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ABSTRACT: The natural history of lung function in diabetes is unknown due to the
lack of longitudinal observations.

The decline of forced expiratory volume in one second (FEV1) and forced vital
capacity (FVC) was studied over 15 yrs in the 17,506 adult participants of The
Copenhagen City Heart Study, which included 266 individuals with diabetes.

Multiple linear regression and a mixed-effects model were used, taking into account
correlation between repeated measurements and adjusting for relevant confounders. In
both sexes, FEV1 and FVC were consistently lower in diabetic individuals, compared
with healthy individuals, with an average reduction of ~8% of the predicted value.
Longitudinal analyses showed that the decline of FEV1 and FVC in diabetic individuals
was similar to that observed in nondiabetic subjects.

It was concluded that although diabetic subjects have, on average, a lower forced
expiratory volume in one second and forced vital capacity than individuals without
diabetes, this deficit seems not to be progressive in the long term. These observations
may be of importance with regard to diabetes treatment with inhaled pulmonary insulin,
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which is likely to become available within a few years.
Eur Respir J 2002; 20: 1406-1412.

Numerous studies of lung function in diabetic sub-
jects have shown slightly decreased indices of forced
expiration, lung volumes and diffusion capacity in
both type-1 [1-17] and type-2 diabetes [18-24]. Almost
all of these studies are cross-sectional and include a
small number of patients.

Both diabetes and chronic lung diseases, such as
asthma and chronic obstructive pulmonary disease,
are on the increase and it is therefore of importance to
study possible interactions between these conditions.
In addition, an improved understanding of the natural
history of diabetic lung function is needed in an era
when pulmonary delivery of insulin is actively being
pursued as a treatment option [25, 26]. In the near
future this treatment modality is likely to become a
realistic option [27]. In this context, the reduced lung
function in diabetics may have implications for the
efficacy and safety of systemic insulin delivery via
inhalation. Thus, an accurate description of the natural
history of lung function in diabetes is needed, especially
in type-2 disease (noninsulin-dependent diabetes melli-
tus), where inhaled insulin is likely to find its major use.

Previous cross-sectional analyses based on the results
from The Copenhagen City Heart Study, have
suggested that individuals with diabetes mellitus
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(DM) have a slightly impaired forced vital capacity
(FVC) and forced expiratory volume in one second
(FEV1), compared with nondiabetic subjects [28]. This
impairment was more pronounced in patients treated
with insulin than in those with noninsulin-dependent
DM. Longitudinal observations in the same cohort,
based on a 5-yr observation period of 200 subjects with
known DM, did not show a significantly steeper decline
of ventilatory capacity in comparison with nondia-
betic subjects [29]. However, the 126 participants who
developed diabetes during a 5-yr observation period
experienced a decline in both FVC and FEV1 that was
almost twice as steep as nondiabetic subjects [29].

In the present study, results of longitudinal analyses
of the decline of FVC and FEV1 in adults with mainly
type-2 diabetes, based on a 15-yr follow-up of The
Copenhagen City Heart Study, are presented.

Methods

The Copenhagen City Heart Study is a prospective
epidemiological study initiated in 1976. Details on
the selection procedure, the description of the non-
responders together with the complete examination
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programme for the two initial surveys have been pre-
sented previously [30]. Recently, a description of the
third examination has been published [31].

Briefly, a sample comprising 19,698 individuals was
drawn from the Copenhagen Population Register in
January 1976, from a population of ~90,000 inhabi-
tants aged >20 yrs. The first examination round
lasted 25 months from February 27 1976-March 31
1978. A total of 14,223 individuals were examined, i.e.
74% of those invited. In general, the response rates
were highest among subjects 40-70 yrs of age
(68-80%) and lowest among subjects aged >80 yrs
(28-41%). The whole population sample (both res-
ponders and nonresponders), together with a new
sample of 500 younger subjects aged 20-25 yrs, were
invited for a second examination in 1981-1983,
resulting in a total of 12,698 subjects being examined
(response rate 70.2%). Finally, a third examination of
the cohort, together with an additional sample of
3,000 subjects aged 20-39 yrs was performed in
1991-1994. A total of 10,127 subjects participated in
this examination (response rate 61.2%). After exclu-
sion of subjects with incomplete data, required for the
longitudinal analyses of ventilatory function, the final
sample consisted of 17,506 subjects; 8,136 males and
9,370 females, who attended at least one of the three
examinations of the survey.

