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Background:  Clustering key clinical characteristics of participants in the Severe Asthma Research Program (SARP), a large, multi-
center prospective observational study of patients with asthma and healthy controls, has led to the identification of novel asthma
phenotypes.

Purpose:  To determine whether quantitative CT (qCT) could help distinguish between clinical asthma phenotypes.

Materials and Methods: A retrospective cross-sectional analysis was conducted with the use of qCT images (maximal bronchodilation
at total lung capacity [TLC], or inspiration, and functional residual capacity [FRC], or expiration) from the cluster phenotypes of
SARP participants (cluster 1: minimal disease; cluster 2: mild, reversible; cluster 3: obese asthma; cluster 4: severe, reversible; cluster
5: severe, irreversible) enrolled between September 2001 and December 2015. Airway morphometry was performed along standard
paths (RB1, RB4, RB10, LB1, and LB10). Corresponding voxels from TLC and FRC images were mapped with use of deformable
image registration to characterize disease probability maps (DPMs) of functional small airway disease (fSAD), voxel-level volume
changes (Jacobian), and isotropy (anisotropic deformation index [ADI]). The association between cluster assignment and qCT mea-
sures was evaluated using linear mixed models.

Results: A total of 455 participants were evaluated with cluster assignments and CT (mean age £ SD, 42.1 years £ 14.7; 270
women). Airway morphometry had limited ability to help discern between clusters. DPM fSAD was highest in cluster 5 (cluster 1
in SARP III: 19.0% = 20.6; cluster 2: 18.9% = 13.3; cluster 3: 24.9% =+ 13.1; cluster 4: 24.1% * 8.4; cluster 5: 38.8% *+ 14.4;
P < .001). Lower whole-lung Jacobian and ADI values were associated with greater cluster severity. Compared to cluster 1, cluster
5 lung expansion was 31% smaller (Jacobian in SARP III cohort: 2.31 % 0.6 vs 1.61 = 0.3, respectively, 2 < .001) and 34% more
isotropic (ADI in SARP III cohort: 0.40 * 0.1 vs 0.61 £ 0.2, P < .001). Within-lung Jacobian and ADI SDs decreased as severity
worsened (Jacobian SD in SARP III cohort: 0.90 =+ 0.4 for cluster 1; 0.79 = 0.3 for cluster 2; 0.62 = 0.2 for cluster 3; 0.63 = 0.2
for cluster 4; and 0.41 * 0.2 for cluster 5; 2 < .001).

Conclusion: ~ Quantitative CT assessments of the degree and intraindividual regional variability of lung expansion distinguished
between well-established clinical phenotypes among participants with asthma from the Severe Asthma Research Program study.

© RSNA, 2022

Online supple [ material is available for this article.

sthma affects approximately 5% of the U.S. popula-  than that of non-severe asthma (3). The identification
Ation, accounting for annual direct costs in excess of  of novel “endotypes” of asthma with the use of tech-
$50 billion (1). While only 5%-10% of patients with niques such as cluster analyses (4-7) has revolutionized
asthma have severe refractory disease (2), the treatment the treatment of asthma and has led to the targeting of
of severe refractory asthma is substantially more costly specific pathobiologic mechanisms (8). However, more
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Abbreviations

ADI = anisotropic deformation index, DPM = disease probability map,
FEV, = forced expiratory volume in 1 second, FRC = functional residual
capacity, fSAD = functional small airway disease, Pil0 = square root of
bronchial wall area for a theoretical airway with an internal perimeter
of 10 mm, qCT = quantitative CT, SARP = Severe Asthma Research
Program, TLC = total lung capacity

Summary

In patients with severe asthma, quantitative CT showed lung expan-
sion characterized by lower magnitude and higher isotropy compared
to those with non-severe asthma.

