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Abstract
The maximal sniff generated mouth and
transdiaphragmatic pressures of six
healthy volunteers (three women and
three men) were measured at various
lung volumes between residual volume
and 95% of total lung capacity. At
residual volume the mean (SD) maxi-

mum transdiaphragmatic pressure was
163 (18) cm H20 (1 cm H20 = 00981 kPa).
With increasing lung volume the
maximum pressures generated declined,
so that at 95% of total lung capacity the
mean pressure was 68 (15) cm H20.
Mouth pressures showed a similar rela-
tion to lung volume. At residual volume
the mean maximum mouth pressure was
74 (8) cm H20, compared with 38 (6) cm

H20 at 95% of total lung capacity. The
relation between pressure and lung
volume was linear for measurements at
lung volume levels between residual
volume and 85% of total lung capacity;
values at 95% of total lung capacity,
however, were lower than predicted
from the linear regression of the other
points. The use of a second order poly-
nomial regression showed a higher coef-
ficient of determination in all cases (072
and 0-69 for transdiaphragmatic and
mouth pressures on the basis of all
pressure values for all subjects). Sniff
generated mouth and transdiaphrag-
matic pressures show a predictable
dependence on lung volume, supporting
their use as measures of global ins-
piratory muscle power and diaphragm
strength respectively.
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Measurement of inspiratory muscle strength
provides the clinician with valuable informa-
tion about the origin of respiratory failure.'2
The maximal inspiratory pressure generated
at the mouth against a closed shutter is a

measure of global inspiratory muscle
strength.7 The test requires a mouthpiece,
and some patients with neuromuscular disease
are unable to use this. The diaphragm is the
major inspiratory muscle, and its strength can

be analysed separately. Transdiaphragmatic
pressure is believed to be the most accurate
measure of the strength of diaphragm contrac-
tion.89It has usually been measured during a

slow full inspiration or during maximal static
inspiratory efforts against a closed shutter at
various lung volumes."'2 Because of the large
variation between individuals in the pattern of

pressure generation during these two types of
respiratory manoeuvres, transdiaphragmatic
pressure values are easily misinterpreted."3
A new method for assessing diaphragm

strength is to measure transdiaphragmatic
pressure during a maximal sniff manoeuvre.'4

-A new index of global inspiratory muscle
stfiength has also been introduced: the pres-
sure within the mouth during a maximal sniff
manoeuvre.'5 This method has the advantage
that a mouthpiece is not necessary.

Until now transdiaphragmatic and mouth
pressures measured during maximal sniff
manoeuvres have been analysed only at two
levels of lung volume: at residual volume (RV)
and at resting end expiration.'415 This study
was designed to evaluate the influence of
intrathoracic gas volume (expressed as a per-
centage of total lung capacity) on the maximal
sniff generated mouth and transdiaphragmatic
pressures. We also analysed the inter-
individual and intraindividual variation of
mouth and transdiaphragmatic pressure
values at different lung volumes between RV
and total lung capacity (TLC).

Methods
PRESSURE MEASUREMENTS
We measured transdiaphragmatic pressure
(Pdi) with a flexible double lumen catheter
(internal diameter of each lumen 1-4 mm). The
catheter was positioned with the distal lumen
slightly below the cardia (65-70 cm from the
nares) and the proximal lumen in the middle
third of the oesophagus (35-40 cm from the
nares). At the distal end of both lumina two
lateral foramina (diameter 1 8 mm) provided
free communication with the surroundings.
The catheter was perfused with distilled water
at a constant flow of 25 ml/hour. The proximal
ends were coupled to a pressure transducer
(Gould-Statham, typ P23ID). Pressure was

displayed on a four channel paper recorder
(Beckman 51 1A), which showed a 50u% reduc-
tion of the selected maximal amplitude at
45 Hz. Transdiaphragmatic pressure was cal-
culated by subtracting oesophageal pressure
from gastric pressure. Both gastric and oeso-
phageal pressure were arbitrarily equated with
zero at the start ofeach sniff trial. Thus only the
change in pressure from the initial position was
determined for each sniff.
Mouth pressure (Pm) was measured with a

flexible single lumen catheter (internal
diameter 1 8 mm) with two lateral foramina
(diameter 1 8 mm) at the distal end. This
catheter was also perfused with distilled water
at a constant flow of 25 ml/hour. Mouth pres-
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sure was transmitted and displayed in the same
manner as transdiaphragmatic pressure. The
mouth pressure from which the sniff was

started was again set arbitrarily at zero.

