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Lung function, breathing pattern, and gas

exchange in interstitial lung disease
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Abstract
Background The aim of this study was
to determine the relation between the
severity of abnormalities in ventilatory
function tests and tidal breathing pattern
and gas exchange indices in interstitial
lung disease.
Methods Pulmonary function, ventila-
tion, carbon dioxide production, oxygen
consumption, arterial blood gas tensions,
and pH were measured during resting
steady state conditions in 60 patients with
proved interstitial lung disease. Patients
were categorised by forced vital capacity
(FVC) (percentage ofpredicted values) as
having a mild, moderate, or severe res-
trictive defect with means (SD) of 71%
(4%), 57% (4%), and 41% (7%) of predic-
ted values, respectively.
Results FVC varied from 29% to 79% of
predicted values and from 0 99 1 to 4-32 1.
The two measurements ofFVC correlated
strongly with most static lung volumes
and with transfer factor for carbon mon-
oxide. Mean respiratory rates (per min-
ute) and tidal volumes (ml) were 17 (4)
and 484 (131), 20 (4) and 460 (139), and 23
(5) and 377 (109) in mild, moderate, and
severe restrictive defects, respectively.
FVC correlated negatively with res-
piratory rate and positively with tidal
volume. Arterial carbon dioxide tension
ranged from 30 to 49 mm Hg; only two
patients were hypercapnic. Mean arterial
oxygen tensions were not significantly
different among the three groups, and
there were no significant correlations bet-
ween forced expiratory volume in one
second or FVC and arterial carbon diox-
ide tension or carbon dioxide production.
Conclusion Low values of FVC were
associated with increased respiratory
rate and decreased tidal volume; this
pattern of breathing mimics external
elastic loading, suggesting that mech-
anoreceptors may contribute to the rapid
and shallow pattern ofbreathing in inter-
stitial lung disease. Hypercapnia seems to
be rare in interstitial lung disease even
when functional impairment is severe
and tidal volume is small. The increased
respiratory rate is important in main-
taining adequate ventilation. In the face
ofa severe restrictive defect carbon diox-
ide production did not increase, which
also contributed to the maintenance of
eucapnia.

The relation between lung function test values,
breathing pattern, and gas exchange has been
studied in patients with chronic obstructive
lung disease. Carbon dioxide retention in these
patients is usually associated with a forced
expiratory volume in one second (FEVy) of less
than 1 0 litrelA, and the same is true in
asthma.7
The pattern of breathing may contribute to

carbon dioxide retention. Hypercapnic
patients with chronic obstructive lung disease
breathe faster and more shallowly than eucap-
nic patients,4 8causing an increase in the ratio of
dead space to tidal volume (VD/VT) and in dead
space ventilation (VD) with a decrease in
alveolar ventilation (VA); this results in hyper-
capnia.
Few studies have examined the pattern of

breathing in diffuse interstitial lung disease."'
Although it is commonly believed that patients
with interstitial lung disease breathe more
rapidly and shallowly than normal subjects,
previous studies have reported considerable
variation in both breathing frequency and tidal
volume. In the original study ofLourenco et al,
for example, the respiratory rate varied from 13
to 40 breaths/min, and tidal volume from 306 to
612 ml.9 In a more recent study Renzi et al
showed that changes in respiratory rate and
tidal volume were related to stiffness (elas-
tance) of the lungs in 12 patients with inter-
stitial lung disease and suggested that varia-
tions in breathing pattern were probably
related to differences in the severity of the
disease. 3

The main aim of this study was to determine
the relation between the pattern of breathing
and gas exchange during steady state breathing
at rest and ventilatory lung function in a large
group of carefully selected patients with proved
interstitial lung disease.

Methods
We reviewed the results ofpulmonary function
tests in patients with a restrictive lung defect
(forced vital capacity <80% predicted) and an
established diagnosis of interstitial lung dis-
ease. The patients were referred for diagnosis
and treatment of interstitial lung disease. The
diagnosis was made by open lung biopsy or
from the presence of specific historical findings
such as occupational exposure. Methods of
diagnosis have been reported in detail.'4 15
We excluded all patients with (a) a ratio of

FEV, to forced vital capacity (FVC) of < 75%;
(b) neuromuscular disorders; (c) kypho-
scoliosis, (d) pulmonary emboli; (e) lung car-
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cinoma; (f) acute respiratory alkalosis or

metabolic acidosis or alkalosis'6'7; and (g)
obesity. Obesity was defined as a body mass

index (body weight (kg)/(height(m))2) greater
than 27-8 and 27-3 in men and women, respec-

tively.'8 Finally, the respiratory exchange ratio
had to be 0-83 (0.05).