Key Results

= In a secondary analysis of 455 participants with asthma who un-
derwent thoracic CT, expiration-to-inspiration lung expansion was
31% smaller in severe asthma than in mild asthma in magnitude
(Jacobian: 1.61 vs 2.31, respectively, 2 < .001) and 34% more
isotropic (anisotropic deformation index [ADI]: 0.40 vs 0.61, P
<.001).

= The Jacobian and ADI variability within lungs were 55% (0.41 vs
0.90, respectively) and 37% (0.33 vs 0.52) lower in severe versus
mild asthma (P < .001).

= Airway morphometry and air trapping could only help identify
very severe asthma phenotypes.

than 60% of patients with severe asthma may not be eligible
for biologic therapies (9).

New techniques are necessary to unravel the mechanisms
underlying severe refractory asthma. Quantitative analyses
of CT scans performed with standardized protocols allow
for precise structural and functional measurements of lung
and airway anatomy (10). Airway measurements of wall
thickness and lumen diameter are associated with disease
severity and histopathologic remodeling (11). Air trapping,
defined by areas of low parenchymal attenuation on expira-
tory CT images, is associated with symptom burden and
exacerbation frequency (12). Newer functional measure-
ments measure regional changes in the degree and direc-
tion of lung expansion and offer insight into the physiologic
characteristics of severe asthma (13).
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biomarkers, and thoracic imaging, including qCT (15-17).
To better categorize heterogeneous asthma phenotypes, SARP
investigators conducted unsupervised hierarchical cluster
analyses to identify five distinct clinical phenotypes that dif-
fer in symptoms, severity, and health care utilization (4). We
sought to determine whether qCT characteristics could help
distinguish between these diverse asthma phenotypes in a
cross-sectional analysis of SARP participants and potentially
provide valuable insight into the structural and functional
characteristics of the lungs and airways that underpin these
phenotypes (4). Some results were previously reported in ab-
stract form (18-20).

Materials and Methods

Participants

We performed a retrospective cross-sectional analysis of consecu-
tive participants from three prospective SARP cohorts (SARP
I: 2001-2006; SARP II: 2007-2012; SARP III: 2011-2015;
ClinicalTrials.gov identifier: NCT01606826). Site-specific in-
stitutional review boards approved the study, and the study was
compliant with the Health Insurance Portability and Account-
ability Act. All participants provided informed consent and un-
derwent comprehensive testing and characterization (4). Current
smokers and ex-smokers who smoked more than 10 packs-years
(age =30 years) or more than 5 pack-years (age <30 years) were
excluded. Full inclusion and exclusion criteria have been reported
(16,17). This study includes participants from three SARP co-
horts (Fig 1) with new qCT imaging assessments to characterize
structural and functional differences between clusters.

Cluster Analysis

We have previously reported cluster definitions and have outlined
the derivation in Appendix E2 (online) (4). Cluster 1 consisted of
88 women of 110 participants (80%) with normal forced expira-
tory volume in 1 second (FEV,) and low health care use. Cluster 2
participants were older than cluster 1 (mean age = SD: 33 years *
12 vs 27 years = 8, respectively), with normal post-bronchodilator
FEV, but higher health care and medication use than cluster 1.

B SARPIII

I

Quantitative CT (qCT)
assessments  have  primar-
ily focused on distinguishing A SARP /11
between traditional asthma i
severity classifications, which 1644 patients enrolled

763 patients enrolled

tend to include patients with 1

.

a broad range of symptoms,

exacerbations, and other clini-
cal features and fail to capture
the diversity of asthma pheno-
types (14). The Severe Asthma
Research Program (SARP) is
a large, multicenter, prospec-
tive, observational study that
has characterized patients with
asthma with varying degrees
of severity and healthy con-
trols with clinical assessments,

1003 assigned cluster phenotype

592 assigned cluster phenotype

:

:

224 underwent qCT
* Cluster 1 (mild reversible, n=38)
* Cluster 2 (mild persistent, n=88)
¢ Cluster 3 (obese asthma, n=20)
¢ Cluster 4 (severe reversible, n=42)
» Cluster 5 (severe fixed, n=36)

