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Measurement of inspiratory muscle performance
with incremental threshold loading: a comparison

of two techniques

P A Bardsley, S Bentley, H S Hall, S J Singh, D H Evans, M D L. Morgan

Abstract

Background—Incremental threshold load-
ing (ITL) is a test of inspiratory muscle
performance which is usually performed
by breathing through a weighted inspira-
tory plunger, the load on the inspiratory
muscles being increased by externally
adding weights to the intake valve. This is
not a true threshold device and may be
inaccurate. This method was compared
with a true threshold device consisting of
a solenoid valve which only opens to sup-
ply air at a predetermined negative
mouth pressure.

Methods—Six naive, normal subjects
(three men and three women) aged 22-24
years underwent three tests using each
system. The inspiratory loads were
increased every minute by equivalent
amounts, —10 cm H,0 with the solenoid
valve and by 50 g with the weighted
plunger, until the subjects could not
inspire or sustain inspiration for a full
minute. Six experienced subjects (four
men and two women) aged 23-41 years
were subsequently randomised to per-
form ITL with the solenoid valve, twice
with the breathing pattern fixed and
twice free.

Results—The solenoid valve generated a
more accurate mouth pressure response
and was less variable at higher loads than
the weighted plunger. The work per-
formed (expressed as the pressure-time
product) was less with the solenoid valve
but was more reproducible. ITL with the
solenoid valve was not influenced by
controlling the breathing pattern of the
subjects.

Conclusions—The solenoid valve has
several features that make it superior to
the weighted plunger as a device for ITL.
It generates a more accurate mouth
pressure response which is less variable
at higher loads. Increases in load are
smoother and quicker to introduce. ITL
with the solenoid valve is not influenced
by varying breathing patterns and does
not require any external regulation.

(Thorax 1993;48:354-359)

Respiratory muscle performance can be
assessed in terms of strength and endurance.

Strength can be measured as the maximum
inspiratory and expiratory mouth pressures!
but measurement of respiratory muscle
endurance is more difficult and cannot be
inferred from measurements of strength.
Three types of endurance tests are commonly
used: maximum voluntary ventilation, resis-
tive loading, and inspiratory threshold
loading.”* Maximum voluntary ventilation is
influenced by subject coordination, volition,
and pulmonary mechanics as well as by res-
piratory muscle endurance. Since the role of
the respiratory muscles is to generate pres-
sure, techniques relating mouth pressures to
resistances have been developed. It is possible
to examine the endurance time for a
particular load or to determine what maxi-
mum load can be tolerated for a specific time.
Various resistive devices have been developed
of which one of the most widely used is the
weighted inspiratory plunger developed by
Nickerson and Keens.* A problem with all
these devices is that the alteration of
breathing pattern may influence measure-
ment of respiratory muscle endurance.’
Fixing respiratory rate and generation of
breath by breath pressure makes these tests
cumbersome.

Martyn and colleagues, using the weighted
inspiratory plunger, described a progressive
incremental test in which inspiratory loads
were increased every two minutes.® They
found incremental threshold loading (ITL)
with this device, as with a progressive
incremental exercise test, to be a simple and
reproducible test of respiratory muscle per-
formance which was uninfluenced by fixing
breathing frequency. McElvaney and col-
leagues found that ITL with the weighted
plunger was a more reproducible test of
respiratory muscle performance than the
endurance time for which a maximum load
could be tolerated.” The weighted inspiratory
plunger is, however, not strictly a true thresh-
old device and we have been concerned about
both its accuracy and reproducibility. We have
developed a true threshold device consisting of
a solenoid valve which opens rapidly and com-
pletely to supply air only at a predetermined
negative mouth pressure. We have compared
our system of ITL with the weighted inspira-
tory plunger as modified by Martyn and col-
leagues® and have examined the influence of
varying breathing patterns on the performance
of subjects with the solenoid valve.
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Figure 1 Diagram of the weighted inspiratory plunger.

Figure 2 Diagram of the
solenovd valve device.

Methods

WEIGHTED INSPIRATORY PLUNGER

The device consists of a plunger mounted
over a large aperture (fig 1). The area of the
plunger orifice at the point of contact, the “O
ring” is 49 cm.? The plunger is mounted on
a low friction bearing which allows it to rise
to supply air when the pressure in the
chamber, the threshold pressure (Pth), falls
below atmospheric pressure by the amount
M x g/lA where M is the mass of the plunger,
g is the gravitational constant, and A is the
area of the aperture. The negative pressure
required to lift the plunger can be increased,
without disrupting the system, by externally
adding 50 g weights, equivalent to an increase
in Pth of —10 cm H,0.

