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A number of prospective population studies have found
higher risk of cardiovascular mortality [1–3] and myocar-
dial infarction [1, 4] among individuals with lower levels
of baseline ventilatory function. Although several poten-
tial mechanisms have been proposed [5] this increased risk
remains largely unexplained.

Pulmonary impairment is known to occur in both in-
sulin-dependent diabetes mellitus (IDDM) [6, 7] and non-
insulin-dependent diabetes mellitus (NIDDM) [8]. Glucose
intolerance is a major risk factor for the development of
NIDDM. Several reports have suggested that glucose in-
tolerance is also associated with impaired ventilatory func-
tion [9–11]. In nondiabetic subjects, an inverse relation-
ship between fasting plasma glucose and both forced vital
capacity (FVC) and forced expiratory volume in one sec-
ond (FEV1) was reported among males from the Rancho
Bernardo cohort, but not among females [12].

The fundamental pathophysiological mechanism which
is generally thought to precede the development of detect-
able glucose intolerance is resistance to the glucose regu-
latory actions of insulin (insulin resistance) [13, 14]. In the
early stages of the natural history of NIDDM, elevated
insulin levels may enable essentially normal glucose toler-
ance to be maintained. Eventually, glucose intolerance and
NIDDM are thought to supervene as diminished insulin

secretory capacity arises because of failure of the insulin-
producing cells of the pancreas [14, 15]. Thus, elevated in-
sulin levels among apparently healthy subjects are a marker
of insulin resistance [16] and may indicate increased risk
for the development of glucose intolerance and NIDDM.

Substantially increased risk of incident coronary heart
disease has been observed among males with higher serum
insulin levels [17] and the association of cardiovascular
disease risk with insulin-resistant states, including glucose
intolerance and NIDDM [18], raises the possibility that
insulin resistance might be one of the mechanisms under-
lying the prospective relationship between baseline venti-
latory function and cardiovascular risk. Evidence of an
inverse association between ventilatory function and insu-
lin levels in nondiabetic subjects would support this hypo-
thesis. To date, there have been relatively few published
data on the relationship between ventilatory function and
measures of either insulin or insulin resistance in nondia-
betic subjects.

The purpose of this report was to examine the relation-
ship between indirect measures of insulin resistance and
ventilatory function in cross-sectional data from a relativ-
ely large group of nondiabetic males. It was hypothesized
that higher levels of insulin and insulin resistance might
be associated with decreased ventilatory function.
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ABSTRACT: Lower levels of baseline ventilatory function have consistently been
associated with increased risk of cardiovascular mortality in prospective studies, but
the underlying mechanisms are not known. Increased risk of coronary heart disease
is associated with higher serum insulin levels. This report examines the relationship
between ventilatory function and indirect measures of insulin resistance.

Cross-sectional data from 922 nondiabetic participants in the Normative Aging
Study were analysed using multiple linear regression models with adjustment for
potential confounders. Forced vital capacity (FVC) and forced expiratory volume in
one second (FEV1) were examined in relation to indicators of insulin resistance, i.e.
fasting insulin and the fasting insulin resistance index (FIRI). Diabetics were ex-
cluded because impaired insulin secretion interferes with the validity of these as
measures of insulin resistance.

Fasting insulin and FIRI were negatively correlated with FVC and FEV1 (all p<
0.001). These associations persisted after adjusting for potential confounders includ-
ing age, height, body mass index, waist to hip circumference ratio, physical activity,
alcohol intake and smoking in separate multiple linear regression models, for both
insulin (all pð0.0008) and FIRI (all pð0.0001).

Negative cross-sectional associations between ventilatory function and indirect
measures of insulin resistance were found in nondiabetic males. Insulin resistance
may contribute to the previously unexplained association between ventilatory func-
tion impairment and cardiovascular mortality. Mechanisms underlying the relation-
ship between insulin resistance and decreased ventilatory function remain to be
elucidated.
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Methods

Subjects and measurements

The Normative Aging Study (NAS) is an ongoing lon-
gitudinal study established by the United States Veterans
Administration in 1961, which has been described in de-
tail previously [19]. Volunteers were screened according
to specific clinical, laboratory, spirometric, radiological, el-
ectrocardiographic and medical history criteria [19] at en-
rolment into the study cohort, which comprised 2,280
healthy community-dwelling males from the Boston area,
aged 21–80 yrs at entry.