231 underwent qCT
e Cluster 1 (mild reversible, n=26)
¢ Cluster 2 (mild persistent, n=74)
* Cluster 3 (obese asthma, n=36)
* Cluster 4 (severe reversible, n=41)
¢ Cluster 5 (severe fixed, n=54)

Figure 1:
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Flowcharts show the enrollment of the study cohort from the overall (A) Severe Asthma Research Program

(SARP) I and Il and (B) SARP Il cohorts. gCT = quantitative CT.
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Quantitative CT Characteristics of Cluster Phenotypes in the Severe Asthma Research Program Cohorts

Cluster 3 participants were older
than clusters 1 and 2 (mean age:
50 years * 8), with high body i
mass index (mean: 33 kg/m? = \
9) and lower post-bronchodi-
lator FEV| (mean: 84% =+ 9),
despite short duration of asthma
(mean: 9 years before enrollment
#+ 7). Cluster 4 had early-onset
disease (mean age at onset: 8

expiration

years £ 10) with severely im-
paired prebronchodilator FEV,
(mean: 57% = 12) that partially

inspiration

reversed with bronchodilators o
(mean FEV : 76% * 12). Clus-
ter 5 participants had a later age
of onset (mean: 21 years), long
asthma duration (mean: 29 years
* 15), severe airflow obstruction
(mean prebronchodilator FEV:
43% = 14), and more comor-

> Q

Jacobian measures volume change
J > 1 = expansion
J =1 -+no volume change
J <1 =» contraction

ADI measures shape change

> 0
> @

ADI = 0 — no shape change

ADI > 0 — anisotropic shape change

bidities (eg, hypertension). ()
CT Image Acquisition o
All 455 participants from the

SARP I and II (hereafter, SARP o

I/II) and III cohorts had base-
line cluster and qCT data at full
inspiration (total lung capacity
[TLC]) and expiration (func-
tional residual capacity [FRC]).
Noncontrast inspiratory and
expiratory CT images were
obtained after maximal bronchodilation with the use of stan-
dardized protocols (21). CT acquisition parameters included
the following: pitch of 0.984 (GE Healthcare) or 1.0 (Siemens
Healthineers), 120 kVp, and 50-165 effective mAs, depending
on body mass index (details in Appendix E2 [online]). Images
were obtained per 360° rotation with the use of narrow section
collimation (range, 0.625-1.25 mm).

CT Airway Morphometry

We quantitatively analyzed CT airway morphometry and
lung attenuation using an Apollo Workstation (VIDA Diag-
nostics, with >20 years of qCT experience). Principal qCT
analyses were overseen by three authors (S.M., ].S., and S.P,
with 5-15 years of qCT experience) under the guidance of
two other authors (E.A.H. and J.R., with >40 years and
>20 years of qCT experience, respectively). Analysts were
blinded to clinical data and cluster assignment. We used au-
tomated segmentation methods to identify five primary paths
(RB1, RB4, RB10, LB1, and LB10) (22). We measured wall
area, wall area percentage, wall thickness, wall thickness per-
centage, airway eccentricity, lumen area, and square root of
bronchial wall area for a theoretical airway with an internal
perimeter of 10 mm (Pil10); further calculations and repro-
ducibility data are in Appendix E1 (online).
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= @ Bigger ADI = more pronounced
anisotropic shape change

Figure 2: Visual representation of Jacobian (J) and anisofropic deformation index (ADI) values. A Jacobian greater
than 1 implies expansion of a voxel between inspiration and expiration, aJacobian of 1 implies no volume change, and a
Jacobian of less than 1 implies voxel contraction. An ADI of O implies that a voxel completely preserves its shape between
inspirafion and expiration, while an increasing ADI implies more anisotropic expansion.

