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Abstract
Copyright ©The authors 2021 Early identification of subjects running an increased risk of contracting COPD enables focus on individual
preventive measures. The slope of the alveolar plateau of the single-breath nitrogen washout test (N,-slope)
is a sensitive measure of small-airway dysfunction. However, its role remains unexplored in predicting
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habits was collected, spirometry and the single-breath nitrogen test were performed, and the N,-slope was

This article has supplementary determined. Proportional hazard regression (Cox regression) analysis was used for the prediction model.

material available from The Ny-slope improved the prediction of COPD events significantly beyond that of respiratory
OIS eI TE S Eol symptoms weighted all together and other covariates (hazard ratio 1.63, 95% CI 1.20-2.22; p<0.005), a
T prediction applicable to subjects without (p=0.001) and with (p<0.05) airway obstruction. Dyspnoea and

Accepted: 27 June 2021 wheezing were the most predictive symptoms. The combination of the N,-slope and number of respiratory
symptoms notably resulted in an effective prediction of incident COPD events even in nonobstructive
subjects, as evidenced by a predicted incidence of ~70% and ~90% for a very steep N,-slope combined
with many respiratory symptoms in subject without and with airway obstruction, respectively.

The alveolar N,-slope should be considered in the critical need for further research on early diagnosis of
COPD.

Introduction

COPD is usually diagnosed late, often when the symptomatic burden increases or when the disease
exacerbates, often leading to hospital admission. Because it is a progressive disease, there is increasing
interest in the early identification of COPD to enable therapeutic counteraction of disease progress [1].
Respiratory symptoms predict hospital admission and mortality due to COPD, even in subjects who have
not yet developed airflow obstruction [2, 3].

Symptomatic current or former smokers with preserved pulmonary function were shown to have

exacerbations, activity limitation and evidence of greater airway-wall thickening on computerised

tomography scan, and to use a range of respiratory medications, although they did not meet the current

criteria for COPD [4]. Likewise, in a study of 97955 individuals, Corak et al. [5] found that chronic

a respiratory symptoms significantly predicted hospital admissions and death due to COPD among subjects
— with normal spirometry. Importantly, however, 99% of individuals with normal spirometry and respiratory

https://doi.org/10.1183/23120541.00383-2021 ERJ Open Res 2021; 7: 00383-2021


https://orcid.org/0000-0003-1387-3399
https://orcid.org/0000-0002-4387-4096
mailto:jan.olofson@lungall.gu.se
https://crossmark.crossref.org/dialog/?doi=10.1183/23120541.00383-2021&domain=pdf&date_stamp=
https://bit.ly/3dYJdu1
https://bit.ly/3dYJdu1
https://doi.org/10.1183/23120541.00383-2021
https://doi.org/10.1183/23120541.00383-2021
mailto:permissions@ersnet.org
openres.ersjournals.com

ERJ OPEN RESEARCH

ORIGINAL RESEARCH ARTICLE | J. OLOFSON ET AL.

symptoms were not admitted to hospital during the median follow-up time of 8.8 years. Thus, although
respiratory symptoms are strong predictors of COPD events and commonly precede spirometric
abnormalities, more sensitive techniques are needed for early identification of subjects at risk of
COPD-related events later in life.

COPD develops at an early stage in small airways (i.e. airways with an internal diameter <2 mm) [6-9].
Therefore, diagnosis of small-airway dysfunction is an important step in the anticipation of risk of
development of COPD. However, the small airways can be obstructed long before ordinary spirometry
measures become abnormal or respiratory symptoms arise [10].

The alveolar slope of the single-breath nitrogen washout test (the N,-slope) is one promising alternative to
other diagnostic tests of small airway dysfunction, as studies on excised lungs have shown that structural
changes in small airways are related to abnormal N,-slopes [11, 12]. Furthermore, the N,-slope is
generated in the very peripheral airways [13]. In addition, we have shown previously that combining the
N,-slope with forced expiratory volume in 1s (FEV,) considerably improved the prediction of COPD
events later in life compared to either test alone [14].

The aim of the present study was to test the predictive power of the Nj-slope in combination with various
respiratory symptoms on hospital admissions and deaths related to COPD (incident COPD events) in a
random population sample of middle-aged men with long-term follow-up.