SOLENOID VALVE DEVICE

The solenoid device consists of a wide bore
24 V DC solenoid valve which opens rapidly
and completely when the required negative
mouth pressure is achieved (opening time
28 ms and resistance 8 Pa/l/min measured at
a flow rate of 100 I/min), closing on expira-
tion (fig 2). The Pth can be selected on a
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digital display. A transducer amplifier (Gould
model 13—4615-50) and P50 transducer were
used to monitor the pressure in the mouth-
piece. The output from the amplifier was fed
into a display/alarm module (Gould model
13-4611-12). On inspiration when the
mouth pressure reaches the value set on the
low alarm control an internal relay is actu-
ated, connecting 24V from a Farnell L30
power supply to the solenoid valve via a latch-
ing circuit so holding the solenoid open.
During expiration pressure in the mouthpiece
rises, triggering the high pressure alarm which
resets the latching circuit and closes the valve.

EXPERIMENTAL PROTOCOL

Comparison of the solenoid valve and weighted
plunger

Six naive, healthy, normal, non-smoking sub-
jects (three men and three women) aged
22-24 years with vital capacity (VC) 3-4-5-31
and maximum inspiratory pressure (PImax)
95-140 cm H,O took part in the study. After
giving informed consent subjects were seated
in a hard backed chair, asked to wear a nose-
clip and to breathe through a mouthpiece.
Inspiratory muscle strength was measured as
Pimax recorded during a maximal inspiration
from residual volume by a modification of the
method described by Black and Hyatt.! The
peak inspiratory mouth pressure sustained for
one second was recorded and the best of
three attempts taken.

All subjects underwent six tests on separate
days and were randomised to perform incre-
mental threshold loading three times with the
plunger followed by three times with the sole-
noid valve or vice versa. Subjects started at an
equivalent low inspiratory load: a Pth of -5
cm H,O with the solenoid valve and no
added weights on the plunger (weight 25 g).
The load on the inspiratory muscles was then
increased every minute either by 50 g with
the weighted plunger or by —10 cm H,O with
the solenoid valve until the subjects could no
longer inspire or sustain the load for a full
minute. The tests finished when the subject
was unable to reach the Pth. At this point he
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Figure 3 Example of the inspiratory pressure profile showing the mouth pressure trace
(Pm) obtained with each system as the threshold pressure (Pth) was increased every
minute by —10 cm H,
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or she had to come off the mouthpiece.
Subjects were free to stop the test at any stage
simply by removing the mouthpiece.
Expiration was not loaded. Breathing rate
and pattern were not regulated and no
encouragement was given although competi-
tion between subjects was encouraged.
During each test we recorded the breath by
breath mouth pressure (Pm) achieved to
overcome the threshold load and the pres-
sure-time product ([Pdt) obtained by inte-
grating Pm with respect to time. Inspiratory
flow was measured through a pneumotacho-
graph. All subjects scored their degree of res-

(1)
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Figure 4 Mouth pressure (Pm) plotted against threshold pressure (Pth) for all the tests
with both systems. The figures in parentheses refer to the number of values for each point.
A line of identity has been drawn to describe the ideal relationship between Pm and Pth.
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piratory effort on a modified Borg scale
(0-10) and their end tidal carbon dioxide
concentration (PETCO,) was recorded on an
infrared CO analyser (model Engstrom Eliza
MQ). The signals of inspiratory flow and vol-
ume, Pm, and _det were recorded continu-
ously on a strip chart recorder (Gould model
Brush 260). Breathing frequency and respira-
tory cycle duration (T'TOT) could then be cal-
culated. The time of inspiratory effort (TT)
was measured from the mouth pressure
recordings and the duty cycle (TV/TTOT) cal-
culated. For each threshold load Pm was
taken as the mean of the peak value of the last
three breaths in each minute. Pm achieved
with the largest load tolerated for one minute
was taken as the peak mouth pressure.