MEASUREMENT OF LUNG FUNCTION
The technical details, methods of analysis,
precautions, and calibrations used in our

laboratory have been outlined previously.'9
Spirometric measurements were obtained

with a Stead-Wells spirometer while the
patient was seated. Functional residual
capacity (FRC) was measured by helium
equilibration, and residual volume (RV) and
total lung capacity (TLC) were calculated.
The single breath carbon monoxide transfer

factor (TLCO) was measured as described.20
Ventilation and arterial blood gas tensions and
pH were determined with the patient supine
and comfortable. An arterial cannula was

placed in the radial or brachial artery. The
patient then breathed through a mouthpiece
connected to a two way valve (Hans-Rudolf,
Kansas City, Missouri) into a Douglas bag.
The respiratory rate and tidal carbon dioxide
tension were monitored with an infrared
analyser or a mass spectrometer (1100 Medical
Gas Analyzer, Perkin Elmer, Pomona, Califor-
nia). When end tidal carbon dioxide was stable,
after an initial wash out, expired air was

collected for two minutes. The volume of
expired air was determined in a Tissot
spirometer and oxygen and carbon dioxide
concentrations in expired air by a mass spec-

trometer. An arterial blood sample was

obtained for determination of arterial blood gas

tensions and pH. A calculator was used to
calculate plasma bicarbonate concentration
(Severinghaus Calculator, Radiometer,
Copenhagen).
From these measurements, minute ventila-

tion (VE), respiratory rate, tidal volume, dead
space (VD), alveolar ventilation (VA), oxygen
consumption (Vo2), carbon dioxide production
(Vco2), and respiratory exchange ratio were
calculated.
Normal values for the spirometric data were

taken from Kory et al,2 and regression equa-
tions for TLCO from Gaensler and Smith.20

ANALYSIS
Patients were divided into three groups on the
basis of the FVC representing mild, moderate,
and severe restrictive defect: 79% to >65%,
65% to > 50%, and < 50% ofpredicted values,
respectively. The groups were compared by
analysis of variance and multiple t tests adjus-
ted by the Bonferroni method. Patients with

moderate (group 2) and severe (group 3) res-
trictive defects were compared with those hav-
ing a mild restrictive defect (group 1) (two
comparisons), and p < 0-025 was considered to
be significant. Data are presented as means
with standard deviations in parentheses.
We also determined Pearson linear correla-

tions for certain variables and then considered a
p value below 0-05 to be significant. The SAS
computer software of the University of Cincin-
nati was used for the calculations.

Results
Sixty patients met the criteria, with 27, 18, and
15 in groups 1, 2, and 3, respectively. The
major diagnoses were idiopathic pulmonary
fibrosis (25 patients), sarcoidosis (11), asbes-
tosis (eight), collagen vascular disease (six),
berylliosis and silicosis (three), and chronic
eosinophilic pneumonia and eosinophilic
granuloma (four). The distribution of disease
was similar among the three groups.
Morphometric data are shown in table 1.

Although mean values for height, weight, and
body surface area were lower in group 3 than in
groups 1 and 2 the differences were not sig-
nificant.
FVC ranged from 79% to 29% of predicted

values. There were significant differences in
most spirometric and lung volume
measurements between the groups (table 2).
FVC, FEV,, and TLC were significantly lower
in groups 2 and 3 when compared with group 1

whether expressed as percentages of predicted
values or as absolute values (table 2). The only
measurements that did not differ significantly
between the three groups were small differen-
ces in residual volume (RV) (and RV percen-
tages of predicted values) and FEV, to FVC
ratio.
Although arterial carbon dioxide tension

(Paco2) varied from 30 mm Hg (4 0 kPa) to
49 mm Hg (6-5 kPa) in individual patients,
mean values of Paco2 (table 3) did not differ
between the three groups. Mean values for
carbon dioxide production and oxygen con-

sumption (per surface area) also did not differ
significantly in the three groups (table 3).
Although minute and alveolar ventilation

(per surface area) did not differ between the
three groups (table 3), breathing pattern varied
considerably with a significant and progressive
rise in respiratory rate and a progressive fall in
tidal volume.

