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Inspiratory muscle strength can be assessed by meas-
urement of transdiaphragmatic or mouth pressure during
maximal static inspiratory manoeuvres or maximal sniffs
[1–3], but this does not assess inspiratory muscle endur-
ance (IME), which more accurately reflects the normal
function of respiratory muscles. Methods have been des-
cribed for measuring IME using three different techni-
ques: sustained maximal voluntary ventilation (MVV) [4],
inspiratory resistive loading [5] and inspiratory threshold
loading [6]. There are drawbacks associated with each of
these techniques, rendering them impractical for use with
large numbers of patients or healthy subjects in research
projects. MVV requires cumbersome and expensive equip-
ment, and a degree of co-operation from subjects which
many patients would find difficult. Resistive loading pro-
duces results that are poorly reproducible and particularly
susceptible to changes in breathing patterns [7, 8]. Para-
meters such as tidal volume and duty cycle must be kept
constant to obtain comparable results, and this would also
be beyond the capability of many patients.

Using the weighted plunger principle [6], MARTYN et al.
[9] proposed an incremental threshold loading (ITL) pro-
tocol as a test of inspiratory muscle performance over

time, and this was compared with maximal threshold load-
ing by MCELVANEY [10] who found that there was less intra-
individual variation with the incremental method. ITL
starts with a low threshold opening pressure, providing
subjects with a "learning" period during the early stages
during which they can accustom themselves to the test.
Although there has been debate as to whether ITL pro-
vides a measure of endurance or fatigue of inspiratory
muscles [11], the technique has advantages in that it is not
affected by changes in breathing pattern [9, 12] and has
been shown to be reproducible [9, 10]. It is, therefore, the
most suitable technique for development as a test that can
be used on a large scale with widely differing groups of
subjects.

The basic equipment for ITL is the weighted plunger
first described by NICKERSON and KEENS [6]. Previous in-vesti-
gators have built similar systems and generated the pres-
sure increments by adding standard weights (usually 100
g). As each system uses a different sized valve aperture,
the pressure increments vary quite widely between labora-
tories. The number of subjects studied in previously pub-
lished work has also been small [9, 11], and in many cases
the subjects were highly trained in the technique. There-
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ABSTRACT: Incremental threshold loading (ITL) has been proposed as a test of
inspiratory muscle strength and endurance. To date, however, there has been no
standardized protocol for an ITL test, and no reference range, with different investi-
gators using a variety of different pressure increments in small numbers of subjects.

We developed an ITL test using the weighted plunger (WP) principle, which uses
standard increments of pressure. In our protocol subjects inspire through the WP
generating an initial threshold opening pressure of 10 cmH2O. This pressure is raised
at 2 min intervals in increments of 5 cmH2O until they fail to lift the plunger on two
consecutive attempted breaths. Sixty healthy volunteers (30 males and 30 females)
aged 20–80 yrs performed the ITL test. Twelve subjects (six females and six males)
performed the test twice to assess reproducibility and repeatability. Using stepwise
multiple linear regression, we regressed the maximum threshold pressure sustained
for a full 2 min (Pmax) against age, height, weight and static maximum inspiratory
mouth pressure (MIP).

Pmax was significantly related to age but not to either height or weight, the regres-
sion equation for males was Pmax (cmH2O)=103.8 - (1.0 × age in years), and for
females was Pmax (cmH2O)=93.7 - (1.0 × age in years). The within-subject standard
deviation for those repeating the ITL test was 5.4 cmH2O.

Incremental threshold loading is a simple technique with good reproducibility,
which most naive subjects can use without difficulty. By using standard pressure
increments and performing the test in a large number of naive subjects, we have
established a reference range that should be applicable wherever similar pressure
increments are used.
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fore, we developed an ITL test using standard increments
of pressure, and have established a reference range by
recruiting a large number of naive volunteers to perform
the test. This will enable other investigators to construct
similar systems and obtain comparable results.

Materials and methods

In our workshops we constructed a weighted plunger
based on the design of NICKERSON and KEENS [6]. The     valve
is illustrated in figure 1. To emulate the refinement of the
original design described by EASTWOOD and HILLMAN [13], our
valve produces a seal using a rubber ring with a "V"
shaped cross-section. We have previously established that,
in our system, pressure is independent of flow over physio-
logical ranges [14].

In our protocol, the threshold pressure was raised at 2
min intervals in increments of 5 cmH2O, starting with a
threshold pressure of 10 cmH2O. Increments were gener-
ated by the addition of 135 g weights to the plunger. Sub-
jects inspired through the plunger while seated, using a
mouthpiece and wearing a noseclip. They were asked
to breathe continuously through the apparatus until they
were unable to lift the plunger on two consecutive at-
tempted breaths. No instructions were given regarding
breathing pattern or frequency. At exhaustion the maxi-
mum pressure sustained for a full 2 min (Pmax) is docu-
mented. Pmax was also expressed as a percentage of the
subject's maximal inspiratory mouth pressure (MIP). The
pressure signal from the valve outlet was passed through
an analogue-digital converter (SiPlan Electronics Re-
search, Stratford-upon-Avon, UK) to an Archimedes
A310 Computer (Acorn computers, Cambridge, UK). The
respiratory rate and duty cycle can be calculated from the
pressure data. Statistical analysis was performed with the
FASTAT program (Systat Inc. Evanston, IL, USA). Using

stepwise multiple linear regression, Pmax was regressed
against age, height, weight and MIP. The level of statisti-
cal significance was taken as a p-value of less than 0.05.

