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Abstract

AIM—To investigate the underlying relationship between obesity and the extent of emphysema
depicted at CT.

METHODS AND MATERIALS—A dataset of 477 CT examinations was retrospectively
collected from a study of chronic obstructive pulmonary disease (COPD). The low attenuation
areas (LAAs; <950 HU) of the lungs were identified. The extent of emphysema (denoted as
%LAA) was defined as the percentage of LAA divided by the lung volume. The association
between log-transformed %LAA and body mass index (BMI) adjusted for age, sex, the forced
expiratory volume in one second as percent predicted value (FEV1% predicted), and smoking
history (pack years) was assessed using multiple linear regression analysis.

RESULTS—After adjusting for age, gender, smoking history, and FEVV1% predicted, BMI was
negatively associated with severe emphysema in patients with COPD. Specifically, one unit
increase in BMI is associated with a 0.93-fold change (95% CI: 0.91-0.96, p < 0.001) in %LAA,
the estimated %LAA for males was 1.75 (95% ClI: 1.36-2.26, p < 0.001) times that of females; per
10% increase in FEVV1% predicated is associated with a 0.72-fold change (95% CI: 0.69-0.76, p <
0.001) in %LAA.

CONCLUSION—Increasing obesity is negatively associated with severity of emphysema
independent of gender, age, and smoking history.

Introduction

Obesity is a common, serious, and costly human condition associated with a number of
health issues (e.g., pulmonary disease, heart disease, stroke, and diabetes).13 Body mass
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index (BMI) is used to quantify the level of obesity, and it is computed based on an
individual’s mass and height.# Obesity has been associated with numerous respiratory
diseases that include asthma,®8 chronic obstructive pulmonary disease (COPD), which
includes individuals with emphysema and chronic bronchitis,” & and sleep apnoea.® As
compared to asthma and sleep apnoea, there has been less information on the relationship
between obesity and COPD; however, research on this topic has been increasing.10-12

Whereas respiratory mechanics (e.g., muscle strength) may be compromised with obesity, it
is generally believed that obesity could accelerate the decline in lung function and increase
the risk of death.13 However, several studies have paradoxically reported that obese patients
with COPD have either better health and/or survival as compared with normal or
underweight patients.14-2 This controversy, denoted the “obesity paradox”, has been
observed in other diseases, including diabetes?® and heart disease.2” Celli et al.282% and
Schols et al.30:31 independently investigated the effect of body mass on survival in COPD
patients and both concluded that body mass could serve as an independent predictor of risk
of death from COPD. In 1967, Vandenbergh et al.32 reported that the 5-year survival rate
was significantly higher in normal-weight patients (80%) as compared with underweight
patients (50%). Sava et al.1 reported that overweight patients had mild airflow obstruction
compared to patients with normal weight. These observations, in part, led to the hypothesis
that obesity could be a protective mechanism against a decline in airflow obstruction in
COPD patients. However, the obesity paradox may represent an oversimplification in that it
may ignore the fact that “optimal” weight could be a dynamic factor that changes during a
person’s life cycle.33:34 Further investigations are necessary to understand the relationship
between obesity and COPD better.

COPD is frequently diagnosed and assessed using pulmonary function testing because of its
characteristic in terms of airflow limitation. As a heterogeneous disease, patients with
COPD may have emphysema, airway involvement/chronic bronchitis, or both. In this study,
CT examinations were used to quantify the presence (or absence) of emphysema, and
investigate the association, if any, between obesity and COPD in patients with known
COPD. In contrast to a symptom-based diagnosis,3® the utilization of CT could aid in
quantifying emphysema thereby facilitating the investigation of the relationship between
emphysema and obesity. Therefore, the relationship between obesity and extent of
emphysema as depicted on CT images was analysed after controlling for BMI, pulmonary
function, age, gender, and smoking history in a COPD screening cohort.

Methods and materials

Study population

The study cohort consisted of 477 participants in an National Institutes of Health (NIH)-
sponsored specialized centre for COPD at the University of Pittsburgh. The inclusion criteria
for enrolment were age >40 years, current or former smokers with at least a 10 pack-year
history of tobacco exposure. The patients completed pre- and post-bronchodilator spirometry
and plethysmography, measurement of lung diffusion capacity, a chest CT examination, and
demographic and medical history questionnaires. The dataset included 301 participants with
COPD as defined by the Global Initiative for Obstructive Lung Disease (GOLD),36 and 176
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participants without airflow obstruction (Table 1). The patients represented the first 477
enrolled in the study without any selection criteria. All study procedures were approved by
the University of Pittsburgh Institutional Review Board (#0612016). Written informed
consent was obtained.