CORRELATIONS BETWEEN VARIABLES

FVC correlated significantly with other lung
volumes, the highest correlation occurring with
inspiratory capacity and TLC, and the lowest
with RV (table 4). Similar correlations were

Table I Demographic data on three groups ofpatients with interstitial lung diseases categorised according to
percentage ofpredictedforced vital capacity. Values are means (SD)

Age (years) Height (cm) Weight (kg) BSA (m2) BMI (kg/M2)

Group 1 (n = 27) 46-2 (17-2) 170 9 (11-2) 70 0 (13-4) 1 81 (0 22) 23-9 (3-9)
Group2(n = 18) 47-2(17-1) 167-1 (9-9) 65-1(10-5) 173(018) 232(25)
Group 3 (n = 15) 39-7 (17 0) 165-4 (10-0) 59-7 (13-0) 1-65 (0 21) 21 7 (3-0)

BSA = body surface area; BMI = body mass index.
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Table 2 Mean (SD) lung volumes in three groups ofpatients with interstitial lung
diseases categorised according to percentage ofpredictedforced vital capacity

Group I Group 2 Group 3
Lung volume (n = 27) (n =18) (n = 15)

Fv litres 2-88 (0-76) 2-17 (0-53)* 1-54 (0-32)*
% predicted 71 (4) 57 (5)* 41 (7)*

FEV Jl/s 2-42 (0-68) 1-82 (042)* 1-35 (031)*
' % predicted 73 (8) 59 (8)* 41 (7)*

FEV,/FVC (%) 84 (6) 84 (5) 87 (9)
TLC litres 4-31 (1-01) 3-38 (0-86)* 2-54 (0-39)*T % predicted 91 (11) 74 (13)* 57 (12)*
FRC (1) 2-18 (0-60) 1-86 (0-53) 1-48 (039)*
RV litres 1-30 (0-44) 1-17 (0-41) 0-96 (0 40)

V\%predicted 108 (31) 103 (43) 88 (36)
IC (1) 2-12 (0-69) 1-52 (059)* 1-06 (0.34)*
RV/TLC (%) 31 (9) 35 (10) 38 (12)

*p 0-025 v group 1.
FVC = forced vital capacity; TLC = total lung capacity; FRC = functional residual
capacity; RV = residual volume; IC = inspiratory capacity.

Table 3 Mean (SD) gas exchange and ventilation values in three groups ofpatients
with interstitial lung diseases categorised according to percentage ofpredictedforced
vital capacity

Group I Group 2 Group 3

Pao2 (mm Hg) 76 (12) 71 (14) 74 (17)
Paco2(mm Hg) 37 (4) 36 (3) 39 (5)
[H+] (nEq/l) 39-0 (2-4) 37-6 (1-8) 38-0 (2-0)
LHC03-] (mEq/l) 23 (2) 24 (2) 25 (3)
Vo /BSA (ml/minIm') 135 (17) 147 (28) 142 (21)
Vo2/BSA (ml/min/m') 109 (14) 120 (24) 115 (21)
RER 0-81 (0-03) 0-82 (0-04) 0-81 (0-04)
TC (ml/min/mmHg) 17 (7) 14 (7) 12 (6)
LCO(% predicted) 64 (20) 54 (26) 49 (34)*

RR (min) 17 (4) 20 (4)** 23 (5)***
VT (ml) 484 (131) 460 (139) 377 (109)***
VD (ml/kg) 2-4 (1-1) 2-7 (1-2) 2-7 (0-8)
VD/VT (%) 34 (12) 37 (10) 42 (7)
VE/BSA (1/min/m2) 4-4 (0-8) 5-2 (1-5) 5-1 (0 9)
VA/BSA (1/min/m2) 2-8 (0-3) 3-2 (0 4) 3-0 (0-4)

*p < 0-025;** p ( 0-017;*** p : 0-01 (all v group 1).
BSA = body surface area; Vo2 = oxygen consumption; VCo2 = carbon dioxide
production; TLCO = transfer factor for carbon monoxide; RER = respiratory exchange
ratio; VE = minute ventilation; VA = alveolar ventilation. Vo2, Vco2, and TLCO are at
STPD. Ventilatory values are at BTPS.
Conversion to SI unit: 1 mm Hg - 0-133 kPa.