Anthropometry was performed in accordance with the
study protocol. Measurements were taken with the subject
standing erect with feet together, clothed in undershorts
and socks only. Weight in pounds was measured on a beam
balance and converted into kilograms. Stature in metres
was measured against a wall chart. Body mass index (BMI)
[20] was calculated as the weight in kilograms divided by
the square of the height in metres (kg·m-2). The circumfer-
ences of the waist and hips were measured with a cloth
tape measure and the ratio of waist circumference to hip
circumference, or waist/hip ratio (WHR), was used as a
measure of a central pattern of fat distribution. An esti-
mate of usual physical activity level was made using a
self-completed questionnaire [21]. Average daily alcohol
intake was estimated from a semiquantitative food frequ-
ency questionnaire [22, 23].

Subjects performed spirometry in the standing position,
wearing noseclips. A water-filled survey spirometer (Col-
lins 8-L; Warren E. Collins, Braintree, MA, USA) was
used in accordance with published American Thoracic
Society (ATS) guidelines [24]. FVC (L) and FEV1 (L),
corrected to body temperature and pressure saturated with
water vap-our (BTPS), were calculated by a microproces-
sor (Eagle II; Warren E. Collins) attached to the spirome-
ter. Detailed records of smoking history were recorded at
each pulmonary function testing visit.

Subjects fasted overnight before their examination. Fast-
ing blood samples were drawn and a glucose challenge of
100 g was administered orally. There is little difference
in the results obtained by using a 100 g glucose load
compared with the now more widely used 75 g [25]. Two
hours later, postglucose challenge (PC) blood samples were
drawn. For a limited period (from February 1987 until
July 1991), insulin levels from fasting and PC blood sam-
ples were measured in addition to fasting and PC glucose.
The blood insulin data from this limited period form the
basis of this report and only subjects who were examined
during this period were able to contribute data for ana-
lysis. Insulin was measured using a solid-phase 125I radio-
immunoassay (Coat-A-Count Insulin 1987; Diagnostic
Products Corporation, Los Angeles, CA, USA). The inte-
rassay and intra-assay coefficients of variation were 5–7%
and 3–5%, respectively.

The fasting insulin resistance index (FIRI) was used as
an indirect measure of insulin resistance [26] and was cal-
culated as the product of the fasting insulin level and the
fasting glucose level. As recommended [26], it was nor-
malized to a mean value of 1.0 by dividing by the product
of the mean fasting insulin and fasting glucose values for
the nondiabetic subjects (425.5).

Exclusions

A total of 1,223 ongoing NAS participants were exami-
ned during the period when blood insulin was being meas-
ured. Any second or subsequent record where a subject
was examined more than once within the period was igno-
red. Of the subjects with insulin measurements available,
77 were excluded on the basis of a physician's diagnosis
of diabetes mellitus in the past (of whom 34 were taking
antidiabetic medication) and an additional 67 were exclu-
ded because they satisfied World Health Organization
(WHO) criteria for diabetes mellitus (PC glucose >11.1
mmol·L-1 or fasting glucose >7.77 mmol·L-1) on one or
more occasions at or before the visit when insulin was
measured. An additional 157 subjects had missing values
for one or more of the measurements needed, leaving a
total of 922 nondiabetic subjects with suitable data availa-
ble for the analysis.

Diabetic subjects were excluded because their insulin
and glucose levels may have been influenced by treatment
for their disease and because the indirect measures of in-
sulin resistance available for this study are unreliable am-
ong diabetics, whose insulin secretory capacity may be
impaired [16, 27].

