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NON-INVASI\,T ANALYSIS OF BRFAT}IING PATTERNS IN PATIENTS IVITI.I CLR.ONIC

AIRI,VAYS OBSTRUCTION: B. LOVERIDGE

I'Ve used the respiratory inductance plethysmograoh (RIP) to analyze

breathing pattern in patients with chronic airways obstruction (CAO) and

in age and sex matched controls. Since we intended to use the RIP to

study breathing pattern in a single body position, v¿e developed a method

to calibrate it in one position (seated), and verified the stability of

this calibration for periods up to 60 minutes. The technique was verified

in B young normal, 8 o1d normal and 72 CAO subjects. The subjects breathed

spontaneously through a pneunotachygraph for 1 minute during all calibration

and verification runs. All inspiratory cLata fron the abdomen (AìlD) and

ribcage (RC) RIP transducers were analyzed using multiple ljnear regrcssion

analysis to derive calibration factors for the ABD and RC traruducers. The

correlation coefficients were ) .93 for all subjects, and the slopes and

intercepts describing the relationship of the RIP volune to the pneumo-

tachygraph volune were not significantly different bettveen calibration and

verification rrns in any of the groups. This calibration method alloived

a spirogran to be generatqi from the RIP signals.

We analyzed breathing patterns in the same 12 CAO and B age and

sex matched normal subjects. Following calibration of the RIP as des-

cribed above,the subjects remained in the seated position and the RC and

ABD RIP signals were collected fdr a 45 ninute period. The ti'ning

components of the sp,irograms l^/ei.e compared betrveen the CAO and control

gïoups. Breathing pattern from tfr" i minute calibration on the mouthpiece

was also compared to breathing pattern measured lvith the RIP above.



Inspiratory tirne (Tí) and expira-tory tine (Te) rvere significantly shorter,

ancl mean inspiratory flow (Vt/Ti), freouency (f) ancl minute ventílation

(Ve)were all significantly increased in CAO subjects. As we11, there

was less variability ín Ti, Ti/Ttot (cycle cluration) a,td ü" in CAO

subjects: even after removal of breaths > 30% FVC predicted. fron the

data of botli groups. The increu.s"d. úe in cAO subjects was due to in-

creased f as tidal volune (vt) was the same in both groups. 'rhere was

no difference in the correlation coefficients of any variables conpared

between the CAOandcontrols. The Vt and Ti correlation t,/as strongest.

Vt and f were negatively correlated. úe varied mainly by varying Vt

and it appeared that Te was not closely associated rvith the preceeding

Ti in both groups. CAO subjects took significantly fewer sighs than did

controls. No correlation was found between severity of disease in CAO

subjects assessed b1r F$¿t.6 and any variable. Breathing pattern and

particularly inspiratory timing appears to be more fixed in CAO subjects.

The alterations cannot be explained on the basis of either meclunical

loading or increased drive al,one and suggests that neural adjustrnents

to breathing in excess of these clemancls have occurrecl in patients with

CAO. l''tor,ithpiece breathing significantly increased Vt and d.ecreased f
in both groups as compared to the .RIP . Vt/Ti was also significantly

increased. in controls on a mouthpiece. It appears that the mechanis¡r-

of increa.sed Vt induced by the mouthpiece was different betlveen the truo

groups and that mouthpiece effects nay not be non-specific.
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I TM'RODTJCTION

The respiTatory system is vital to life, and yet, the urder-

standing of breathing patterns, an important reflection of the integra-

tion of the system, re¡nins extremely limited. The nature of nornal

patteïns as well as respiratory dysrhythmias in patients with chronic

lwrg disease sti11 have to be elplored.

Clinical observatíons suggest that breathing patterns inpatients

with chronic airways obstruction (CAO) are significantly altered from

norrnals (lVest 1909, Cherniack et al 7972, Ashutosh et a1 1975). All
authors describe dir,rinished chest movements and increased use of

accessory muscles of respiration in these natients. Many patients with

advanced disease exhibit paradoxical motion of the lower intercostal

spaces and of the abdomen during respiration (Ashutosh et a1 1975), and

roentgenographic examination reveals a flattened diaplragm with

decreased excursion (Kryger,19B1) .

Although clinj-cal impressions have been recorded for considerable

period of time, the ability to qr.rantitate accurately and to analyze

breathing patterns in patients rvith CAO is still in its developing

stages. Early attempts to analyze the components of a respiratory cycle

relied on studies using mouthpiece and noseclips, or facemasks to

collect data on respiration. These stud.ies provided the necessary basis

for subsequent development, but it was discovered that the apparatus

itself induced changes in breathing p.atterns (Gilbert et al,7972). Non-

invasive nethods of measuring breathing are sti1l in the developmental

stages which has limited their usefulness as research tools.

The respiratory inciuctance pleth,vsmograph (RIP) is an example

of one such noni.nvasive technique for monitoring ventilation(l\tatson,19B0).
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It has been used mainly to record tidal volume (Vt) and minute venti-

lation (Ve) in normal adults (J.D. Saclcrer et a1,1980 a and b), ín
children (Tabachnik et al,1981) and in infants (Duffty et a1,1981),

in smokers (Sacloer et a1 ,7982, Cohen et a1,1982) and in conscious

sheep (Abraham et al,1981). However, the methods currently enrploysfl

in calibrating the RIP have not been adequately evaluated.

Ï/e were unable to obtain consistent results using the 2 position

calibrating technique which is the one most often reported. Since we

intended to use RIP to study breathing patterns in a single position,

we developecl an alternate method of calibration lvhich could be carried

out in one position.

Subsequently, we used this single position calibration method

to anaryze resting breathing in patients with cAO and compared their

breathing patterns to those of an age and sex matched control population

GENERAL OBJECTIVES

1. To verify the accuracy and precision of the Respiratory

Inductance Plethysmograph (RIP) for recorcLing breathing.

2. To quantitate and to anaTyze breathing patterns with the RIP

in patients with chronic airways obstruction (CAO) as

compared to normal subjects

BACKGROUND AXID RATIONALE

A Relevance of Breathing Pattern Anal ysis to Control of Breathing

lnformation on the control of breathing in man has been provided

through the study of breathing patterns and the effects of various inter-

ventions on the components of a respiratory cycle. T\vo variables have
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been considered to be inpoltant indices of respir atoryneural drives.

They are the mouth occlusion pressure measured 0.1 seconds after the

onset of inspiration with the airway occluded (Po.r) (lthitelarv et a1,

1975) and tire nean inspiratory flow rate ltidal volume (Vt)/inspiratory

tine (Ti)l $4i1ic Emili and Grunstein,19T6).

Other indices of neuronal output, diaphragmatic electromyographic

(Elvfc) activity (0na1 er al,1981) and phrenic nerve acrivity,fvon Eu1er,

1970, Clark and Von Eu1er,1972, Remmers et a1,1975 and Pack et alrlg8l)

are also a reflection of respiratory drives a:rd have been employed in

both animal and. hunan stud.ies. However, their use in clinical experi-

mentation is linited. Phrenic nerve outputs cannot be rneasured directly

ín man, and diaphragmatic Elt{G activity (recorded lvith surface or

esophageal electrodes) is only a crude and indirect assessment of total

ruscle activity.

Po 
", 

is considered to be an index of inspiratory drive, andmore

specifically, the neurorruscular inspiratory d.rive. It represents the

potential pressure available for inspiration and a rnajor advantage in

using Po ., is th,at it is independent of lung mechanics. Florvever, it
assumes that the pattern of development of pressure in the respiratory

muscles does not vary. Considerable inter animal variability in the

shape of the occlusion pressure wave has been cLemonstrated by Siafakas

et al (1981). This suggests that inspiratory drive is not constant

during inspiration and therefore, no.r. may not be an accurate reflection

of inspiratory neural events. In spite of these limitations po .1 has

been a useful clinical tool in assessing inspiratory neuromuscular drive.

Po ., has been founcl to be increased in patients r,vith CAO lvith and rvithor-rt

hlpercapnia (Grassino et a7,r97\; sorli et a1,1978). Both ar:thors found
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that part of the increased Ps.1 in these patients was due to hypoxemia,

but even when the hypoxernia ivas relieved, Pe.r did not return to normal

levels. Aubier et a1 (tg80) in CAO patients in acute respiratory

failure also for-rnd Po ., to be elevated to levels as high as those fou¡rd

in young normals breath"ing 50-70 l/min: Administration of oxygen in

these patients markedly decreased Po .r.

Tire spírogram represents the integrated output of the respiratory

system. Analysis of the timing components and pattern have provided a

further means of investigating control of breathing in man. ConventionalTy

minute ventilation ¡Ve) is expressed by the foilorving equation:

Ve = Vt (tidal volume) x f (frequency)

Both Vt and f are time dependent and little information is provided about

factors lvhich affect Vt and f in this type of analysis.

Milic-Ernili and Grr-nstein Q976) suggested an alternate approach

to better describe the factors contribr-rting to ie:

ùe=\¡tlTixTi/Ttotx6o

Vt,Tí (inspiratory time) and Ttot (cycle duration) can all be measured

directly from the spirogram and then the Vt/Ti and Ti/Ttot ratios are

calculated. Vt/Ti represents mean inspiratory airflow and is considered

to be an ind.ex of the firing of inspir atory neurons ancl thus an index of

the inspiratory drive. Vt may be altered by altering the rate of rise

of inspiration (Vt/Ti) and by changing the duration of Ti. Therefore,

changes in these parameters provides infonnation about inspiratory drive.

Ti/ftot is considered to be an inclex of respiratory timing. lrdlic F,mili

(1976) viewed the breathing cycle as the result of a driving mechanism

(assessed by VI/TI) turned on and off by a cyclic tirning mech¿Lnisn

(assessed by Ti/Ttot).The values of these components of the sirirogram
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r,vi11 vary rvith neural events, and therefore, analysis of the spirogram

provides insight into control of breathing in man.

N{any studies on control of breathing have involved measuring

the responses to chemostimulated respiration.

Hey et a1 [1966) studied the re]ationship bettveen Vt,f and

Ve under quiet breathing and during cardon dioxide (C02) or exercise

induced hlperpnea and found that the rel¿rtion between Ve u.rd Vt was

linear up to a Vt approximately half the vital capacity (VC). Further

increases in ventilation were achieved by increasing f. These

findings r{ere reproducible for position changes, wide variations in

alveolar carbon dioxide tension and alveolar oxygen tension, acidemia,

and infusion of noradrenalin. Ilowever, increasing the core body temper-

ature resulted, in an increase in f at all levels of Ve.

Von Euler et al (1970) examined the effects of CO2 rebreathing

and vagotomy on anesthetized cats. They found that as C02 concentrations

were increasecl, üe inct"rsed by an increase in Vt and f, but at a Yt of

approximately half the VC, the further increasecl V" *n, achieved by in-

creased f on1y. Bilateral vagotomy resulted in a decrease in f and a loss

of the f accelerating effect of. COL fncreare¿ V" lvas achieved by in-

creased Vt, but the slope of the ie/Vt relationship rtras shifted dor'vnwards.

The linear Ve/Vt relationship found in cats r'\ras comparable to that Hey

et al (1966) for-rrd in humans. Von Euler et a1 concluded that the accel-

eration of f in response to an increased chemical drive required intact

vagi. They suggestecl that some critical distension of the lungs at Vt

of approximately half the VC may provide the afferent input to the vagi

necessary for this effect.

Clark and Von Euler (1972) studied the regr-ilation of breathing
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in cats and in humans during CO2 breathing. They exarnined the volume

and time relationships of breathing cycles. rn cats, plrrenic nerve

activity r'vas used to plot Ti, and in man Ti lvas estimated from the

voltme records. They proposed a vagal threshold lr,hich rvas stimrlated

at a critical Vt. In intact cats, as Vt increased, Ti decreased. tr{ith

vagotomy' Ti r.'/as prolonged and independent of Vt or CO2. Because there
'!v-as no volune feedback to the central nervous system, the ternination of
inspiration was fixed. In intact man breathing through a moutlrpiece,Ti

remained constant as Vt was increased to 2-3 times normal. Further in-
creases in Vt lvere associated with decreased Ti. This effect was attri-
buted to vagal volume related feedback which r.vas thought to be effective

only after a threshold Vt of 2-3 times the resting value lvas reached.

These data r^¡ere supported by the careful studies of Gard¡ler (Ig77). Clark

and Von Euler found that expiTatory duration was linearly dependent upon

the preceeding inspiratory duration. Volune inflations during the ex-

piratory pirase in cats produced a prolongation of Te and a disr-uption of
the normal relationship between Ti and Te. Clark and Von Euler suggested

that this distension of the hurgs was not inrportant uncler normal cond.itions

but questioned if thismechanism might become inrportant in subjects h/ith

increa.sed erpiratory airways resistance.

They postulated that breathing patteïn rvas almost entirely depend.-

ent on inspiratory events: central respiratory drive rvhich cletermined the

rate of inspiration, or Vt/fi, ffid an ."off slvitch" r,vhich terminated inspira-
tion in response to voh-rme related signals from the vagus. The sensitivity
of the "off switch" increased with tine after the onset of inspiration, so

that long after onset, breaths were terminated. at lor,v Vt, ancl large Vtrsr,vere

needed to termj-nate inspiration shortly after onset. Tlms Vt and Ti were
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inversell' related ancl breaths characterized by intense inspiratory

drive (large Vt/TI), had, short Ti and large Vt, while the opposite

was true during states of 1ow central inspiratory drive (sma11 Vtfi|).
Central timing factors determine Ti in vagotomized cats and in intact

hr¡nans cluring resting breathing when vagal intluences are thought to

be weak. Subseqr-rent work has shown that the duration of expiration (Te)

is not entirely dependent on Ti, as postulated by Clark and Von Euler.

Gard:rer (7977) found an inverse relationship between Vt and Te and

suggested that most changes in f in rnan are brought about by changes in

Te rather than Ti.

Hey et a1 (1966) did not demonstrate a fixed Ti at lowVt's,

f increasecl as soon as üe increased. C1ark and Von Euler hacl subjects

hyperventilate prior to recording ventilation and the decreased respira-

tory drive resulted in subjects starting to breathe at Vt less than

resting Vt. This may be the reason for the discrepancy between these

authors.

The problem inherent ín ana1yzing pattern is that it depends

both on neural drive and lung nechanics. The complexity of integration

of neural processes and the mechanical events resulting in the develop-

ment of the spirogram, make separation of these two conrponents difficult.
Vt/Ti is a result of both drive and mechanics. Po.t provides information

about inspiratory drive which is inclependent of lung mechanics, but does

so only insofar as the first 0.1 second of inspiration represents the

remainder. The spirogram provides the ability to assess dríve (Vt/Ti)

as well as to assess the relationship between the other timing components.
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Measurement of Breathing Patterns

1. Study of Brea thing Patterns Using Invasive fii4outhp iece or Facemask)

Techniques.

As early as 1909 recordings of ventilatory patterns can be for-rnd

in the literature. west (1909) illustrated a spirogram conparing a

patient with emphysema to a norrnal subject. The pattern from the

emphysematous patient showed a shorter, steeper inspiratory 1imb, and an

irregular, oscillatory and lengthened expiratory 1imb.