In the first and second examination of the survey,
FEV1 and FVC were measured with an electronic
spirometer (Monaghan N 403; Littleton, CO, USA),
which was calibrated daily with a 1-L syringe and
weekly against a water-sealed Godard spirometer.
In the third examination, a dry wedge spirometer
(Vitalograph, Maidenhead, UK), which was -cali-
brated weekly with a 1-L syringe, was used. Unfortu-
nately, at the time of the third survey the electronic
spirometer used in the two previous examinations was
no longer functioning, precluding a direct comparison
between the two spirometers. Although differences in
spirometers used over time can introduce a systematic
bias, this bias is assumed to be of no importance with
regard to longitudinal differences between diabetic
and nondiabetic subjects, as it affects both groups in
a similar manner. After at least one trial blow, three
values were obtained. As a criterion of a correct per-
formance, at least two measurements of FEV1 and
FVC differing <5% had to be produced. The best
FEV1 and FVC were used in the analyses. Lung
function data are reported in absolute values and as a
percentage of predicted value (% pred) according to
internally derived prediction equations [32]:

FEV,=410—27.6 x age+21.2 x height 1)

FVC=-217—-28.4 x age+28.1 x height 2

for females and by

FEV, =-469—35.2 x age+ 32.0 x height 3)

FVC=-1921—-35.4 x age+44.6 x height 4)

for males, where height is in cm.

Blood glucose was measured on a nonfasting venous
blood sample using a hexokinase/glucose-6-phosphate-
dehydrogenase assay in plasma. A self-administered
questionnaire concerning symptoms, somatic diseases,
social status, smoking and drinking habits was filled
out at each of the examination rounds and checked by
one of the investigators. Chronic mucus hypersecretion
(CMH) was registered if the subjects were reported to
bring up phlegm for at least 3 months a year for at least
2 yrs.

For the purpose of longitudinal analyses of the
impact of diabetes on decline of ventilatory function,
the subsample comprising 12,060 individuals with at
least two measurements of pulmonary function was
subdivided according to presence or absence of dia-
betes. In preliminary analyses, the authors differen-
tiated between insulin-dependent diabetes mellitus
(IDDM; defined as diabetes treated with insulin) and
noninsulin-dependent diabetes mellitus (NIDDM), but
since there were only 48 subjects with IDDM and
as their lung function results were similar to those
of the NIDDM group, these two groups were com-
bined into a single "diabetes" group. This resulted in
the following groupings: Normal: nondiabetic subjects
throughout whole observation period, no self-reported
diabetes and nonfasting blood glucose <200 mg-dL ™!
(<11.1 mM) at all examinations; Diabetes: subjects
already with self-reported diabetes at the first exam-
ination (regardless of treatment) or subjects who at
first examination already had a nonfasting blood
glucose >200 mg-dL'; New diabetes mellitus
(NewDM): no self-reported diabetes at the initial
examination, but self-reported diabetes or a nonfast-
ing blood glucose =200 mg-dL"' on at least one sub-
sequent examination.

Statistical analyses

All analyses were performed for males and females
separately. Since the unadjusted decline of lung func-
tion is difficult to interpret, a linear regression analysis
of AFEV1 and AFVC for the participants with at least
two valid measurements of lung function was per-
formed. For each participant the longest observation
period in days was defined, and the observed lung
function decline normalised, so it could be expressed
in mL-yr'. The average observation period was 4,190
days (~11.5 yrs). This normalised decline was con-
sidered as Y and covariates measured at first exami-
nation were denoted as X = (X4, ..., X;,). The effect of
the covariates on the response measure was assessed
by regressing Y on X using the following model:

