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ABSTRACT
Introduction: Obesity can lead to a late-onset nonallergic (LONA) form of asthma for reasons that are not
understood. We sought to determine whether this form of asthma is characterised by any unique
physiological features.
Methods: Spirometry, body plethysmography, multiple breath nitrogen washout (MBNW) and
methacholine challenge were performed in four subject groups: Lean Control (n=11), Lean Asthma
(n=11), Obese Control (n=11) and LONA Obese Asthma (n=10). The MBNW data were fitted with a
novel computational model that estimates functional residual capacity (FRC), dead space volume (VD), the
coefficient of variation of regional specific ventilation (CV,V′E) and a measure of structural asymmetry at
the level of the acinus (sacin).
Results: Body mass index and waist circumference values were similar in both obese groups, and
significantly greater than in lean asthmatic individuals and controls. Forced vital capacity was significantly
lower in the LONA Asthma group compared with the other groups (p<0.001). Both asthma groups
exhibited similar hyperresponsiveness to methacholine. FRC was reduced in the Obese LONA Asthma
group as measured by MBNW, but not in obese controls, whereas FRC was reduced in both obese groups
as measured by plethysmography. VD, CV,V′E and sacin were not different between groups.
Conclusions: Chronic lung compression characterises all obese subjects, as reflected by reduced
plethysmographic FRC. Obese LONA asthma is characterised by a reduced ability to recruit closed lung
units, as seen by reduced MBNW FRC, and an increased tendency for airway closure as seen by a reduced
forced vital capacity.
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Introduction
Asthma, like many chronic diseases, is adversely affected by obesity. In some cases, this manifests as a
modulation of the asthma phenotype typically seen in lean populations, resulting in more severe
symptoms and frequent exacerbations [1]. Obesity also causes de novo asthma, but with a disease
phenotype that differs from that seen in lean individuals. While disease in lean individuals often has an
allergic basis and first presents in childhood, the obesity-specific form of asthma often presents later in life
and is not associated with allergy or type-2 inflammation [2]. Furthermore, airway reactivity in this
late-onset nonallergic (LONA) form of obese asthma improves dramatically with weight loss, suggesting
that its pathophysiology may be quite different from that of the conventional form of asthma that affects
lean individuals [3]. Obese patients also tend to have worse asthma control, and their disease does not
respond as well to many standard therapies [4]. Elucidating the mechanistic basis of LONA obese asthma
is important for the development of appropriate therapies to treat this patient population.

It is easy to imagine that LONA obese asthma might have something to do with the chronic reductions in
lung volume caused by mass loading of the chest wall. It has been shown, for example, in both humans [5]
and animal models [6, 7], that airways’ responsiveness to methacholine challenge is greatly enhanced when
volume descends below normal functional residual capacity (FRC). Correspondingly, reduced lung
volumes in obese individuals might thus lead them also to exhibit asthma-like hyperresponsiveness. This
notion is supported by the finding that obese asthma incidence and prevalence correlates with body mass
index (BMI) [8, 9]. Nevertheless, even with BMIs of 45 kg·m−2 and above, most obese individuals do not
develop LONA asthma [9]. This raises the question as to what is special about those who do.

There are a number of physiological mechanisms that could potentially lead to excessive impairment of
lung function at low lung volumes in only some obese subjects. For example, individuals with LONA
obese asthma might have airways that are simply more prone to collapse than average [10, 11], or they
might have a lipid status that is altered enough to impair surfactant function [12], or they might have
elevated levels of systemic inflammation that lead to remodelled airways [13] that are at risk for becoming
occluded. Such theories are still speculative and thus remain in strong need of investigation. To gain
further insight into this question we therefore assessed the physiological characteristics of individuals with
LONA obese asthma relative to those of obese individuals without asthma. Since LONA obese asthma
appears to be a disease of altered lung mechanics, we focused on the measurement of characteristics that
reflect both overall lung function as well as its degree of regional heterogeneity. We also measured these
characteristics in both lean control and lean asthmatic subjects in order to provide a basis of comparison
against the physiological factors that predispose to conventional allergic asthma.