Methods

Study population

The Study of Men Born in 1913 and 1923 is based on a systematic general population sample of 50-year
old men (n=226) and 60-year old men (n=787) living in Gothenburg, Sweden, in 1973. The present study
population is based on a subset of the systematic sample (n=628) [15]. Oral informed consent, which was
the standard procedure at the time, was obtained from all study subjects. The study was first approved by
the research ethics committees in Gothenburg and Uppsala, Sweden, and later by the national research
ethics board.

The lung function tests, respiratory symptom and smoking habit investigations were performed at the study
baseline. Three subjects had a COPD event before the study baseline in 1973, leaving 625 subjects as the
study population, 218 men aged 50 years and 407 men aged 60 years. There were missing data on
spirometry, N,-slope, smoking history or respiratory symptoms for 34 subjects (table 1).

TABLE 1 Characteristics of the study population

All subjects No incident COPD Incident COPD p-value for no COPD - COPD
events” events” difference

Subjects n 615 561 54
Person-years of observation 13553 12717 836
Age at baseline (years) 625 56.8+4.8 571 56.8+4.7 54 56.4+4.9 0.53
BMI (kg-m_z) 625 25.6+3.3 571 25.6+3.2 54 25.2+3.5 0.34
FEV; (% pred)" 615 88.7+16.4 561 90.2+15.0 54 72.2420.9 <0.0001
FEV,/VC (% pred)'I 615 99.6+11.4 561 100.0+9.8 54 87.0+17.8 <0.0001
N,-slope (% N,/L)* 604 2.0£1.5 552 1.9+1.4 52 3.1£2.1 <0.0001
N,-slope (% pred)” 604 162+118 552 1544110 52 253+155 <0.0001
Smoking habits 625 <0.0001

Never-smoker (%) 125 20.0 121 21.2 4 7.4

Ex-smoker (%) 194 31.0 181 314 13 24.1

Current smoker (%) 306 49.0 269 47.1 37 68.5
Non-productive cough (%)° 149 24.1 124 21.9 25 47.2 <0.0001
Productive cough (%)§ 139 225 115 20.3 24 453 <0.0001
Wheezing (%)° 219 35.4 186 32.9 33 62.3 <0.0001
Dyspnoea (%)§ 160 26.0 131 233 29 54.7 <0.0001
Total symptom score’ 619 2.0+2.6 556 1.8+2.4 53 4.4+3.2 <0.0001

Data are presented as n or meanzsp, unless otherwise stated. Continuous variable differences were tested using the Mann-Whitney U-test; discrete
variables were tested using the Chi-squared test. BMI: body mass index; FEV;: forced expiratory volume in 1s; VC: vital capacity; N,-slope: alveolar
slope of the single-breath nitrogen test. *: first admission to hospital or death related to COPD; *: according to HebensTrom et al. [16]; *: according to
SixT et al. [17]; 5 percentage of subjects reporting any of the symptoms in each symptom group; : mean of all the reported symptoms.
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Lung function tests

Each subject performed two satisfactory slow vital capacity (VC) manoeuvres and three satisfactory forced
vital capacity manoeuvres. The largest VC of the slow and forced manoeuvres and the largest FEV; were
used in the analyses. The FEV/VC ratio was calculated from the highest values. 10 subjects failed to
perform adequate manoeuvres and were excluded in the relevant analyses. Predicted normal values (%
pred) and z-scores were computed according to HepensTROM et al. [16] including predictions for VC.
Airflow obstruction was defined by FEV/VC less than lower limit of normal, i.e. z-score <—1.645.

The N,-slope was obtained by the single-breath N, test and was calculated as the increase of the nitrogen
concentration from the point where 825 mL (body temperature and pressure, saturated) had been expired
from total lung capacity until the beginning of phase IV (closing point), divided by the corresponding
expired volume. Two satisfactory tracings were attempted and the mean N,-slope was recorded. 21 subjects
failed to perform at least one adequate N, test (table 1). Predicted normal values were calculated according
to Sixt et al. [17]. Details regarding the lung function tests have been described elsewhere [15, 18].
Quintiles of percentage of predicted normal values were calculated.