Priban (1963) studied breathing patteïns in normal males at rest,

in the supine positio4, wearing a facemask connected to a spirometer to

record respiratory cycles continuously. During resting breathing he

found small changes with time in Vt and f but Ve remained, relatively con-

start. vt and f \'vere negatively correlated. He suggested that a con-

trolling mechanism existed which was tightly coupled to ventilation, so

that Vt and f may vary, but do so in opposite directions to maintain a

f.airiry constant Ve.

Dejours et a1 (1966) investigated the breath to breath variations

in gas exchange in normal subjects at rest. They recorded respírations

using a facemask and pneumotachograph whose flow signal was then integrated

to provide a volume output. Subjects were studied in a semi supine posi-

tion. They found a positive correlation between Vt and cycle duration.

vt and f varied, in such a manner as to maintain a rairry stabte üe.

Lenfant (1967) studied 12 normal subjects at rest in the sittÍng
position. Subjects breathed tlrrough a mouthpiece and woïe noseclips. A

spirogram r{as generated by electrical íntegration of the pneumotachograph

signal. He found that all respiratory variables showed an oscitlatory

pattern about the mean. Vt correlated positively r.vith the duration of the

breath.
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Hlastala et a1 [1973) confirmed the positive correlation between

Vt and respiratory cycle duration in nornal subjects.

Newsom Davis and Stagg (1975) investigated breathing patterns in

resting naninthe greatest detail. They studied normal subjects in the

supine position wearing a facemash, and recorded ventilation for 20-25

minutes. They incorporated a conìputer based analysis of the volune and

tÍme cffiponents of individual breaths. This allowed Vt, inspiratory

tfue (Ti) and expiratory tìne (Te) to be measured for more than 200

breaths. They confirmed the negative correlation between Vt and f, and

the positive correlation beûveen Vt and cycle duration (Ttot) found by

earlier investigators. The correlation between Vt and Ti was found to

be stronger tlran beûveen Vt and Ttot. Furthernore, they found that the

constancy of ventilation from breath to breath depended on the tendency

for mean inspiratory flow rate (Vt/Ti) to remain constant. Changes in

Vt/Ti were more consístently related to changes in ventilation than

either Vt,Ti or Te. I{ith inhalation of both 1.5 and 3.0% COZ tn

room air in normals, DavisandStagg observed that Vt increased, Te

shortened and Ti remained unchanged. They observed no gross changes

in the distribution of the histograms of these variables but found

that the coefficients of variation tencled to decrease with C02 inhal-

ation. Vt showecl a pl:ogïessive increase with íncreasing 1eve1s of

iniraled C02. They concluded that regulating the rate of ínspiratory

airflow is an important mechanisni controlling ventilatjon.

Sorli et al [1978) anci Grassino et al (1978) compared ventil-

atory variables betrveen h1,¡percapnic and normocapllic patients with CAO

at rest and jn the supine posit.ion. They for-rncl that Vt was clecreasecl

(p. 0.01) and f increased in hlpercapnic subjects. Ti r,','as also shorter



-10-

in this group, but both groups maintainecl sirnilut v". vt/'r¡was the

sane in both groups. They suggested that the decreased Ti might be ¿ue

to increased activity of stretch and/or irritant receptors in the lung

and that this 1ed to a decreased vt and, therefore, to rapid shallow

respiration" Ti/Ttot was also decreasecl. (p < 0.01) in hlpercapnic

subjects. The authors suggested that this reflected d1.na:nic compression

on expiration which in turn might elicit vagal reflexes prolonging the

duration of expiration.

Bradley et a1 (1979) confirmed the findings of Sorli et a1 (1978)

that Ve and Vt/ti ivere the same in patients with CAO irrespective of

h1'¡percapnia, and further found the same tvas true of patients rvith hytox-

emia. They also showed that patients with CAO and hypoxemia d.isplayed a

decreased Ti (p.0.05) cornpared to patients wítþout significant hlpoxemia.

This finding was similar to that of Sorli et aI in hlpercapnia and it was

suggested that hylpoxemia was the determining factor in variations in

breathing patterns. Bradley et al found that the rapid shallow breathing

pattern found in the hypoxernia group occurred in pati ents r.vith and. lvithout

accompanying hTpercapnia .

Javaheri et al (1981) also studied patients rvith CAO with and with-

out h)?ercapnia and confirmed the finclings of Sorli et al (1978). They

studied patients in the sitting position as well and found no difference

in any of the parameters.

Parot et al (1980) stuclied a large group (91 patients) wíth cAO

and, hlpercapnia or normocapnia. The 
"*trr*tír"nts 

were conclucted with

patients in the sitting position. They found Vt r,vas lorver in the hyper-

capnic gïoup (p.0.001) u4rich resnlted in a .lecreased Ve [p.0.001) and

a significantly higher deadspace/Yt ratio (VD/VI). Tire authors suggested
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hypoventilation led to hllpercapnia in this group. The scatter in

individual Vtrs was large and therefore a large sanrple tvas necessary to

see these results.

Burki (1979) divided patients ivith astluna and/or CAO into two

groups; one group cornplained of shortness of breath and ivere objectively

dyspneic at rest, the other group exhibited no dyspnea at rest. He com-

parecl ventilatoïy paralneters, f, Ti, Vt/Ti, ffid Ttot between these groups.

Subjects breathed into a spirometer and a minimum of 50 consecutive

breaths ivere recorded. There rveïe no significant d,ifferences in any of

the parameters betrveen the dyspneic and nondyspneic patients. Po.r was

also measured and found to be elevated (p.0.001) in the group lvith

breathlessness. Ilorvever, the group lvith dyspnea had. significantlyworse

airways obstmction. They suggested that increased inspiratory nellro-

muscular drive as estimated by Po.1 was an iryiortant contributor to the

genesis of breathlessness. Flor,vever, Po., would have had to have been

higher in this group to maintain ventilation.

2. Inadequacy of Studvins Breathing Using Invasive Teclmíques

Many investigators have compared breathing patterns when subjects

breathed through a mouthpiece or a facemask to those measured with less

invasive methods such as maÉtrretometers or RIP. These less invasive

methods will be discussed in the next section.

The apparatus,mouthpiece,or facemask,was found to alter breathing

in a significant and consistent marÌner. Vt was found to be significantly

increased lvhen subjects breathecL in a mouthpiece (Gilbert et al ,rg1z,

Saclcrer et al 1980, Askanazi et al 1980, Tabachnik et al 1981, and

Hirsch and Bishop 1982) and to a lesser but significant degree on a face-

nrask (Askanazi et al 1980, Flirsch and Bishop 1982). Frequencyr,vas for-rrd



-72-

to be lrnchanged. [Asì<anazi et al 1980, Tabaclnik et a1 1gB1) or decreased

(Gilbert et a1 1972, Hirsch and Bishop 1982) . Tn the studies where Vr

increased- and f decreased, V" r"ruined. constant. Hoivever where Vt was

shown to increase lvítholrt changes in f, a sígnificant increase in V" ru",

also reported.

Tabachník et al (1981) for-urd that the mean increase in Vt was

approximately equal to the apparatus deadspace. Gilbert et al (rg7z)

suggested that the decreased frequency may be due to irritation of the

nasal and oral mucosa by the noseclips and mouthpiece. i-{owever, Bishop

and Hirsch (1982) fou-rcl that rvhen subjects wore noseclips under the face-

nask, breathing patterns did not change from that found in maskbreathing

a1one. They suggested that the effects of breathing apparatllsonpattern

are not simply due to a shift from mouth to nose breathing. Tabaclmik

also suggested that breathing pattern appeared more regular when subjects

used a mouthpiece as compared to breathing measured with Rrp.

Hirsch and Bishop (1982) also compared the effects of mouthpiece

versus facemask in chemostimulated ventilation. Increased CO2 and c1e-

creased 02 resulted in increased Uu, t, ancl Vt/Ti in all subjects wearing

a mouthpi.ece. ft rvas suggested to be due to a significantly shortened Te.

The responses on the mask varíed.; during hlpoxic stimulated breathing, Vt

increased but f renained unchanged.

3. Study of Brea thins Patterns Using Noninvas ive Tecluriques

Tfto of the earliest systems attempting to analyze respiration

noninvasively were mercul'y strain gauges used to record pressure changes

resulting from chest r,vall motion, and surface electrodes placed on

various aspects of the chest wa1l to record changes in in4tedance as a

reslrlt of respiration.
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Wade (1954) was the first to look at the separate contributions

of ribcage and diaphragrnatic movenents to respiration. He used four

mercury-in-rubber strain gauges to record chest movement during quiet

and forced ventilation in ten normal subjects in the supine and erect

postures. He also sirnultaneor-rs1y measured diapl-iragmatic excursion

under fluoroscopy and recorded the vertical motion of the thorax. The

tension developed by the strain gauges rvas lineaï oveï a wide range of

lengths and the frequency response of the system was accurate up to a

frequency of 60 cycles/sec. IJe assumed that the sum of diaphragmatic

movement and chest movement equalled the volure ventilated a¡rd calcu-

lated the contribution of each component. His results suggested that

in a vital capacity nìaneuver one quarter of the ventilation was due to

chest expansion and three-quarters was due to the diaplrragmfs contri-

bution. The assumptions inherent in these observations r,{ere that total
ventilation can be e:pressed simply in terms of diaphragmatic and chest

movement; that the relationship is linear; and that other factors

affecting volume changes contribute negligibly. He failed to consider

that the diaphragm contributes to both ribcage and abdominal movements

during respiration.

Agostoni et a1 (1965) studied nornml male subjects in standing,

sitting and supíne positions and confirned the findings of Wade (1954).

Bendixin et a1 (1964) used a strain gauge pneumograph to str,rdy

breathing patterns in 28 young adults.. They recorded respiration lvith

the subjects in a semisitting position in an adjustable hospital bed.

The strain gauge was applied at the 1evel of the x¡phoíd process and

breathing i,vas recorded for I hour. The phases of respiration and tl-re

frequency i^rere assessed during 50 consecutive breaths. F'requency
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gïaciually d.ecreased, with time. The mean frequencl, was 19 ,Z/min, and,

17.0/mitt for females and males respectively. The average inspiratory

duration was 35.2% of the total cycle. The ïatío of inspiratíon to ex-

piration varied greatly betrveen subjects ancl individuals changecl the ex-

piratory phase when they altered frequency. Vt varied considerably from

breath to breath. Sighing lvhich was defined as a Vt three times greater

than the mean vt occurred in all subjects. Freqlrency decreased by

approxiniatery 2 breaths/mln in the first 10 breaths following a sigh

(p < 0.01) .

Shapiro and Cohen (1965) employed mercury strain gauges to record

clunges in thoracic circunference and relate them to tidal volume changes.

They assuned that the volume of the chest changed only as a result of air
flowing in and out of the trachea and that the volume of the abdomen re-

mained constant. The relationship of the analog signal from the mercuïy

gauge to the volume as recorded using a spirometer ivas reported as being

linear over a 4 litre volume range. They observed however tha-t change in

position and the use of accessory muscles of respiration resulted in less

accurate measurements of volume using this system.

I{ost investigators using mercury strain gauges only nieasured

changes in RC circumferences, and the volume estinates rveïeverydepend,ent

on the positlon of the strain gauges on the thorax. As well, strain

gauges consist of a coil ivíth a sma1l diameter and therefore, only lookat

circumference changes over a sma1l area. These factors coupled with the

lack of an aclequate calibration t".hniq,r" has linitecl the usefulness of

strain gauges in analyzing breathing.

Impedance plethysmography was another method used wiclely to

measure vt (411ìson et a1, 1964; Kubicek et a1, rg64; Hanilton et a1,1g6s;

lVadhr,vani and Longini, 1972; Ashutosh et a1 , Ig74). This procedure involved
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placing surface electrodes on the thorax at various site-s ancl recording

the changes in electrical irnpedance as a result of changes in volume of

the thorax. All authors calibrated their impedance system against a

l,noivn volume from a spirometer. TJre ratio of the impedance signal to

the spirometer sígna1 could be calculated, and subsequent in4redance

signals could then be rnultipled by this calibration coefficient ald ex-

pressed as a volume. The major problem with this technique was that

inrpedance is also affected by blooc1 in the chest.

Allison et al (1964) found impedance plethysmography to be in-

accurate in estimating volume during vital capacity maneuvers. They

suggested that the redistribution of blood during this procedure resulted

in an increased l¡lood volume in the thorax which in turn increased the

conduction and reduced the peak inspiratory inrpedance recorded. Kubicek

et al (1964) observed that variations in breathing patterns resulted in

nonlinearity of the inrpedance systen. In contrast, Flamilton et al (1965)

fowrd that their system was linear up to I.5-2 litres inallbody positions

and when the contribution of the ribcage and abdomen was voh.rrtaríIy

altered. Vt varied within 6% of Vt as recorded on a spirometer. The

variations in size and position of tìre electrodes, and artifacts at the

electrode contact surfaces with the chest wa11 were thor,rght to contribute

to the differences between these results.

Wadhwani and Longini (1973) ernployed electrical impedance

plethysmography to look more speci.fically at breathing patterns and in-

dividual wave forms in normal subjects and subjects with chronic ainvays

obstruction. Previous rvorkers had only beenable to grossly quantjtate

Vt. l{adllvani and Longini measured the duration and aryrlitucle of inspir-

atory and expiratory phases and calculatecl the expiratory time/inspiratory
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time (E/I) ratio. They stated that cleviation from a ntmerical value

of 1.2 for the E/I ratio wor-rld indicate an abnormal breathing pattern.

The patients with CAO exhibited larger E/I ratios tiran normals. The

ímpedance system underestinatôd E/I ratios as compared to spirometric

measurements because breathing cycles as recorded by the impedance

systen showed a shorter expiratory phase and a longer inspiratory phase.

They also found the site of electrode placement was of paramourt importance

to monitoring respiration accurately.

Ashutosh and associates (Ig74) used both tire impedance pneumo-

graph system and rnagnetometeï method (see below) to monitor Vt in normal

subjects.and. patients with CAO in the supine position. Both systems weïe

comparable in their ability to record ventilation if the subject's

position did not change. Hoivever, they both becarne inaccurate as measuring

devices when the head of the bed rvas elevated or when sr,rbj ects turned onto

their sides. The authors stated that even in a stable supine position the

results of both systems in patients with CAO were less accurate than those

jn the normal group. However there lvas large scatter in their clata and no

statistically significant difference r{as reported.

l4agnetometers, which are electroniagnetic sensors, have been em-

ployed to obtain Vt'measurements from movements of the chest wa1l and

abdomen. A set of magnetic coils are placed opposite each other on the

anterior and posterior aspects of the chest wal1 and abdomen. An alter-

nating current sent to the exciter coils produces a magnetic field ancl

induces a voltage in the recei-ver .oii, which is inversely related to the

distance between the coi1s. This voltage signal is calibrated witir the

use of a spirometer to result in a volume eqr-rivalent to the voltage signal.