Acquisition of thin-section CT examinations

CT examinations were acquired using a 64-detector CT system (LightSpeed VCT, GE
Healthcare, Waukesha, WI, USA) with patients holding their breath at end inspiration
without the use of radiopaque contrast medium. Scans were acquired using a helical
technique at the following parameters: 32 x 0.625 mm detector configuration, 0.969 pitch,
120 kVp tube energy, 250 mA tube current, and 0.4 s gantry rotation (or 100 mAs). Images
were reconstructed to encompass the entire lung field in a 512 x 512 pixel matrix using the
GE “bone” kernel at 0.625 mm section thickness and 0.625 mm interval. Pixel dimensions
ranged from 0.549 to 0.738 mm, depending on participant body size. The “bone” kernel was
used because of its ability to visualize and quantify both the parenchyma and airways.3

Quantifying the extent of emphysema depicted at CT

Emphysema depicted on CT images was quantified based on the application of a =950 HU
threshold to the segmented lung, which is a common threshold used to identify areas of the
lung with a low computed attenuation often associated with emphysema.38-40 The extent of
emphysema was defined as the percentage of low attenuation areas (%LAA) relative to the
total lung volume. To reduce overestimation of the percentage of emphysema possibly
caused by image noise or artefact, small clusters of pixels below the =950 HU thresholds
were removed. Considering that in-plane image pixel size ranges from approximately 0.55
to 0.74 mm, a relatively small threshold was selected, 3 mm?2 (4-5 pixels), for discarding
smaller clusters below this threshold. All CT image processing was performed using in-
house software.

Statistical analysis

Emphysema severity was quantified in both the entire cohort and the pre-defined subgroups
using medians and interquartile ranges (IQR). The distribution of %LAA was compared
across the subgroups using the non-parametric Kruskal-Wallis test. Similarly, the Wilcoxon
rank-sum test was used to compare the distributions of BMI between COPD and non-COPD
patients. To determine whether BMI was independently associated with emphysema
severity, a multiple linear regression analysis was conducted with log-transformed %LAA as
the dependent variable and BMI, age, gender, FEV1% predicted, and smoking status as
independent variables. The log-transformation was conducted due to the skewness of the
%LAA distribution. For the regression coefficients 95% Wald-type confidence intervals (Cl)
were obtained. The results were also presented in terms of fold-changes, by transforming the
coefficients back using an exponential function. Statistical significance was defined by p <
0.05 (two sided). The analyses were performed using SAS (SAS Institute, NC, USA),
version 9.3.
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The median values for %LAA for the overweight (25 < BMI < 30) and obese (BMI > 30)
subgroups were 1.8% (IQR: 0.6-6.3%) and 1.4% (IQR: 0.5-3.5%), respectively, which were
both significantly lower than in the normal/underweight subgroup (p < 0.001 ; Table 2).
Males had a median %LAA that was significantly higher than %LAA in females (p <
0.001). Patients younger than 60 years of age, 60-70 years of age, and older than 70 years of
age, had median %LAAof 3.7% (IQR: 0.5-19.9%), 1.7% (IQR: 0.5-6.1%), and 2.7% (IQR:
0.7-5.5%), respectively. BMI distributions were normally distributed in patients with and
without airflow obstruction based on GOLD classification (Fig 1). A boxplot in Fig 2 was
used to demonstrate the relationship/match between emphysema extent quantified at CT and
the clinical measures of COPD by GOLD. In patients with airflow obstruction (COPD),
emphysema severity decreased with increasing BMI (Fig 3a, p< 0.001), whereas in patients
without airflow obstruction there was no significant association between emphysema and
BMI (Fig 3b, p = 0.3). Furthermore, patients in the “obstructed” subgroup had a
significantly lower BMI (median 26.6, IQR: 23.6-30) than patients in the non-obstructed
group (median BMI 28.9, IQR: 26.1-31.4, p < 0.001).