Respiratory symptoms

Symptom prevalence was measured using a translation of a questionnaire approved by the British Medical
Research Council committee on the aetiology of chronic bronchitis [19]. The questionnaire comprised
12 items, including cough with or without expectoration, wheeze or squeaks and dyspnoea (for wording
see supplementary table S1). For each of the 12 symptoms, subjects reported presence or absence of the
symptom. Seven subjects did not respond to any of the symptom questions. The total number of reported
symptoms (range 0-12) was recorded as a total symptom score. The analyses also included grouped
symptoms: nonproductive cough (questions 1-3), productive cough (questions 4-6), wheezing (questions
7-10) and dyspnoea (questions 11-12). Furthermore, five symptom groups were defined according to
number of reported symptoms: no symptoms, 1-2 symptoms, 3—4 symptoms, 5-6 symptoms and 7-12
symptoms.

Smoking habits

Smoking habits were categorised as follows: 1) never-smoker; 2) ex-smoker for >6 months; 3) currently
smoking 1-14 g-day™'; 4) currently smoking 15-24 g-day™'; or 5) currently smoking >24 g-day '. One
cigarette was considered equivalent to 1 g of tobacco, one cheroot to 2 g of tobacco and one cigar to 5 g of
tobacco. Pipe smokers were classified according to the number of grams of tobacco smoked per day. The
smoking variable was used as adjustment variable.

Outcome measure

According to law, when Swedish residents, whether Swedish citizens or not, are discharged from hospital,
discharge information including date of admission and discharge and discharge diagnoses must be entered
in the nationwide Hospital Discharge Register. When Swedish residents, whether citizens or not, die
anywhere in the world, date of death, underlying cause of death and all contributing causes of death are
entered in the National Cause of Death Register. The study population data file was updated with data on
hospital discharges and death with the National Hospital Discharge Register and the National Cause of
Death Register from 1 January 1973 until 31 December 2011.

An incident COPD event was measured either as a first hospital admission with a diagnosis of COPD or
related diagnoses [14]: n=18 (8.3%) among 50-year-olds and n=29 (7.1%) among 60-year-olds. Deaths
from or with COPD for subjects with no previous hospital admission for the disease prior to 31 December
2011: n=3 (1.4%) among 50-year-olds and n=4 (1.0%) among 60-year-olds; altogether 47 (7.5%) hospital
admissions and seven (1.1%) deaths.

Statistical considerations

Data were analysed using SAS Software version 9.3 (SAS Institute, Cary, NC, USA). Overall, <1% of the
data used in these analyses were missing. Simple differences between groups were tested with the Mann—
Whitney U-test for continuous data and the Chi-squared test for categorical data. FEV; (% pred) and
N,-slope (% pred) data were analysed as quintiles.

No statistical power analysis, i.e. the probability (B) to find a statistical association between variables if it
exists, given the size of the study population, was performed when the study was planned, since no similar
study was available. A post hoc power analysis based on data used in this article was performed, according
to which >80% power (minimum requirement) would be obtained with 100 subjects. Based on the actual
study population size (n=625), the statistical power would be >99.9%.
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In the analyses of the effects of exposure on outcome, follow-up time was measured as number of days
from baseline to outcome or end of follow-up. Hazard ratios (HR) for FEV; (% pred) and N,-slope
(% pred) on a first COPD event were computed with the SAS “Lifetest” procedure. The hazard rates of the
groups with FEV; (% pred) and the Ny-slope (% pred) above or below mean value, respectively, were
approximately proportional across time, allowing proportional hazards regression (Cox regression) analysis.

The FEV; (% pred) and the N,-slope (% pred) measures were closely correlated (r=0.66), indicating that
they might be measures of the same underlying process and thereby cause collinearity. Possible
collinearity was measured with the SAS “Reg” procedure, but none was found, indicating that the two
measures were affected by different underlying processes (e.g. large or small airways).

The influence of FEV; quintiles and Nj-slope quintiles on incident COPD events, adjusted for age at
baseline and smoking habit score was tested with proportional hazards regression analysis. Censoring
events included a first COPD event; death from COPD with no previous event; death from other causes; or
no event at the end of follow-up, whichever came first, thereby adjusting for competing risk. The degree of
potentiation between total symptom score and N,-slope quintiles was determined by comparing Wald’s
Chi-squared test for a variable based on summing the two variables (additive potentiation) and one based
on multiplying the two variables (multiplicative potentiation), of which additive potentiation was
significant, but not multiplicative. Figures 1-3 were compiled based on data from the proportional hazards
regression model. All analyses were two-tailed and p<0.05 was considered significant. Wald’s Chi-squared
test was used as measure of exposure variable impact on outcome, since all exposure variables get one
degree of freedom in Wald’s Chi-squared test, irrespective of how they are graded, while the size of the
hazard ratio is strongly dependent of grading.