The relative amplification of the chest and abdominal signals is vital to

ensure that the total signal Tepresents Vt over a rvide range of breathing
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patterns. This has been accomplished by use of the isovolume maneuver

(l(onno and ltiead,1967) by a linear equation method (Gilbert et a1,1971)

and by computer analysis of breathing cycles [Stagg et a1,1978).

Kormo and Mead (19ó7), considered that the chest wal1 had two

degrees of freedom of movement, the volume change of the ribcage

accounting for one, and the volune change of the abdomen for the second.

They demonstrated that the volume displacements of the ribcage and

abdomen were linearly related to their antero-posterior diameters as

measured by nagnetometers in the standing position, and the relationship

was slightly curvilinear in supine. The output from the abdomen and rib-

cage I'vere sunmed and their gains were adjusted so that at a constant h.rng

volume, the summed output remained constant. This was checked by having

each subject rvith his air-way closed voluntarily sirift fixed volwres back

and forth between the ribcage and abdomen (isovolune maneuver). They

for-urd that the abdomen contributed more to Vt in supine than in standing

and suggested that the more caudal direction of the central portion of

the diaphragm in supine favours a greater contribution of it to abdoninal

displacenent. Horvever, these relatíonships were derived on normal

subj ects experienced in respiratory teclniques and r,vho had to perform

isor,'o1ume maneuvers .

l'{ead et aI (7967), studied 5 normal subjects in the upright

posture with rnagnetometers. They compared the Vt recorcled with magneto-

meters to that recorded when subjects breathed into a spirometer, and

for,rrd contparable results for vohrme estimation betr^¡een both techniques.

The results were maintained not only for quiet breathing but also for

carbon dioxide rebreathíng experiments.
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Gilbert et a1 (1971) also used magnetometers as clid previous

investígators to obtain Vt measurements. I-lorn,ever, they didnot enrploy

an isovolume naneuver to calibrate the system. Instead, they had

subj ects take one breath primarily using tire abdomen, and one primarily

using the ribcage. Three signals lvere recorded during tlrose breaths,the

chest, abdominal and spirometer signal. Each breath was then expressed

as a linear equation rvith two unlcror,rns, the scaling factors for the rib-
cage and abdometr. This method necessitated ti.{o quantitatively different

breaths to solve the equations. Gilbert and coworl<ers found this techníque

very time consuning and altered the method of calibration. They recorded'

abdoninal, ribcage and spirometeï signals on an x-Y plotter and. the

resulting signal formed a closed 1oop. The abdominal signal gain rvas then

altered until the signal was superfurposed in the ribcage signal. The

scaling factors were then optimally adjusted to accurately reflect the

volume measured. This alternate method resulted in a linear relationship

between the spirometer signal and the magnetometer sigrnl and the stanclard

error of estimate ranged from 33.4 - 93.7 mI. They studied 17 normal

subjects at rest and rebreathing various percentages of COZ via a mouth-

piece or venturi mask. \¡alues for vtrf, nrr¿ Ve rvere determined from

magnetometer measurements. The ü" ,r"rr.,, Vt relationship was found to be

curvjlinear. No relatio'rship between Ve rr,¿ f could. be established. Vt

and Ve were greater in all subj ects rebreathing on a nouthpiece as com-

pared to a Venturi mask.

Stagg and coworkers [1978) ,rr"d rugretometers to record Vt and.

suggested a third method of calibration. They proposed a conputer pro-

gran to yield 30 to 40 paired observations for a single breath. Each

breath could then be described by a nntrix of 30-40 linear eqr,rations in
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2 unlororrns which i,vere solvecl b1. the contputer for the best f it estimates.

They employed this method with 3 normal subj ects at rest and in the

supine position. The correlatíon coefficíents for measurement of Vt

ranged betlveen 0.99 and 0.995 in the 3 subjects. The magnetometer

estimates of Vt were lvithin 10% of that obtainecl frorn the integrated

airflow signal.

Ashutosh et a1 (1975) studied patients with CAO in the supine

position using magnetometers to record ventilatory patterns. Theyfound

that 10 of their patients demonstrated asynchrony between ribcage and

abdorninalmotionlvhile 17 patients did not. In the aslmchronous group

the abdominal (ABD) and ribcage (RC) signal were out of phase. Most

conrnonly the RC signal was s;'nchronous with f1orv, the ABD signal showing

ínivard abdoninal motion at or near the end of inspíration and then out-

ward abdominal movernent in expiration. I{ortality in patients denon-

strating paradoxical motion was higher (p<0.02) than in patients with

more normal breathing patterns.

The nnjor criticisms of using magnetometers are that they only

look at movement in one direction and slight body rnovements result in

loss of calibration. They have been effectively employed to investigate

RC and ABD contributions to ventilation but have not proved to be satis-

factory in longer term monitoring of breathing patterns.

Most recently, tr,li-l1edge and Stott (1977) introduced respiratory

inductive lllethysrnography (RIP) as a.noninvasive methocl of measuring

ventilation in man. They reported using an insulated wire coil ap¡rlied

around the thorax and abdomen from the upper chest to the pubis. The

change in mean crossectional area of the coil during respiration resulted

in a proportional change in the indnctance of the coi1. They stated

that calibration of the transducer lvitJr a spi.rorneter shorr'ed a linear
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relationship within 2% over 75s¿ of the vital capacity, and that cali-

bration was accurate in supine or upright postllres but was reducecl by

20e" in sitting. They found that movenent procluced large artifacts, md

felt that this systen could not be useful for anbulatory studies.

hhtson (1980) described the technology of the RIP in more detail.

FIe and coworl<ers (lt{.Saclcrer et al,1980) used 2 zig zag wire coils attached

to an elastic bandage. ùre coil encircled the ribcage as close under

the axilla as possible and the other coil lvas appliecl to the abclomen

with the top of the coil situated at the level of the unbilicus. Both

coils I'vere connected to a small oscillator module which excited the coils

at a freqtrency of 300 KIJz and had an outpr:t frequency of t 20 Klz. The

frequencies of the oscillations in the coils were altered by changes in

the inductance of the coi1s. The inductance of the coils was, in turn,

altered by chest wall movements during respiration and the movement is a

function of volune. One of the suggested advantages of the RIP over

other methods is that it measures crossectional area, not circumference

as do strain gauges, or anterio-posterior diameters as do magnetoneters.

Measurement of cross-sectional area was thought more 1ike1y to reflect

volume in situations involving change of shape with volume change. This

approach has been used by a nr,mber oF groups.

It has been stated that the output of the RTP tr¿nsducers is

proportional to the volune withj-n the coi1s, in that it measures an in-

finite number of cross sections over the height of the coi1,(lVatson,1980).

It is assunecl that the area within the coils positioned arourrd the

ribcage (RC) and abdonen (,ABD) reflects proportionately all of the changes

occurring in each region. hratson (1980) described the nodel by the

following eqr-ration:
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Vt=X(RC) +Y(ABD)

= total volune at the mouth as ilìeasured by a spirometer or

an integrated pneumotachogl'aph. RC = signal representing

displacement of the ribcage. ABD = signal representing

diplacement of the abdomen. X & Y = gain factors for the

ribcage and abdomen (2 unknolvns).

The gain factors can be solved by having the subject perform an isovolume

nìaneuver (Konno & lt4ead,1967), or by solving 2 sinultaneous equations

involving the 2 unl<noi.rns (i¡Jatson 1980, l,t. Saclner et a1,1980). I{ith the

latter method, volume, RC, and ASll signals are collected simultaneously

in both the standing and supine positíons to provìde a wide variation in

the contribution of both RC anrl ABD signals. The variatíon ís necessary

for the nathenntical resolution of the eqnations. This approach assllmes

that the RC and ABD calibration factors do not change with changes in

body position:,. and this may not always be true.

Watson (1980) stated that only one trepresentative breath' had to

be measured in each position for calibration of the gains. Orly the

niddle 33-50% of the inspiratory and erpiratory phases of each breath r,vas

used because l,Vatson (1980) stated that recording points at the end of

inspiratíon and expiration introduced large errors. ln both positions

sma11 increments in spirometrically measured volume .lr¡ere conpared to

simultaneous RC and ABD signals, and the gains computed in the rnid tidal

volume range. The gains were meaned and their standard deviation (SD)

and standard. error of estinate (SEE) tomputed.. Calibration was con-

sidered acceptable if the SD tvas betrveen 10-1.5? and the SEE was < 5%.

I{atson added that the RIP output accurately reflected tl-re volurne measured

with a spirometer to within 5% in all positions in 90% of subiects.
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J.D. Sacller et al (1980a) used the RIP to measr-rre ventilation in

subjects during exercise. They found that "90.9% of. 555 RIP values for

the bicycle and 86.9e¿ of the 646 values for the treadmill deviated less

thart 20% from the spirometric values".

M. Saclcrer's group lCohn et a1 (1982) ] investigated the use of

the RIP in smokers and nonsmokers in 7 different body positions. They

stated that BB% of the means of the Vt measured by RIP in all positions

fell within 10% of the values measured by spirometry.

Duffty et al (1981) investigated the acctrracy of the RIP for

measuring ventilation in infants. They r,vere unable to calibrate the

RIP using the 2 position technique described by l{atson (1980). Therefore,

they used the variation in breathing pattern betleen rapid eye movement

(REM) sleep and quiet sleep to províde tire d.ifference required to solve

for the RC and ABD scaling factors. They used 3 breaths from each sleep

state in determining the gains. They found that the important aspect in

calibration l^/as to have a greater than 50% change in arnplitude of the

RIP signals between the 2 sleep states used to calculate the scaling

factors. Using this criteria they rvere able to achieve acceptable cali-

bration in infants 90% of the time. In 11 of the 14 infants during quiet

sleep, the correlation coefficient (r) conparing Vt measured rvith RIP to

Vt derived from a pneumotachygraph r^/as > .83. Dolfin, Duffty et al (1982)

fhrther conrpared calibration methods using two sleep states in infants

and found that turning the infant significantly changecl, the gain factors,

and concluded that one must cafibrate the systen with the infant in the

position in r.vhich the study is to be conducted.

Tabachnih and corvorlcers [1981) also used RIP to measure ventilation

in 20 normal children. They calibrated the RIP using tbe 2 position



-23-

teclmique d.escribed, by J.D.Saclüer et al (1980a), Ðd then used linear

regression analysis to compare the RIP derivecl Vt to the pneunotachygraph

derived Vt, finding a mean correlation coefficient of .962 in the seated

position.

Chadha et al (1982) compared four rnethods of calibrating the RIP:

the isovolume maneuver, the sirnultaneous equation nethod (2 position

techníque), the method Stagg et al (1978) used to ca1íbrate magnetometers,

and the least squares method, a modification of the 2 position technqiue.

They testeci the methods on 10 normal subjects. Based. on their results,

they suggested that the least squares method was the most accuïate means

of calíbrating the RIP. This nethod requires the use of 2 positions in

calibrating the RIP, but nnkes the computations of the scaling coefficients

for the RC and ABD easíer.

To date noninvasive techniques have acconrplished litt1e except to

state that they can be employed with varying li¡nitations to determine Vt.

This is nìost 1ike1y due to the limitations lmposed by the measuring

devjces themselves, as well as the linitations of the current methods of

calibration. The RIP, although theoretical\y a better nonínvasj-ve

nethod of measuring ventilation, also has not been adequately verified

for use in determining the tiniing components of a breathing cycle in

normals or in patients with respiratory disease.
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't{e used the RIP because it appeared to be the best non-invasive

technique, and we developed a more stable calibration nethod lvhich

enabled us to measure breathing for a longer períod of time. The

methodology of the RrP employs the follor^ring assr-.rnptions:

1) that the respiratory systen behaves as if it hað" Z

degrees of freedom, that is, lvhen a subject breathos,

the volune moved at the mouth must equal the stm of

the volune displacemcnts of the ribcage (RC) ancl

abdomen (A3lt), (Komo and Mead, 1967).

2) That the RC and ABD are independent variables.

The RIP consists of 2 inclependent wire coi1s, one placed around

the ribcage (RC) and the other around the abclonen (ABD). Changes in

lung voh;nte produce changes in cross-sectional area beneath the coils

which procluces a change in the inductance of the wires (Watson,1gB0) .

vohme changes in the ribcage and abd.ominal comparûnents during

breathing alter the RC and ABD outputs. These outputs represent inde-

pendent indices of l-rng volune which when summecl equal the volume of

air moved at the mouth (Konno and Mead, 1967). The purpose of collecting

the RC and ABD signals in this study was to generate a spirogram for
their suruned contributions fron which the characteristics of the respira-

tory cycle could be analyzed.

Before being able to do this, it rvas necessary to develop a

calibration methocl for the RIP that åoufc1 be used in a single position,

and to validate the calibration in yourg nor-mal.s, o1d. normals ancl CAO

subjects. Therefore, the calibration and verification nethodology anci

results irl these three populations will be presented before discussing
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tlie application of this nethod to the analysis of breathing patterns
in CAO subj ects

A Descri tion of the Data Collection System lF e1)

RESPIRATORY INDUCTANCE PLETHYSMOGRAPH
(RIP)

RC coil

ABD coil

FIGIJRE 1 : Data Collection S1'stem. pneulo, pneurnotachygraph;
Ptg:r. trans.,Pressure transducer; OSC., oscillatorl--RC^
coil,ribcage coil; ABD coil,abdominat cóit.

The RC and ABD belts consist of coils of teflon coated 26 gauge

m-rltistranded wire sewn to six inch rvide tensor bandages (Figure 2) .

The configuration of the wj-re as illustrated in Figure 2 enhances the
signal from the be1t. Preliminary trials with the Rrp determined. this
configuration produced the best signal. The RC belt rvas positioned.

around the chest rva1l with the upper edge at the 1eve1 of the axi1la.
Tlie ABD belt i'¡as positioned around the abdomen with the lorver level at
the iliac crests. The leads fror each coil r,vere attached, to an oscil-
lator whicir lvas driven by a 9 volt battery and generated an electric
current oscillating at 300 IG{z (Respitrace, Ambul atory l,lonitorint Inc) .

The output signals from both belts l{ere converted into a DC voltage

Pneumo Press.
trans,

Recorder

9 Pre
amplif ier

/VV VVl/ Computer



-26-

lastic bandago

cro

Wirs
RIP belt

FIGLIRE 2: Respiratory indr-rctance plerhysmograph (RIp) coi1.

and displayed on the console of a sZK digital microcomputer (Digital
Equiprnent, N{rNC 11), and simultaneously on a polygraph (Grass Instru-
nents, Inc., i\4cdel 7BD).

The volume signals from the RC and ABD were calibratecl against

another validated volume source. In this study the integrated florv

from a pneunotachygraph was employed. The computer integration of

flotv rvas verified and. the method and results of verification are in-
cluded in Appendix 1. The pneumotachygraph rvas calibrated prior to
using it as avolume solrrce for the RC and ABD signals. The methocl of
calibration of the pneunotachygraph is or-rtlinecl in Appendix l. During

calibration of the RCand,ABD outputs, the flolv signal rvas recorded in
the same Inanner and at the same time as that described for tlte RC and

ABD signals.
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A computer processed the RC, ABD and flow signals simultaneously.