Methods
Human subjects
The study protocol was approved by the University of Vermont Institutional Review Board. Informed
consent was obtained from all participants. Inclusion criteria were as follows: LONA asthma – physician
diagnosis of asthma at age ⩾18 years, BMI⩾35 kg·m−2, ages 35–55 years, serum IgE<100 IU·mL−1; obese
control – no history of asthma, BMI⩾35 kg·m−2, ages 35–55 years, serum IgE<100 IU·mL−1; lean control –
no history of asthma, BMI 18.5–24.9 kg·m−2, ages 35–55 years, serum IgE<100 IU·mL−1; lean asthma –
physician diagnosis of asthma at age <18 years, BMI 18.5–24.9 kg·m−2, ages 18–55 years, serum
IgE⩾100 IU·mL−1. We did not perform testing for aeroallergens, but all allergic asthmatic patients had
elevated IgE and reported a history of seasonal allergies and/or allergies worsening their asthma. The
original protocol included only lean allergic asthmatic subjects ages 35–55 years, but because of difficulty
recruiting such participants, the eligibility criteria were modified to include younger participants.
Participants with forced expiratory volume in 1 s (FEV1)<60% predicted, other forms of lung disease,
exacerbation within the last 8 weeks, pregnancy and ⩾20 pack-years smoking history were excluded.

Questionnaires and lung function measurement
Asthma control was assessed using the Juniper Asthma Control Questionnaire [14]. Spirometry, lung
volumes and single breath nitrogen washouts were measured (Platinum Elite™ body plethysmograph;
MGC Diagnostics, Saint Paul, MN, USA) according to American Thoracic Society (ATS) and European
Respiratory Society (ERS) guidelines [15–17]. Methacholine challenge testing, assessed by spirometry, was
performed according to the 1999 ATS guidelines using the two-minute tidal breathing protocol [18],
administering a maximum concentration of methacholine of up to 16 mg·mL−1 for participants with
asthma, and up to 64 mg·mL−1 for controls.

Multiple breath nitrogen washout
Multiple breath nitrogen washout (MBNW) was measured using Easy One Pro® (ndd Medical
Technologies, Andover, MA, USA) according to ATS/ERS guidelines [16]. While subjects sat comfortably
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in a chair attempting to breathe pure oxygen in a deep and regular manner, the nitrogen fraction and
airflow (V′E) at the mouth were monitored continuously at 200 Hz until nitrogen fraction at the end of
Phase III during expiration had fallen to <1/40 of its baseline value. Each subject performed several
washout manoeuvres with a rest between each. All subjects produced at least one manoeuvre that was
judged to be technically acceptable in terms of exhibiting a monotonic decrease in the breath-by-breath
expired nitrogen fraction over the entire course of the washout. Most subjects produced three acceptable
manoeuvres.

The nitrogen fraction and flow signals recorded throughout each manoeuvre were fitted with a novel
computational model that we recently introduced [19]. This model assumes the lung to be comprised of a
large number of parallel units that differ only in their respective tidal volumes and the changing relative
contributions they each make to flow as expiration proceeds. The model provides estimates of four
quantities of physiological interest – FRC, the volume of the dead space (VD), the coefficient of variation
of specific ventilation throughout the entire lung (CV,V′E) and a parameter that reflects local structural
asymmetry in the airway tree at the level of the acinus (sacin). The parameters obtained from the model fit
with the smallest mean squared residual between the measured and predicted nitrogen fraction for each
subject were retained for analysis [19].

Compared to the conventional approach of determining the slope (s scond) and intercept (sacin) of the
normalised Phase III slope versus cumulative expired volume [20], the model-fitting approach has the
advantage of not requiring identification of the transition point between Phase II and Phase III of the
alveolar plateau in nitrogen fraction. It also does not require that subjects breathe in a deep and uniform
manner throughout the manoeuvre, something that a number of our subjects struggled to do.

Statistics
Statistical analysis was performed using STATA 16.0 (Statacorp, College Station, TX, USA). Differences
across groups were tested by ANOVA and Kruskal–Wallis test. Group pairs were compared by t-test with
Bonferroni correction. Statistical significance was interpreted as p<0.05.