Y=o+ xXi+ ... +fn x Xm+¢ 5)

assuming € to be normally distributed with mean 0
and unknown variance o°. The three diabetes groups
were the independent variables of interest and the
following potential confounding variables were
included as covariates: age (yrsz), smoking (no, yes),
body mass index (BMI; kg-m™; <18.5, >18.5 and
<25, =225 and <30, >30 and <35, >35), CMH (no,
yes), asthma (no, yes), previous myocardial infarction
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(no, yes), height (m) and education (<7 yrs, >7 and
<10 yrs, >10 yrs). Only the variables which are
known determinants of lung function and were
significant at the 5% level in the initial models were
included in the final model. Interactions between
various variables were investigated.

Taking advantage of the fact that many of the
participants had three measurements of ventilatory
function over time, a more detailed and accurate des-
cription of the age-specific ventilatory function was
also performed by applying more advanced statisti-
cal modelling. As the response variable, the height-
adjusted measurement of ventilatory function was
defined either as FEVi/height’> or FVC/height®. As
information on the exact time of onset of diabetes was
unavailable, this analysis was restricted to subjects
without diabetes (normal) and those with diabetes
throughout the observation period (diabetes), and was
carried out using specific methodology for covariate-
dependent random effects [33]. A nonlinear mixed-
effects model with fixed effects depending upon age,
smoking status, asthma, mucus hypersecretion and
diabetes, and random effects depending upon diabetes
only, was developed to utilise FVC and FEV1 mea-
surements of all subjects who attended at least one
examination [34]. Denoting the measurement, j, of
height-adjusted ventilatory function (j=1, 2, 3) on
subject, i, with Y;; and covariates measured at the
same examination (diabetes groups, smoking status,
asthma, mucus hypersecretion) with Xj;, the data was
modelled as:

Yij =/ (o, agey) + B, Xi+ 1 x vi+ 0 * & (6)

where f'is a general spline function with parameters o
potentially different for each level of diabetes groups,
B the regression parameters of smoking status, asthma
and mucus hypersecretion. The term mnxv; is a vari-
ance component depending on diabetes only with
v; being an independent standard for normally
distributed variables. This part models the dependence
between subject-specific measurements of ventilatory
function. The last term, c+gjj is a normally distributed

measurement error with potentially different sizes for
diabetics and nondiabetics. The model was estimated
using a restricted maximum likelihood method.

Results

The general characteristics of the subjects at the
initial examination according to diabetes status, sex,
age, BMI, smoking and length of school education
are shown in table 1. Diabetic individuals were on
average slightly older, had a higher average BMI and
a shorter school education. In both sexes, nondiabetic
individuals had a higher level of both FEV1 and
FVC % pred values, whereas those with diabetes had
the lowest values. For the latter group, the reduction
in both FEV1 and FVC was substantial, ranging ~8%
of that predicted (table 1). Those who developed
diabetes during the follow-up had an initial lung func-
tion level that was inbetween the other two groups.

Table 2 shows the unadjusted decline in lung func-
tion in mL-yr! according to the three diabetes groups
and sex. As expected, the decline of both FEV1 and
FVC measured in mL-yr" was higher in males than in
females. With regard to lung function decline and DM
grouping, there was no clear pattern, but in general
the results did not suggest a faster decline among the
diabetic individuals.

The results of the multiple linear regression analyses
of FEV1 and FVC decline in females and males are
shown in tables 3 and 4. With regard to diabetes, no
significant association between FEV1I and FVC
decline and diabetes category was observed. Advanced
age, smoking, asthma, CMH (only in males) and low
BMI (only with regard to FEV1 decline) were
significantly associated with increased decline of lung
function.

