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Ventilatory monitoring devices that require mouthpiece
breathing produce a rise in tidal volume (VT), a fall in
frequency(f) and alterations in periodicity and variability of
breathing components. Together with the introduction of
the respiratory inductive plethysmograph, a reliable nonin-
vasive monitoring device of ventilation, major advances

have taken place in understanding the significance of the
components of the breathing pattern. We measured the
breathing pattern of normal subjects utilizing respiratory

I n the past decade, major advances have taken place

in the interpretation of the significance of the

various time and volume components ofthe breathing

paftern.’� For example, it has been shown that the tidal

volume divided by inspiratory time (mean inspiratory

flow) reflects respiratory center drive when mechanics

ofbreathing are normal or only moderately impaired.�5

Relative contributions of the rib cage and abdominal

compartmental excursions to tidal volume and the
phase relationship between the two compartments

provide information on respiratory muscle fatigue.3’6

Mouthpiece breathing to and from a spirometer or

pneumotachograph is known to increase tidal volume

and decrease respiratory frequency compared to natu-

ral breathing monitored with an external device.7’9

Further, volume and timing relations from the rib cage

and abdominal compartmental contributions to tidal

volume can only be measured with the latter such as

the respiratory inductive plethysmograph.’#{176}’11

The interpretation of alterations of the time and

volume components of the breathing pattern during

natural breathing has not been translated into clinical

practice because quantitative data have been lacking.

In this study, breathing patterns of normal subjects

were investigated with respiratory inductive
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inductive plethysmography and continuously processed

these data with a microprocessor system. The mean values
of the breathing pattern components in normal subjects
were not affected by age, but the rhythmicity was more
irregular in the elderly. The values of breathing pattern

components obtained noninvasively by respiratory in-
ductive plethysmography in normal subjects are fairly

predictable in limits similar to other tests of pulmonary

function.

plethysmography to provide a basis fur comparison to

disease states reviewed in a subsequent publication. ‘�

Subjects

MATERIALS AND METHODS

The breathing pattern in the supine position was recorded
utilizing the respiratory inductive plethysmograph in 47 young (�50

years) and 18 old (�60 years) normal subjects (‘flsble 1). Subjects
rested in the supine position a minimum of ten minutes prior to
recording the breathing pattern for 15 minutes.

Theoretical Background

The traditional equation of minute ventilation (�7,,.J indicates
equality to theproduct oftidal volume (VT)and respiratory frequency

(I) such that V,,�, = VT X f. This can be rewritten so that V,� =

VjF, x TjF� The first parameter, VjF1, has been termed mean

mspiratory flow, and the second, T,PF� the fractional inspiratory
time or effective timing ratio.”

With respiratory inductive plethysmography, three signals are

recorded: the calibrated rihcage (RC) and abdominal (ABD) excur-
sions and their electrical sum signal, the latter being equivalent to

tidal volume (Vi). The sum ofthe absolute values ofthe peak-to-peak

excursions of RC and ABD irrespective of their timing to the tidal

volume signal is termed the “maximum compartmental amplitude
(MCA).” When the peak-to-trough amplitudes of the RC and ABD

signals are in phase, the ratio ofMCA to VT(MCA/VT)is equivalent to

1.00. When the peak-to-trough amplitudes ofthe RC and ABD move
out ofphase with each other, MCA/VT exceeds 1.00. Thus, this index

provides information on overall phasic relations between RC and

ABD excursions.

Apparatus

Detailed descriptions of the respiratory inductive plethysmo-

graph (Respitrace, Non-Invasive Monitoring Systems, Inc, Ardsley,
NY) have been pub1ished.�” Briefly, the device consists oftwo coils
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Table 1-Pulmonary Function Tests and Breathing Pattern
Components in Normal Subjects*

Young Old

Number (M/F) 47 (31/16) 18 (9/9)

Age(years) 28.6± 5.3 68.9± 6.5

VC(L) 5.32±1.12 3.48± .84

% Pred normal 117± 18 118± 25

FRC(L) 3.05± .80 3.01± .64
% Prod normal 110 ± 25 118 ± 24

TLC(L) 6.91±1.32 5.81±1.17

% Pred normal 110± 13 111± 18
FEV,(L) 4.16± .73 2.64± .64

% Pred normal 106± 17 121± 28
R,�cmH,O/LXsec 1.7± .5 1.5± .4

% Pred normal 147± 46 143 ± 47

f(breaths/min) 16.7± 2.7 16.6± 2.8

V�(ml) 383± 85 382± 108

(L’min) 6.02 ± 1.32 5.92 ± 1.59

T,(sec) 1.60± .30 1.67± .35

T,IT� .424±032 .413±034

V/ri (mi/sec) 249 ± 54 253 ± 69

RCfV�(%) 42± 3 46± 14

MCA/V1 1.04± .04 1.07± .05

*Mean SD

of Teflon-insulated wire sewn onto elastic bands encircling the rib

cage (RC) and the abdomen (ABD) which are connected to an

oscillator module. Changes in cross-sectional area of the RC and

ABD compartments alter the self-inductance of the coils and the

frequency of their oscillations, which, after appropriate calibration,

reflect tidal volume measured by spirometry. Assuming that the
respiratory system moves with two degrees of freedom, ie, the rib

cage and abdominal compartments can be considered as the only two

moving components, the device is calibrated using RC, ABD and

spirometric (SP) volumes and the equation RC/SP + ABD/SP = 1.”