Influence of breathing pattern

Six different normal subjects (four men and
two women) aged 23-41 years with VC
4:0-6-01 and Pimmax 68-165 cm H,O were
studied. All had previous experience of the
solenoid valve. They were randomised to per-
form ITL with the solenoid valve according
to the protocol described above, twice with
the breathing pattern fixed and twice when
they were free to adopt whatever pattern of
breathing they chose. During the regulated
ITL tests breathing frequency was fixed at 12
breaths per minute using a breathing syn-
chroniser and the mouth pressure trace was
displayed on a digital storage oscilloscope
(Gould model 0S4040). Subjects maintained
a constant breathing pattern by visual feed-
back. T'TOT was equivalent to one sweep of
the oscilloscope screen and, to keep TI con-
stant, subjects were requested to inspire until
the beam passed a cursor placed on the
oscilloscope screen. TI for each subject was
chosen before their first regulated ITL test by
establishing a pattern of breathing that felt
comfortable. Subjects were then asked to
adhere to this target throughout the regulated
ITL tests.

ANALYSIS
The results, presented as mean (SE), were
analysed with the Minitab Version 8 statisti-
cal package for IBM computers. Data
obtained from the ITL tests with the plunger
and solenoid valve were compared with the
Wilcoxon signed rank test. A p value < 0-05
was considered significant. Agreement
between tests was assessed according to the
recommendations of Bland and Altman.?
This study was approved by the hospital
ethics committee.

Results

COMPARISON OF THE SOLENOID VALVE AND
WEIGHTED PLUNGER

Examples of the inspiratory pressure profiles
obtained during incremental threshold load-
ing with each system are shown in fig 3.
Figure 4 shows the mean mouth pressure
(Pm) plotted against the threshold pressure
(Pth) for all the tests with both the weighted
plunger and the solenoid valve. At lower
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Figure 5 Work performed by the inspiratory muscles expressed as the pressure-time

product
systems.
weighted plunger).

Pdt) plotted against the threshold pressure (Pth) for all the tests with both
inear regression lines have been drawn (p< 0-05 for both the solenoid valve and

Table I  Mean (SE) values of length of time of the tests (1), final mouth pressure
(peak Pm) and percentage of maximal inspiratory pressure (Pm/PImax) achieved and
pressure-time product (IPdt) at completion of the tests.

Peak Pm Pm/Prmax (Pd:

t (min) (ecm H,0) (%) (cm H,Ols)
Solenoid valve
1 8:0 (1-1) -76-3 (10-9) 73-5 (6:2) 2882 (584)
2 9-7 (0-9) -93-8 (10-2) 86-8 (3:7) 2910 (341)
3 105 (1-2) -100-5 (12-1) 89-7 (7:6) 2970 (496)
Weighted plunger
1 7-7 (1-9) —60-7 (8-5) 57-0 (2:7) 6718 (1993)
2 8:8 (1'3) -59-5 (7-3) 56-3 (2:9) 7573 (1449)
3 8:7 (0-9) —67-0 (7-8) 60-3 (3-5) 7307 (485)

Table 2 Mean differences (95% confidence intervals) for length of time of tests (1), final
mouth pressure achieved (peak Pm) and pressure-time product (j'Pdt) at completion of

rests.

t (min) Peak Pm (cm H,0) det (¢cm H,0Ols)
Solenoid valve
1v2 -1-7 (-3-6,0-3) -17-5 (-35-2,0-21) —28-3 (-1600,1540)
293 —0-8 (-1-6,0-0) —67 (-15:3,2:0) —60-0 (-850,732)
1v3 -2:5 (-5-0, 0-0) —24-2 (-47-9,-0-5) —88-3 (-2200,2070)
Weighted plunger
122 -1-2 (-3-5,1-2) 1-2 (-5-8,8:1) -855 (-3100,1419)
2v3 0-2 (—4-3,4°6) -7-5 (-14-2,-0-8) —267 (-3500,4073)
193 -1-0 (—6-9,4-9) —6-3 (-17-5,4-8) -588 (—6000,4791)

Table 3 Mean (SE) breathing frequency, inspiratory time (T1), duty cycle (T1/TTOT),

and end tidal carbon dioxide concentration (PET CO,) at the start and end of the tests with

solenoid valve and weighted plunger.

Solenoid valve Weighted plunger
Start End Start End
Breathing frequency
(breaths/min) 10-8 (1-2) 6-8 (1-2) 12:5 (1-3) 11-5 (1-8)
TI(s) 25 (0-3) 3-0 (0-5) 2-4 (0-3) 3-7 (0-6)
TvTTOT 0-38 (0-04) 0-38 (0-08) 0-44 (0-03) 0-62 (0-04)
PET co, (kPa) 46 (0-2) 3-8 (0-2) 5-2 (0-2) 5-7 (0-2)
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inspiratory loads there was good correlation
between Pm achieved and inspiratory load
applied using both systems. At a Pth above
—75 cm H,0, however, equivalent to an
added plunger weight of 350 g, there was
much wider variation in recorded mouth
pressures with the weighted plunger (r=
0-82). With the solenoid valve the correlation
remained tight throughout (r = 1-00); 95%
confidence intervals (ClIs) at equivalent stages
in the tests were 23-3-25-3 cm H,O with a
Pth of —25 cm H,0O with the solenoid valve
and 29-8-33-2 cm H,0 with an added
plunger weight of 100 g. At a solenoid Pth of
—75 cm H,0 95% CIs were 74-7-76-9 cm
H,0 and with an added plunger weight of
350 g they were 50-4-77-3 cm H,O.