found between FVC as a percentage of predic-
ted values and other predicted values (data not
shown).
Both FVC and FVC % predicted correlated

with respiratory rate and tidal volume (figures 1
and 2).
The correlations between both Paco2 and

Pao2 and other variables are summarised in
table 5. In addition, there were no significant
correlations between Paco2 and VD, VD/VT
ratio, body weight, FEVI, FEV1 % predicted,
FVC, and FVC % predicted. However, Pao2
correlated significantly with FVC (r = 0-28,
p = 0-035) and TLCO (r = 0-39, p = 0-003).
There was no correlation between Vo2 and

Vco2 (or Vo2 and Vco2 in relation to body
surface area) and FEV, FVC, FEVI/FVC
ratio, RV/TLC ratio, or their respective
predicted values.

Discussion
To obtain reliable measures of the pattern of
breathing, ventilation, and arterial blood gas

tensions in patients with pulmonary disease,
steady state criteria must be met.4 Applying a

noseclip and mouthpiece22 and sampling
arterial blood may change the pattern of
breathing. In our study several precautions
were taken to ensure the presence of a steady
state. Measurements ofventilation were started
only after the patient had already breathed for
several minutes through the mouthpiece and
shown stable end tidal carbon dioxide concen-

trations. Normal values of respiratory
exchange ratio were required. Arterial blood
was obtained through an indwelling cannula,
and the strong linear correlation (r = 0-85)
between Paco, and bicarbonate concentration
with a slope of 0-58 indicates that changes in
Paco2 were long term.
We studied 60 patients, 11 of whom had a

severe restrictive defect with an FVC below
1-5 1. Among these 60 patients two had a high
Paco2 of 44 mm Hg (5-9 kPa), one had
45 mm Hg (6-0 kPa) and one 49 mm Hg
(6-5 kPa). Chronic hypercapnia therefore
seems to be rare in ambulatory patients with
interstitial lung disease. Severe V/0 mismatch
impairs carbon dioxide elimination,2324 but our
patients were generally capable of increasing
their minute ventilation and, hence, alveolar
ventilation, to prevent hypercapnia. In addi-
tion, Vco2 (table 2), another determinant of
Paco2, remained relatively constant even in
patients with marked impairment of FVC.

Several factos probably help to maintain VE
and VA in these patients. One factor, not looked
at in this study, is the low to mid position of the
chest wall in patients with a low FVC. This
position places the inspiratory muscles at a
mechanical advantage. Two factors identified
in this study were the low values of Pao2 and
high respiratory rate. We found a significant
negative correlation between Pao2 and minute
ventilation (table 5), perhaps suggesting that
hypoxaemia may augment resting ventilation
in patients with more severe interstitial lung
disease. A major factor, however, contributing
to maintenance of ventilation was the increase
in respiratory rate.
Our results show that in interstitial lung

disease breathing pattern changes, lower values
of FVC being associated with an increased
respiratory rate and decreased tidal volume.
Previous studies have reported considerable
variation in respiratory rate and tidal volume in
patients with interstitial lung disease, though
the number of patients was usually small and
the variation reported is probably related to the
differences in severity of restriction between
studies. In our study respiratory rate varied

Table 4 Pearson correlations offorced vital capacity versus other lungfunction values in interstitial lung disease

FEV, FEVJ/FVC TLC RV RV/TLC IC ERV FRC TLCO

r 0-98 -0-2 0-90 0-26 -0-52 0-89 0-53 0-58 0-52
p 0-0001 0-2 0-0001 0-04 0-0001 0-0001 0-0001 0-0001 0-0001

ERV = expiratory reserve volume; TLCO = single breath transfer factor for carbon monoxide; other abbreviations as in table 3.
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Table S Pearson correlations of Pacoo2 and Pao2 versus results of ventilatory and gas exchange tests in interstitial lung disease

VEIBSA VAIBSA RR VT VCO2/BSA [HCO3; [H+ ] TLCO
(I/minIm2) (l/minIm2) (min) (ml) (l/minIm2) (mEq/l) (nEq/l) (ml/min/mmHg)

Paco2
r -0-2 -0-29 -0-2 01 0-2 0-85 01 0-1
p 0-1 0-02 0-2 0-4 0-2 0 0001 0-4 0-2

Pao2
r -0-41 -0-1 -0-04 -0-27 -0-2 -0 1 0-01 0-39
p 0-001 0-4 0-74 0 04 0-2 0-3 0 9 0-003

