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BACKGROUND: Smoking has potential deleterious effects on respiratory muscle function. Smok-
ers may present with reduced inspiratory muscle strength and endurance. We compared inspira-
tory muscle performance of nonsmokers with that of former smokers without overt respiratory
problems via the Test of Incremental Respiratory Endurance. METHODS: This study was per-
formed on 42 healthy subjects between the ages of 30 and 79 y (mean � SD of 56.5 � 14.4 y).
Fourteen male and 7 female former smokers were matched to nonsmokers based on sex, age, height,
and weight. Subjects completed a questionnaire about their health and current smoking status.
Testing included the best of 3 or more consistent trials. The Test of Incremental Respiratory
Endurance measurements included maximal inspiratory pressure measured from residual volume
as well as sustained maximal inspiratory pressure and inspiratory duration measured from residual
volume to total lung capacity during a maximal sustained inhalation. RESULTS: No significant
difference in inspiratory performance of the entire group of former smokers compared with non-
smokers was found. However, separate sex analyses found a significant difference in sustained
maximal inspiratory pressure between male former smokers and nonsmokers (518.7 � 205.0 pres-
sure time units vs 676.5 � 255.2 pressure time units, P � .041). CONCLUSIONS: We found similar
maximal inspiratory pressure between former smokers and nonsmokers via the Test of Incremental
Respiratory Endurance, but the significant difference in sustained maximal inspiratory pressure
between male former smokers and nonsmokers suggests that the sustained maximal inspiratory
pressure may have greater discriminatory ability in assessing the effects of smoking on inspiratory
muscle performance. Further investigation of the effects of smoking on inspiratory performance via
the Test of Incremental Respiratory Endurance is warranted. Key words: cigarette smoking; smoking
cessation; respiratory muscle; maximal respiratory pressures; maximal inspiratory pressure; respiratory
muscle training. [Respir Care 2018;63(1):86–91. © 2018 Daedalus Enterprises]

Introduction

Cigarette smoking is recognized as the main causative
factor for the development of COPD in developed coun-
tries. COPD is characterized by a progressive deterioration
in exercise capacity in association with weakness and de-

conditioning of the respiratory muscles. Inspiratory mus-
cle performance is particularly impaired in COPD with
reductions in both strength and endurance.1,2 Whereas pa-
tients with COPD suffer from inspiratory muscle dysfunc-
tion, such worsening in inspiratory performance may be
noticeable in former smokers without a diagnosis of ob-
structive lung disease. Several studies suggest that smok-
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ing per se, regardless of the presence of COPD, has the
potential to negatively affect skeletal muscle function.3-5

Several previous studies have examined the effects of
smoking on respiratory muscle function and have found
different results. Some investigators6-10 found no signifi-
cant difference in inspiratory muscle strength between ac-
tive smokers and nonsmokers, whereas one study of el-
derly subjects found that current smokers had significantly
lower maximal inspiratory pressure (PImax) values than
nonsmokers.11 Another large study of �13,000 subjects
also found that current smokers had significantly lower
PImax values than nonsmokers.12 Finally, one study of
chronic heavy smokers found a slight increase in PImax.13

In view of the above mixed observations, further investi-
gation of the effects of smoking on inspiratory muscle
performance is needed. Even more unclear is whether there
is a residual effect of smoking on inspiratory muscle
strength and endurance in former smokers.

The Test of Incremental Respiratory Endurance pro-
vides a novel assessment of inspiratory performance by
measuring PImax, sustained PImax, and inspiratory duration
during a maximal sustained inhalation. The PImax is related
to inspiratory muscle strength and is defined as the highest
pressure achieved during inspiration measured from resid-
ual volume (RV), whereas sustained PImax is measured
from RV to total lung capacity and is described as single-
breath inspiratory work/endurance capacity.14 The effect
of smoking on inspiratory muscle performance assessed
through the Test of Incremental Respiratory Endurance
has not been previously examined. The purpose of the
following study was to compare inspiratory performance
of nonsmokers with that of former smokers without overt
respiratory problems via the Test of Incremental Respira-
tory Endurance. We hypothesized that former smoking
would negatively affect inspiratory muscle strength and
endurance.