Results

Table 1 presents the characteristics of the study population at baseline and subdivided according to incident
COPD events. Lung function variables and symptom group prevalences differed significantly between
subjects with no COPD events and subjects with COPD events during the follow-up.

Table 2 presents prediction of incident COPD events by total symptom score, FEV; quintiles, Nj-slope
quintiles, age and smoking habit score in proportional hazards regression analysis. Total symptom score
had the highest impact on the prediction, followed by N,-slope quintiles and FEV; quintiles. Thus, total
symptom score, N,-slope and FEV,; were independently and significantly related to the incidence of
incident COPD events after adjustment for smoking habit score and age.

Each of the 12 respiratory symptoms was highly significantly associated with incident COPD events
(supplementary table S1). Wheeze or squeaks at any time, unconnected with a common cold, had the
strongest association to outcome.

Table 3 shows the predictive power on incident COPD events of the four symptom groups and of a fifth
group with total symptom score, each in combination with Nj-slope, age and smoking habit score, and
subdivided according to men without and with airways obstruction. The N»-slope was a stronger predictor
than nonproductive cough and productive cough among men without and with airways obstruction.

TABLE 2 Multivariate proportional hazards regression of total symptom score, forced expiratory volume in 1 s

(FEV;), N,-slope, attained age and smoking habit score on admission to hospital or death related to COPD

Parameter estimate Wald’s Chi-squared” p-value Hazard ratio (95% ClI)

Total symptom score® 0.20 20.7 <0.0001 1.22 (1.12-1.33)
FEV; (quintiles)* —-0.35 5.6 <0.05 0.71 (0.53-0.94)
N,-slope (quintiles)® 0.49 9.5 <0.005 1.63 (1.20-2.22)
Attained age” 0.02 0.5 NS 1.02 (0.96-1.08)
Smoking habit score™® 0.03 0.1 NS 1.04 (0.79-1.37)

ns: nonsignificant. *: expresses impact of exposures on outcome with one degree of freedom for all variables;
4. sum of yes-responses from all 12 symptoms; *: FEV, in percentage of predicted normal according to
HepensTrom et al. [16] in quintiles; ®: alveolar slope of the single-breath nitrogen test in percentage of predicted
normal according to St et al [17] in quintiles; f: age at each year of follow-up; **: 1=never-smoker,
2=ex- smokfr since >6 months, 3=currently smoking 1-14 g-day*, 4=smoking 15-24 g-day ’, 5=smoking
>24 g-day™".
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TABLE 3 Results of proportional hazards regression analyses of five symptom groups on incident COPD events

during follow up of subjects with normal and subjects with reduced forced expiratory volume in 1 s (FEV;)/vital
capacity (VC).

Nonobstructive” Obstructive®
Wald’s Chi-squared” p-value Wald’s Chi-squared” p-value
Subjects n 544 71
Nonproductive cough® 3.68 0.054 1.02 0.31
N,-slope quintiles’ 10.90 0.001 6.33 <0.05
Attained age™ 0.13 0.72 0.91 0.34
Smoking habit score™® 0.29 0.59 0.42 0.52
Productive cough® 3.86 <0.05 2.51 0.11
N,-slope quintiles’ 11.71 0.0006 7.26 0.0071
Attained age™ 0.13 0.72 0.89 0.35
Smoking habit score™ 0.38 0.54 0.51 0.48
Wheezing§ 9.65 0.0019 5.98 0.0145
N,-slope quintiles’ 11.86 0.0006 5.91 0.0150
Attained age™ 0.002 0.97 1.28 0.26
Smoking habit score™ 0.41 0.52 0.17 0.68
Dyspnoea§ 14.51 0.0001 5.94 0.0148
N,-slope quintiles’ 10.28 0.0013 7.58 0.0059
Attained age™ 0.003 0.96 0.08 0.78
Smoking habit score™ 0.62 0.43 0.30 0.58
Total symptom score™ 14.82 <0.0001 6.58 0.0103
N,-slope quintiles’ 10.26 0.0014 6.35 0.0117
Attained age™ 0.06 0.81 1.66 0.20
Smoking habit score™ 0.06 0.81 0.34 0.56