Itwas interfacedwith themonitoring devices via an analog to cligital

(A/D) converter. The computer featured an LSr \r.02 microprocessor:, a

video terminal lvith graphics capabilities (w 105) and a mass storage

mediun (RX02,floppy disk) that provided 1 megabyte of storage. The

computer sanpled at a rate of 20 Hz in 10 second blocks. This high

sample rate provj-ded a large number of data points to be used in the

analysis of the respiratory cycle. These points were first converted

to digital values before being processed. Due to the large number of

data points and the statistical conputations required, blocks of greater

than 10 seconds duration exceeded the storage and processing capabilities

of the system. Therefore, consecutive 10 second blocks lriere sampled

and analyzed throu.qhout the calibration procedure.

B. Calibration and Verification of the RIP

1. IN YOTJTIG NORI{AL SUBJECTS

1l X{ethods

We studied B nornnl subjects (Table 1) seated in a dental chair

rvith back, arm and foot supports. The RIP was calibrated as described

below. The stability of calibration (verification) was then determined

at 20,40 and 60 minutes after the initial calibration.

i) Data collection: The analogue signals from the RC and ABD (Rlp)

and fron the pneumotachygraph rvere sarnpled at 20 LIz by the computer.

During the calibration nn and each verification run at 20,40 and 60

minutes post calibration, the subject wore noseclips and breathed

through the pneuntotachygraph. The data collection period for all runs

was 1 minute. During calibration only inspiratory data tuas recorded.
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TABLE I

CFIARACTERIST]CS OF YOTING NOR},1A1 SLIBJECTS

SUBJECT SEX AGE I\IE]GIT

(ke)

68.0

70.0

70.s

7 6.5

7r.0

80.0

57.0

54. 0

FIEIGTil

(cm)

180

L73

178

170

T7B

181

169

1ó0

FVC (1.)
% Pred.

OAJA

r02

99

113

105

92

92

110

FWr.0(1. )
% Pred.

96

90

L07

116

r07

91

97

9B

Ifl,

ST

RC

CS

RN

ES

CD

VG

T{

IvI

M

14

M

M

F

F

40

2B

25

29

35

37

2\

24
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T1're computer iclentified the first positive point on the florv

signal as the begirLning of inspiration. Flow rvas di-gita11y integrated

to obtain volume (Appendix 1) . The volume, RC ancl, ABD signals were

tirne synchronized. (Figure 3). The ninimlrn ancl maximun points (peaks

and troughs) on the RC anci AßD signals were plotted on the console to

identify baseline clrift. rf there r.vas drift in any of the signals,

calibration was repeated. For each point on the volume cycle, the

corresponding points on the RC and ABD signals were obtained.

Rib cage

Abdominal

Volume

Flow

Volume = â * b1 (ABD) + b2 (RC)

FrG.lJRË 3: Tine -slmchronization of signals. Florv is integratecl
to provide volure and for each point on theinspiratory linbof the voll.une signal, the co¡reiponding point is selected on
the ribcage and abdominal signali. Thõ equation ïepïesents horv
voltune is derived fron the ribcage (RC) and abclominäl (AIrD)
signals using multiple linear reg,ression analysis. a ìs túe
lr:l::::11.1-br the abdominal coefiicient, b2 thâ ribcage
coerrrcrent.
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ii) Data .Analysis: Ir{ultip1e linear regression analysis was employed

to predict the volume using the RC ancl ABD signals (Steele ancl Torrie,

19ó0). The equation for the relationship between vohune, RC and ABI)

signals is as follows:

Volumc=a+blRC*brA¡n

a is the intercept

for the RC and ABD, respectively.

The mean nunber of data points for a calibration or verification

r-tlrt, was 266 t 91 (SD). Because of the large sample size, data

collection was divided into 10 second bloclcs for ease for statistical
computation. The cornputer perfonned a rnr,rltiple regression analysis on

each 10 second block of inspirato-ry'data to provide the intercept, ïe-

gression coefficients, multiple correlatjon coéfficient (r) and the

standard error of the estinate (SEE) for that blocl<. This was repeated

ctnnulatively for six blocks of ten seconcls during the data collection

period. An example of the signals and the statistical analyses for a 1

minute calibration rLrn is depicted in Figure 4. These computations

allowed an inspirato'ry spirogram to be generated from the RIP data which

r\ras compared to that derjved fron the pneurotachygraph. To assist in
this comparison, a graphics displuy ?r the console of the computer

allorved a visual representation of the relationship betweell pneumo-

tachygraph derived volune and the predicteci RIP volune. Exa:np1es of

the graphics clisplay ol- this rclationshín are clcnictcd in Figrrre 5r / '-_-j' '-'- _ -r --

(CAO subject) and in Figure 6 (Control Subject). In these cases
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MIT,TIPLE REGRESS]ON /,NAIYSIS

RC

RC ABD

Coefficient coefficient r

ABD

FI-OW

SEE

0.00655
0.02443
0.0267I
0.02542
0.02490
0.0245s

Intercept

0.01065
0. 04193
0. 04815
0 .047 53
0.04733
0.04670

1.39651
1. 26008
r.77r47
0.94801
0 .85121
I.12036

I.12047
1.1
r.2
1.3
r.4
r.2

5607
3252
BBB2
6 558
753I

0.99891
0.99689
0. 99610
0.99449
0 .99464
0.99370

FIGURE 4: RC(ribcage), ABD (abdominal) and flow
signals for a 1 minute calibration. The cortputer
calculated intercept, RC and ARD coefficients, r
(correlation coefficient) and SF,lì [standard error
of estimate) for each 10 second block are listed
below the signals.
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the relationships were fitted with a linear equation. As wel1, the

computer provided a printout of the ABII, RC, RIP sum and pneunotachygraph

derived voli-unes for each set of þoints sampled during all calibration and

verification runs. The RIP was considered calibrated on the basis of the

tightness of fit beû'veen the pneunotachygraph derived vohrme and the

predicted volume from the RC and ABD signals using nrultiple regression

analysís.

The slope, intercept, r and SEE were calculated for the relation-

ship betrveen the volunes derived from IìIP and from the pneunotachygraph.

I'Ve also applied po!{er, logarithmic and exponential transformations

to the raw RIP ð.ata, to see if these non-linear nodels .irnproved the

goodness of fit.
lf there was no significant drift in the RC, ABD and flow signals

during calíbration, it was possible to calibrate each subject on 1 run.

rf drift was present, it was usually in the pnermotachygraph signal,

and the calibration run was repeated.

The sane general procedure was repeated for each verification run.

To determine the stability of the calibration with tine, the verification
data was anal1yzeð. using the statistics conputecL during the calibration

run, that is, the equation used to define the relationship during the
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FIGURII 5: Graphics display of the relatjonship between
instantaneous RIP voh.une atrd puer-mtotachygraph dcrivecl
volutte for l6 inspiratÍons. B1ue, puelxnotachygraph clerjvecl
volume; Red, RIP volune; Green, volume collllìlon to both
pneumotachlgraph and RIP volune for: CAO subject..

FIGI"lRll: Crarphics display of thc rel¿ltionship betleen RJP
instanta¡reous volu¡nc and pncutnotachygraph cler-ìr¡ecl volt-ute
for 11 insp:i.rat-íons. B1ue, pneutnotachygraph derjvccl
t'olune; RerlrRTP volune; Green, vohme comnÌon to both
pnermtotachygraph ancl RIP volune for control stlbjcct.
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initial calibration wa-s usecl to analyze the data acquired cluring the

verifícation runs 20,40 and 60 minutes after the calibration and com-

pared to dat¿l acquired with the pnelunotachygraph.

2) Results

When conpared to the linear moclel, the power ancl logaritlmic

transformations only rnarginally Ìnproved the relationship of RIP and

pneunotachygraph derived voh¡ne in two subjects. Therefore, the linear

moclel rvas used i,nall data analyses. The results arc sunnarizcd in

Table 2, in terms of slope, intercept, correlation coefficient (r) and

the standard error of the estimate (SEE). The SEE is a measure of the

scatter in the data about the line of regression. 95% of all volmre

estimates lvi1l fall within 1.96 tínes the SEE (Steele and Torrie,1960).

The SEE values listed in Table 2 represent volume in litres. As lve1l,

the slopes and intercepts determine how closely IìIP predicted volune

compares to the pner,motachygraph derived volune. The ideal relationship

would have a slope of 1.00 and an intercept of 0.00. The varues for

the intercepts are in litres. There was no significant change with tine

in either the correlation coefficients, the SEE, the slopes of the

intercepts. The verification data describing the relationship between

RIP and pneuïnotachygraph clerived volume hras colnputecl by applying the

prediction equation achieved in RIP calibration to the data collected

cluring thc verification.

The mean tidal volurnes measured with RIP and derived from the

pnerÌnotachygraph for the calibration and 60 ninute verification run

are inclucled in Table 3. The RIP was able to measure Vt ivith < 10%

error in a11 subjects during the one hor-r period except subject C.D.

in whom the RrP vol¡ne overestimated the pneurnotachygraph derived
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TABLE 2

CAIIBRATION A]'JD VERIFICATION RESL]LTS IN YOI]NG NORNÍAI,S

20 nin
\,ERTFICATION

40 min 60 min

SUBJECT T SEE SL .IN r SEE SL IN r SEE SL IN

KL

ST

RC

CS

RN

1r¡)

CD

V tr

Liean

.994

.989

. 998

.994

.980

. 991

.983

ocl<

. 990

.0r7

.024

.026

.02s

.020

ît) )

.015

.034

.023

oo(

1. 008

. 995

.999

1. 040

1. 002

1. 009

.987

1. 004

.003

.007

.002

. 001

-.001

-.000

-.008

. 00ó

. 001

.996

.993

.963

.985

oQ7

.991

.992

.991

.987

.016

.027

.02s

.022

. 016

.020

.015

.028

.020

.942

r.073

1.004

1. 018

1. 065

. 966

.896

.918

.985

-.013

.031

-.011

.020

.003

-.020

.072

-.026

.001

oo,1

.993

oo/

.987

oaa

.981

.940

.993

.984

. 016

. 025

.022

^)'7

.0r7

.022

.018

. 030

.022

.843

1.050

1.076

1.101

T.I22

.960

.892

1.069

1.014

-.009

-.024

. 016

.006

-.018

. 018

.036

-.010

"002

oo(

.983

.982

.996

.989

. 995

.993

oao

. 990

. 016

.023

:020

.028

.018

.021

.015

.029

.02I

1.023

1.039

.962

1. OBB

1.078

ao?

oAa.o+/

.896

.978

IN

-.010

.032

.033

. 039

- .003

. 009

.015

- 0'l o

.0r2

I SEE SL

I

Lr')
t-/ì

I

r ís the correlatíon coefficient, SEE is tlie standard error of the estimate, SL is the sloperand IN is the intercept



- 56-

TABLE 3

CO},IPAR]SON OF },EAN TIDÁT VOLIJX,IES TßASURED I,ü]TI RIP

AND DERI\GD FROX,I THE PNETIIUOTAGTGRAPH RECORD]NCS X

* Results are expïessed in litres and are nean valu"= 1 S.D.

CAJ,IBRATION

SUBJECT PNET]N{O RIP

KL

ST

RC

t,ò

.939

1.265

T.TB2

7 "216

ooô
. ()()J

1.013

.7 53

.834

t
t

:

i
i
:

t
+

.083

. 084

.144

.772

11a.L!/

. 068

.077

.106

.915

r.247

r.200

1.182

oLn.ou/

.962

.7r9

.826

.089

.131

.153

))?

.126

.080

.061

.081

t
t

1

i
:

i
t
+

Dl.T

ES

cu

VG

VERTFICATION (60 lfín)

PNEU}4] RIP

. BBB

1. 168

.993

7.3r7

. vl-Õ

.97 6

.7 40

.681

.115

.r52

. 156

.094

.067

.041

. 0s6

. 078

t
t
1

l
1

l
t
+

.857

7.072

1.015

1. 186

o11¡O/a

r.044

.879

. 600

.TI2

.110

.T7L

.04r

.07 6

.044

.064

. 0só

!

t

1

l
:

:

t
+
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volune by r9%. There was no consistent change in any of the measure-

ments with time.

' Examples of the best and worst inspi ratory snirogr."¡rs for calibra-

tion and verification runs are depicted in Fiqures 7 and B respectively.

Each inspiratory limb represents all the points from 3 randornly selected

breaths from the calibration and the 60 minute verificatíon in subj ect

ru, (Figure 7) an, subject RN (Figure B).

The largest error in estimation of voh¡ne occurred at the beginning

of each breath. A regression line based on the data points for the

breaths considered has been plotted. The r values and sEE for both

subjects depicted in the spirograms are listed in Table 2. Thedifferences

betrveen calibration and verification rurs are small.

CALIBRATION

3 breaths

VERIF¡C¡TlOtl OO m¡n

3 breaths

Øo
i=
u.l

lJo
o
ul

cc
UJo
c
É.

,.{t

o

o o.2 0.4 0.6 1.O

PNEUMOTACHYGRAPH VOLUME (l¡tres)

FIC,IJRE 7: The relationship betlveen RIp volune anci pner_motachygraph
derived volume for subject KL. Each plot representi all the põints
sampled. jn 3 ranclolnly selectecl breaths fronr the calibration (ãbove)
and 60 minute verificati on (beloiv) . A regrcssion line has been
drarvtr through tire data points.
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CALIBRATION

3 breaths

c

VERIFICATION 6C min

3 breaths
a

t

0 o.2 0.8 1.0

PNEUMOTACHYGRAPH VOLUME (titres)

o.4 0.6

FIGURE B: The relationship betlveen RIp volume and pneuno-
tachygraph derivecl voh.une for subject RN. Each plot represents
all the points sanpled in 3 randonly selected brèaths fiom the
calibration (abovè) and 60 minute ierification (be1ow). A
regression line has been drarcr through the clata points.
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2. IN.,PATIENTS IVITTI CAO AND TN AGE-}{A]'GIED COÀITROLS

Introduction

trve íntended to anaryze breathing patterns using the Rrp in
patients rvith CAO and compare their results to an age and sex matched

healthy control population. Therefore, it rnras necessary to ensure that

the calibration procedure previously described for yolng nornlals was

appropriate for patients with lung d.isease and. for an older normal pop-

ulation.

1) l,fethod.:

We studied 72 patients with CAO and B age and sex matcired controls.

Tlre characteristics of the 2 populations are depicted in Tables 4 and 5

respectively. The control subjects l,vere in gooc1, general health with no

history of cardiovascular, respiratory oï any other medical condition.

The CAO disease patients were selected randomly from patients previously

involved in a multi-centre clinícal trial (Division of Lung Diseases,

National Heart, Lr-rrg and Blood Institute, 1g7B). All patients hacl

resting Pao2 > 55 mlig and were not hypercapnic (Table 4). All subjects

gave their informed consent, and the control subjects were paid for their
participation.

i) Data Collection The s tudy was the sane as that described for the

young normals, except that the verification of calibration was determined

at 45 minutes after initial cal ibration.

ii) Data Analysis The data was analyzed as described for the younq

normals (page 29).