Methods

The study was performed with a convenience sample of
42 healthy subjects between the ages of 30 and 79 y
(mean � SD of 56.5 � 14.4 y) who were participants in a
larger study (n � 120) that developed normative Test of
Incremental Respiratory Endurance values in late 2015.15

Fourteen male and 7 female former smokers were matched
to nonsmokers based on their sex, age, height, and weight.
Before being tested, all subjects signed a written informed
consent and completed a questionnaire about their overall
health, medical history, and smoking status. Subjects were
classified as former smokers if they responded both ver-
bally and in writing via questionnaire that they were not
currently smoking but had smoked in the past and were not
previously diagnosed with a respiratory disorder. Subjects
were classified as nonsmokers if they responded both ver-

bally and in writing via questionnaire that they never
smoked and were not previously diagnosed with a respi-
ratory disorder. The University of Miami institutional re-
view board approved all procedures.

Test of Incremental Respiratory Endurance

The Test of Incremental Respiratory Endurance was im-
plemented via the RT2 device (DeVilbiss Healthcare United
Kingdom Ltd, Tipton, United Kingdom), which utilizes an
infrared link to a computer and provides the user with a
graphic representation of their inspiratory effort through-
out all of inspiration and real-time biofeedback.14 The Test
of Incremental Respiratory Endurance RT2 device incor-
porates a standard 2-mm leak to avoid glottal closure dur-
ing maximal inspiration. All measurements were performed
with the subjects seated in a chair and wearing nose clips
using American Thoracic Society standards for respiratory
muscle testing16 as shown in Figure 1.

Subjects were instructed to inspire deeply, generating as
much pressure as possible within 1–2 s of inspiration, and
to continue to inspire maximally for as long as possible.
The PImax was measured from RV, and the sustained PImax

was measured from RV to total lung capacity. Three to
five consecutive trials were performed with rest intervals
of 60 s between efforts. Visual feedback and strong en-
couragement were given throughout testing. For each suc-
cessful inspiratory effort, PImax was recorded in cm H2O,
and sustained PImax was documented in pressure time units,
representing the area under the curve generated from the
start to the end of inspiration. The inspiratory duration was
recorded in seconds and characterized the total duration of
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Current knowledge

Cigarette smoking is the main causative factor for the
development of COPD. Whereas inspiratory muscle
strength and endurance are particularly impaired in this
condition, such worsening in inspiratory muscle perfor-
mance is also noted in cigarette smokers without a di-
agnosis of lung disease. Smoking per se has the poten-
tial to negatively affect skeletal muscle function.

What this paper contributes to our knowledge

The sustained maximal inspiratory pressure, a measure
of single-breath inspiratory work/endurance capacity,
appears to have greater value in assessing the effects of
smoking on inspiratory muscle function when compared
with the most commonly studied measure of maximal
inspiratory pressure.
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inspiration during each maximal inspiratory effort from
RV to total lung capacity through the 2-mm leak of the
Test of Incremental Respiratory Endurance RT2 mouth-
piece, thus providing another measure of inspiratory mus-
cle endurance. Figure 2 presents an example of a Test of
Incremental Respiratory Endurance graph obtained via the
RT2 device.

Statistical Analyses

Statistical analyses were performed with SPSS Sta-
tistics 24 (IBM Corp, Armonk, New York) and included
descriptive statistics, a one-tailed independent-samples
t test to compare former smokers and nonsmokers, and
a one-tailed Mann–Whitney U test to compare former
smokers and nonsmokers in separate decades. We also
performed Pearson correlation analyses to investigate
the relationship between years since smoking cessation
and inspiratory muscle performance. The level of sig-
nificance was set at P � .05. A post hoc power analysis
was performed using G*Power 3.1.9.2 (Universität Kiel,
Kiel, Germany).

Results

The mean height, weight, PImax, sustained PImax, and
inspiratory duration of subjects were 170.6 � 8.1 cm,
78.6 � 14.6 kg, 97.5 � 22.9 cm H2O, 554.1 � 231.4
pressure time units, and 11.7 � 4.2 s, respectively. The
mean � SD time since smoking cessation in the group of
former smokers was 23.2 � 15.3 y. No significant corre-
lations were found between years since smoking cessation
and the Test of Incremental Respiratory Endurance mea-
sures of inspiratory muscle performance. Table 1 presents

the descriptive statistics of the former smokers and non-
smokers by sex.

