (mL) 577 + 60 1611 + 160 517 + 16 829 + 37°
Ve (L min~") 122+ 0.7 543 + 4.6 132 + 0.4 313 £+ 1.4%
Vp/Vp-ratio 0.40 + 0.03 0.22 & 0.01 0.39 & 0.01 0.32 + 0.01%
pH 7.420 £ 0.005 7.358 + 0.009 7.407 £ 0.004 7.335 £ 0.006
Pa0, (mmHg) 97.4 + 3.1 84.3 + 2.7 84.4 + 1.7 58.6 + 1.5
PaCO, (mmHg) 36.5 + 0.8 38.1 £ 0.9 432 + 0.9* 498 + 1.1%
LT (mg dl™") 10.1 + 1.3 438 + 55 10.7 + 0.6 259 + 157
NE (ng mL™") 0.4 + 0.0 23405 0.9 + 0.1 3.5 4 0.3*

Values are mean =+ standard error of the mean

TBsq sequelae of pulmonary tuberculosis, VO, oxygen uptake, HR heart rate, f breathing frequency,V; tidal volume, V¢ minute ventilation,
Vp/Vr physiologic dead space/tidal volume ratio, PaO, arterial oxygen tension, PaCO, arterial carbon dioxide tension, LT plasma lactate level,

NE plasma norepinephrine level

* p < 0.05, )p <0.01, ¥p < 0.001, ¥p < 0.0001 versus control subjects during each exercise phase

of the cardiopulmonary exercise-response slopes, the pH-
slope, the NE-slope, and the PaCO,-slope were well cor-
related with the dyspnea-slope in both exercise phases;
however, the PaO,-slope was not as strongly correlated
with the dyspnea-slope as the above parameters. On repe-
ated-measures ANOVA, the PaCO,, the HCO5;™, and the
Vp/Vr-ratio were significantly higher, and the plasma LT
level was significantly lower in TBsq patients than in
controls during exercise (Fig. 1d, h, g, e). Furthermore,
there was no difference in peak pH between the two groups
(Table 2). These findings suggest that TBsq patients stop-
ped primarily because of metabolic acidosis followed by a
respiratory acidosis caused by pulmonary ventilatory dis-
orders, during which an increasing plasma NE level was
detected.

Discussion

This study demonstrated that, in TBsq patients:

1. there were break points in the dyspnea, NE, and LT-
percentage of the AVO, curves during exercise, and
these break points occurred at a similar exercise point;
and

2. in both exercise phases before and after the dyspnea
break point, the dyspnea-slope correlated well with the
pH-slope, the NE-slope, and the PaCO,-slope of the
cardiopulmonary exercise response-slopes.

@ Springer

These findings suggest that, during exercise, acidosis
and the increased plasma NE level were associated with
dyspnea in TBsq patients.

In TBsq patients, one of the important systemic respi-
ratory functions during exercise may be to control the ex-
ertional acidosis. In this study, compared with controls,
TBsq patients during both exercise phases showed higher
PaCO,, HCO; ™, and Vp/Vr-ratio values (Fig. 1d, h, g), and
a lower lactate value (Fig. le), which suggests that the
TBsq patients had a more severe ventilatory impairment
than controls. Of note, there was no difference in pH at
peak exercise between controls and TBsq patients. Fur-
thermore, during both exercise phases, the pH-slope and
the PaCO,-slope were significantly correlated with the
dyspnea-slope in TBsq patients, but the PaO,-slope showed
a weak relationship with the dyspnea-slope (Table 3). The
results of this study are supported by those of a study
dealing with the exercise pathophysiology of TBsq patients
using non-invasive ventilation and supplemental oxygen
during testing; they found that:

1. O, alone did not significantly improve exercise
tolerance, with only a small reduction in exertional
dyspnea compared with the non-invasive ventilation
test; and

2. at peak exercise, higher serum lactate levels, lower
PaCO, levels, and the same pH were found during the
non-invasive ventilation test compared with the
breathing room air test [20].
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Fig. 1 Cardiopulmonary
parameter-percentages of

the AVO, curve of controls
and TBsq patients.
Cardiopulmonary responses in
control subjects and TBsq
patients are shown plotted
against the percentage of AVO,
that occurs during exercise.
AVO,, the increment in VO,
between resting and peak
exercise; open symbols, control
subjects; solid symbols, TBsq
patients, Vp/Vy-ratio
physiologic dead space/tidal
volume-ratio. Square symbols
show the dyspnea, lactate, or
norepinephrine-break point,
with error bars. In all subjects,
both the dyspnea and
norepinephrine-break points
were determined, but in 9 TBsq
patients, it was too difficult to
determine the lactate break
points reliably. Data are

mean =+ standard error of the
mean. *p < 0.001, Yp < 0.0001;
differences due to the
interaction of exercise phase
and group on repeated-measures
ANOVA

These findings suggest that TBsq patients may be unable
to compensate for exertional acidosis, which consists of
exertional lactic acidosis followed by respiratory acidosis
because of their insufficient ventilatory capacities, resulting
in stopping exercise to reach a certain pH, though there is

>

Dyspnea (Borg scale)

(9]

Norepinephrine (ng/ml)

(0]

Vb/VT ratio

25 50 75
Percentage of Aoxygen uptake (%)

100

25 50 75 1
Percentage of Aoxygen uptake (%)

" L .