Results
Table 1 lists the demographics of the four study groups, which were Lean Control (n=11), Lean Asthma
(n=11), Obese Control (n=11) and Obese LONA Asthma (n=10). The groups were well matched in terms
of age with the exception of the Lean Asthma subjects who were roughly half the age of the other groups
(related to difficulty identifying participants aged 35–55 years with early-onset allergic asthma who were
lean). The two obese groups were similar in body habitus, although the obese controls were slightly more
obese than the obese LONA asthmatic individuals and had somewhat greater waist circumference (table 1).
The Obese Asthma group had worse asthma control and more urgent care visits than the Lean Asthma
group (table 2). Forced vital capacity (FVC) in the Obese LONA Asthma group was significantly lower
than the other three groups (table 3). Total lung capacity (TLC) was numerically lower in the Obese
Asthma group. FRC, measured by plethysmography, was significantly lower in both obese groups
compared with both lean groups.

Figure 1 shows the mean components of TLC measured by plethysmography in each of the four groups
expressed as fractions of 100% predicted TLC. This figure illustrates how obesity and asthma, both alone
and in combination, potentially alter lung volume. In particular, the hatched areas in figure 1 represent the
predicted volumes of consolidated lung responsible for preventing each group from reaching 100% TLC.
What this figure suggests is that although FRC is depressed in both obese groups, the obese controls are

TABLE 1 Baseline demographic data

Lean Obese p-value

Control (n=11) Asthma (n=11) Control (n=11) Asthma (n=10)

Sex n 8F/3M 9F/2M 8F/3M 7F/3M 0.92
Age years 41.7±6.1 23.1±1.6 44.6±4.1 45.2±6.9 <0.01
BMI kg·m−2 22.5±1.5 23.1±1.7 44.8±4.1 42.4±9.1 <0.01
Smoking pack-years 0.14 ±0.31 0 2.05±2.31 2.14±4.75 0.12
Waist circumference cm 86.6±9.8 82.6±8.1 139.0±9.5 117.4±23.7 <0.01
Age of asthma onset years – 4 (1,16) – 27 (18,50)

Data are presented as mean±SD or median (range), unless otherwise stated. F: female; M: male; BMI: body
mass index.
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still able to approach a normal TLC with a deep inspiration. In contrast, in the Obese LONA Asthma
group TLC is somewhat reduced compared to the obese controls, suggesting less recruitable lung tissue in
the Obese Asthma group.

Model analysis of MBNW data showed that FRC was significantly lower in the Obese LONA Asthma
group compared to the other three groups (figure 2, top panel). In contrast, there were no differences
between the groups in VD (figure 2, bottom panel) or in the two model parameters reflecting ventilation
heterogeneity (CV,V′E and sacin figure 3). The model fit the data from each group equally well, as there were
no differences between the four groups in the root mean squared residual (RMSR) in nitrogen fraction
between the data and the fits. The mean (SD) values of RMSR from the four groups were Lean
Control=0.00984 (0.001750), Lean Asthma=0.00951 (0.00165), Obese Control=0.01007 (0.00246), Obese
LONA Asthma=0.00901 (0.00217). The tidal volumes during the washout tests were essentially identical in
the Lean Control, Lean Asthma and Obese Control groups at 0.85±0.26, 0.86±0.61 and 0.82±0.22 L,

TABLE 2 Baseline medication use and asthma control score

Lean Obese p-value

Medication use
ICS-LABA-LAMA 0 1 0.31
ICS-LABA 2 2 1
ICS 1 2 0.53
LTRA 2 0 0.14
No controller therapy 6 7 0.86

Asthma control score
ACQ score# 0.84 ±0.71 1.63±0.63 0.01¶

Urgent asthma care in the prior 12 months
ED visit 0 1 0.31
Urgent care (non-ED) visit 0 4 0.03
Systemic corticosteroids 1 2 0.53

Data are presented as number of participants or mean±SD, unless otherwise stated. ICS: inhaled
corticosteroid; LABA: long-acting beta-agonist; LAMA: long-acting muscarinic antagonist; LTRA:
leukotriene receptor antagonist; ACQ: Asthma Control Questionnaire; ED: emergency department.
p-values were calculated using the Chi-squared test, except ¶, which was calculated using the t-test.
#: higher score is indicative of worse asthma control.