Independent of smoking history, the mean PImax, sus-
tained PImax, and inspiratory duration of men were signif-
icantly greater than those of women (104.9 � 22.6 vs
82.5 � 15 cm H2O, 597.6 � 240.9 vs 466.8 � 189.7 pres-
sure time units, and 12.6 � 4.2 vs 9.7 � 3.3 s, respec-
tively; P � .05 for all).

No significant difference in the mean PImax, sustained
PImax, and inspiratory duration of the entire group of for-
mer smokers compared with nonsmokers was found
(94 � 24.3 vs 100.9 � 21.4 cm H2O, 513.9 � 208.7 vs
594.1 � 250.7 pressure time units, and 11.1 � 4.4 vs
12.3 � 3.8 s, respectively). Separate sex analyses found a
significant difference in sustained PImax between male for-
mer smokers and nonsmokers (518.7 � 205.0 vs
676.5 � 255.2 pressure time units, P � .041). A post hoc
power analysis was conducted and revealed that the ob-
served power to detect the computed effect size of .68
(n � 28) was .54. Table 2 summarizes descriptive statis-
tics of study variables across different age groups and
smoking history. There were no significant differences in
the sustained PImax values of former smokers versus non-
smokers; however, there was a trend (P � .063) for lower
values among smokers in the decades 40–49 and 70–79 y.

Discussion

To the best of our knowledge, this is the first study to
compare inspiratory muscle performance measures of for-
mer smokers with age- and sex-matched nonsmokers via
the Test of Incremental Respiratory Endurance. Previous
studies have found disparate effects of smoking on inspira-
tory muscle strength and endurance measures6-13,17 and
stressed the need of further evaluation of the effect of
smoking on inspiratory muscle performance.

Sustained PImax is represented as the area under the
curve in the pressure-time graph generated during the Test
of Incremental Respiratory Endurance maneuver (Fig. 2)
and represents inspiratory work, power, and endurance.
The sustained PImax and its association with smoking have
not been previously examined. Whereas we found no sig-
nificant overall differences in mean sustained PImax values
of former smokers compared with those of nonsmokers in
the entire sample, we observed that male former smokers
had significantly lower sustained PImax values compared
with nonsmokers. Furthermore, the nearly significant dif-
ferences in sustained PImax that we observed between groups
in different decades suggest that sustained PImax may be an
important measurement to examine the effects of smoking
over the long-term and that sustained PImax differences
between former smokers and nonsmokers appear to be
greater with aging. Although this is particularly important,

Fig. 1. Test of Incremental Respiratory Endurance procedure. Sub-
jects received standardized instructions and encouragement to
facilitate maximal performance following American Thoracic So-
ciety/European Respiratory Society guidelines.
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these results must be cautiously interpreted, given the small
sample size of subjects in the decade analyses and the
likelihood of a type-2 error. The above differences be-
tween former smokers and nonsmokers within decades in
this cross-sectional analysis highlight the need for a lon-
gitudinal investigation of inspiratory performance of smok-
ers, former smokers, and nonsmokers via the Test of In-
cremental Respiratory Endurance.

Our analyses suggest that a history of smoking did not
significantly affect PImax, a more traditional marker of in-
spiratory muscle strength, in agreement with findings from
a large cross-sectional study of almost 700 subjects by
Harik-Khan and co-workers comprising individuals rang-
ing in age between 20 and 90 y.17 Several other investi-

gators have also found no significant difference in inspira-
tory muscle strength between smokers and nonsmokers.6-10

However, Enright et al11 found that current elderly smok-
ers had significantly lower PImax values, whereas former
smoking and pack-years of smoking had no independent
association with inspiratory strength. PImax was also found
to be negatively associated with cigarette smoking in a
very large study of �13,000 subjects.12 Contrastingly,
Chen13 found a slight increase in PImax in chronic heavy
smokers. Although most of the literature is consistent with
our findings and indicates that current or former smoking
has no significant effect on PImax, it appears that further
investigation is warranted, especially as it relates to the
effects of smoking on other inspiratory performance mea-

Fig. 2. Test of Incremental Respiratory Endurance template via the RT2 device. Maximal inspiratory pressure � 72 cm H2O, sustained
maximal inspiratory pressure � 210.6 cm H2O, inspiratory duration � 9.5 s.