The subject breathes into a spirometer in two body postures to

produce a spread ofvalues ofrib cage and abdominal contributions to

tidal volume and the equation is solved graphically to achieve the
scaling factors for the electrical gains ofthe RC and ABD amplifiers.

The signals from the respiratory inductive plethysmograph were

recorded on a Grass polygraph recorder (Grass Instruments,
Quincy, MA)and a Z-80 A based microprocessor system (Respicomp,
Non-invasive Monitoring Systems, mc, Ardsley, NY)which sampled

the signals at 20 points/sec. It continuously calculated respiratory

SUM (VT)

frequency (0’ tidal volume (V1), minute ventilation (�‘mrn)’ inspiratory

time (T,), fractional inspiratory time (T,/T�), mean inspiratory flow

(‘�iI’I), the percentage of rib cage contribution to tidal volume
(%RC/V1), and the ratio ofthe maximum compartmental amplitude
to tidal volume (MCAIV1).

RESULTS

Forty-seven of the normal subjects were 20 to 50

years of age and 18 from 60 to 81 years of age (Table 1).

Differences in age did not affect the mean values of the

various breathing pattern components. The average f

for all the normals was 16. 6 ± 2. 8 breaths/mm, �T

383±91 ml and ‘�mtn 6.01±1.39 Llmin. Inspiratory

time, 1.62 ± .31 sec, was briefer than expiratory time,

as reflected by a TfFT,�T of .421 ± .033. Values of T,/TT(�

did not correlate with respiratory frequency. Respira-

tory center drive as reflected by V/F, was 250 ± 58

mi/sec. No significant correlations (r values between

.02 and . 14) could be established for f, V.,�, Vm,, and V./T,

on the one hand and body height on the other.

A typical analog tracing ofthe breathing pattern in a

normal young adult is shown in Figure 1. One or no

sighs (defined as three times mean VT) occurred over

the 15-minute observation period in the young sub-

jects and zero to 3 in the older subjects. Breathing was

generally more regular in young than the old normal

adults. Figure 2 depicts examples of the wide range of

rhythmicity ofbreathing in the older subjects . Exagge-

rated intermittent periods of crescendo and decres-

cendo tidal volume fluctuations and end-expiratory

level oscillations were seen in the analog recordings of

six ofthe 47 young and six ofth� 18 old subjects. Brief

central apneas of eight to ten seconds’ duration were

observed occasionally in the recordings of the old

normal adults.

The recording ofthe breathing pattern was obtained

in the supine position in which the rib cage contribu-

tion to tidal volume (42 ± 17 percent) was less than
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FIGURE 1. Representative breathing pattern in a young normal adult. SUM (Vi) designates the sum ofthe rib
cage (RC) and abdominal (ABD) excursion. There are slight irregularities of rate and tidal volume but no
sighs or major oscillations of end-expiratory level.
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FIGURE 2. Types of breathing patterns in old

normal adults. A) Fairly regular rhythm; B)
irregular rhythm with short end-expiratory

pauses; C) irregular rhythm with small tidal

volumes interposed among normal tidal vol-

ume breaths (same subject as in B); D) sigh

near onset of recording followed by an end-

expiratory apnea. The flattened appearance on

the SUM (V1) tracing is artifactual and due to a
limitation ofexcursion ofthe recording pen; E)

Cheyne-Stokes-like breathing pattern with

paradoxic movements between RC and ABD
compartments immediately prior to second

hyperpneic episode; and F) undulating fluc-

tuations of tidal volume.

abdominal contribution, but as evidenced by the large

standard deviation, many normal subjects displayed

rib cage predominance. There was no sexual difference

as to which compartment predominated. The rib cage

and abdominal compartments moved in synchrony or

almost so and their maximal compartmental amplitude

was close to tidal volume (MCA/VT ratio ofl.05± .04).