In patients with airflow obstruction (COPD), BMI, gender, and severity of obstruction were
each independently associated with %LAA (Table 3). A one unit increase in BMI was
associated with a 0.93-fold (95% CI: 0.91-0.96, p< 0.001) change in %LAA. The estimated
%LAA in males was 1.75 times (95% CI: 1.36-2.26, p = 0.001) that in females. A 10% unit
increase in FEV1% predicated was associated with a 0.72-fold (95% CI: 0.69-0.76, p<
0.001) change in %LAA. Age and smoking status were not significantly associated with
%LAA in a multivariate analysis. In the non-obstructed group, gender was statistically
significantly associated with %LAA (Table 4). The estimated %LAA in males was 2.24
times (95% CI: 1.52-3.3, p < 0.001) that in females. Age, smoking status, FEV1%
predicted, and BMI were not statistically significantly associated with %LAA in a
multivariate analysis.

Discussion

Chronic obstructive pulmonary disease is generally believed to be associated with weight
loss. However, obesity is becoming increasingly common in the COPD population.”12
Approximately 50% of the patients with COPD in the present cohort were either
overweightor obese (Fig 1), a distribution that is similar to the results (ranging from 18—
54%) reported in previous studies.14 Given the farranging negative effect of obesity on
health and the high morbidity and mortality of COPD,*! the prevalence of obesity in
individuals with COPD highlights the need for specific interventions aimed at avoiding
complex health issues that may be caused by an interaction between COPD and obesity. The
present cohort was mostly patients with normal to moderate airflow obstruction (Table 1)
and considered to have a normal to obese body type based on BMI (Table 2). Therefore, the
present results do not represent patient wasting that may indicate a more aggressive
catabolic disease process, which the present cohort was not suited to investigate.
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Emphysema severity was quantified using CT examinations and the relationship between
emphysema and obesity was studied. In the present study, BMI was negatively associated
with emphysema severity after adjusting for age, gender, lung function, and smoking status
(p < 0.001). The present results are consistent with the studies of Ogawa et al.?> and Harik-
Khan et al.#2 in the Baltimore Longitudinal Study of Aging who reported that low BMI was
a risk factor for COPD despite the differences in population. However, it cannot be safely
concluded that obesity is a protective factor in COPD from the present results or the results
of others. Emphysema was quantified using a single-threshold approach; this approach
neglects the possible presence of other diseases related to airway obstruction (e.g., chronic
bronchitis) which may impact obesity. As Guerra et al.3® discovered, patients with
emphysema are more likely to be underweight, whereas patients with chronic bronchitis are
more likely to be obese, suggesting that obesity could be a result rather than a cause of other
diseases, such as chronic bronchitis. Hence, in order to address the apparent paradox, COPD
patients should be stratified into subgroups according to the presence or absence of other
diseases and a longitudinal investigation performed of the underlying relationship between
obesity and COPD, specifically the impact of obesity on prognosis. In particular, a thorough
investigation of airway tree morphology should be undertaken, which may aid in
discriminating COPD patients into more specific subgroups and thus enable better
understanding of the interaction between obesity and COPD.

Ogawa et al.25 divided COPD patients into four different groups according to emphysema
and airway wall measurements based onCT images. Their study involved various metrics,
including emphysema, airway wall thickness, serum markers, and subcutaneous fat
measures. They found that %LAA (using a threshold of =960 HU) is inversely associated
with BMI but no significant relationship between BMI and airway wall measures. When
determining these complex relationships one needs to account for other variables such as
gender, age, pack-years, and lung function; otherwise, the underlying relationship could be
confounded. Also, both males and females were included in the present study population,
which was also a milder cohort with two subgroups (i.e., with obstruction/without
obstruction). The use of a multivariate analysis enabled the investigation of whether other
potentially important variables affected the results. The present results showed that age and
smoking status are not significantly associated with %LAA after adjusting for gender, BMI,
and FEV1% predicted. Airway data were not included in the analysis, which limits the
ability to capture and comment on the chronic bronchitis COPD phenotype in the present
cohort. As others did not find a significant relationship between BMI and airway metrics,2°
it is unclear whether airway metrics would significantly contribute to BMI in the present
cohort. However, this does not necessarily weaken the findings of the present as the overall
relationship between BMI and emphysema was comprehensively investigated.