TABLE 3 Lung function data

Lean Obese p-value#

Control Asthma Control Asthma

FEV1 % pred 99.1±9.2* 89.2±16.6 99.0±12.3 83.0±13.6 0.02
FVC % pred 104.3±5.4* 98.5±14.7* 96.9±11.9* 80.9±9.8 <0.001
FEV1/FVC % 77.0±5.7 76.7±8.5 82.0±6.9 83.1±4.2 0.051
ERV % pred 62.5±39.8 69.1±29.7 44.3±35.4 51.4±46.5 0.53
TLC % pred 103.4±8.72* 98.2±14.0 96.1±12.8 87.4±8.9 0.02
RV % pred 132.4±39.4* 129.1±36.5* 99.5±30.4 82.7±36.9 <0.01
RV/TLC % pred 128.3±30.2 136.3±42.5* 102.5±26.8 93.9±35.5 0.02
FRC % pred 96.0±22.8+ 98.6±10.0+ 76.2±11.9 73.9±16.6 <0.001
sGaw % pred 119±92.0 127.9±72.6 107.8±78.1 156.6±92.9 0.59
PC20 mg·mL−1 methacholine 50 (22.2–64)¶ 2.8 (0.1–12.8) 64 (64–64)¶ 1.4(0.03,16) <0.0001

Data are presented as mean±SD or median (range), unless otherwise stated. Predicted values for
spirometry are based on NHANES III [21], and those for lung volumes are based on GOLDMAN and BECKLAKE

[22]. FEV1: forced expiratory volume in 1 s; % pred: % predicted; FVC: forced vital capacity; ERV: expiratory
reserve volume; TLC: total lung capacity; RV: residual volume; FRC: functional residual capacity; sGaw:
specific airway conductance; PC20: provocative concentration causing a 20% fall in FEV1.

#: p-value shown
for one-way analysis of variance for normally distributed variables, and Kruskal–Wallis test for
non-parametric variables; *: p<0.05 compared with Obese Asthma group, post hoc comparison with
Bonferroni correction; ¶: p<0.05 compared with asthma groups, post hoc comparison with Bonferroni
correction; +: p<0.05 compared with obese groups, post hoc comparison with Bonferroni correction.
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respectively (mean±SD), but were significantly less (p=0.02, ANOVA) in the LONA Asthma group at
0.62±0.26 L. None of the correlations between tidal volume and VD for any of the groups was significant
(p>0.05).

Discussion
Although obesity is clearly linked to asthma [23], a critical unanswered question is why LONA asthma
develops in only some obese individuals while the remainder are spared. In the present study, we have
attempted to shed light on this puzzling situation by studying how key lung volumes are differentially
affected by obesity and asthma, both individually and in combination, since it is easy to imagine that
chronic compression of the lungs by the obese chest wall somehow plays a pathogenic role. We studied
lean individuals with allergic asthma (as a common form of asthma in lean individuals), but studied
late-onset nonallergic asthma in obese participants: we have identified LONA asthma as having distinct
features compared with obese allergic asthma, the latter likely representing a complex phenotype of asthma
complicated by obesity, rather than asthma consequent to obesity [3, 11, 24]. However, this cannot be the
whole story because mass loading of the lungs by the chest wall is common to all obese subjects, giving
them a kind of restrictive physiology [25, 26]. Indeed, while FRC measured plethysmographically was
substantially reduced in obese control versus lean subjects, it was very similar in both obese groups (table 3),
suggesting that a reduced operating lung volume is a feature of obesity in general. In fact, if anything,
we might have expected lung compression to be greater in the Obese Control group because they had
slightly greater BMI compared to the Obese LONA Asthma group. Waist circumference, a marker of