The [Pdt which gives an index of the exter-
nal work performed by the inspiratory mus-
cles during loaded breathing® increased much
more steeply with the weighted plunger
although for both systems increments were
regular (fig 5).

The reproducibility of both systems in
terms of length of time of the test (t), peak
Pm, percentage of Pimax achieved and j'Pdt
at completion of the test is shown in table 1.
Table 2 gives the mean differences and 95%
CIs for the various attempts at ITL using
both systems.

We compared breathing patterns during
the third test with each system (table 3). With
the solenoid valve breathing frequency slowed
significantly during the tests (p < 0-05) but
both Ti and TVTTOT did not alter. With
the weighted plunger breathing frequency
did not alter but subjects tended to prolong
Ti (p > 0:05) and so increase TUTTOT
(p < 0-05). PETCO, tended to be significantly
lower during the tests with the solenoid valve
(p < 0-05 comparing values between the two
systems at the end of the tests). No difference
in Borg score was recorded. The median
score at the end of the test was 9 with the
solenoid and 9 with the plunger.

INFLUENCE OF BREATHING PATTERN

When breathing pattern was unregulated sub-
jects performing ITL tests with the solenoid
valve tended to reduce breathing frequency
and to shorten the duty cycle (table 4). There
was, however, no significant difference
between the regulated and unregulated tests
with respect to the duration of the tests, peak
Pm, %Pimax, final Pdt achieved, PETCO,, or
Borg score (table 5). Mean differences and
95% ClIs between the tests with the breathing
pattern free were —0-2 (-1-7, 1:3) for the
length of time of the test, —1-7 (-17-1, 13-8)
for peak Pm, and 566 (—631, 1764) for (Pdt.
With the breathing pattern regulated these
values were -1-7, (-2-4, 0-1), -11-7 (-23-9,
0-6) and —243 (-1200, 724) respectively.

Discussion

Incremental threshold loading possesses
many qualities of a good test of respiratory
muscle performance. As well as being influ-
enced by inspiratory muscle strength it also
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Table 4 Mean (SE) breathing frequency, inspiratory time (T1) and duty cycle
(TH/TTOT) at the start and end of regulated and unregulated tests with the solenoid valve.

Breathing pattern Breathing pattern
Jree regulated
Start End Start End p value
Breathing frequency
(breaths/min) 13-8 (1-8) 6-7 (0-9) 122 (0-5) 11-3(0-4) <0-05
Ti 1-5(0-2) 1-8(0-1) 1-5 (0-2) 1-8 (0-2) NS
TVTTOT 0-30 (0-03) 0-21 (0-02) 0-32 (0-04) 0-34 (0-:03) NS

p value refers to comparisons at end of tests.

Table S Mean (SE) values for length of time of test (1), final mouth pressure achieved
(peak Pm), percentage of maximal inspiratory pressure (%Pmax), pressure-time product
Pdt), end ridal carbon dioxide concentration (PET CO,), and Borg score at the

complerion of the tests.

Breathing pattern Breathing pattern

free regulated

Test 1 Test 2 Test 1 Test 2
t (min) 10-8 (2:0) 11-0 (1-6) 8-8 (1-5) 10-0 (1-6)
Peak Pm (cm H,O0) -103 (20) -105 (16) -83 (15) —95 (16)
% Prmax 90 (8) 99 (7) 76 (9) 91 (11)
{)I;drt (cm H,0/s) 3478 (944) 2912 (704) 2578 (751) 2822 (734)

Co, (kPa) 3-7 (0-2) 4-2 (0-3) 3-4 (0-4) 3.4 (0:3)

Median Borg score 8 8 6 7

I

measures maximal performance over a period
of time thereby assessing endurance. The best
way of performing ITL has not been deter-
mined. The two pieces of apparatus used in
this study are different. The weighted plunger
is not a true threshold device in that once the
Pth has been achieved subsequent airflow is
not totally independent of mouth pressure.
The plunger must be held up throughout
inspiration for the subject to receive sufficient
airflow. In contrast the solenoid valve is a
true threshold device in that once the subject
has reached the predetermined negative
mouth pressure the valve will remain open
throughout the whole of inspiration regard-
less of subsequent pressure changes. The
solenoid valve provides an isometric load to
inspiratory muscle contraction and the
weighted plunger an isotonic one.