Sixty healthy volunteers (30 males, 30 females) perfor-
med the ITL test. Volunteers were recruited from hospital
staff, and the registration list of a local General Practi-
tioner. We excluded any subjects with a history of disease
with the potential to affect the respiratory muscles. In
order to achieve an even age distribution we recruited five
males and five females in each decade of life from age 20–
79 yrs. Forty seven were lifelong nonsmokers, five had a
past history of smoking (average 20 pack years) and three
were current light smokers. Smoking history was un-
known in five cases. Ethical approval for the study was ob-
tained from the University of Nottingham Medical School
Ethics Committee, and all subjects gave written informed
consent. Height and weight were recorded for each, and
spirometry was performed using a dry bellows spirometer
(Vitalograph, Buckingham, UK). Measurement of MIP
was made using the portable PI,max® analyser device (P.K.
Morgan, Chatham, Kent, UK). For this, subjects were
seated wearing a noseclip and made repeated maximal in-
spiratory manoeuvres from functional residual capacity
(FRC) until two maximal values were obtained within
10% of one another.

To assess repeatability and reproducibility, one male
and one female subject in each decade of life (total 12
subjects) performed the ITL test on two occasions at least
one week apart. The within-subject standard deviation
was calculated [15]. 

Results

All subjects had normal spirometric values: mean (SD)
percentage predicted forced expiratory volume in one sec-
ond was 105% (15.7%) and forced vital capacity was
111% (14.9%). All subjects also had normal MIP values
according to the reference range of BRUSCHI et al. [16] meas-
ured at FRC. Pmax was found to be related to age, but not
to either height or weight. This association remained sig-
nificant after MIP was taken into account, in that the ratio
of Pmax/MIP also declined with age. The calculated
regression equations for males were:

Pmax (cmH2O) = 103.8 - (1.0 × age in yrs) RSD = 18.8
Pmax/MIP (%) = 93.4 (0.6 × age in yrs) RSD = 22.3

where RSD is the residual standard deviation. The calcu-
lated regression equations for females were:

Pmax (cmH2O) = 93.7 - (1.0 × age in yrs) RSD = 13.3
Pmax/MIP (%) = 100.0 (0.5 × age in yrs) RSD = 24.9

Figure 2 shows Pmax plotted as a function of age in
males and females. The r-values were 0.67 for males (fig.
2a) and 0.78 for females (fig. 2b). Figure 3 shows Pmax/
MIP plotted as a function of age for all subjects. The de-
cline with age was significant, with an r-value of 0.40 (p<
0.05).

Mean (SD) duty cycle and respiratory rate throughout the
ITL test for all 60 subjects were 0.58 (0.08) and 16.0 (4.6)
breaths·min-1, respectively. There was no correlation
between  duty  cycle or  respiratory rate and Pmax.  In most
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Fig. 1.  –  The weighted plunger.
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cases there was either no change or a small increase in
duty cycle as ITL progressed, and respiratory rate changed
very little.

For the twelve subjects repeating the ITL test, the
within-subject SD for Pmax was 5.4 cmH2O.

Discussion                                                  

Although there is debate about whether ITL measures
endurance or strength of inspiratory muscles [11], it pro-

vides a reproducible index of the ability of inspiratory
muscles to cope with increasing loads. Common patholo-
gical processes (such as chronic obstructive pulmonary
disease and cardiac failure) load the respiratory muscles
abnormally and ITL may provide a useful tool for investi-
gation and research in these conditions.

The present results confirm that ITL is not susceptible
to changes in breathing pattern, and we have shown for
the first time that the effects of age and sex on the results
obtained is important. Interestingly, in the original work
of MARTYN et al. [9] an average initial duty cycle of 0.4 was
reported, which fell during the ITL test. The average duty
cycle throughout the ITL test in the present study was
somewhat higher at 0 58, and in most subjects tended to
rise slightly as the test progressed. The reason for this dif-
ference from previous findings is not clear.

Previous studies of ITL have been in small numbers
of subjects: MARTYN et al. [9] studied 14 subjects and EAST-
WOOD et al. [11] only seven, most of whom were not naive.
In the study of EASTWOOD et al. [11], the percentage of MIP
attained at exhaustion was higher than the present study, at
over 90%. The subjects in question had, how-ever, been
highly trained in the technique. WEINER et al. [17] found that
untrained subjects reached a mean value of 69% MIP dur-
ing ITL, which is very similar to the present findings. We
have studied a much larger group and have shown that ITL
can be performed with ease in naive subjects.

MARTYN et al. [9] and MCELVANEY et al. [10] reported good
repeatability for their ITL test, but gave no figures for
reproducibility. We have shown that our ITL test is both
repeatable (with a within-subject SD for Pmax of 5.4
cmH2O) and reproducible.

Our weighted plunger system would not be difficult
for other investigators to adopt, and our reference range
should be applicable wherever similar pressure increments
are used. No standardization of equipment would be nec-
essary, other than to ensure that pressure is independent of
airflow rate, and that the same pressure increments could
be generated.
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Fig. 2.  –  Maximum threshold pressure sustained for 2 min (Pmax) plot-
ted as a function of age in: a) males (r=0.67, p<0.001); and b) females
(r=0.78, p<0.001).
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Fig. 3.  –  Maximum threshold pressure sustained for 2 min (Pmax)/max-
imal inspiratory pressure (MIP) plotted as a function of age for all sub-
jects. The r-value for the plot was 0.40 (p<0.05).
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