SUBJECTS AND PROTOCOL
Studies were carried out on six subjects, three
women and three men, aged 24-30 (mean 27-7)
years. The subjects had no respiratory symp-

toms or neuromuscular disease and had normal
lung function.
Lung volume was determined in a constant

volume whole body plethysmograph (Jaeger,
Wurzburg) on five successive days to measure
intraindividual variation ofFRC (maximal and
minimal values did not differ by more than 0 4
litres). The sniff measurements were made on

five additional successive days, to check the
reproducibility of the data, with the subject in a

sitting position.
The catheter for measurement of oeso-

phageal and gastric pressure was inserted via
the nose after local anaesthesia had been given.
The mouth catheter was positioned as close as

possible to the posterior wall of the pharynx.
Sniffs were initially carried out at resting end
expiration (FRC). The volunteers were asked
to sniff quickly, and as hard as possible,
through the nose with the mouth closed. A nose

clip was not used. An interval of 30-45 seconds
was allowed beteen each sniff. Data were

collected only after a plateau value of peak sniff
pressures was reached (usually within five
sniffs). At that point the volunteer was required
to sniff 10 more times to ensure that there was

no further increase, and the five highest mouth
and transdiaphragmatic pressure values were

selected for analysis. A further series of sniffs
was then carried out after maximal expiration
(RV). To ensure a constant maximal expira-
tion, breathing was registered on a bell
spirometer connected to a well fitting mask
with preformed holes for the catheters, and the
subject watched the curve on the spirometer.
Ten sniff manoeuvres were performed at RV,
with 30-45 second intervals between each
attempt. The five highest values were again
selected. Finally, the subject was required to
inhale maximally and then exhale to a predeter-
mined lung volume (as a percentage of TLC)
followed by a maximal sniff. The predeter-
mined lung volumes were marked on the
spirometer. The first volume was 68%, the
second 850o, and the third 95°o TLC. At each
volume the best five of 10 sniffs were again
selected for analysis.

STATISTICAL METHODS

The relation between lung volume and the
pressure measurements was assessed by five
forms of regression in each subject-namely,
linear, exponential, logarithmic, power law,
and least squares best fit polynomial regression
of the second order. Although the data were not

strictly homoscedastic, coefficients of deter-
mination (R') and p values were used to assess
each regression, to give a guide to the fit of
these approximations. The difference between
the coefficients of determination for the linear
regression and for the second order polynomial

regression was determined separately (by cal-
culating F values). For each person 125 pres-
sure values were available (five measurements
at five lung volumes on five days).
The regressions were also applied to the

pressure measurements for the three women
separately (375 values for each group) and for
all six subjects together (750 values).

Variation within subjects on the same day
was calculated as the difference between the
highest and the lowest pressure value at each
lung volume (five measures a day). The varia-
tion within subjects between days was ex-
pressed as the coefficient of variation (100 x
SD/mean) for the 25 pressure measurements at
each lung volume. The distribution of these 25
data points (for the six subjects 30 distributions
altogether) differed significantly (p < 01)
from a normal distribution in only two cases
(Pearson-Stephens-Test). Intersubject varia-
tion at each lung volume was assessed from the
coefficient of variation for men and women
separately and for all six subjects (coefficient of
variation based on 150 measurements).
For each subject the data taken over five days

were examined for a possible training effect
(increase in pressure with time) at each lung
volume by means of linear regressions. The t
test was used to check whether the slopes
obtained (b values) showed any significant
deviation from zero.

Results
The sniff manoeuvres were performed by all
volunteers without difficulty. During the sniff
a rapid negative pressure peak was observed in
the mouth and oesophagus and a positive
pressure peak in the stomach. The contribution
of oesophageal (Poe) and gastric (Pg) pressure
to sniff Pdi varied between subjects, though
none had a negative Pg at peak Pdi. For
maximum sniff mouth pressures and transdia-
phragmatic pressures the highest values were
achieved at RV (mean (SD) value in cm H20*
for Pdi 163 (18), Pm 74 (8)) and the lowest
values at 95O TLC (Pdi 68 (15), Pm 38 (6);
tables 1 and 2, figs 1 and 2).