p<0.05 was considered significant. # FEV,/VC >lower limit of normal (LLN) according to Hepenstrom et al. [16];
“: FEV;/VC <LLN according to HepensTrom et al. [16]; *: expresses impact of exposures on outcome; % represented
by the sum of the questions involved; *: alveolar slope of the single-breath nitrogen test in percentage of
predicted normal according to St et al. [17] in quintiles; *: 50- or 60-year-old men in 1973; **: comprises five
categories (never-smoker, ex-smoker, currently smoking 1-14 g-day ™', 15-24 g-day™* and >24 g-day™); **: sum

of yes-responses from all 12 symptoms.

Wheezing, dyspnoea, total symptom score and the N,-slope were strong predictors in both groups. Age
and smoking habit score were not significant in any of the predictions when Nj-slope and symptoms were
included and the study population was subdivided according to spirometry results.

Figure 1 shows cumulative first COPD event incidence across 38 years of follow-up among men who had
no airflow limitation at baseline and those who did. Those who had no airflow limitation at baseline had a

FIGURE 1 Cumulative first COPD event

COPD event incidence, %

nonobstructive and obstructive at baseline.
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total 12.2% cumulative COPD event incidence while the corresponding incidence among those who had
airflow limitation was 46.7%.

Figure 2a shows that the incidence of incident COPD events (COPD event incidence) during 38 years of
follow-up increased with number of respiratory symptoms among subjects without and with airflow
obstruction. Figure 2b shows that the COPD event incidence increased with Nj-slope quintile among
subjects without and with airflow obstruction.

Figure 3a shows that in nonobstructive subjects, COPD event incidence is almost zero for a very flat
N,-slope and absence of symptoms, and ~70% in case of a very steep N,-slope and many symptoms; for
obstructive subjects, for a similar combination, a higher level of COPD event incidence is shown, reaching
>90% (figure 3b).

Discussion

The present results showed that the N,-slope significantly and independently improved the prediction of
hospital admission and mortality related to COPD beyond the predictive value of respiratory symptoms,
age and smoking habits in middle-aged men with and without airway obstruction.

The present results are in line with the predictive strength of respiratory symptoms that has been reported
repeatedly [2, 4, 5, 20-27], as well as the predictive power of mucus hypersecretion when controlled for
age, smoking status and FEV; [3, 20, 24]. In the present analysis, dyspnoea and wheezing were stronger
predictors of incident COPD events than was cough with expectoration. According to the Global Initiative
for Chronic Obstructive Lung Disease (GOLD) recommendations [28], wheezing is not specifically
included in the diagnostic criteria. Wheezing is also a core symptom in chronic asthma, but nevertheless,
wheezing is strongly associated with hospital admission and death related to COPD, why this symptom
may be considered in the grading of COPD severity in future GOLD recommendations.

The predictive ability of the Nj-slope beyond that of respiratory symptoms, and smoking habits among
subjects with normal spirometry, is an important finding in our efforts to predict subjects at risk of future
COPD complications. Small-airway abnormalities precede the development of emphysema and overt COPD
[8, 29, 30]. As the presence of respiratory symptoms strongly predicts COPD outcomes, there is a high
probability that these symptoms relate to early abnormalities in small airways. Consequently, adequate
measures of small airway function might further fine-tune the early prediction of COPD outcomes.
However, there is little consensus regarding the prognostic value of so-called small-airway tests [31, 32].
Nevertheless, OxHos et al. [15] found that the N,-slope was abnormally steep among some smokers with
normal spirometry, presumably indicating sensitivity to smoking-induced changes in small airways. In a

b) 100+
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COPD event incidence, %
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3-4 5-6 7-12 1 2 3 4 5