2) Resr-rlts

The results for the cAO disease irati-ents ancl controls are

summarized in I'ables 6 and 7 respectively. l-lie best fit relationship
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TABLE 4

CIIARACTER]STTCS OF CAO SUB]ECTS

FüIGFIT FVC (1)

% Pred. % Pred. nm Hg

FEVl. 
o 

(1) Pa0
2

PaCO.¡

nnn Hgcrll

FP

EW

FdG

GP

JG

1,!T,

EB

Ifs

EH

AB

,AJ(

FT

63

5B

72

57

73

67

75

67

70

66

72

5B

7r.0

59. 0

105.0

46.0

68. 0

72.0

64 .0

7 4.0

68. 0

65.0

7 6.0

80.0

r/5

16s

193

173

778

185

170

175

r74

r97

165

169

93

72

60

67

54

59

47

49

42

19

49

33

4B

44

49

45

54

27

?L

22

22

15

19

1B

BO

70

77

70

72

66

B3

62

75

74

s6

60

2B

34

31

3B

3T

37

31

5/

46

39

47

A')
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TABLE 5

CI.IA,RACTERISTI CS OF CONTROLS

SUBJECT AGE hEIGT{I FIEIGT]T FVC (1)

% Pred.cmkg

SH

.ru

BS

JJ

JK

CIV

EW

NT

72

50

5B

6s

67

67

63

63

72.0

74.0

96. 0

64.0

67 .0

7s.0

80. 0

87.0

176

173

186

158

775

179

180

183

94

TT2

9B

97

9B

717

96

99

FEV1. 6 (1)

% Pred.

105

9B

95

91

109

7r2

r02

101
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was based on the eqr-ration that provideä the best slope, intercept, t'

and SEE. The logarithrnic transformation only marginally improved the

relationship of RIP vol-me to pneumotachygraph derived volune in one

control and tivo CAO subjects. This r,vas consistent lvith the results in

the young normal subjects. Therefore, all results were compr-rtecl using

the linear transfornation of the data.

In most subjects the r,SEE, slope and intercept did not change

appreciably with time. Subject FcJG demonstrated the worst verification

in the CAO group (Tab1e 6) and subject BS was the worst in the age matched

controls (Table 7). Subject IIS had cardi.ogenic oscillations in his

flow signal which introduced errors in vohune calculations. This probably

contributed to the discrepancy in slope between his calibration and

verification runs.

C. AN\LYSIS OF BRËATHING PATTERNS ]N PAT]ENTS WITH CAO AND CONTROLS

1) It{ethods

The same subjects described in Section B (Calibration and

Verification of the RIP in patients with CAO and controls) were used

for collecting data for the analysis of breathing.

i) Data Col lection Fo llowing calibration of the RIP as describecl

(page 27), the subjects remainecl. seated in the dental chair for forty-

five nínutes of data collection. The RIP, RC and ABD signals rr,ere

sampled at 20 ÍIz by the conputer, and the signals rvere simultaneously

recorded on the polygraph. Ileart rate was monitored with three uni-

polar electrocardiogram (EKG) leads atta.l-r"d to the left anterior chest

wall. Ileart rate was used as an indication of steady state in the

subjects, and as an indicator of movenent. Body movements introduceci

artifacts in the EKG signals as lvell as baseline shifts of the RIP
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TA]]LE 6

CALIBRATTON ANÐ VERTFICATION REST]LTS IN CAO DISFASE PAT]ENTS

CALIBRATION

SUBJECT r SEE SLOPE INTERCEPT T

VERIFICATION

SEE SLOPE

TRANS-

INTERCEPT FOR},IATION

FP

EW

FdG

GP

JG

WL

ÌlD

Nt>

EI-I

AB

AK

FT

.996

.996

.989

.98B

.994

.995

.984

.997

.984

qc¿

oa7

. 990

.024

.023

.044

. 013

.026

.026

.025

.050

^))
.024

.016

.016

I.OI2

.98B

1.009

. 960

1.003

.982

1.016

.997

1. 015

1.061

1.003

1.000

. 001

. 010

-.015

. 030

-.004

. 013

-. ut_o

. 010

-.009

-.059

-.002

.000

.97I

.961

. 951

. 989

.989

.990

.97 3

. 993

.982

.968

ooz

. 991

.029

.024

nq¿

.014

.024

.023

. 019

. 039

.025

.047

. 050

. 019

.925

.831

.860

.962

.941

.920

i.093

.983

1.048

1.059

7.077

. 998

.07 B

-. 009

.162

. 058

.080

.040

.163

-.02r

-.037

-.080

-.058

.030

LINEAR

L]NE1\R

LTNEAR

LINE,AR

LINEAR

LINEAR

L]NEAR

LII.,IEAR

L]NEAR

LINEAR

LINEAR

LTNEAR

Means . 988 .024 1. 004 . 00S ..978 .029 .97 s .034
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TABLE 7

CAL]BRATION AND \,ERIFTCATION RESULTS TN AGE J\,IATCTffiD CONTROLS

SUBJECT r:

CAIIBRATTON

SEE SLOPE INTERCEPT

VER]FICATTON

SEE SLOPE INTERCEPTr
TRANS-

FORMATION

STI

JI\r

BS

JJ

JK

Cl\r

EW

NT

oao

oo7

.997

ooq

.995

.997

.995

. 996

. 015

.030

.034

.025

.024

.026

.028

.053

1. 001

.986

. 9BB

.991

.992

1.007

.981

1. 010

-.008

ñ))

.016

.009

.007

.003

.015

-.009

.97r

. 998

.996

.993

cìoo. JOO

.996

.991

.987

. 011

.032

.029

.022

.019

.025

. 041

.026

1.001

1.080

.795

1. 109

. 865

r.022

1. 005

.960

.057

.07 4

.014

-.044

.764

-.000

. 031

. 059

LINEAR

LINFAR

LINEAR

L]NEAR

I,INEAR

LINEAR

L]NEAR

LINEAR

Means .995 .029 .995 .007 .990 .026 980 044
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signal. Segments in which there were EKG and corresponding RIP

artifacts were deletecl from the records prì.or to analysis.

Subjects were instructed to sit sti1l and to avoid arm move-

ments or crossing tl'ieir 1egs, both of which were fourd to introduce

artifacts in the RIP signals. Subjects watched a videotaped movie

while their breathing was being monitored to distract them from the

nonitoring devices.

ii) Data A:ralysis The best fit multip1e linear regression equation

from calibration was used to reconstruct a spirogram from the RIP

signals. The spirogram was processed by the computer to identify the

peak and trough of each breath. The peak corresponded to the end of

inspiration and the tough to the beginning of the next inspiration.

Examples of the ability of the peak. processing routine to accurately

identify the required points on the spirogram are illustrated in Figure

I (CAO subjects) and Figures 10 and 11 [control subjects).

FIGTJRE I : Graphics display of peak processing in a CAO subject.
All breaths fron 3 consecutive 1.0 second blocks are displayecl
and e¿rch bleath in each block is numbered. Tlie xrs mark the
points that lvere identified as the peak of inspiration ancl the
encl of e4riration.
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FIGURE 10: Graphics display of peak processing in a control
subject. All bre¿Lths fron 3 consecutive 10 second blocks are
displayed and each breath in each block is nunbered. The xrs
marl< the points that rvere identified as the peak of inspiration
and the cnci of expiration.

ITIGURE 11: Graphics display of peak processi-ng in a control
subject. All bre¿rths from 3 consecutíve 10 second bloci<s are
displayed and each breath in each block ís ntmrbered. The x's
mark the poínts that rvere identified a.s the peak of inspiration
and the end of expiration.
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As demonstrated in these figures, the prograrn ivas able to identify large

and smal1 breaths of varying frequencies, and rvas able to deal with

apneic periods. The peak processing prograrn alloived series of breaths

to be observed on the consol.e in consecutive 10 second blocl<s as the

peaks and troughs were being plotted. The signal could be arnplified to

ensure accuracy. As wellrthe point to point differences for the

establishment of a trend (positive or negative) could be altered. This

feature allowecl -signa1.s with a noisy baseline to be accurately pro-

cessed. An inportant feature ofthepeak processing routine was the

practice of setting the drift offset factor. This converted values

around zero to continually decrernenting nrunbers and allowed the

accurate assessment of prolonged apneic periods , and accormts for the

slope in the baseline as illustrated in Figures 9 to nl.. The nean Ti,

Te and Vt of 38 consecutive breaths were compared in a CAO subj ect rvith

and without the drift factor to ensure that its use did not alter these

variables. There was <3% erro'r in Ti,Te and Vt with the use of a

drift factor. The computer was progranmed to store the value for each

peak (end of inspiration) and trough (end of erpiration) a:rd these values

r^/ere then used to determine the timing components of the respiratory

cycle as illustrated in Fígure 12. Inspiratory tíme (Ti), expiratory

ti'rne (Te) and tidal volume (Vt) lvere directly measured and the remaining

con4lonents were derived from this infornation.

The nunber of breatlis analyzed per subject is included in Table

B. The average nunber of breath, for all subjectsw¿-rs 702 :21j (SD).

CAO subject AB had the smallest nunber of breaths for this group due to

the deletion of numerolls segnents because of movenent artif¿l.cts. From

these breaths the following tirne components were cornputed:
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t

-*g l*T¡ *t-t- -l

FIGURE 12: Tíming conponents measured from the spírogïan.
Vt is tidal volume, Ti is inspiratory time, and Tó is-
expiratory tine.

Inspiratory tine (Ti)

E.-*j-^+^-.. +-i-^ /T^\L,\PfraL\JL / L_Lllig Lru_/

Cycle duration (Ttot)

Tidal volume (Vt)

Breathing frequency (f)

l.{inute ventilation (Ve)

lvlean inspiratory ftorv (VtlTi)

Inspiratory timing (TilTror)

For each coûrponent the mean, mçdian, mode, standard deviation

(SD) and coefficient of variation were calculated. Bartlettrs T-test

lvas used to detennine if there rvas a significant difference in tire

variances of the clata betlveen the cAO and the control grotps. No

significant differences in variance were founcl for an1'cornpnnent of
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TABLE B

NL]I,{BER OF BREATHS ANAJJZEI)

CAO SUB.]ECTS NO. OF RPGATIIS CONTROL SUBJECTS NO. OF BREATHS

FP

ËlrI

FdG

GP

JG

WL

EB

I\,lS

EH

AB

AK

FT

813

72I

479

108 5

723

556

678

7s6

1 181

344

7034

/ lv

76I

SFI

J'I,V

BS

JJ

.JN

CI1I

EI,1/

NII-

794

614

620

368

63I

62r

643

6C0

611i
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breathing measured. 'fhe mean v¿rlues of all the timing components were

compared between the trvo groups using both the Student-T-test and

ll'elchls T-test for sanples with unequal variances. As there ivere

negligible differences in the 1eve1s of significance between the two

tests, and Bartlettrs T-test gave insignificant results, all results

u/ere expressed using the Str-rdent-T-test levels of significance.

The degree of variability of each component tvas assessed by

cornparing the coefficients of variation (C.V.) betr,veen the CAO and

control groups. As wel1, histograns of Vt,Ti and Te rvere plotted for

all subjects. The relationship between Vt and Ti, Vt and Ttot, Vt and

f, Vt and Ve,f and Ve, Vt and Te, Ti and Ve, Ttot and Ve, and between

Ti ancl Te i.vere examined. The data was plotted for each of the above

contparisons for each subject and the correlation coefficients, slope

and intercepts of each r'vas calculated. The correlation coefficients for

the CAO group and for the control group were then comparecl.

The number of sighs in the 45 minute collection period was also

compared between tlne 2 groups. A sigh was defined as a breath greater

then 3 times the mean tidal volume for that subject (Bendixen et a1,1964)

Because the ni¡nber of breaths analyzed varied between subjects, sighs

were expressed as the nunber of sighs per one hundred breaths

To determine if there was any correlation between the severity of

disease and any of tl-re respiratoïy parameters measured, the FEV1.0 of

all CAO subjects was correlated with.each timing conponent and ratio.

The tjning components lvere also neasured from the poly.graph

during the one minute calibratj-on when the subject'r,,/as on the mouthpiece

and wearing noseclips. The means of these parameter-s were thên compared

to the mean values recorcled usíng the RIP for both the CAO and control
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groups to al1ow a comparison 
.l¡etrveen invasive (mouthpiece) breathing

and non-invasive (RIP) measurements of respiration. lVelchts T-test was

used to test for significant differences.

2) Results

Tables 9a and 9b include the mean values of all components of

breathing, and the coefficients of variation (C.V.) for both the

subjects with CA.O and the controls. The means of each component for the

group, and the nean coefficient of variation for each variable are also

includ.ed. ü" in CAO patients was greater than in the controls. This

was due to an increased breathing frequency (f).Both Ti and Te were

shorter in CAO, r^¡hile Vt was the same in both groups. Thus Vt/Ti was

also greater in CAO. Because Ti and Te were shortened by sfuiilar

amolrnts in CAO, Ti/Ttot did not differ from the controls. Several of

the above measurements were less variable (as assessed by C.V.) in

CAO: Ti, Vt, Ti/Ttot, and üe. In both groups Ti/Ttot was the least

variable. Vt'¡as the most variable in controls, while in CAO, Vt was

not as variable. In both groups Ti/Ttot was the least variable, while

Te varied a great deal in both CAO and controls. The reduced

variabílity in tirning and Vt in CAO resultecl in less variation in Ve.

The differences in mean Ti and Te are further clemonstrated by

the histograrns of these two components for the CAO group (Figures 13

a:rd 14) and for the controls (Figures 15 and 1ó). As a large nurnber

of breaths were anallrzed ín each subject, the frequency of breaths

occurring in histogram cel1s around the mean was very high.

Therefore, when a frequency distribution was plotted, cel1s with one
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TABLE 9a

MEAN VAIIiES 0F Ti, Te, Vt ancl Ttot

SUBJECTS Ti (sec ) Te (sec ) Vt (Litres Ttot lsec))
X C.V X C.V c.v

CONTROLS

SH

JIV

BS

JJ

JK

CIl/

EI1/

NT

i
CAO

FP

EIV

FdG

GP

JG

I\.ry,

EB

Tß

E}I

ADru

AK

t'.t

i
p<

1 .41r

r.424

1 aaaI. L¿L

r.7 57

1. 014

r.276

I.249

1. 398

r.344

1.158

.945

r.345

7 RA.

r.230

I.7T2

r.042

oAl

.784

o? rì

.839

.965

1. 054

0. 01

1.879

2.793

2 .402

3.933

2.354

2.884

2.5r2

2.584

2.668

??L

.279

.294

) A'7

.458

.489

.4s4

.269

771

.264

.33I

.284

.294

)'7 7

.232

.339

.IB2

. L.JJ

.186

.190

.253

0. 025

.148

.172

.794

.233

) z')

.319

.318

.2t6

??o

.254

) ¿.)