Analysis

Spearman rank correlation coefficients were estimated
between the study variables and potential confounders in-
cluding age, BMI, WHR, lifetime total cigarette consump-
tion (pack-yrs), usual physical activity and alcohol intake.
Normal probability plots showed that the skewed distribu-
tions of FIRI and fasting insulin values were improved by
a logarithmic transformation, so this was used in all para-
metric analyses.

Analysis of variance (ANOVA) was used to test for dif-
ferences in continuous variables between fasting insulin
tertile categories. FVC and FEV1 were adjusted for age
and stature by including age and height in the regression
models, because these are major determinants [28]. In ad-
dition, smoking [29], body fat distribution, obesity [30]
and physical activity [13] are thought to be associated
with insulin levels, so these were also included in models
to adjust for their effects. Finally, a binary indicator term
for pre-existing heart disease (physician's diagnosis of con-
gestive cardiac failure, angina or myocardial infarction) at
or before spirometry was used because pre-existing heart
disease has resulted in impaired ventilatory function.

Multiple linear regression models were used to examine
the association between FIRI and fasting insulin (as in-
dicators of insulin resistance) and ventilatory function.
Separate regression models with FVC and FEV1 as the
outcome variables, with FIRI and fasting insulin as pre-
dictor variables, were examined in turn. These models were
first tested with adjustment for age, height, pack-yrs of
smo-king and current smoking status. The final models
shown included additional adjustment for usual physical
activity level, usual alcohol intake, BMI, WHR and pre-
existing heart disease. Least mean square adjusted FVC
by tertile of fasting insulin was estimated using a general-
ized linear model with adjustment for all potential con-
founders.
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Residual plots from all regression models were exami-
ned for evidence of gross nonlinearity or heteroscedasticity
and collinearity diagnostics available in the SAS regress-
ion procedure were examined to check for collinearity in
all regression models.

Results

Means and standard deviations for the measurements
used in this report are shown in table 1 for all the inclu-
ded subjects and by fasting insulin tertile. ANOVA results
showed that these means were significantly different by
fasting insulin tertile for age (p=0.004), BMI (p<0.0001),
WHR (p<0.0001), FVC (p=0.001), alcohol (p=0.02), fast-
ing insulin (p<0.0001) and FIRI (p<0.0001), but not height
(p=0.35) or FEV1 (p=0.051). The overall proportion of
subjects with any diagnosis of pre-existing heart disease
was 25.2% and this did not vary significantly by insulin
tertile (χ2=2.3, d.f. = 2, p=0.32).

Both FVC and FEV1 were significantly (all p<0.001)
negatively correlated with both FIRI (FVC r=-0.15, FEV1
r=-0.12) and fasting insulin levels (FVC r=-0.14, FEV1
r=-0.11). There were significant correlations between ven-
tilatory function measures and a number of covariates
which have been associated with insulin levels in pre-
vious studies. In particular, FVC was significantly (all

p<0.01) negatively correlated with age (r=-0.44), WHR
(r=-0.17) and pack-yrs of smoking (r=-0.17), confirming
that adjustment for the potential confounders of age,
height, WHR and smoking may be needed for analyses
of the relationship between insulin and ventilatory func-
tion.

Results from multiple linear regression models in which
FVC and FEV1 were separately regressed on FIRI and fast-
ing insulin in turn are shown in tables 2 and 3. Additional
adjustment for BMI, WHR, physical activity, alcohol and
pre-existing heart disease made no significant difference
to the coefficients on fasting insulin or FIRI from the sim-
pler models, so only the final models are shown. The nega-
tive coefficients on fasting insulin and FIRI suggest that
subjects with higher insulin levels and greater insulin re-
sistance tended to have significantly lower levels of venti-
latory function after adjustment for potential confounders.