The graphical description of the natural history
of age-specific and height-adjusted FEV1 and FVC
for participants with and without diabetes (groups:
normal and diabetes) is shown in figures 1 and 2. The
curves of diabetic subjects differed significantly from

Table 1.—General characteristics of the participants at the enrolment into the study according to diabetes and sex

Females Males
Normal Diabetes NewDM Normal Diabetes NewDM
Subjects n 6454 93 174 4891 173 277
Age yrs 50.9 (0.15) 55.7 (1.10) 54.7 (0.67) 50.4 (0.18) 57.0 (0.69) 51.8 (0.60)
BMI kg-m™ 24.3 (0.05) 28.3 (0.70) 29.5 (0.41) 25.5 (0.05) 27.3 (0.36) 28.8 (0.24)
Smoking % 57.3 53.8 51.8 68.4 64.2 66.1
Education %
<7 yrs 453 68.8 54.0 43.2 53.8 51.6
7-10 yrs 24.2 15.1 24.2 24.0 24.9 23.1
>10 yrs 30.5 16.1 21.8 32.8 21.3 253
Asthma % 6.5 10.3 13.9 6.2 6.6 9.5
CMH % 9.0 13.0 12.1 12.3 15.0 15.2
FEV1 % pred 94.1 (0.24) 86.9 (1.94) 89.0 (1.45) 94.6 (0.28) 86.1 (1.63) 90.6 (1.19)
FVC % pred 97.4 (0.21) 90.5 (1.72) 91.3 (1.25) 97.1 (0.25) 89.8 (1.41) 92.6 (1.04)

Data are presented as mean at first examination (SEM). DM: diabetes mellitus; BMI: body mass index; CMH: chronic mucus
hypersecretion; FEV1: forced expiratory volume in one second; FVC: forced vital capacity.
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Table 2. —Unadjusted decline of forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) according
to diabetes and sex in the participants with at least two measurements of lung function

Females Males
Normal Diabetes NewDM Normal Diabetes NewDM
Subjects n 6454 93 174 4891 173 277
AFEV1 mL'yr'1 24.0 (0.69) 23.9 (7.24) 26.1 (2.96) 33.6 (1.05) 28.2 (7.69) 36.4 (3.39)
AFVC mL~yr'] 23.0 (0.79) 24.3 (8.83) 23.3 (3.87) 30.3 (1.25) 39.6 (7.53) 35.2 (4.19)

Mean values for an average observation of ~11.5 yrs (SEM). DM: diabetes mellitus.

the curves of nondiabetic individuals (p<0.001), but
this was due to the lower level values among diabetic
individuals, whereas the decline itself did not differ
significantly.

Discussion

Similarly to other investigators, FVC and FEV1
were found to be consistently and significantly lower
in diabetic individuals compared with normal subjects
[1-24]. On average, the difference was quite substan-
tial and ~8% pred, which is comparable to an average
difference between a smoker and a never-smoker. As
in some previous studies, individuals who developed
diabetes later were observed to have a lower level of
lung function initially [35-37].

The main focus of the analyses was the decline
of lung function. This was investigated using both
a conventional linear regression and by employing
advanced modelling, which took advantage of three
measurements in many of the participants and

corrected for repeated measurements in a single
individual. Both methods showed that the decline of
lung function was not faster in diabetic individuals
compared with normal subjects. With regard to the
impact of confounders, like smoking and asthma,
included in the longitudinal analyses of lung function
decline, the present results are consistent with
previous findings [38-40]. High BMI is known to
relate to both high incidence of diabetes and to a
reduced ventilatory capacity. In the longitudinal
analyses, low BMI was significantly related to
accelerated decline of FEV1. There was, however, no
significant interaction between diabetes and BMI on
FEV1 decline, suggesting similar effects of BMI in
diabetic and nondiabetic participants.

The present results from the 15-yr follow-up are in
keeping with the previous report from the cohort
based on 5 yrs of observation, and with the only other
true longitudinal study which was performed on
diabetic children [8, 29]. The figures describing the
course of FEV1 and FVC show that although the level
of lung function is already consistently lower at 30 yrs

Table 3.—Multiple linear regression of change in forced expiratory volume in one second (mL-yr'") based on an average
observation period of 11.5 yrs of the participants with at least two measurements of lung function