Our concerns over the accuracy of the
weighted plunger were confirmed by this
study. At low loads there was a linear rela-
tionship between the plunger weight and sub-
sequent mouth pressure achieved to
overcome the threshold load. This relation-
ship did not hold at weights above 350 g
(equivalent Pth —75 cm H,0O) where there
was wide intersubject and individual variation
in recorded mouth pressures for any given
load, probably due to the plunger only lifting
partially, giving an added resistive load to
inspiration. In contrast with the solenoid
device, as one would expect there was a close
correlation between the threshold pressure set
and mouth pressure achieved. The achieved
mouth pressure was usually a few cm H,O
higher than the set threshold pressure. This
relationship was still evident at high loads.
The increases in applied load with the sole-
noid device were smoother, quicker to per-
form, and more acceptable to the subject.

The pressure-time product, an index of the
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oxygen cost of breathing® and external work
performed by the inspiratory muscles,
increased more steeply with the weighted
plunger than the solenoid valve but both sys-
tems produced regular increments in the
work performed. The pressure-time product
at the end of the tests was substantially more
with the plunger, a reflection of the extra
work required for the inspiratory muscles to
keep the plunger lifted throughout inspira-
tion. At the end of the tests both T1 and
TVTTOT were greater with the weighted
plunger than with the solenoid valve.

There was an evident learning effect as
subjects became familiar with both pieces of
apparatus. The learning effect was more
noticeable between the first and second tests
with each device. After one practice ITL run
both systems gave reproducible results
regarding the duration of the tests, peak
mouth pressure achieved, and total external
work performed by the inspiratory muscles.
The external work performed by the end of
the tests was more reproducible with the sole-
noid valve than with the weighted plunger.

By starting with low loads during ITL sub-
jects may develop breathing strategies to
enable them to tolerate higher loads. This
may interfere with the reproducibility of the
test and interpretation of results, particularly
when assessing the result of an intervention
such as inspiratory muscle training. The
strategies adopted during ITL with the two
devices in this study were clearly different.
With increasing loads on the weighted
plunger subjects tended to prolong inspira-
tory time and to lengthen the duty cycle while
breathing frequency tended not to change.
With the solenoid valve subjects tended to
slow their breathing frequency but not alter
inspiratory time to limit the increase in the
pressure-time product. We have shown that
the performance of subjects during ITL runs
with the solenoid valve is not significantly
altered when both breathing frequency and
inspiratory time are fixed, implying that vary-
ing breathing patterns are relatively unimpor-
tant to the reproducibility of the test. This
means that ITL with the solenoid valve does
not need any external regulation, so simplify-
ing the test.

With both the weighted plunger and sole-
noid valve there was a clear endpoint to the
tests. Most subjects complained of dyspnoea,
a suffocating sensation, and pain in the neck
and shoulders at the end of the test. Most felt
hot and tired but recovered within a few min-
utes of resting. There was no qualitative or
quantitative difference in these sensations
between the systems.

Many authors relate inspiratory muscle
endurance to fatigue. These tests may have
been limited by respiratory muscle fatigue but
we did not look specifically for this. It is likely
to have occurred, however, as respiratory
muscle fatigue has been shown to occur dur-
ing the application of loads of 60-75% of
those producing Pimax.!° In our series of ITL
runs the final mouth pressure achieved, par-
ticularly with the solenoid valve, was usually
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well above this value. The tests were probably
also limited by motivation. No encourage-
ment was given but competition between
subjects was encouraged. The limit to the
performance of the test may be due to sub-
jects reaching the capacity of their inspiratory
muscles or the limit of their tolerance to the
unpleasant sensations associated with loading
of the ventilatory muscles. Whatever the
limiting factor(s) the endpoint of the tests
with both systems was reproducible.

In conclusion, ITL is a simple and repro-
ducible test of inspiratory muscle perfor-
mance. The solenoid valve has several
features which make it superior to the
weighted inspiratory plunger. It generates a
more accurate mouth pressure response and
is less variable at higher loads. The increases
in load are smoother and quicker to intro-
duce. ITL with the solenoid valve is not influ-
enced by varying breathing strategies and
does not need any external regulation.
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