FIGURE 1 Mean values for total
lung capacity (TLC), functional
residual capacity (FRC) and
residual volume (RV) in each of the
four study groups, expressed as
fractions of 100% predicted TLC for
each group as measured by
plethysmography. The Lean Control
group slightly exceeded 100%
predicted TLC. Mean TLC in each of
the remaining groups was <100%
predicted by amounts that are
potentially attributable to volumes
of atelectatic (non-recruitable) lung
(grey).
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FIGURE 2 Closed symbols show the parameters derived from multiple breath nitrogen washout pertaining to
lung size (a: functional residual capacity (FRC) and b: dead space volume (VD)) for each of the four study
groups (means shown as horizontal bars). FRC from nitrogen washout was significantly lower in the
late-onset nonallergic (LONA) obese asthma group compared to FRC from nitrogen washout in the other
groups (*: ANOVA and paired t-test, p<0.05).
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abdominal fat content, was also somewhat greater in the Obese Control group (table 1). Nevertheless, both
obese groups had virtually identical FEV1/FVC (table 3).

One feature that significantly differed in the LONA Obese Asthma group, compared to all other groups,
was reduced FVC. Few other studies have compared spirometry in adults with obese asthma and obese
controls, though both our own group and others have previously reported a reduction in FVC in obese
asthmatic individuals compared to obese controls [3, 27]. In contrast, prior studies in children report
similar FVC in obese children with asthma and obese controls [28], which might reflect effects of obesity
on lung growth in children [29]. We recruited adults with late-onset asthma, and so these participants
were likely a distinct phenotype compared with obese children. Other lung volumes and flow rates also
tended to be lower in obese asthma compared with other groups (such as FEV1, TLC and residual
volume), but only FVC was significantly reduced. Insofar as reduction in FVC reflects airway closure
during forced exhalation, the fact that FVC appeared to be a particular characteristic of obese asthma
likely reflects instability and derecruitment of the airways during forced exhalation. We cannot be sure at
which level in the airway tree this instability manifests, but it seems likely to involve the small airways
since dysfunction at this level has been shown to be a key feature of asthma in general [30].

The other observation that supports derecruitment of the airways is our MBNW data. Although
plethysmographic FRC was decreased in both obese groups (table 3), suggestive of the compressive effects
of adipose tissue around the chest wall, as has been reported by others [31], FRC measured by nitrogen
washout was reduced only in the Obese LONA Asthma group (figure 2). At the same time, the physical
sizes of the lungs in the two obese groups appear to have been similar because VD was not different
between the groups (figure 2). (It is possible that a difference in VD between the LONA Asthma group
and the other three groups was masked by the fact that tidal volume was about 25% lower during the
washout manoeuvres in the LONA Asthma group, although the lack of a significant correlation between
VD and tidal volume in all groups makes this less likely.) These apparently contradictory findings can be
explained on the basis of differences in the two FRC measurement methods. FRC is measured
plethysmographically by having subjects perform small-amplitude panting manoeuvres that involve
minimal changes in lung volume and thus reflect quasi-static lung volume at FRC. In contrast, nitrogen
washout measurements require subjects to take large breaths above FRC. If subjects with obese LONA
asthma recruit less lung volume during these breaths compared to obese controls, then they will
experience less dilution of alveolar gas by the inspired oxygen and will thus register correspondingly
reduced FRC values. Thus, the apparent anomaly between the plethysmographic and nitrogen washout
measurements of FRC supports the notion, articulated above, that obese LONA asthmatic patients have
difficulty fully recruiting their lungs on deep inspiration, while the obese non-asthmatic subjects
experience no such difficulty.

Interestingly, there were no differences in parameters reflecting ventilation heterogeneity between
asthmatic and non-asthmatic groups (figure 3). This might, however, be explained by the fact that the lean
asthmatic subjects had disease that was either mild or well controlled. Indeed, we have previously found
similar levels of heterogeneity in patients with mild asthma versus controls during similar levels of
bronchoconstriction [32]. Also, a normal degree of heterogeneity in the obese LONA subjects would be
expected if their disease was due to increased derecruitment because the remaining open lung would still
be relatively normal. Mild disease would also explain why there are no obvious differences between the
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coefficient of variation of regional specific ventilation CV,V′E and b: a measure of structural asymmetry at the
level of the acinus (sacin)) for each of the four study groups (means shown as horizontal bars). There were no
significant differences between groups for either parameter.
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plethysmographic and washout values of FRC in figure 2; gas trapping in severe obstructive lung disease
can cause plethysmographic FRC values to be higher than washout values [17].