Standardized regression coefficients [31] are also pre-
sented in tables 2 and 3. These indicate the predicted
mean change (in SD units) of the outcome variable, for a
mean change of 1 SD in the predictor variable. As expec-
ted, variability in height and age were the major deter-
minants of variation in FVC. The effects of variation in
measures of insulin resistance were similar to the effects
of variation in measures of fat distribution and cigarette
smoking, while there was a small additional contribution
from alcohol intake. The pattern for FEV1 was similar,

Table 1.  –  Characteristics of subjects by fasting insulin tertile and all combined (Normative Aging Study, 1987–1991)

Low 
(n=307)

Intermediate
(n=304)

High
(n=311)

All combined
(n=922)

Fasting insulin  pmol·L-1+***
FIRI+***
Age  yrs*
Height  m
BMI kg·m-2+***
Waist/hip ratio***
FVC  L***
FEV1  L
Smoking  pack-yrs*
Physical activity kcal·week-1***
Alcohol intake  g·day-1*

5.5 (1.2)
0.50 (0.12)

63.0 (7.8)
1.74 (0.06)

25.3 (2.6)
0.96 (0.05)
4.18 (0.74)
3.15 (0.66)

17.6 (23.8)
2698.6 (2280)

17.3 (22.1)

9.1 (1.2)
0.86 (0.15)

64.4 (7.7)
1.73 (0.07)

26.9 (3.0)
0.98 (0.04)
4.06 (0.73)
3.11 (0.63)

20.8 (25.6)
2501.3 (2334)

13.6 (16.7)

18.3 (7.3)
1.77 (0.78)

62.4 (7.5)
1.74 (0.06)

28.8 (3.5)
1.0 (0.05)
3.96 (0.74)
3.03 (0.66)

22.8 (24.3)
2039.7 (1957)

13.5 (19.0)

11.0 (6.9)
1.00 (0.71)

63.3 (7.7)
1.74 (0.07)

27.0 (3.4)
0.98 (0.05)
4.07 (0.74)
3.10 (0.66)

20.4 (24.6)
2414.0 (2218)

14.8 (19.5)

Values are shown as mean (SD). +: log-transformed for analysis of variance (ANOVA). FIRI: fasting insulin resistance index; BMI:
body mass index; FVC: forced vital capacity; FEV1: forced expiratory volume in one second. Significant difference by ANOVA
between fasting insulin tertiles at *: p<0.05; ***: pð0.001.

Table 2.  –  Regression models of log-transformed fasting insulin resistance index (FIRI) predicting ventilatory function
with adjustment for potential confounders

Model predicting FVC Model predicting FEV1

Term Parameter
estimate (p-value)

Standardized
coefficient

Parameter 
estimate (p-value)

Standardized
coefficient

Intercept
FIRI+

Age  yrs
Height  m
BMI  kg·m-2+

Waist/hip ratio
Smoking pack-yrs
Current smoker
Physical activity  kcal·week-1

Alcohol intake g·day-1

Pre-existing heart disease

-0.58 (0.51)
-0.18 (0.0001)

-0.033 (0.0001)
4.80 (0.0001)

-0.16 (0.37)
-1.91 (0.0001)

-0.005 (0.0001)
-0.02 (0.87)

0.00002 (0.02)
-0.002 (0.03)

-0.06 (0.16)

-0.14
-0.34
0.44

-0.01
-0.12
-0.15
-0.005
0.06

-0.06
-0.04

-0.15 (0.86)
-0.14 (0.0001)
-0.03 (0.0001)
3.34 (0.0001)

-0.40 (0.02)
-1.80 (0.0001)

-0.007 (0.0001)
-0.05 (0.49)

0.000016 (0.038)
-0.002 (0.05)
-0.005 (0.91)

-0.12
-0.37
0.33
0.08

-0.13
-0.24
-0.02
0.06

-0.05
-0.003

Values are shown as mean (SD). +: log-transformed. FVC: forced vital capacity; FEV1: forced expiratory volume in one second; BMI:
body mass index.
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except that life-total cigarette smoking was a more impor-
tant source of variation than was the case for FVC. Least
square adjusted mean FVC by insulin tertile from a gene-
ralized linear model varied from 4.13 L in the lowest ter-
tile to 3.98 L in the highest tertile.