Unlike previous biochemical-based investigations,#344 the present study quantitatively
assessed the impact of tobacco exposure on the development of emphysema based on
imaging. Emphysema in men was overall more severe than in women (p <0.001). This
finding is consistent with previous studies.*® At the same time, it was also reported that
adult females made more emergency department visits for COPD than adult males, and
female smokers are more likely to have a reduced lung function as compared with their male
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counterparts.® These observations may suggest that airway obstruction may lead to more
severe symptoms than emphysema; however, additional longitudinal effort is needed to
verify and explain these gender differences in terms of susceptibility of developing COPD.
Finally, BMI, a commonly used index of obesity, does not provide an exact quantification of
the distribution of fat and lean muscle mass that could affect assessments of the impact of
obesity on disease severity. Hence, an imaging-based index of obesity computed from chest
CT or dual x-ray absorptiometry may be a better method as it may have a direct impact on
respiratory muscle strength and thus on ventilation.*” However, as Ogawa et al.25 reported
that the area of subcutaneous fat correlated significantly with BMI, it may prove to be a
sufficient index of obesity.

There are some limitations related to the present study. A method of removing clusters of
pixels below the emphysema cut-off and smaller than 3 mm? (4 or 5 pixels) is related to
patient size because larger patients will have larger reconstruction FOV (i.e., pixel
dimension) compared to smaller patients. However, whether the cluster size is 4 versus 5
pixels because of different pixel dimensions had no effect on emphysema quantification in
previous investigations, and it was not expected to affect the current study. A possible
limitation is that the CT examinations were reconstructed using a high-spatial frequency
kernel, which creates CT images with a low signal-to-noise ratio compared to low-frequency
kernels. In an effort to adjust (correct) for the increased image noise, small clusters (3 mm?2)
below the threshold for emphysema were removed. This correction may or may not have
produced results that were close to the actual percentage of emphysema present in patients.
Nevertheless, the CT examinations for all patients were performed and analysed under the
same CT protocol, and, therefore, the quantitative emphysema metric, on a relative scale,
reproducibly ranked patients according to CT emphysema. The same tube current-rotation
time product (mAs) was used for all patients. This could result in more photon starvation
(i.e., increased image noise) in large patients as compared to small patients, which may
incorrectly increase the number of pixels below the emphysema threshold. As patient BMI
increased, the % LAA decreased; however, in the present study, the association between
BMI and %LAA was simply stronger than the association between photon starvation and
emphysema quantification. The cluster-removal approach may have, in part, corrected for
photon starvation. The present findings are from a single institution and may or may not be
generalizable to other institutions or cohorts.

In conclusion, in patients with COPD, BMI is inversely associated with emphysema and is
independent of age, gender, and smoking history. Additionally, emphysema severity in men
was higher than that in women. Although a causal relationship between obesity and
emphysema cannot be established, the present findings strengthen the understanding of the
link between the two in a well-defined, diverse, tobacco-exposed cohort.
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Figure 1.
The distribution of BMI across all patients (n = 477).
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Figure 2.
The emphysema extent quantified by CT in terms of GOLD.
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Figure 3.

The percent of low attenuation areas (%LAA) stratified by BMI. (a) Patients with airflow
obstruction based on GOLD. (b) Patients without airflow obstruction.
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Table 1

Patient demographics (n = 477).

Parameter Mean (xSD) or count (%)
Sex male 265 (55.6%)
Age 64.3 (+5.3)
Pack years 57.7 (£ 32.9)
Height (cm) 169.5 (£ 9.4)
Weight (kg) 79.6 (+ 16.0)
BMI 27.6 (+ 4.4)
FEV % predicted 76.1 (£ 27.3)
FEV,/FVC% (%) 61.4 (+ 16.6)
GOLD classification

No airflow obstruction 176 (36.9%)
GOLD | 80 (16.8%)
GOLD Il 131 (27.5%)
GOLD Il 50 (10.5%)
GOLD IV 40 (8.4%)
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BMI, body mass index; FEV1% predicted, the forced expiratory volume in one second as percent predicted value; FEV1/FVC%, ratio of forced

expiratory volume in 1 s (FEV1) to forced vital capacity (FVC); GOLD, Global Initiative for Obstructive Lung Disease.
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