Table 1. Descriptive Statistics of the Entire Group of Smokers and Nonsmokers by Sex

Variables
Males (n � 28) Females (n � 14)

Former Smokers (n � 14) Nonsmokers (n � 14) Former Smokers (n � 7) Nonsmokers (n � 7)

Height, cm 172.2 � 6.0 176.5 � 5.3 160.7 � 6.4 165.8 � 6.4
Weight, kg 82.7 � 11.1 82.3 � 13.8 67.5 � 11.8 74.3 � 19.7
PImax, cm H2O 99.6 � 26.3 110.2 � 17.8 82.7 � 15.8 82.4 � 15.4
Sustained PImax, PTU 518.7 � 205.0* 676.5 � 255.2 504.4 � 232.1 429.3 � 144.2
ID, s 11.8 � 4.7 13.5 � 3.7 9.6 � 3.8 10.0 � 3.3

Results are mean � SD.
* P � .041 comparing male former smokers and nonsmokers.
PImax � maximal inspiratory pressure
PTU � pressure time units
ID � inspiratory duration
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sures, such as the sustained PImax obtained via the Test of
Incremental Respiratory Endurance.

The reduction of inspiratory work, power, and endur-
ance via the sustained PImax that we observed in male
former smokers and nearly significant differences in sev-
eral age groups of former smokers versus nonsmokers are
consistent with the results obtained by Chen,13 who found
that long-term smokers presented with a significant de-
crease in inspiratory work and endurance via the sustain-
able inspiratory pressure. Chen measured the sustainable
inspiratory pressure through a modified threshold loading
technique first described by Nickerson and Keens18 to iden-
tify the highest pressure an individual could achieve dur-
ing incremental threshold loading. In view of these results,
a longitudinal study of long-term smokers via the Test of
Incremental Respiratory Endurance focusing on the sus-
tained PImax is particularly warranted.

The inspiratory duration may be another measurement
to help identify the effects of smoking and, based on our
results shown in Table 2, is worthy of further investiga-
tion. Although not statistically different, former smokers
were found to have a shorter inspiratory duration com-
pared with nonsmokers in all decades except for 60–69 y.
There is no previous literature examining the effect of
smoking on sustained PImax and inspiratory duration as
measures of inspiratory endurance, but our findings sug-
gest that sustained PImax may have greater value in assess-
ing the inspiratory performance of smokers without appar-
ent respiratory disease. Improving an understanding of the
effects of smoking on inspiratory performance may edu-
cate smokers about yet another adverse effect of smoking
and better monitor the effects of chronic smoking in those
unable to quit. Further investigation of inspiratory perfor-
mance in a larger sample of smokers and nonsmokers via
the Test of Incremental Respiratory Endurance appears
justified, given the potential of the Test of Incremental
Respiratory Endurance results for educational and thera-
peutic purposes as well as monitoring the effects of chronic
smoking in subjects unable or unwilling to quit smoking.
There appears to be potential for the sustained PImax to
capture the deterioration of inspiratory performance in
smokers, which may be useful to assist in smoking cessa-
tion efforts. Further investigation of the sustained PImax as
a smoking cessation tool appears plausible.

This study has a few limitations. First, the relatively
small sample size may have contributed to a type-2 error,
highlighting that significant differences may in fact be
present but not observed because of the small sample size,
which is supported by our post hoc power analysis. Whereas
we found a significant difference in sustained PImax be-
tween male former smokers and male nonsmokers via the
Test of Incremental Respiratory Endurance, a more precise
and robust assessment of the effects of smoking on in-
spiratory performance would be better understood by study-T

ab
le

2.
M

ea
n

an
d

SD
of

St
ud

y
Pa

ra
m

et
er

s
in

D
if

fe
re

nt
A

ge
G

ro
up

s
an

d
Sm

ok
in

g
St

at
us

V
ar

ia
bl

es

30
–3

9
y

(n
�

8)
40

–4
9

y
(n

�
6)

50
–5

9
y

(n
�

4)
60

–6
9

y
(n

�
18

)
70

–7
9

y
(n

�
6)

Fo
rm

er
Sm

ok
er

s
(n

�
4)

N
on

sm
ok

er
s

(n
�

4)
Fo

rm
er

Sm
ok

er
s

(n
�

3)
N

on
sm

ok
er

s
(n

�
3)

Fo
rm

er
Sm

ok
er

s
(n

�
2)

N
on

sm
ok

er
s

(n
�

2)
Fo

rm
er

Sm
ok

er
s

(n
�

9)
N

on
sm

ok
er

s
(n

�
9)

Fo
rm

er
Sm

ok
er

s
(n

�
3)

N
on

sm
ok

er
s

(n
�

3)

H
ei

gh
t,

cm
16

9.
8

�
5.