Linear and second order polynomial regres-
sion fitted the data points better than logarith-
mic, exponential, or power law functions. This

*1 cm H2O = 0-0981 kPa.

Table I Mean values with rangesfor sniffgenerated
mouth pressures for the six subjects at each lung volume.*

Mouth pressure (mean (range))

Lung volume cm H20 SD CV (Oo)

TLC
95 38-3 (23-55) 6-9 (4 7-5-6) 18 2 (11-1-14-1)
85 497 (34-69) 72 (49-78) 145 (110-15-6)
68 60 2(45-78) 7-6 (56-666) 12 7(8-911-6)

FRC 65-2 (44-89) 7 9 (4-7-63) 12-1 (7-7-10-4)
RV 74-5 (58-92) 8-2 (4-4-6-0) 10-9 (6-5-8-7)

TLC-total lung capacity; FRC-functional residual capacity;
RV-residual volume.
*Standardised deviations (SD) and coefficients of variation
(CV) were derived from 150 (6 x 25) pressure values at each
lung volume. The range of CV and SD derived from the 25
pressure values for each person is given in parentheses.
Conversion: Traditional to SI units-I cm H,O = 0-0981 kPa.
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Table 2 Mean values with rangesfor smiffgenerated
transdiaphragmatic pressuresfor the six sujects at each
lung volume*

Transdiaphragmatic pressure (mean (range), cm H20)
Lung
volume Mean SD CV (%)

0O TLC
95 683 (36-108) 153 (7-8-11-6) 22-4(11-5-16-5)
85 94 5 (61-130) 17-0 (104-11-4) 18-0 (10.2-13-2)
68 122-7 (89-164) 17-2 (110-11-4) 14-0 (80-10-6)

FRC 137-8 (102-180) 17-8 (11-1-11-3) 12-9 (7-1-9-5)
RV 163-5 (128-202) 18-0 (11-1-11-4) 11-0 (6 8-7 7)

*Standard deviations (SD) and coefficients of variation (CV)
were derived from 150 (6 x 25) pressure values at each lung
volume. The range of CV and SD derived from the 25
pressure values for each person is given in brackets.
Abbreviations as in table 1.
Conversion: Traditional to SI units-I cm H20 = 0-0981 kPa.

Figure 1 Individual
curves for maximal sniff
generated mouth (Pm)
pressures as parabolic
functions of lung volume
(00 total lung capacity
(TLC)).
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curvesfor maximal sniff
generated
transdiaphragmatic (Pdi)
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was true for the data for each subject (n = 125
pressure values), for the data for women
(n = 375) and men (n = 375, and for all
subjects together (n = 750). The differences
between the coefficients of determination of
linear and second order polynomial regressions
and those of all other forms of regression were
significant in occasional cases only at p < 0-01
(z transformation, t test). The coefficients of
determination for the second order polynomial
regressions for individual subjects (range 0 74-
0-92 for Pdi, 0 69-0 90 for Pm) exceeded in all
cases those for linear regressions (range 0-67-
0 90 for Pdi, 0-66-088 for Pmo). Findings
were similar for the three men and the three
women and for all six subjects. The p value for
the coefficients of determination for both the
linear and the second order polynomial regres-
sions was <0-001.The improvement of the
linear regression by a square component was
not significant in any case (F test). Lower
coefficients of determination were obtained for
all five regressions when men and women were
analysed together rather than separately (tables
3 and 4).
The maximum variation within subjects on

the same day was 9 cm H20 for Pmo and 30 cm
H20 for Pdi. The within subject between days
coefficient of variation (%) for the six ranged
from 6-5 to 15-6 (mean 10-8) for sniff Pm and
from 6-8 to 16-5 (mean 11-2) for Pdi.
The coefficient of variation (%) between

subjects for sniff Pm ranged from 7-8 to 16-1
(mean 151) in the women, from 7-2 to 15-3
(mean 14-5) in the men, and from 10 9 to 18-2
(mean 15.2) in all six subjects. The coefficient
of variation between subjects for sniff Pdi
ranged from 6-7 to 20-6 (mean 13-0) in the
women, from 8-3 to 22-8 (mean 13-5) in the

0 men, and from 1 1 0 to 22-4 (mean 17 3) in all six
subjects. The coefficients of variation cal-
-ulated from the 150 measurements for all
subjects at each lung volume depended mainly
on differences in pressure values between
subjects and less on the variability of pressure
values within subjects.
Only one of the 30 sets of data showed a

significant (p < 0 025) increase in pressures
with time (a training effect).