Discussion

Main findings 

A significant negative correlation was found between
both FVC and FEV1 and indirect measures of insulin res-
istance in this group of nondiabetic males. Males in the
highest tertile of fasting insulin level had a mean unad-
justed FVC 220 mL lower than males in the lowest tertile
(table 1). The association between higher fasting insulin
and FIRI levels and lower levels of ventilatory function
persisted in models that included adjustment for major
potential confounders. After adjustment for known pot-
ential confounders, the difference in mean FVC between
males in the top and bottom tertiles for fasting insulin was
150 mL or about 3.6%. The extent to which variation in
fasting insulin levels was associated with variability in
FVC was comparable in magnitude to the effect of life-
total cigarette smoking.

Limitations

This sample comprised mature males only, so the gen-
eralizability of the findings, particularly to females, is not
known. The rates of incident NIDDM were lower in this
cohort than in other Caucasian samples. This is at least
partially explained by the strict entry criteria, which ex-
cluded glucose-intolerant subjects.

In this relatively large-scale study, results of specialized
laboratory methods for quantification of insulin resistance
were not available. The FIRI has been proposed as a sim-
ple, indirect measure of insulin resistance [26], although it
has been the subject of some controversy [32, 33]. In addi-
tion, fasting insulin has been recommended for epidemio-
logical studies in nondiabetic subjects since it is highly
correlated with the results of the euglycaemic hyperinsuli-

naemic clamp method, even in subjects with impaired glu-
cose tolerance [16].

Although the measures available from this relatively
large cohort are not ideal, it seems reasonable to interpret
the findings as representative of the effects of increasing
degrees of insulin resistance. The fact that the present mea-
sures of insulin resistance were subject to error compared
with the gold-standard measures may have introduced
bias into the results. If the errors of measurement were
distributed randomly with respect to ventilatory function,
then the direction of this bias is likely to have been to-
wards a finding of no association and the results may under-
estimate the true association as a result. The standardized
regression coefficients on FIRI were about 15% larger
than those on fasting insulin, suggesting that, in practice,
there is a small gain from using the FIRI.

Excess body fat, particularly when located in the abdo-
men, is known to influence both insulin resistance [30]
and ventilatory function [34]. The analyses presented here
were adjusted for both overall obesity and a measure of
body fat distribution (waist to hip circumference ratio). It
may be argued that inclusion of terms for obesity and fat
distribution would result in overadjustment, since these
may be on the causal chain for insulin resistance. In prac-
tice, adding these terms to the models made no significant
difference to the regression coefficients on insulin resist-
ance measures.

The cross-sectional data reported here do not offer in-
sight into the temporal relationship between insulin resis-
tance and ventilatory function. This may be a subject
worthy of study using prospective data.

Ventilatory function, glucose intolerance and NIDDM

A number of previous studies has reported that meas-
ures of glucose intolerance may be associated with im-
paired ventilatory function. Postcarbohydrate challenge
(PC) glucose was negatively correlated with FEV1 in an
unadjusted analysis from the Honolulu Heart Study [9],
while significant unadjusted correlations between FVC
and both fasting and PC insulin levels were reported [10]
in a later publication from the same cohort. Higher levels
of plasma glucose were correlated with lower levels of
FVC and FEV1 in the Copenhagen City Heart Study co-

Table 3.  –  Regression models of log-transformed fasting insulin predicting ventilatory function with adjustment for
potential confounders

Model predicting FVC Model predicting FEV1

Term Parameter
estimate (p-value)

Standardized
coefficient

Parameter 
estimate (p-value)

Standardized
coefficient

Intercept
Insulin+

Age  yrs
Height  m
BMI  kg·m-2+

Waist/hip ratio
Smoking pack-yrs
Current smoker
Physical activity  kcal·week-1

Alcohol intake g·day-1

Pre-existing heart disease

-0.05 (0.96)
-0.17 (0.0001)

-0.033 (0.0001)
5.02 (0.0001)

-0.10 (0.61)
-1.80 (0.0001)

-0.005 (0.0001)
-0.008 (0.92)

0.00002 (0.02)
-0.002 (0.02)

-0.07 (0.12)

-0.12
-0.34
0.44

-0.02
-0.12
-0.15
-0.003
0.059

-0.60
-0.04

0.28 (0.78)
-0.13 (0.0008)
-0.03 (0.0001)