Respiratory Rate

DisCussioN

In our normal subjects, aging did not affect respira-

tory frequency. The rate was 16. 7 ± 2. 7 breaths/mm in

the young subjects (28.6 ± 5. 3 years) and 16. 6 ± 2. 8 in

the older subjects (68.9 ± 6.5 years). A slight fall in

frequency and rise in tidal volume with aging has been

reported for mouthpiece breathing, but inspection of

individual data points revealed wide � Previous

authors have indicated that mean rates as low as ll’� or

12 breaths/mm’5 were present in normal subjects. Such

measurements were obtained with subjects breathing

through a mouthpiece attached to a spirometer or

pneumotachograph, whereas rates similar to ours, viz

17.0 and 17.5 breaths/mm, were found on counting the

respirations of subjects unaware of being observed’6

and from recordings obtained with a rib cage pneumo-

�7 respectively.

Respiratory rate is set at a particular frequency

which is least costly to the average force developed by

the respiratory muscles. Mead’6 derived an equation

fur this frequency which is a function of the time

constant ofthe respiratory system, ie, resistance times

compliance, and the ratio of alveolar ventilation to

dead space. Mead’6 used a mean value for the time

constant of nasally breathing normal subjects, assumed

an alveolar ventilation of6,000 mL/min and dead space

of200 ml, and calculated this value as 19 breaths/mm.

However, if a dead space of 150 ml is assumed and our

mean value for minute ventilation of 6,000 ml/min is

used, then alveolar ventilation will be 3,600 ml.

Substitution of these values into the Mead’6 equation

leads to a predicted respiratory rate of 17.4 breaths/

mm, a value close to the value of 16. 6 breaths/mm we

observed.

Tidal Volume

In our subjects, the tidal volume of 383 ± 91 ml

(mean + SD) was markedly lower than recorded for

normal subjects in other studies, 840 ± 120 ml (su-

18 490 ± 60 ml (supine)’9 and 710 ± 159 ml (posture

not � This difference relates to direct measur-

ing techniques which employ breathing through a

mouthpiece with the nose clipped. The importance of

this factor in causing an increase in VT was first shown

by Gilbert et al7 using magnetometers, and later

confirmed with the canopy-spirometry system8 and the

respiratory inductive plethysmograph.9 When com-

paring breathing patterns from different studies, body

posture must also be taken into account. In six normal

subjects whose breathing pattern was monitored with

respiratory inductive plethysmography in our labora-



ratio which approached unity.tory, VT increased from 364 ± 60 ml in the supine

position to 443 ± 107 ml in the sitting position and V.,iT,

increased from 219 ± 26 ml/sec to 243 ± 51 mi/sec. But

values for these components were still much less than

observed in seated normal subjects breathing through

a mouthpiece to a spirometer.

Minute Ventilation

As mentioned above, mouthpiece breathing pro-

motes an increase ofVT and a decrease in f. Vm,,, remains

unchanged or slightly increases. With a significant

apparatus deadspace, there is a rise of Vm,n. In our

normal subjects, the Vmin of 6. 01 ± 1. 39 L/min

(mean ± SD) was lower than reported by several in-

vestigators in subjects breathing through a mouth-

piece, viz, 7. 81 ± . 10 L/’4 1.2. 7 ± 1. 4 L/min, ‘� and

7.30±90 L/min.’9

Mean Inspiratory Flow

Barcroft and Margaria�#{176} wrote some 50 years ago that

attempts to elucidate mechanisms controlling respira-

tion should analyze minute ventilation in terms of “1)

the duration of the phases of respiration nd 2)

upon the rates at which air is taken in and out during

the various phases.” They measured V/f, and �7 ,,,, at

rest, during CO2 inhalation, and with exercise and

showed a linear relationship between the two measure-

ments. Our slope of(V/F1 [ml/sec])/(V,�,,, [LI) of37.8 in

normal subjects was similar to their value of35.7. For

the next 40 years, this analytical approach lay dormant

until the investigations of Clark and Von Euler,’ and

Milic-Emili and Grunstein.2 In this analysis, minute

ventilation was regarded as the product of mean

inspiratory flow (V/F,) and fractional inspiratory time

(T,PFT�T). Since neural impulses controlling inspiratory

drive were independent ofreflex activity once inspira-

tion has begun, V/i’, reflected respiratory center drive

as it is the mechanical transformation ofphrenic nerve

activity. Comparison of V/f, to standard indices of

respiratory center output, such as the mouth occlusion

pressure generated during the first 0. 1 sec after the

onset of unanticipated inspiration against an occluded

airway (P0 ,), showed a close correlation between the

two measurements.4 This relationship was linear up to

a V/F, of 1 Llsec,2’ a value much greater than encoun-

tered in our resting subjects.

Rib Cage-Abdominal Compartmental Excursions

Although there was slight predominance of abdomi-

nal contribution to tidal volume in our normal supine

subjects, there was wide variation so that several

subjects had predominantly rib cage movement. The

compartments generally moved almost synchronously

as reflected by the maximal compartmental amplitude
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