.2r3

.236

247

.4s7

.519

.332

.319

.402

.630

.682

.646

.470

.430

. 513

.651

.553

.164

.17 0

. 148

.204

.234

. 365

.408

. LLO

.240

X C.V

3.289

4.2T8

3.624

s. 690

3. 368

4. 159

3.76r

3.982

4. 011

.156

.182

.239

.73I

.17 4

.17 4

.r64

)L7

. 135

.209

.159

.r62

.178

0.025

r.902

1. 681

2.67 6

7.266

a aa L/-.L/t)

2.84r

2.084

1. 669

r.326

2.TIB

1. 668

1.967

1.956

0.00s

.282

.408

. 301

.386

.361

.JöL

.185

.337

. 368

)70

.33r

.348

.337

N. S.

. sB4

.447

.928

.348

.626

.7 45

.5r7

.439

.4s9

.643

.41s

" 501

.554

N. S.

7 NLñ

2.626

+.02r

2.050

3. 506

4 .552

3.726

2.617

2.ILO

3. 038

2 .507

- 2 "932

3.010

0. 005

. 191

,Ll5

.237

.246

.260

.266

.1 38

.257

1^a

.2r0

?)a

1tA

,)7A

N. S.
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TABLE 9b

IEltÀJ VALT]ES OF Til]'tOt, VtlTi, f , VE

SUBJECTS

CONTROLS

SH

JiV

BS

JJ

JK

ClV

EI,V

NT

i

CAO

FP

EI'V

Fcl.G

GP

JG

I^IL

EÞLD

¡ß

EH

All

AK

FT

i
p<

Ti /Ttot vt/ri (L/Sec) f (min ) Ve (L/min)

X

.433

.342

.340

. 315

.306

. 318

.345

.360

.34s

c.v,

.131

.17 5

147

?qo

)n)

.243

.209

.226

.204

X

) a'7

.446

.568

.37r

.462

.328

.406

.478

.418

. 514

.469

.697

.447

.508

.433

.501

.47 A

. sB9

.715

.501

.523

.531

0. 0l

c.v.

.158

.266

.23I

.155

.249

.239

.205

.257

1)n

.2I4

.268

.245

.186

. 193

.164

.207

110. LLO

.153

.?s0

.773

.162

? îû,

N. S.

X

7 .392

9.702

77.432

6. 965

8.47 6

6.207

8.387

10. 045

8.50

c.v.

.164

. 315

.295

.27 6

.333

.32r

.286

a Aa.L+t

.280

.37 9

. 368

.342

.389

<tr7

.384

.335

.365

.37 6

.3r2

.3s9

.336

.J)/

N" S.

. 139

.17 4

)^)

.130

.r32

.166

.14s

.166

.115

? ¿,?

1 ¿.<

.1 55

.159

0. 01

.255

.264

1'1 tr

.203

.199

17(.

.190

.239

.r79

)'7 )

.155

.191

.22r

0. 01

18. ó

14. s

16. B

II.2

18. 5

15.8

17 .6

75.7

16.1

c.v.
'1 ')

17. .LJ

.r2

.36

.19

27

10

.26

aa.LL

?î ? 1)

23.7 .16

16.0 .40

30. 0 .r2

17 .6 .r3

73.7 . 16

19. 5 .r4

24.r .24

29.0 . 10

20.6 .22

24.5 .12

2r.2 . 16

zL.7 .I7

0.005 N.s.

TI.7T3

10. 186

14.r02

10.582

10.810

9. 963

9.936

10.148

13.262

13. 093

10. 073

r0 .47 s

-rI.20

0. 001
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or two observations become obscured. To be able to see the ce1ls with

one or two breaths in them and to be able to comnare histograms betiveen

subjects, the nr¡nber of observations in each histogram ce11 was tïans-

forned bv taking the sclu:rre root of the observations in that cel1 and

divicling it b1' the nr¡nber of breaths. Taking the square root allov¡ed

better visualization of the histogram cell.s contaíning a sma11 nunlrer of

breaths and dividing by the total nunber of breaths allorved cornparison

of histograms between subjects. The lack of variability in Vt in spitc

of the sane mean Vt was also apparent from comparing histograms of Vt

betrr,een the CAO group (Figure 17) and the controls (Figure 18).

The correlation coefficients, slope and intercepts for the

relationships betrveen Vt and. Ti, Vt and Ttot, Vt and f, Vt and üe, f
and ve, Ti and Te, Ti and ve, Ttot and ve and vt and Te for all subjects

are incl:dcd in tables 10a,10b,10c,10d, and 10e. Because of the larger

number of breaths anaTyzed, all correlation coefficients were significant,

except those r,vith the asterisks(Tables 10a,10b,10c,10d, and 10e). There

weïe no significant differences in the correlation coefficients for any

of tire relationships between the 2 gïoups. Therefore, CAO subjects and

normals vary their breathing by the same means. Thi-s suggests that the

meclianisms of control of breathing rrray be the same. The strongest cor-

relation was fomd betleen Vt and Ti, and Vt and Ti correlated better
t.

than VtandTtot for all subjects except one C\O subject EB in lvhich the

correlation between Vt and Ttof- rvas slightly better than the correlation

bctrveen Vt and Ti.

Vt and f were negativel.y correlated in all subj ects.
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TABLE 10a

REI/\TIOi{ST{IP BETh¡EEN Vt AND Ti, ,i!\D BETtr\,EËN \¡t AND TtOt

IN CONTROI, AND CAO SIIBJECTS

\¡t - Ti Vt - Ttot

Subj ects

CONTROL

SH

JIV

BS

JJ

JI(

CW

EIV

NT

CAO

nnrr

E1{I

FdG

GP

JG

tfL

EB

I\ß

EH

Aß

AK

F-T

T

.59

.43

.42

.73

,77

QO

.85

.43

.58

.50

.63

.44

.69

.77

.46

.67

.54

.36

.46

.59

.257

.306

. 318

.286

.62r

.467

.497

. s04

.427

.520

.352

.591

.529

.324

.427

Å1c,

.2BI

.266

.356

.040

. 193

.290

. 14.5

-.160

- .158

-.1C8

.300

T

.46

.23

.2r

.58

.46

.64

qo

.4r

. L-)

.38

.50

.18

.60

.50

.50

.53

?6

,28

,3I

.43

.07 7

. 0s6

.07 0

.080

.I2I

. 089

.090

.080

.T49

.392

tr?7

.1BB

.064

.061

.17 5

.333

slope intercept slope intercept

. û1û

.037

.229

.07 3

-.101

-.161

.180

.037

.723

.384

.r92

.r57

.û62

.077

.r37

.029

.r40

.106

.140

.118

.042

.067

. 041

. 054

. 395

.239

.37 5

.289

.136

.265

.080

.131

.371

AA.-

.3r2

.342
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TABLE 10b

RETATIONSHIP BETWEEN Vt AND f, AND BETT\EEN Vt AND VC

IN CONTROI, AND CAO ST]BJECTS

vt-f vt-v
ï slope intercept ï slope rnterceptSubj ects

CONTROL

SH

Ãr

BS

JJ

JK

ClV

EI,J

NT

CAO

FP

EW

FdG

GP

JG

WL

EB

MS

EI,I

AB

AK

FT

.40

.74

.09

.35

.33

.67

.61

?o

.17

/1 o

7Q

.18

.53

/o

.51

.56

1A

1l

ia

.43

-.016

-.015

-.008

-.0r7

- n1)

-.055

- .033

-.018

.o9¿

.814

. BT3

.885

477

1.090

.930

7c)<

.902

1.381

L77

1. 360

1. 381

1.040

.962

.66s

.824

.7 00

.755

.67

a)

'7 I

.62

.69

7L

(?

.57

.0s0

.059

.038

.081

.046

.085

. 051

.04r

. 041

. 039

.053

.027

.057

.059

.0s2

.047

.026

.024

.032

.025

.036

. 095

.245

. 093

.073

-.095

.080

.24r

-.010

-.019

-.029

-.004

- .042

-.047

- .027

^aa

- .007

-.009

-.012

_ 
^1 

')

.78

'7',)

.63

7?

.6s

.60

.82

7t

12

.53

.65

.53

.105

. 038

.184

. 064

. 014

. 161

- .002

-.038

.118

.328

. OBB

.238
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TABLE 10c

RELA.TIONSHIP BEThEEN f ANÐ Ve, AND BET,IEEN Ti AND Te

IN CONTRO], AND CAO ST]BJECTS

f-Ve Ti Te

Subj ects

CONTROL

SH

JlV

BS

JJ

JK

CI{r

EI,V

NT

CAO

FP

El'\i

FdG

GP

JG

WL

EB

TTS

EH

¡\lJ

AK

FT

ï slope intercept r slope intercept

.32

.3r

.58

.51

.32

.12

.15

.32

.609

1A)

.555

.849

.396

-.255

.295

.396

14.07

r2.32

r0.62

s. 06

15.11

T7.28

15.06

15.11

15. B8

22.89

II,73

2r.32

1r aa
LJ. LL

11. 36

10 )A

23.49

2r.7 4

9.87

18.41

12.63

.10

.01*

.1"2

.4r

)7

A7

.53

.27

.043

-.004

-.0s7

.179

.104

.749

.187

.104

.055

.0r2

.r21

.010

.124

.049

.026

.r24

.028

.027

. 010

.069

1.330

r.437

1. 559

1. 054

.852

.7BB

'/7',)

1.075

.924

I.O2I

.772

.949

1. 569

.988

.735

.7 47

. 863

.B2I

.829

.42

.05*

.49

.20

?1

(\?'t:

. 01*

a.<

.54

.33

AA

.367

. 078

.257

.833

. L¿J

.23r

.02r

. 010

.547

.831

.602

.816

.10

.05*

.30

aì(*

.34

.13

.0ó*

.30

.13

no*

.04*

.50
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TABLE 1Od

REIJ\TIONSIIIP BETI\EEN Ti AND Ve A}JD BETITEEN Ttot AND Ve

IN CONTROL AND C,4.0 SII]]JECTS

Ti-Ve Ttot - Ve

Subj ects

CONTROL

SH

J"[V

BS

JJ

JK

Cri'V

Ehr

NT

CAO

tv

EIÂi

FdG

GP

JG

WL

EB

MS

EII

AB

,AK

FT

.038

. 019

- rìn7

.026

.0s7

.114

.059

.016

. ûi4

.018

^')')

.006

.024

;053

.020

.024

.006

-.001

.007

. 000

L.T32

1 )AO

r.294

r.577

.7 03

.565

.7 59

r .240

-.118

-.083

- .I24

-.043

-.00s

- .r43

-.r47

-.0ó3

-.042

- .067

-.086

-.049

-.096

-.005

- .022

-.077

-.116

-. 139

- .168

4.164

4.97r

5. 011

7 .386

3.735

a, 10)

4.955

5.4s8

3.772

3. 058

4.97r

2.944

4. 016

5.461

3.r76

2.835

3.r34

4"538

3. 905

4. 690

T slope intercept slope interceptT

)'7

.28

.46

.40

11"

.01

a1.LL

.4r

)1

.19

.06

.72

.4r

.56

.33

.73

)"7

.¿L

.12

.24

.36

)?

AA

.13

.02

.08

.002

.97I

.7 67

1. 039

'7 1t

.973

1.188

. B48

.7 04

.7 03

. 930

.7 73

.963

.32

.16

.22

.36

.13

11.LI

.02

.08

.35

.s7

.38

.45
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TABLE 10e

RELATIONSHIP BETIIEEN Vt AND Te TN CONTROL AND CAO SIJBJECTS

Vt Te

Subj ects

CONTROL

SH

JI,V

BS

JJ

JK

CI,\i

E].1/

NT

CAO

FP

E!\r

FdG

GP

JG

t^/L

EB

I4S

EH

AB

}\I\

FT

T slope intercept

.26

.09

. 03*

¿,n

76

.51

ú"q

ao
.LO

.050

.02s

.009

. 069

. OBB

.092

.100

.057

. 018

.057

. 110

.015

.139

.0s5

. 111

.094

..026

. 048

.029

.046

. 309

. 56s

.657

.37 3

?67

.168

.266

. 504

.06*

.27

.34

.09

.4s

.,4

.36

.36

.15

.19

')'l

.550

.34s

.634

71õ

.3r2

.586

.286

101. LOL

.425

.541

.367

.410
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The correlation betleen vt and ve was stronger than the cor-

relation betr,veen f and ve jnalr subjects except cAO subject A.B. in
which they both correlatecl equally well. Ti and v* 

"rr.t 
Ttot and, úe

correlated less lvel1 than vt and üe. ve varied mainly by varyi.ng vt
in both groups

The correlation betiveen Ti and Te was insígnificant in 2 controls

and 5 CAO subjects and very 1ow in many otJrers. Ti ancl Te correlated

least ivell of all variables examined. rt appeared that Te in resting

breathing in CAO subjects and normals rvas not associatcd with the pre-

ceeding Ti. Considerable variability rt¡as also pïesent in the correlation
of Vt and Te.

The nurber of sighs for each subject is listed in Table 11. ûn1y

3 of I2 CAO subjects had breaths of volumes > 3 times mean Vt compared

to 6 of B control subjects. The cAO group had significantly fei,,¡er sighs

(p . o.01) .

The differences in variability of Ti, Vt, Ti.Ttot, and úe

demonstrated in Tables 9a and 9b could be due to the fact that the CAO

subjects took feler large breaths than d.ici the control subjects. Sigìrs

contributed to variability ancl therefore , alr breaths > s0% of the

individualrs predicted IrVC were excludecl ancl the d,ata re-analyzed,. 30%

FVC for the controls meant removal of breaths with a mean volume > I.34
litres ancl for the cAO group breaths > 1.j1 litres were removecl. The

results are included in Table 12. All cornponents in which there were

significant differences when all the äata were analyzecl (Table 9a and

9b) rerrained significantly different when breaths < S0% FVC (preclictecl)

were anlyzed except for the variability in vt. Renoving the Jarge

breaths in the norntal subjects niarkeclly clecreasecl the variability jn Vt.
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TABI,Ë 11

COI'ÍPAR]SON OF NUIßER OF SIGHS BETI,VEEN

CAO SIIBJECTS AND CONTROLS

CONTROLS CAO

Subj ect

SH

JIV

BS

JJ

JK

cl,{

EIV

NT

*p. o. 01

Snbj ect

FP

EW

FdG

GP

JL;

IVL

EB

I,ß

EH

AB

AK

FT

Sighs/100 breaths

0.4

0.0

0. B

0.0

1.6

0.5

1.1

0.2

X 0.6

sighs/l00 breaths

0.0

0.3

0.0

0.2

0.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

x 0.07*
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TASLE 12

COTÍPARISON OF T]IVITNG COX,PONENTS AFTER RET,OVAI OF BRFAT}IS

WII]J VOLtn,nS > 30eó FVC PREDICTEÌI

CAC CONTROL

Ti

Te

Vt

Ttot

Ti/ttot
f
Ve

Vt/Tt

i
1.048:t"t*

1. 940***

0.548

2. gBB:k**.rr

.357

ryôr&ùJ.¿
L I. / L.J"^ ^"

11. 14q**c.-.*

.529.*tr*

c.v.

.167i,

. 306

??4.

.2r3

.15 / ^"

.167

. 2 0g?r'Å

,204

X

r.333

2.647

0. 541

3.979

.345

16. 153

8. 416

.415

c. v.