VE = minute ventilation; VA = alveolar ventilation; BSA = body surface area; RR = respiratory rate; VT = tidal volume; TLCO = single breath
transfer factor for carbon monoxide; Vco2 = carbon dioxide.

from eight to 33 per minute and tidal volume
from 214 to 829 ml in individual subjects and
were often normal in patients with minimally
abnormal FVC values (group 1). When rapid
and shallow breathing is clinically obvious the
patients characteristically have severe mechan-
ical impairment.
The mechanisms mediating the rapid and

shallow breathing in interstitial lung disease

x Group 1
+ Group 2
* Group 3

* ~~~~~~~~x

+~~~~~~~~~~~e x*
* ~~~~~~~~~~x
+*~~~~~~x

+ ~ ~~~x * + ~~+ x
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Figure 2 Linear regression betweenforced vital capacity and t;

have been reviewed by several authors."'
They include the mechanical effects of
increased lung elastance, perceived as increas-
ing load by mechanoreceptors, and stimulation
of intrapulmonary receptors-for example,
rapidly adapting and J receptors.

External elastic loading of the respiratory
system (breathing from a rigid chamber) has
been used to study the role of mechanorecep-
tors in determining the pattern of breathing.
External elastic loading is thought to represent
the mechanical analogue of diffuse interstitial
lung disease (internal elastic loading). Several
studies have shown that normal subjects
breathe shallowly and rapidly in response to an
external load and that respiratory rate increases
progressively and tidal volume falls as the
magnitude of the external elastic load
increases.2"" Our results show similar
differences in the pattern of breathing in rela-
tion to lower values of FVC, which are consis-
tent with those of studies on external elastic
load.

x Intrinsic elastic loading does not seem to
account fully for the pattern ofbreathing in our
patients. Despite a significant correlation bet-

x ween FVC and respiratory rate and tidal
volume, the results show a considerable scatter.
Several factors, such as stimulation of both

3-5 4-0 4-5 mechanoreceptors and other intrapulmonary
receptors,2528 may have contributed to the

,) and respiratory rate pattern of breathing we observed. Intrapul-

monary receptors may be stimulated by inflam-
matory mediators29'6 released from cells which
accumulate in the lung parenchyma of patients
with interstitial lung disease,34 and studies by
Guz et al in humans27 28 and by Phillipson et al
in dogs35 indicate that stimulation of these
receptors contributes to tachypnoea.

x Irrespective of the mechanisms involved, in
the face of severe interstitial lung disease a
raised respiratory rate is important in main-

xx taining adequate ventilation because tidal
volume is small and gas exchange impaired.

x This pattern of breathing is appropriate to the
xx mechanical properties ofthe respiratory system

m interstitial lung disease.'6 It enables patients
to maintain ventilation with a smaller ins-
piratory muscle force and less mechanical work
per breath,'6 which should minimise the work
of breathing. Mean values of Vco2 and Vo2 in
relation to body surface area did not differ in
our three groups of patients. Indices of
metabolic rate did not correlate with ven-

3 5 4 0 4 5 tilatory impairment in contrast to the findings
in patients with chronic obstructive lung dis-

idalvolume (VT). ease.'7 In normal subjects the increase in
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oxygen consumption caused by an added in-
spiratory external elastic load is less than that
seen with a resistive load,38 an effect attributed
to preferential recruitment of faster and less
efficient muscle fibres during breathing with a
resistive load.
From our results in 60 patients with inter-

stitial lung disease we draw several con-
clusions. With respect to gas exchange, FVC
correlates with impairment in TLCO more
strongly than with hypoxaemia. Changes in
Paco2 do not relate to severity of impairment of
any spirometric values-for example, FEV1 or
FVC in absolute terms or as percentage of
predicted values. Low values of FVC are
associated with higher respiratory rates and
lower tidal volumes; in the face of severe
impairment in gas exchange, changes in res-
piratory rate are important for maintaining
adequate ventilation and eucapnia. This pat-
tern of breathing minimises the work of breath-
ing, and carbon dioxide production and oxygen
consumption remain relatively constant even
when mechanical impairment is severe. The
lack of a rise in carbon dioxide production in
the face of increasing functional impairment
(increasing mechanical and gas exchange
defects) is important in preventing the
development of hypercapnia in interstitial lung
disease.
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her excellent secretarial help, Mr Robert J
Mohrman for his careful review of the manu-
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