Variable Females Males
Estimate SEM p-value Estimate SEM p-value
Intercept 69.01 8.76 <0.0001 75.8 13.0 <0.0001
Age -2.54 0.37 <0.0001 -3.40 0.55 <0.0001
Age? 0.015 0.0037 <0.0001 0.02 0.0056 <0.0001
Smoking <0.0001 <0.0001
No 0 0
Yes -9.21 1.35 -12.2 2.21
BMI 0.0008 0.01
<18.5 -3.63 3.98 -11.3 11.7
>18.5 and <25 0 0
>25 and <30 2.09 1.55 7.37 2.22
>30 and <35 10.2 2.61 4.02 3.78
>35 7.97 4.12 9.03 8.13
CMH 0.18 0.006
No 0 0
Yes -3.20 2.41 -9.03 3.28
Asthma 0.006 0.006
No 0 0
Yes -7.33 2.68 -11.57 4.20
Diabetes 0.97 0.33
Normal 0 0
Diabetes 0.65 5.79 7.91 5.82
NewDM -0.88 4.27 -2.46 4.67

BMI: body mass index; CMH: chronic mucus hypersecretion; DM: diabetes mellitus.
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Table 4.—Multiple linear regression of change in forced vital capacity (mL-yr'') based on an average observation period of
11.5 yrs of the participants with at least two measurements of lung function

Variable Females Males
Estimate SEM p-value Estimate SEM p-value
Intercept 90.7 10.1 <0.0001 90.7 15.2 <0.0001
Age -3.17 0.43 <0.0001 -3.52 0.65 <0.0001
Age2 0.02 0.0043 <0.0001 0.024 0.0065 0.0003
Smoking <0.0001 <0.0001
No 0 0
Yes -6.12 1.57 -11.0 2.60
BMI 0.28 0.89
<18.5 -1.61 4.61 -0.62 13.7
>18.5 and <25 0 0
>25 and <30 -0.073 1.80 2.18 2.61
>30 and <35 6.27 3.02 3.84 4.45
>35 3.38 4.78 2.09 9.55
CMH 0.11 0.01
No 0 0
Yes -4.44 2.79 -9.52 3.86
Asthma 0.04 0.12
No 0 0
Yes -6.40 3.11 -7.67 4.94
Diabetes 0.65 0.85
Normal 0 0
Diabetes 1.73 6.70 -1.06 6.87
NewDM 4.47 4.94 -3.06 5.49

BMI: body mass index; CMH: chronic mucus hypersecretion; DM: diabetes mellitus.

of age, the difference between diabetic and nondia-
betic subjects does not increase with age.

Individuals who developed diabetes during the follow-
up were included in the linear regression as the NewDM
group, but contrary to previous finding based on the
5-yr follow-up, their decline of lung function was not

1.8
1.7 1
1.6

FEV1/h2
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Fig. 1.— Age-specific height (h)-adjusted forced expiratory volume
in one second (FEV1) for male (- - -) and female (— - —) diabetic,
and male (—) and female (------) nondiabetic individuals when
accounting for smoking, asthma and mucus hypersecretion. Based
on a mixed-effects model taking into account the correlation
between serial measurements in individual participants. Lines
below represent number of measurements on which each curve is
based. ”: male normals; 9. male diabetes mellitus; *: female
normals; % female diabetes mellitus.

accelerated during the ~11.5 yrs of follow-up [29].
However, the authors cannot entirely reject the hypo-
thesis that newly developed diabetes could be associated
with a faster decline of lung function. This possibility
could have been overlooked, as the present study design
had quite long intervals between the single measurements

Vi 1 T .‘I T I\I .I \I LU = 1T I]: II;I LR B LA K] 3 ‘::Illl:g
30 40 50 60 70 80
Age yrs

Fig. 2.— Age-specific height (h)-adjusted forced vital capacity
(FVC) for male (- - -) and female (- - —) diabetic, and male (—)
and female (------) nondiabetic individuals when accounting for
smoking, asthma and mucus hypersecretion. Based on a mixed-
effects model taking into account the correlation between serial
measurements in individual participants. Lines below represent
number of measurements on which each curve is based. #: male
normals; - male diabetes mellitus; : female normals; °: female
diabetes mellitus.