Number of symptoms N,-slope quintiles

FIGURE 2 a) Incidence of first admission to hospital or death related to COPD (COPD event incidence) in nonobstructive and obstructive subjects
according to symptom groups where the numbers along the horizontal axis represent number of reported respiratory symptoms. b) The same
incidence of admission to hospital or death related to COPD according to alveolar N,-slope quintiles. Number of subjects reporting symptoms
among nonobstructive subjects were: 0 n=232, 1-2 n=168, 3-4 n=68, 5-6 n=36, 7-12 n=28. The corresponding numbers among obstructive subjects
were: 0 n=22, 1-2 n=19, 3-4 n=16, 5-6 n=10, 7-12 n=20.
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FIGURE 3 Incidence rate of first admission to hospital or death related to COPD (COPD event incidence) during 38 years of follow-up in
a) nonobstructive and b) obstructive men based on Ny-slope quintiles and number of reported symptoms. Number of subjects reporting symptoms
among nonobstructive subjects were: 0 n=232, 1-2 n=168, 3-4 n=68, 5-6 n=36, 7-12 n=28. The corresponding numbers among obstructive subjects
were: 0 n=22, 1-2 n=19, 3-4 n=16, 5-6 n=10, 7-12 n=20.

7-year follow-up study of 460 men, Ororsson et al. [33] found that a steep N,-slope at the start of the study
predicted a future increased rate of FEV; decline, probably predicting a greater risk of developing COPD.
Furthermore, the Ny-slope was found to predict COPD events beyond that of spirometry [14] and has been
shown to be associated to morphological changes in small airways [11, 12]. Thus, it is reasonable that the
Nj-slope is associated with small airway obstruction, at least when spirometry is normal or accounted for.

The present results clearly show the strong predictive power of the Nj-slope, which might be worth
considering regarding the identification of pre-COPD among younger subjects as asked for by Han et al.
[1] for early identification of subjects at risk for overt COPD and complications. But it is worth pointing
out that it is the combination of respiratory symptoms and the N,-slope that results in high incidence of
incident COPD events.

It is valuable to compare the present results with that of the extensive study by CoLak et al. [5] because of
its strength and generalisability. Both studies are based on random population samples from Nordic cities,
i.e. Copenhagen and Gothenburg, and both report on respiratory symptoms and airway obstruction and
hospital admission because of exacerbations or respiratory death. The proportion of subjects with airway
obstruction is also similar, ~14% and ~12% in Copenhagen and Gothenburg, respectively. The overall
prevalence of respiratory symptoms in the Gothenburg study was ~59%, whereas the Copenhagen study
reported 39%. The questionnaire in the Gothenburg study contains more questions regarding nonproductive
cough, productive cough and wheezing, but fewer regarding dyspnoea as compared to the Copenhagen
study, which may account for different proportions of subjects identified as symptomatic.

In the Copenhagen study, 1.4% of nonobstructive subjects with respiratory symptoms, but without airway
obstruction, experienced admission to hospital because of exacerbations or respiratory death as compared
to ~10% in the present study. Presumably, this is due to the roughly 4.4 times longer follow-up in the
Gothenburg study and a nonlinear effect of follow-up time. Thus, the similarities and explainable
dissimilarities between the studies strengthens the generalisability of the present results.

It is worth underlining that the majority of subjects with respiratory symptoms have no airflow obstruction

and do not develop incident COPD events. Thus, the mechanisms involved in the sensation of respiratory
symptoms are usually unknown. Another important circumstance to consider is that the main underlying
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cause of COPD has gone down tremendously. In 1973 the majority of men (54%) were smokers.
According to the World Health Organization, Sweden was the first country with <20% smokers.

One limitation of the present study was the limited sample size. However, the number of person-years of
observation was substantial and provided the study with >99.9% statistical power. Another limitation is
that only middle-aged men were included, which limits the generalisability of the results. Moreover, there
was only one measurement of respiratory symptoms, lung function and smoking habits in the present
study, and only severe COPD events were evaluated. Strengths of the study include its high statistical
power, the strictly-controlled N, test performance and evaluation, and the clear definition of the N,-slope.

In conclusion, the Nj-slope is independently predictive of incident COPD events beyond respiratory
symptoms in middle-aged men, and importantly also in men with normal spirometry, in agreement with
several studies demonstrating that structural and functional abnormalities of the lungs and airways in
subjects with normal spirometry precede clinical COPD. The combination of the Nj-slope and respiratory
symptoms results in an effective prediction. The Nj-slope should be considered in the critical need for
further research on early diagnosis of COPD.
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