00

s

o
IS
iN

o
IS

o
w
»

o
w
N

o
N
e8]

o
n
=

o
o

Percentage of Aoxygen uptake (%)

25 50 75 100
Percentage of Aoxygen uptake (%)
25 50 75 100

B 743
7.41 i
739 |

L 737}

7.35

7.33 +

7.31

0 25 50 75 100
Percentage of Aoxygen uptake (%)

D
=)
I
£
E
N
o
[$)
©
[
0 25 50 75 100
Percentage of Aoxygen uptake (%)
F
=)
I
£
E
N
o
@
o
0 25 50 75 100
Percentage of Aoxygen uptake (%)
H
26
#
)
=
w
£ 24
'm
o
O
o
22
20
0 25 50 75 100

Percentage of Aoxygen uptake (%)

variation during exercise in both lactate and PaCO, levels.
This phenomenon of regulating the exertional acidosis may
be associated with increasing subjective exertional dysp-
nea. Similarly, these exercise patterns were observed in IPF
patients also [15].
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Table 3 Correlations between the dyspnea-slope before and after the break point in the dyspnea-VO, relationship during exercise

Control subjects (n = 9)

TBsq patients (n = 49)

Before the break point

After the break point

Before the break point

After the break point

r p value r p value r p value r p value
pH-slope 0.528 NS —0.095 NS —0.616 <0.0001 —0.629 <0.0001
PaO,-slope 0.093 NS —0.025 NS —0.328 0.0209 —0.359 0.0108
PaCO,-slope —0.145 NS —0.701 0.0330 0.513 0.0001 0.583 <0.0001
LT-slope —0.479 NS 0.270 NS 0.542 <0.0001 0.498 0.0002
NE-slope —0.305 NS 0.689 0.0393 0.443 0.0012 0.643 <0.0001
HR-slope —0.090 NS -0.177 NS 0.363 0.0098 0.325 0.0224
f-slope 0.014 NS —0.129 NS 0.188 NS 0.099 NS
Vr-slope 0.059 NS 0.088 NS —0.160 NS —0.142 NS

The exercise-response slopes were calculated when the parameters were plotted against VO, from rest to the break point, or from the break point
to the peak exercise point using linear regression analysis for each subject

TBsq, sequelae of pulmonary tuberculosis; VO, oxygen uptake; the break point, the dyspnea- VO, break point determined by each subject; PaO,,
arterial oxygen tension; PaCO,, arterial carbon dioxide tension; LT, plasma lactate level; NE, plasma norepinephrine level

Dyspnea-slope (ABorg Sce}le/AVE) is expressed as L™' min, pH-slope (ApH/AVOz) as L™ min, PaO,-slope (APaOQ/AVOZ) as mmHg L™" min,
PaCO,-slope (APaCO,/AVQ;,) as mmHg L™ min, LT-slope (ALT/AVO,) as mg dL™' L™" min, NE-slope (ANE/AVO,) as ng mL~" L™" min,
HR-slope (AHeart rate/AVO,) as beats LY f-slope (Abreathing frequency/AVO,) as breaths LY Vr-slope (Atidal volume/AVO,) as

mL L™! min

NS not significant

Circulating NE likely plays an important role in the
regulation of the cardiorespiratory system in normal sub-
jects [21-25]. Although few studies have examined the
effect of the sympathetic nerve response on exertional
dyspnea in respiratory disease patients, in normal subjects
exposure to hypoxemia [26] and/or hypercapnia [26, 27]
during exercise increased sympathetic activity and changed
the peripheral chemoreceptor sensitivity, the response of
which was linked to an increase in the ventilatory drive
[28]. In our study, circulating NE in the TBsq patients had
a break point during exercise at a similar exercise point as
the dyspnea break point that corresponded to a lactate
threshold point, which in turn correlated with the dyspnea-
slope. These findings suggest that exertional dyspnea-
related circulating NE levels may sensitively identify a
significant exertional acidosis in TBsq patients and in IPF
patients [15]. We believe that, even if the subjects vary in
their diagnoses or ventilatory capacities, there may be
common phenomena related to exertional dyspnea. Iden-
tification of the phenomena that can explain the mechanism
for exertional dyspnea among TBsq patients, IPF patients
[15], and controls is of great interest, and the following two
points require consideration:

1. they were similarly unable to regulate the exertional
acidosis to stop their exercise through raising the
plasma NE level, although there was variation during
exercise in both lactate and PaCO, levels for a given
level of mechanical disturbance in the lungs; and
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2. both sympathetic and dyspnea-break points occurred at
a lactate threshold point, which may be important in
determining the exercise phase.

This study had some limitations. First, the number of
subjects was small, especially for control subjects.
Therefore, it is difficult to establish a firm conclusion
and generalize the findings. Second, the diagnosis of
TBsq was not always associated with the same patho-
physiological state. Resolution of TBsq results in varying
degrees of fibrosis, emphysema, bronchiectasis, and/or
thoracic deformity because of chest surgery or pleural
changes. Furthermore, pulmonary function tests in this
study showed a restrictive pattern or the coexistence of
restrictive and obstructive patterns. These findings are
currently incompletely characterized. Thus, it is unclear
whether our results are related to the variety of structural
changes that occur in TBsq patients. Third, our popula-
tion did not include patients with very severe TBsq
who can exercise for only a short period, because we
were not able to obtain a sufficient evaluation of
their cardiopulmonary function. Thus, it remains
unknown whether these results are applicable to very
severe cases.

In conclusion, in TBsq patients, assessments of changes
in circulating NE levels and in acidosis during exercise
may provide important clues to the exercise pathophysi-
ology of exertional dyspnea, and may have clinical impli-
cations as an objective marker.
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