3.3 (0.0001)
-0.37 (0.03)
-1.81 (0.0001)

-0.007 (0.0001)
-0.07 (0.53)

0.00002 (0.043)
-0.002 (0.054)
-0.01 (0.74)

-0.10
-0.38
0.33
0.07

-0.13
-0.24
-0.02
0.05

-0.05
-0.009

Values are shown as mean (SD). +: log-transformed. FVC: forced vital capacity; FEV1: forced expiratory volume in one second; BMI:
body mass index.
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hort [11]. In nondiabetic subjects, an inverse relationship
between fasting plasma glucose and both FVC and FEV1
was reported among males from the Rancho Bernardo
cohort, but not among females [12]. None of these analy-
ses was adjusted for body fat distribution, alcohol or phys-
ical activity.

In a cross-sectional analysis from the Copenhagen City
Heart Study [11], significant ventilatory function impair-
ment was reported among self-reported diabetics treated
with diet or oral hypoglycaemic drugs. A greater level
of impairment was observed in diabetics using insulin.
Among nondiabetic subjects, a significant negative corre-
lation between nonfasting plasma glucose and both FVC
and FEV1 was noted. A follow-up study from the same
cohort [8] found that the steepest rates of decline in FVC
and FEV1 occurred in those subjects who developed dia-
betes during the 5 yr follow-up period. Although no meas-
ures of insulin were reported, it is likely that those subjects
developing NIDDM had the most substantial increases in
insulin levels over the follow-up period.

There is general agreement that resistance to the glu-
cose-regulatory actions of insulin precedes glucose intol-
erance in the natural history of NIDDM [13]. Findings
from other studies of a relation between glucose intole-
rance, NIDDM and ventilatory function appear to be con-
sistent with the association reported here with insulin
resistance. The exclusion of diabetics from the subjects
reported in this study implies that diminished ventilatory
function is associated with elevated insulin resistance long
before NIDDM supervenes.

Ventilatory function and cardiovascular disease

Lower levels of FVC and FEV1 were found in subjects
who experienced sudden cardiac death or myocardial in-
farction than in controls in a follow-up after multiphasic
health screening [1]. An increased risk of cardiovascular
death, which persisted after adjustment for other cardio-
vascular risk factors, was found in subjects with lower lev-
els of baseline FVC, during 20 yrs of follow-up in the
Framingham study [2]. Higher levels of baseline peak flow
rate predicted lower risk of myocardial infarction during
12 yrs of follow-up in a population study of Swedish
females [4]. The risk of cardiovascular death was nega-
tively associated with baseline ventilatory function during
an average of 6.5 yrs follow-up in the Copenhagen City
Heart Study [3]. Although the association is consistent
and long recognized, it remains largely unexplained [5].

Interpretation

A significant negative cross-sectional association bet-
ween ventilatory function and indirect measures of insulin
resistance has been found in nondiabetic subjects from the
NAS which persisted after adjustment for known potential
confounders. Previous reports have shown that glucose
intolerance and NIDDM may be associated with impaired
ventilatory function. The results reported here suggest that
insulin resistance, which generally precedes the develop-
ment of glucose intolerance and NIDDM, may be the un-
derlying abnormality.

The finding of lower forced vital capacity and forced
expiratory volume in one second in subjects with higher

fasting insulin resistance index and fasting insulin is con-
sistent with a role for insulin as one of the mechanisms in
the hitherto unexplained relationship between cardiovas-
cular disease risk and decreased ventilatory function, be-
cause subjects with higher levels of insulin are at increased
risk of coronary heart disease [17]. Insulin resistance,
which may initially give rise to hyperinsulinaemia and
eventually result in glucose intolerance and noninsulin-
dependent diabetes mellitus (which are themselves well-
recognised risk factors for coronary heart disease), may be
the underlying mechanism. However, the means by which
ventilatory function is associated with insulin resistance,
hyperinsulinaemia and glucose intolerance remain to be
elucidated.
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