Discussion
In this study we used catheters perfused at a
constant flow with distilled water instead of
balloon catheters containing air. The two sys-
tems show little difference in the speed of
pressure transmission.'6 We think, however,
that the perfused catheters are easier to work
with.
De Troyer et al 3 showed high intersubject

variability in transdiaphragmatic pressure
values obtained during slow maximal inspira-
tion and maximal static inspiratory contraction
against a closed shutter. They were unable to
obtain normal values or assess the relation
between the pressures they obtained and
intrathoracic gas volume.

Miller and Moxham'4 were the first to
measure transdiaphragmatic pressure during a
maximal sniff. They found that the pressures

25
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Table 3 Regression equations for lung volume, expressed as percentage of total lung
capacity ( TLC), as a parabolicfunction of mouth pressure (Pm) in female and male
subjects and the two combined

Sex Equations R2 p n

Female 00 TLC = 47 04 + 304 Pm- 0047 Pm 0-76 <0-001 3
Male 0 TLC = 109 7 + 0017 Pm + 0011 Pm2 0-72 <0-001 3
All subjects °o TLC = 1456 - 1-26 Pm - 00014 Pm' 0-69 <0-001 6

Table 4 Regression equations for lung volume, expressed as percentage of total lung
capacity ( TLC), as a parabolicfunction of transdiaphragmatic pressure (Pdi) in
female and male subjects and the two combined

Sex Equations R2 p n

Female 0° TLC = 92 07 + 0 35 Pdi - 0005 Pdi2 0 78 <0 001 3
Male 00 TLC = 98-8 + 0 13 Pdi - 00027 Pdi2 0-75 <0-001 3
All subjects 00 TLC = 1228 - 035 Pdi - 000087 Pdi? 0-72 <0 001 6

showed little variability between or within
normal subjects. We found little variability
within and between subjects at other lung
volumes. This was true for both maximum
sniff mouth pressures and transdiaphragmatic
pressures.
Mouth pressure at RV during a maximal

sniff was lower than the pressures recorded by
other authors during a maximal static ins-
piratory effort against a closed shutter.467 This
difference could be due to the so called
"mouthpiece effect." Rochester et al 7 showed
that by the use of a mouthpiece the electrical
activity of the diaphragm rose significantly in
both healthy volunteers and patients during
quiet breathing. This increase in electrical
activity was not suppressed during ventilation
by a tank respirator. Possibly when a mouth-
piece is used the inspiratory muscles are

stimulated and produce higher pressure values.
Koulouris et all' found that the height of the
measured mouth pressure values also depended
on the design of the mouthpiece used.
The relation of maximal static pressures

generated by the respiratory system may be
linear3 '9 or parabolic.4 Our results suggest that
the curve is parabolic and flattened near to total
lung capacity. The force developed is influen-
ced by the length-tension curve of the res-

piratory muscles, which is parabolic.' Muscle
fibres produce substantially less force at shor-
ter or longer lengths than at optimal length.
Gordon et al2 in in vitro experiments on single
fibres from amphibian muscles showed that the
length-tension curve for the segment L/Lo
between 0 5 and 1-0 (L = actual muscle fibre
length Lo = optimal muscle fibre length) has
two ranges in which the tension increases
linearly, connected by an inflection point. The
second order polynomial regression, yielding a

curve that is linear over a wide range, may
reflect this phenomenon.

Sniff generated mouth and transdiaphrag-
matic pressure values have a low inter-
individual and intraindividual variability and a
predictable dependence on lung volume. The
mouth pressures appear to provide a satisfac-
tory estimate of global inspiratory muscle
power and the transdiaphragmatic pressures of
the strength of the diaphragm.

We thank Mrs Neudecker for skilled technical
assistance, and Mrs Weber for translating the
manuscript.
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