LUNG FUNCTION IN DIABETES MELLITUS 1411

of lung function (5 and 10 yrs), and also lacked
information regarding the precise onset of diabetes.
These limitations are also the reason for not including
the NewDM group in the advanced statistical model.

Although the present study is among the largest
studies of lung function in diabetes and has the longest
observation period, it has also some limitations, the
most important being the definition of diabetes. In the
present study, this is either based on self-reporting,
which is very likely to underestimate the prevalence,
or a single measurement of a nonfasting blood glucose
value >200 mg-mL™"'. The authors gained no infor-
mation on fasting blood glucose, oral glucose tole-
rance test, nor diabetic symptoms like polyuria or
polydypsia. They are aware that the true prevalence
and incidence of diabetes in this cohort was under-
estimated, and that the underdiagnosis of DM was
higher in the first survey in 1976-1978 than in the
following surveys in 1981-1983 and 1991-1994, due to
an increase in general public awareness of diabetes.

With regard to diabetes treatment, the database
only comprised information relating to whether the
individuals were on a diet, oral hypoglycaemic agents
and/or insulin. Based on these data, the vast majority
of the diabetic participants were assumed to have
type-2 diabetes, which in previous studies has been
associated with slightly smaller pulmonary abnor-
malities than type-1 diabetes [1-24]. Exclusion of
patients on insulin from the lung function analyses did
not change the results and therefore it was decided
that those individuals would be kept in the final
analyses. Although the underdiagnosis of diabetes
may have an affect on the conclusions, with regard to
lung function decline, this seems unlikely as undiag-
nosed diabetics are likely to have milder diabetes and
thus also a smaller lung function deficit compared
with nondiabetics.

In general, an observation period of 3-5 yrs is
considered necessary in order to determine the rate of
lung function decline [41]. With regard to comparison
of these results with future studies of lung function
changes in diabetics treated with pulmonary insulin, it
should be remembered that it is difficult to com-
pare absolute declines of FEV1 and FVC in mL-yr’!
between studies. In particular, between an epidemio-
logical study, like this one, with long intervals between
single measurements and a clinical trial with fewer
participants but with more frequent measurements of
lung function. Therefore, although this epidemiologi-
cal study based on a long observation period does not
support the notion that diabetics, as a group, have a
faster decline in lung function than nondiabetics, this
could still be the case for single individuals, especially
those with severe type-1 diabetes.

It has been suggested that the inflammatory res-
ponse may be altered in diabetes and that this could
lead to increased inflammatory responses in the lung,
resulting in lung function impairment [35]. Some pre-
vious studies have reported more pronounced pulmo-
nary deficits in diabetics with long-term complications
like nephropathy [10], retinopathy [20], neuropathy
[17] and limited joint mobility [21]. Yet, the results
have been inconsistent and the mechanism responsible
for the association between reduced lung function

and diabetes is at present unknown. The fact that
pulmonary deficits do not seem to increase with age
(and thus with the duration of diabetes) does not
suggest that lung function reduction should be
regarded as a long-term complication of diabetes. In
line with this notion, it has been suggested that some
pre-existing factors, for example low birth weight,
could be the link between both type-2 diabetes [42]
and low lung function in adulthood [43]. Such a
mechanism, although highly speculative, is consistent
with the observation that lung function is already
reduced before the clinical manifestation of diabetes
(table 1).

Although the level of forced expiratory volume in
one second and forced vital capacity is lower in dia-
betes, the decline of lung function is similar to that
observed in nondiabetic subjects. The implication of
these findings for the surveillance of diabetic patients
on inhaled insulin is two-fold. On one hand, the fact
that the lung function deficit in diabetes does not seem
to progress with increasing age and duration of the
disease is reassuring for elderly patients, who in the
future can also be offered treatment with pulmonary
insulin. On the other hand, if the patient on inhaled
insulin experiences an increased lung function decline,
this is not likely to be caused by diabetes itself but
should rather be considered as a result of another lung
disease or as a possible side-effect of the pulmonary
insulin.
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