.2I3

. 306

.255

??\

.200

.207

.252

.205

* p < 0.05

*n p < 0.02s

**:r p < 0.01

***x p < 0.005
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There .i\ras no significant differeirce in the coefficients of variation

for the nìean tidal volume betleen the CAO and control groups rvhen the

bíg brea.ths were removed. In contrast, the r¡ariability in Ti,Ti/Ttot
and üe renuined significantly less in the cAO group. The big breaths

had no effect on variability of these components. Therefore, the big

vtrs were not reg¡,r1ar1y associated with large values of vt/Ti, Ti, nor

Ttot.

No correlation was found between severity of disease in the CAO

group, assessed by FEV1.g, a:rd any variable measured. The results of

measuring the tining components for niouthpiece breathing for the CAO

group and for the controls are listed in Tables 13 and 74 respectively.

Subject B.S. denonstrated the highest frequency 17.3/min on the mouth-

piece. This subject was instructed to increase his frequency slightly
during calibration due to the problem experienced,by large cardiogenic

oscillations in his flow signal. Therefore, his datawerenot included

in the anlaysis of tirning contponents between mouthpiece and RIP measured

breathing in the control group. Table 15 demonstrates the conparison

of the mean measurements between mouthpieceandRlP recorded variables

for the cAO group and for the control group. vt was significantly in-

creased (p .0.025 CAO group; p < 0.005 control group) , and f r^¡as

significantly decreased (p < 0.025) in both groups'rvhen breathing on the

mouthpiece. Vt/Ti was also significantly increased on the mouthpiece

in the cAO group (p < 0.025) and Te and Ttot were both close to being

significantly increased. As we11, ti rnas significantly longer (p < 0.05)

in the control group onamouthpíece as compared to the control gïoup

when breathing r,vas measured lvith RIP. It appear:s that the nechanisn of

the increased Vt induced by the mouthpiece lvas different betrveen the 2



TABLE 13

CO¡ÍPONENTS OF T}E RESP]RATORY CYCLE FOR PAT'TENTS TITì CAO ON A NCIUTHPIECE*

SURIECT No. of
Breaths

f [min) vt (1 . ) .Ti (sec) Te (sec) Ttot (sec) vt/t¡ TilTtot v"

I

\o
t--

I

FP

EW

ITdG

GP

JG

I,VL

EB

x{s

EH

AB

AK

FT

I4

I3

5

16

9

T2

11

B

11

9

I4
'Itr
l.)

20.4

15.7

10.9
?64

11.8
TÔ À1Õ.+

14.3

10.8

2I.3
)22

18.3

18.7

0.76

0. 93

1.19

0. 4s

1. 05

0. B4

n70

1. 01

n¿o

0. 61

0.40

0. 53

r.77
1. 54

7.77

0. 98

2.75

1.11
1 aaI.LL

1 0na. oJ

0. 64

0.78

0. 7B

0 .97

1.77
') a^

< 7q

7 "26
2.95

2.15
?o7

3.68

2.r7
r.92
2.50
? )4,

2cl4

5. B5

5.52

2.23

5.10

3.26

4. 19

s. 58

a ÕaL.ÖL

2.7 0

3.28

3.2I

.6s9

.609

.67 2

.486
A O/'l

.750

. 653

.539
'77 7

.7 96

. 511

.539

.404
¿.nL

.437

L? tr,

.344

.igz

.34r

. ¿JO

.289
170

.303

15.5

14.6

13. 0

12.1
'1 1 A

15. 5

11. 3

1n o

10. 4

13. 5

9.9

* Values are means



TABLE 14

COT{PONENTS OF TFIE RESPIRATORY CYCLE FOR AGE I\IATCI{ED CONTROLS ON A },OTM]PIECE*

SUBJECT No. of
Breaths

f(min) Vt (1. ) Ti(sec) Te(sec) Ttot(sec) VL/TI TílTtot Ve

SFI

Jl{/

BS

JJ

JK

CIV

E]^I

NT

10

10

10

B

6

5

9

7

13.s

12.4

77 .3

13. 8

L2.2

15.6

L2.2

12.7

0.62

1.13

r.07
0.8 0

0.73

0. 59

1. 05

1. 00

2.06

2.05

1.31

1 .87

r.70
r .44
1 1''

1. 15

? ¿.1.

2.80

2.r7
2.49

J. LL

2.40

L.OY

3. 59

4. s0

4. B5

3.47

4.36
AO)

7RL

4. 91

L71

a)

14. 0

18.5

11.0
ao
a?

1) A

1? 7

. 305

.553

.820

.+5L

.472

^7?
.885

,4 qo

A)7

.377
41Cl

.348
:--.5/tJ

.453

.240

I

tr\
tr-

I

* Values are means



TABLE 15

COX'IPARTSON OF TIMING CO},ÍPONENTS OF BREAIUING BETI\IEEN RIP AND ilOUTJPIECE

RECORDED VAR]ABLES FOR CAO AND CONTROL GROUPS

Vt Ttot vt/riTeTiGROUP

CAO

I'louthpíece

RIP

CONTROL

Mouthpiece

RIP

x S.D.

7.25.483

1.05 .269

N. S.

I.72 .40

7.34 .27

p < 0.05

i s.D.

2.47 .75

1. 9ó .48

N.S.

2.73 .47

2.67 . 60

1\. ò.

p < 0.025

x S.ll.

3.72 r.74

3.01 0.74

N.S.

Ti/Ttot

x S.D.

.337 .069

.357.024

À.I Qt\ . u.

.337

.345 .040

N.S.

.623 .111

.531 .091

p < 0.05

. ss8 .206

.418 .090

N.S.

f

x S.D.

17.5 5.0

2r.7 4.9

p < 0.025

17')

16. 1

r.23

?LL

p < 0.025

1C A./J+

. s54

S.D.

.260

.163

X S. D.

I

oo
Þ.-

I

.875 .2I3

.7r2

4"4s

4. 01

.54

.76

p< 0.005 N.S.
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groups. In the C.4.0 gror-rp Vt/Ti increased on the niouthpiece br-rt there

was litt1e change in Ti. In the controls, Ti r,\,'as i.ncreased and although

Vt/Ti was also increased the change was not significant.
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DTSCUSS]ON

The breathing patterns of patients wit}i CAO are significantly

different from age natchecl controls; the tiniing contponents aïe alterecl,

and breathing ís less variable. Particularly by altering inspiratory

tirning mechanisns, patients witlì CAO appear to lose the variability of

breathing foi-rnd in.nornral subj ects.

Variations in the volume and timing cCInponents of breathing in
man have been well clocu,rented in sturdies using a moutlrpiece oï facemasl<.

our results using RrP differ from those previor-rsJ-y reported, and the

use of this less invasive tech¡rique probably accounts for thses

discrepancie.s.

Sorli et al (1978) studied 15 cAO patients, 7 with hlpercapnia

(mean age 56 years), and B without hypercapnia (mean age 63 lrears) ,

and 7 young normal controls [mean age 26 years). They stud.ied. their

subjects at rest in the supine position, anc measu-red breathing with

subjects on a mouthpiece. They fomcl no d,ifference in Tj hetrveen their:

stable CAO subjects and young norrnal control.s. In contrast, we.toun<] Ti

to be significantly shorter in our CAO group who rvere not hypercapnic as

conpared to age rnatched controls.

Bradley et a1 (1979) studied 20 hypoxemic cAO subjects and 17

control cAO subjects r,sith Pao2 > 60 mnHg in the seated position and

breathing on a mouthpiece. They only found Ti to be significantly
shorter in hypoxic CAO subjects as comparecl to norno>lic CAO subjects.

Sirnilarly, Sorli et a1 reportecl a sigr-rificantly shorter Ti in hlper-

capnic CAO subj ects as compared to normocapnic c-AO subj ects. Both

groups reported mean Tirs of t 1.S seconcls and t 1.3 seconds respec-

tivelf in stable cAO subjects without respiratory fairure. These
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values are sirnil¿rr to the nean Ti values that lve measured in our CAO

subjects on a nouthpiece (1 1.25 scconds), but are signifìcantly higher

th¿rn the nean Tils r'r,e recorded in CAO subj ects during resting breathing

with RTP. As both Brac11e,v et al and Sorli et al recorclecl ventilation

on a mouthpiece, that may explain the longer Ti's foun<1 in tjreir c,{o

control groups. Furthermore,both authors repoïtecl higher mean Vt's and

lorver mean frequencies in their stable CAO subjects than lve founcl. It
has been.clenronstratecl by nany investigators (Gilbert et a1 , I972; Askanazi

et al, 1980; and lljrsch ancl Bishop,lg82) and confirned by us in this

str,rdy that Vt is higher and f lolver when veirtilation is recordecl on a

nouthpiece. The discrepancy betlr,een their results ancl onrs appears no5t

1ike1y due to this factor.

sorli et a1 found that vt was decreased in hlpercapnic cAO

subjects. They snggested that a shorter Ti resulted in a decreasecl Vt,

and that this 1ed to the rapid, shallolv breathing observecl in their
patients. our cAO subjects were neither hlpercapnic nor hlpoxic, and

perhaps this is one of the reasons that in spite of a decreased Ti, vt
was the same as th¿rt of our normals . Freqr-rency and, therefore, V" ,0"t"

also signíficantly higher in our cAO group. Thjs is in contrast to

Sorli et al ivho reported no difference in frequcncy beûveen their stable

CAO subjects and young normals.

l4i1ic-ûn11i and Aubier (1980), and Sorli er a1 (1978) suggested

that it would not be surprising to fincl a decrease in Ti, but not in Te

in CAO subjects as erpiration woulcl be prolonged clr-re to dynarnic conpres-

sion of air:ways. Therefore, they suggesteci that a decreased Ti/Ttot

was to be expected. This may be true in hypercapnic C,AO -sr-rbjects, but

based on Sorli's ot'ül results ¿-rnd the results o:f this stucly', this is not
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the case in pzrtients without respiratory failure. Sorli reported a mean

Ti/Ttot in theír stable CAO group of .39 and in their normals of .41 and

found no significant difference betr,veen the tr,¡o. Although rve for-urd'Ii to

be significantly shorter in the CA.O group, Te r,vas also significantly

shorter, and therefore, Ti/Ttot did, not cliffer betr,veen the CAO group ancl

controls. Mean inspiratory flow rvas significantly higher in our CAO

group both neasured with RIP and on a moutþiece. This is consistent

with previous studies (Sorli et a1,1978).

Both normals ancl CAO subjects increased Vt when breathing

through a nouthpiece. CAO subjects achieved this in increasing inspira-

tory drive (Vt/'fi)with little change in Ti. In contrast, the normals

on a nouthpiece increased Vt by increasing Ti with a much snaller incrcase

in Vt/Ti. The response of the normal subj ects is similar to the results

of Daubenspeck (1981) in yotrng normal.s breathing against increased re-

sistive loading. They had a significantly increased Vt and Ti. The

effects of mouthpiece breathing on normals míght '[¡e due at least in nart

to the increased resistance to breathing imposed by this technique.

It is not clear lvhy the effects of the mouthpiece on breathing pattern

should have differed between our groups, but the result does indicate

that noutþiece effects may not be non-specific

l\hen all breaths were included in the analysis, there was

significantly less variability in Ti, Vt, Ti/Ttcrt an¿ Ve ín our CAO

grollp. The greater variability in Vt in the nornals provecl to be due

to the larger ni¡nber of big breaths in this grolrp, for when breaths >30%
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predicted FVC rvere removed fron the analysis, variation in Vt in

normals decreased to that shown by patìents v¡ith CAO. The CAO group

took significantly fewer large breaths (> 3 times ntean Vt) than

controls (p < 0.01). X{ost of the CAO subjects were able to take larger

breaths as evidenced by the range of their FVC's (1.08 - s.gó litres),
but in Cl\O Vt is a larger fraction of FEV1.6 and- F'\rC As wel1, big

breaths nust be more expensive in terms of energy expenditure in cAO

patietrts due to the increased work of breathing on both inspiration and

expiration in this group. Perhaps CAO su-bjects have learned that taking

big breaths is too costly, and therefore, they do not sigh as frequently

or with breaths of the sane amplitude as normals.

Taking out the big Vtts did not change tl're variabilit)'of Ti,

Tí/Ttot or Ve in CAO subjects or normals. Therefore, in normals tliebig

\1tts are not those rvith the long Ti's and Ti/Ttot's and variations inVe

al'e at least in part not due to variations in Vt. The reduced variability
in Ti, TilTtot u.d V" in CAO subjects suggest=s that inspirator.y, tining

and ventilation is rnore fixed in patients with cA.o than in normals.

Both the difference in breathing pattern and the lack of variability in
breathíng in CAO subjects couid be the result of either nechanical

limitation and/or neuraL readjustments as a result of their disease.

In other words, decreased variability in breathing pattern could be due

to changes in mechanics per se. This is unlikely given a certain

variability of neural outpu-t. lrrlechanical loadíng does not clecrease

the variability of the mechanical results of this olrtput, such as Vt

and Ti (N1. Younes, r-urpublished observations). It is also possible th:it

mech¿l"nica1 loaCing results in clecreased variability of neural output
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for unspecified reasons. lf this were the case, mechanical loading

of normals should recluce the variability of their breathing pattern.

A related hypothesis would be that the increased drive present in CAO

recluced variability of breathing pattern. If this rvere so, variability

should also be decreased in normals when their drive is increased.

Finally, it is possible that the variabilit;z of breathing pattern in CAO

is reduced for ïeasons other than those noted above.

Variability in the spirogran of normal subjects has been pre-

viously obser:ved by many investigators (Bendixen et al, 1964; Gi11am,

I972; Gardner, 7977; and Tabachnik et a1,1981). Decreased variability

in the tining components of the splrograrn in yor-urg normals has been

demonstrated both in chenostjrnulated breathing [Nervson-Davis & Stagg,

1975) and in resistive loaded breathing fDaubenspeck 1981). Newsom

Davis and Stagg (1975) used the coefficients of variation to assess

variability in the tjrning coniponents of the spirogram in young normals

during C02 stimulated breathing. They stated that the variability in

Vt,Ti and Te tended to decrease during C02 adrninistration. FIowever, they

found Ti remained unchanged, mean Vt increased and Te shortened in their

group. The increased Vt in normals during C0, stimulated breathing

appeared to be achieved. by increasing mean inspiratory airflolv u,ith no

change in inspiratory timing mcchanisms. The shortened Te resulted in the

increased frequency tirey observed. lVe also found a shorter Te in our CAO

subjects which would account for the. increased frequency observed in this

group. Holvever, in contrast to llavis S Staggts C0, stjmr,rlated breathing

experiments we dicl not find any difference in v¿rriability in Te betlveen

CAO sr-rbjects and normals, ancl clid not fincl any difference in variability

in Vt betrveen CAO subjects arrd normals once the large breaths were renoved.
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Daubenspeck (1981) used the standarcl devia-tions (S.0.'s) of

the tirning conlponents of the spírogran to analyze varrability in
breathing pattern cir-rring resistive loacled breathing in young normal

sr-rbiects. He fo'-ud significant decreases in the variability of f and

VtlTi, and inconsistent, and insignificant decreases in the variabì.1ity

of other measurements. Daubenspeck included sighs in his initial analysis

of variability and found that removal of breaths r.vith vol¡nes > 3 times

the mean vt did not change the variability of any parameter. rn con-

trast, to our findings in CAO subjects, Daubenspeck found rnean Vt and Ti

were increasecl and mean frequency was decreased in young normals

breathing against resistive 1oads. Although we found the variability in

f and Vt/Ti was less in CAO subjects as compared to normals, the

differences were not significant. Thus CAO patients breath differently

from normals subjected to resistance.