There are several possible explanations for why obese subjects with LONA asthma could suffer from
increased derecruitment of lung units that is difficult to reverse. One possibility is increased smooth
muscle tone [33, 34]; changes in airway smooth muscle structure and function have been reported in
obesity [33], and decreased levels of endogenous nitric oxide could contribute to increased airway smooth
muscle tone. Indeed, HOLGUIN et al. [35] showed that supplementation with L-citrulline to specifically
increase nitric oxide in obese patients with asthma particularly improved pre-bronchodilator FVC.
Another possibility is the presence of metabolic dysfunction that might affect airway remodelling [13] to
cause increases in wall thickness and secretion volume, both of which are potent mechanisms for
enhanced airway closure [36]. However, while visceral adipose inflammation is increased in obese LONA
asthma compared to obese controls [2, 37], this inflammation does not seem to manifest in the airways [2].
Yet another possible mechanism for increased lung derecruitment is decreased surfactant function,
which could potentially occur in obese LONA asthma as a result of alterations in fatty acids due to
metabolic dysfunction [12]. Increased surface tension in the lungs due to surfactant dysfunction is an
extremely potent mechanism for instability and collapse of alveoli and small airways in the acutely injured
lung [38, 39], so even modest alterations to the amount and/or composition of surfactant could have
clinically significant effects in obesity.

Finally, although our findings concerning the distinguishing characteristic of obese LONA asthma suggest
possibilities for their mechanistic bases, these must be viewed in light of the study’s limitations. Principal
among these is that our four study groups were small, containing 10–11 subjects each. While these
numbers might be sufficient to reveal statistically significant differences in certain physiological
parameters, they hardly constitute representative samplings of the heterogeneous populations from which
they were drawn. Lean allergic asthmatic individuals were younger than the other groups, and so this
might also contribute to differences, but as their data were similar to those of lean controls, age likely did
not have a large effect. The LONA obese participants had more severe asthma than the lean participants
with asthma did, and so this might also have contributed to differences between groups. We did not study
allergic obese asthmatics in the present study as this was not central to our central question of what
distinguishes LONA obese asthmatics from obese non-asthmatic subjects, but this is certainly something
that bears future investigation. Also, although we used a number of different investigative methods –
spirometry, plethysmography and MBNW – to study our subjects, these methods reveal phenotype only.
Accordingly, any mechanistic conclusions we have drawn remain inferential, particularly as the form of
hyperresponsiveness we focus on here is peculiar to obesity and clearly quite different from that occurring
in conventional asthma. In addition, our method of analysis of MBNW data relies on a model of
ventilation distribution in the lung that, although providing quite good fits to the data, is inevitably an
imperfect representation of the real organ, so the parameter values we obtained by this method likely
reflect these model imperfections to a degree that is difficult to quantify. Strengths of the study include the
careful phenotyping of the groups, and age and body habitus matching of the obese groups. Even so, there
remain other investigational techniques that could have been brought to bear on the questions we address
here. Important among these is the measurement of respiratory system impedance by the technique of
oscillometry, which has proven useful in discriminating between control and asthmatic subjects [11, 30, 40].

In summary, our data suggest that individuals with obese LONA asthma have abnormalities of airway
function that distinguish them from obese controls as well from lean subjects either with or without
asthma. Specifically, obese individuals with LONA asthma appear to have exaggerated derecruitment with
forced exhalation, and an impaired capacity to reopen derecruited regions of the lung when they take a
deep breath. The mechanisms behind this phenotype remain unclear but could involve processes that
remodel the airway wall and increase secretions, and increase smooth muscle tone, and/or metabolic
processes that decrease the ability of surfactant to lower surface tension in the lung. Therapies that target
derecruitment may have an important role in the treatment of late-onset asthma in obese patients.
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