4
17

5.
1

�
6.

8
16

7.
6

�
11

.6
17

2.
3

�
8.

6
16

8.
9

�
1.

8
17

2.
4

�
7.

6
16

4.
9

�
8.

3
17

1.
5

�
9.

5
17

6.
9

�
5.

7
17

5.
3

�
2.

5
W

ei
gh

t,
kg

74
.3

�
12

.0
80

.7
�

25
.1

82
.6

�
17

.1
81

.8
�

9.
5

73
.3

�
3.

5
73

.0
�

7.
1

76
.8

5
�

16
.8

80
.4

�
18

.4
82

.4
�

3.
3

78
.3

�
9.

5
P I

m
ax

,
cm

H
2
O

11
4.

8
�

33
.3

12
2.

0
�

22
.9

96
.0

�
39

.8
97

.0
�

6.
9

89
.5

�
6.

4
12

0.
5

�
7.

8
91

.8
�

14
.4

90
.3

�
20

.4
74

.0
�

17
.1

95
.7

�
14

.6
Su

st
ai

ne
d

P I
m

ax
,

PT
U

58
6.

7
�

25
0.

9
88

5.
5

�
32

6.
1

46
0.

7
�

20
1.

1
69

5.
0

�
23

1.
7

47
1.

0
�

69
.3

58
8.

5
�

15
3.

4
58

9.
0

�
19

4.
1

45
6.

8
�

15
2.

7
27

3.
7

�
13

7.
3

52
0.

3
�

17
8.

7
ID

,
s

11
.9

�
5.

8
14

.7
�

3.
8

8.
6

�
1.

8
13

.4
�

6.
3

11
.7

�
1.

0
13

.9
�

5.
2

12
.4

�
5.

1
11

.4
�

3.
3

8.
1

�
2.

2
9.

8
�

1.
3

N
ea

rl
y

si
gn

if
ic

an
t

(P
�

.0
63

)
di

ff
er

en
ce

s
in

th
e

su
st

ai
ne

d
m

ax
im

al
in

sp
ir

at
or

y
pr

es
su

re
of

fo
rm

er
sm

ok
er

s
ve

rs
us

no
ns

m
ok

er
s

w
er

e
ob

se
rv

ed
in

th
e

de
ca

de
s

40
–4

9
an

d
70

–7
9

y.
P I

m
ax

�
m

ax
im

al
in

sp
ir

at
or

y
pr

es
su

re
PT

U
�

pr
es

su
re

tim
e

un
its

ID
�

in
sp

ir
at

or
y

du
ra

tio
n

TEST OF INCREMENTAL RESPIRATORY ENDURANCE IN FORMER SMOKERS AND NONSMOKERS

90 RESPIRATORY CARE • JANUARY 2018 VOL 63 NO 1



ing a larger population of male and female smokers and
nonsmokers. Another limitation is that at the time of data
collection, no details regarding the number of years sub-
jects smoked and the number of pack-years of cigarette
smoking were documented. Finally, much of the previous
literature used to support or refute our findings is older due
to the lack of current studies but still provides important
data to compare and contrast with our study findings.

Conclusions

This study found similar PImax measures between for-
mer smokers and nonsmokers via the Test of Incremental
Respiratory Endurance, but male former smokers had sig-
nificantly lower sustained PImax values compared with male
nonsmokers. The sustained PImax and inspiratory duration
of smokers versus nonsmokers have never been compared,
but our findings suggest that these measures may provide
a greater degree of discriminatory ability in identifying the
effects of smoking on the inspiratory musculature. Further
investigation in a larger sample of healthy male and fe-
male smokers and nonsmokers via the Test of Incremental
Respiratory Endurance in a longitudinal manner is likely
to provide a better understanding of the effects of smoking
on an individual’s inspiratory muscle performance, which
may provide several educational, therapeutic, and serial
monitoring benefits.
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