In contrast to both resistive loacled and CO2 sti:nulated breathing

in young normals, we fourd that cAO subjects have a significantly de-

creased Ti and a significantly increased inspiratory airflow.

It is interesting to note that both increased drive (Davis Ë

Stagg 1975) and increased load (Daubenspeck 1981) resulted in decreased,

variability in breathing in normal subjects. In our study, CAO

subjects also demonstrated increased clrive (vt/Ti) ancl do breathe

against large resistive loads , and we found that their breathing h/as

less variable than normal. Hor^¡ever, although these studies demonstrate

some qualitative similarities, qtiantitatively breathing pattern changed

differently in all three situations.Both Daubenspeck and Newsom-Davis

and stagg found vt increased in response to loacled breathing in

nomals. In contrast, we found no difference in llt het¡,'ecn CAO "siil:jects

and ilge natched controls. In C02 stirnulatecl breathing Vt incrcasecl by
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increasins mean inspiratory airflow, r,vitÌr no change in Ti (Newsorn-

Ð¿rvis t1 Stagg 19751 . In resistive loaded breathing in normals, Vt

incrcased b,v increasing lfi but Vt/Tj ivas significantly recluced,

(Daubenspecli 1981). In contrast, ü0 patients naintain the sane Vt as

nonnals,but achier¡e it rvith a shorter Ti ancl a higher Vt/fi. Though

the mechanical load irnposed by CAO makes it difficult to contpare Vt,

in spite of their load, our patients both decreased Ti and increased

Vt/Ti. This combination was not observecL rvith either C02 breathing

or resist¿rnce loading in normals, and indicates that neither increased

drive nor increased resj-stance accourted for the breathing pattern in

CAO. As rve11, Daubenspeck found f lr'as significantly decreasecl during

resistive loading aird. therefore, there was no change in Ve. In contrast,

CAO subjects denonstrate an increased f ancl an increased V" .ornpured to

nonnals. Ne\r,som-Davis and Stagg looked at only the variability of

Vt, Ti and Te and founcl the variability of all these to be decreased

r.vitir COr. Daubenspeck found significant decreases in variability in

f and Vt/fi and although there were simj.lar decreases in other variables

tirey rvere not significant. l{e fonnd significant decreases in variability

of Ti, Ti/Ttot ancl üe an¿ insignificant decreases in variability of Vt,

Vt/Ti, Te, and f in CAO subjects. This suggests that the decreases of

variability r,ve observecl were like the mean breathing patterns, not

entirely due to increase in clrive or resistance.

Surprisingly, there were no significant differences in the

colrelation of any of the variables betrveen the CAO group ancl age

natched controls. The positive correl¿ltion founcl betrveen Vt and Ti

(Neivsom-Davis and Stagg 1975) and betr,veen Vt and Ttot (Davis et al

7975, Dejorm*s et al 19(16, Fllastala et al 1973, and Lenfant 1967), and

the negatír¡e correlation found befiveen Vt ancl f (Priban 1963, and
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Davis tr Stagg 1975) lvere confirmed in both CAO and control subjects

in this study. In most control and CAO subjects the Vt ancl Ti

correlation t'rras stronger than the correlation betr{een Vt and Ttot.

This also is consistent with the findings of Nelsom Davis and Stagg

(1975) . The range of correlation coeffi cients for the Vt and Ti

relationship that we found (.36 to . 89) compare well with the range

fourd in normal subjects by Davis et al (1975) (.44 to.S9). Newsom-

Davis and Stagg believed that the strong correlation between Vt and

Ti allowed mean inspiratory flow to belcept relatively constant

during breath to breath variations of Vt and Ti. They supported the

nodel of Clarl< & Von Euler (7972) that ventilation was controllecl

largely by regulating mean inspiratory airflolv.

In both controls and CAO subjects ventilation varied chiefly

by varying Vt. The Vt 
"r-rd 

ü" correlation was tighter than the V" 
"rrd

f correlation. Vt can be varied by varyìng Vt/Ti or by varying Ti at

a relatively constant mean inspiratory f1ow. If tidal volume varied

mainly by varying Ti, then Vt and Ti should correlate we11, and this

is indeed the case. Vt/Ti also should not vary much anditdoe-s not.

Ti is less variable than Vt/Ti, but not by much in either group.

l{owever, Ti should correlate well with úe, but it does not. If Vt

varied by varyingVt/Tt at a relatively constant Ti, then Ti should

vary less thanVt/Ti. This is the case, for CAO subjects, but notfor

age matched controls. The variability in Ti is slightly greater than

the variability of YilTi in controls but there is no signíficant dif-
ference in variability of Vt/Ti between colltTols and CAO sr-rbj ects. As

we11, Vt/'li shoulcl correlate ivell with V" 
"n.1 

it does in both groups.

Therefore, it;rppears that Vt is varied mainly by varyingVt/Tt at a
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relatively constallt Ti in both CAO and normal subjects.

N{echanical loading as occurs in CAO subjects sl-iould tighten

tire correlation betlveen Vt and Ti. This has been clemonstratecl in re-

sistive loaded breathing in young normals (1v1. Younes et al, unpublished

observations, Daubenspeck 1981). Holvever, the correlation betrveen Vt

and Ti is the sanie in both cAO subjects and normals. This suggests

that the CAO group hacl a poorer correlation between neural Ti and the

arnplitr,rde of neural output (vt) than did normals. This might be con-

strued as an increase in neural variabilitl. in CAO subjects, but this ís
not the case. Neltral Vt and neilral Ti do not have to be more variable,

they sinply do not correlate as well in CAO patients. Inc1eec1, it has

been demonstratecl that nenral variation is unchanged during mechanical

loacling of ventilation (M. Younes, urpublishecl observations). Ttappears

as if neltral output was less variable in the CAO subjects as Ti, Ti/Ttot
ancl Ve are significantly less variable in this group.

Davis et al (1975) reported a much more significant positive

correlation between Ti and Te than we found. Tn ract, in seven of
twenty subjects we found no correlation between Ti and Te and in five
more subjects tire correlation was < r 0.20. The strongest correlation

betlveen Ti and Te was found in the rebreathing experinents of Clark a.n<1

Von Euler (7972). Davis et al (1975) suggested that the clependence of Te

on Ti is not a-s evident in steady state breathing. Our reslrlts support

this latter vierv,

lVe were unable to find n-t, .*t"lation betrveen disease severity

as assessed by FWt.o zrnd breathing pattern in the cAO subjects. In

contrast Sorli et al (1978) found a sign"rlfi.cant correlation beûveen

FWr.g and Tt/Ttot (p < 0.05). I,\re did not exanine patients with res-

piratory failure rvhích may account for trris diffeïerìce.
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It has been proposed that the Ti/Ttot ratio is a reflection of

the neural tjming mechanisms (lt{i1ic Lhìili ancl Grunstein 1976) . Flowever

there is a problem in using Ti/Ttot to assess alterations j-n tining.

Ttot is affected by alterations in Te which appears to be most ímpoltant

in regulating frequency (Gardner,1977) but lvhich also affects the Ti/Ttot

ratio. For example, in our study where Ti and Te are both significantly

shortened in CAo subjects , Ti/Ttot is unchanged comparecl to Ti/Ttot in
old normals, and yet significant alterations have occurred in inspiratory

ti-rning. The same Vt is achieved with a shorter Ti, and therefore, a

higher mean inspiratory flor,v. The shorter and less varíable Ti ín CAO

subjects suggests a resetting of the neural inspiratory timing mechanisnr

sucl'r that inspiration is more fixed in this group. Although Ti/Ttot is
also less variable in cAO subjects it appears to be a less sensitive

index of tìming mechanisms than is Ti. such a clecreased Ti has only

been fourd in normals rn¡hen Vt was increased beyond 2-s times normal in

chemostinulated breathing and it r^/as suggested that this effect was due

to increased vagal volune related feedback which lrws only believed to be

effective at these high volunes, (Clark and Von Euler lgTZ). This

might suggest that the increased lung volumes present ín CAO subjects at

rest nay provicie the same increased vagal volune feeclback and result in a

shortened Ti during resting breathing in these subjects. Hor\rever, vagal

influences on ventilation have been shown to be decreased in patients with

CAO (Polacheck et a1, 1980), so that .this is an unlil<ely explanation for

the shortened 'Ii.

The alterations in breathing pattern could also be due to hyper-

inflation of the 1u-rgs in patients with CAO. I'lorvever, the findìngs of

previous authors in hlperinflation experinents with normal subjects do

not suppor:t this view. Grassino et al (1973) found no change in vt or f
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tvhen encl expiratory hu-rg volumes were increasecl in normal subjects in

a body plethysmograph. Bishop and Ilirsch (1978) incluced hyperventilation

in young normals with positive pressure breathing and found that Te

shortened, ffid that Vt, Vt/Tt und ü" increased, but Ti remaínec1 urchanged

from control. Therefore, although hlperinflation induces changes in

breathing pattern the findings are not consistent witir the pattern changes

we observecl in CAO subj ects.

Another explanation for the shortening of Ti found in patÍents

with CAO may be the fact that these patients do not expire to passive FRC

It has been shown (l,f.Younes et a1, unpulrlished observations),thatmechanical

Ti is shortened rvhen normal subjects begin inspiration at volrrnes as sma1l

as t 200 cc above passive FRC. Theynaintain\¡t by increasing Vt/Ti. CAO

subjects in this study have shorter Ti's and increased Vt/Ti's compared to

controls. It is possible that they do not exploretopassive FRC during

resting breathing and that this accounts for the shortening inmechanical

Ti that we for.rnd. This explanation for decreased Ti in CAO subjects re-

^--i..^^ f----L1- --- i,-- ra ,i | ' 1Llui-r es ruI. Llter' l.ilve5 LfgaLÌolt IO GetL-Ilnl-ne 1IS va1].o.].ly.

ItJe have rfemonstratecl that breathing pattern in CAO and in normals

chairges when subjects breathe on a mouthpiece, and that the nechanism of

increased Vt observed appears to be different between the groups. X,louth-

piece effects on breathing may not be as non-specific as h/as previously

thought. The changes in breathing pattern in CAO subjects did not

correlate with severity of disease assessed by FEV'.O. Furthermore,

breathing patterns are less variable.in CAO subjects. Thc alterations in

pattern probably are not erplicable purely on the grouncis of mechanical

loading or ircreased drive in these subjccts. As mechanical loading ancl

the resulting increased inspiratory drlve in CAO sr-rbjects does not entirely

explain breathing pattern changes, it appears that neural adjusûlents in

breathíng control occur and that these adjustnents appear to be in excess

of the demands imposecl by CAO.
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APPENDIX I

Verification of Vol-me li{easurernents

As the volume used to calibrate the RC and AßD signals rvas d.erived

fron integrating a flol signal (Figure 1), it was necessary to verify
the accuracy of the pneunotachygraph and the accuracy of the computer

calculations.

Volume

Flow

Figure 1: The pnermotachygraph measured f1orv. The dotteclline represeirts the baseline (zero flolv) . TIle area uncler
the flolv curve (Ìratched area) is equal to voh,me" The hatched
area above the baseline is inspiration and below the baselineis expiration. The volune sigiral is superlmposed over the
florv signal for one respiratoiy cyc1e.

1. Determination of Baseline

Baseljne stabilìty rvas irnportant as drift in the florv signal rvoulcl

be integrated as volume. A digital voltmeter lvas usecl to neasure the

voltage at zet:o pressure recorclecl from the va1icl1ne pressure transclucer.
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A small ¿unount of noise representecl by a voltage (.01 - .02 nv) was

present at ze-ro florv. To prevent this noise frorn being integrated,

the conputer sampled the voltage recordecl b,v the va1id1'ne pressure

transducer during three 10 second peri ods rvhen there h¡as no f 1ow

through the pneurnotachygraph. The naximun positive, maxinum negative

and average voltage seen during these periods was measured. The

average "noise" voltage for these three blocks was stored and only

sígnals greater than this backgror-rrd were subseqnently integrated.

2. Since detemínation of volune required the measurernent of area

under a florv curve, lve tested the cornputer system to ensure that it
cor-rld measllre area under conditions that ive could verify manual1y. A

function generator (rnterstate Electronics corp FS3) was used to pro-

duce a square wave signal to simulate a fixed florv rate. The area

turder the sqr-rare wave (volune), and the frequency were varied. The

actual area under the flou¡ curve as measured from the polygraph record,

was compared to the computer calculated area. Frequency of the signal

was cletermined fron thepolygraph. Five measurements were made at each

frequency. The relationship was found to be linear over a wide range

of volumes and frequencies, (Figure 2).

3. Once a calibration factor (cornputer units/unit florv) was obtained,

the stability of this factor l{as testecl.

The voltage/volune relationship for the pneunotachygraph output

was calíbrated against a volume delivered by a syringe (Hewlett Packard,

mod,el 742788). This allorved calibration using a volume comparable to

the subjects resting tidal volume. A series of these volures were de-

livered through the pneunotachygraph at varjons flolrrs and the computer

calculated volunes were displayecl on the console. The average of 3
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Figure 2: The conputer calculated area is on the ordinate
ancl the actual area calculated from the polygraph record
is on the abscissa. Each group of points represents 5
tneasurernents at frequencies (Resp.Rate) varying from B4/min
to 7.9/mtn.

measurements was useci as the calibration factor. -t-t has been previor,rsll'

demonstrated that the computer accurately calculated. volune over a rvjcle

range of frequencies and volunes. Using a s¡-ringe to deliver volume

accurately, 5 neasurernents were nade at 0.5, 1.0, 1.5 and 2.0 litre
intervals at varying florv rates. The results are includecl in Figure 3.

4, Using this calibration factor, the computer rvas then tested to

determine its accuracy in measuring volune. A calibrating syringe was

usecl to cleliver volumes betrveen 0.1 L'and 2.0 L at varying florv rates

through the pneutrotachygraph. Five measurernents rr¡ere made at each

voll¡ne ancl con4rarecl to the computel calculatcd volune. The relationshìp

rvas linear over the entire range ivhjch exceeds rvliat rvould be expected jn

sub-iects cluring quiet respiration (Figure 4).
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Figure 3: The computer calculated calibration factor(units/1itre)- is on the ordinate, and the actual volune
delivered through the pneunotachygraph with a calibrating
syringe in litres is on the abscissa-. Each group of opeñ
-circfes represents five neasurenents. A regiession liire
has been drawn through the points.

5. The measurernents described in Figure 4 rvere macle at ATpS an¿

were subsequently converted to BpTS conditions.
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