CT Lung Attenuation and Voxel-Level Expansion

We measured the following lung attenuation parameters at
the whole-lung level: total lung volume at TLC and FRC, tis-
sue and air volume (23), mean lung attenuation, air trapping
percentage (percentage of lung —856 HU or less at FRC),
and hyperinflation percent (percentage of lung —950 HU or
less at TLC). These cutoffs have been previously validated in
studies of asthma and chronic obstructive pulmonary disease
(11,12,24). Calculations of lung, tissue, and air volumes are in
Appendix E2 (online).

We used a mass-preserving deformable image registration to
map corresponding voxels from TLC and FRC scans and capture
the magnitude (Jacobian) and isotropy (anisotropic deformation
index [ADI]) of expiratory-to-inspiratory voxel-level expansion
(23,25). Figure 2 illustrates the concepts of Jacobian and ADI;
increasing values imply increasing magnitude or anisotropy, re-
spectively. Jacobian and ADI differences between the top and
bottom 10% of the lung were calculated as craniocaudal gradi-
ents and differences between the anterior and posterior 10% as
posteroanterior gradients. Gradient analyses excluded the outer
15% of the lung relative to the direction of interest (26). Finally,
we used registered inspiratory and expiratory images to generate
disease probability maps (DPMs) (27) and parametric response
maps (28) that classify paired voxels as normal, functional small

radiology.rsna.org = Radiology: Volume 304: Number 2—August 2022



airway disease (fSAD) (parametric response map fSAD, TLC less
than —950 HU, and FRC less than —856 HU), or hyperinfla-
tion (hyperinflation by parametric response map, TLC less than
—950 HU and FRC less than —856 HU). Parametric response
maps use discrete cutoffs to categorize voxels, while DPM uses
a probabilistic method to do so. Because improvements in scan-
ner technology and differences in clustering may have affected
results (Appendix E3 [online]), we reported and analyzed SARP
I/II and SARP III measurements separately.

Statistical Analysis
We evaluated the association between cluster assignment and
qCT measures using a linear mixed model approach. Cluster

Trivedi et al

was treated as a fixed effect, and site was treated as a random ef-
fect. P < .05 was considered to indicate a significant difference.
Opverall differences between clusters were assessed using F tests.
If F test results were significant, then pairwise comparisons were
evaluated for prespecified clusters (1,2,4,5), excluding cluster
3, the smallest cluster in the derivation study, to limit pairwise
comparisons (4). Baseline clinical and physiologic characteristics
were compared between clusters with use of analysis of variance,
the x? test, or the Fisher exact test. We tested associations be-
tween qCT measures using the Pearson correlation coefficients.
All analyses were prespecified and conducted in SAS version 9.4
by two authors (D.L. and C.W.G., with 4 years and 7 years of

experience, respectively).

Table 1: Baseline Clinical and Physiologic Characteristics Differ Substantially between Asthma Cluster Phenotypes in SARP
No. of
Variable Patients Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 P Value
Mean age = SD (y) 455 3012 37 %13 528 43 + 13 53 =13 <.001
Sex (% female) 455 52/64 (81) 98/162 (60) 41/56 (73) 43/83(52) 45/90 (50) <.001
Race (% White) 455 42/64 (66) 118/162 (73)39/56 (70) 46/83 (55) 62/90 (69) .30
Mean age of asthma onset * SD (y) 454 11+11 11*10 38 + 13 10 = 11 23+ 16 <.001
Mean duration of asthma * SD (y) 454 19 £9 26 + 13 14 + 11 33 = 14 30 + 16 <.001
Mean body mass index = SD (kg/m?) 455 296 30 £ 8 33*9 32+38 32+38 .04
Prebronchodilator FEV, * SD (% predicted) 455 103 £ 9 82 *+ 12 76 =9 58 £ 11 47 = 13 <.001
Prebronchodilator FVC = SD (% predicted) 455 11010 95=*9 83*+9 75+ 8 65 * 14 <.001
Mean FEVI/FVC ratio = SD (%) 455 94 = 8 87 £ 11 91 =9 77 =13 72 + 13 <.001
Maximum postbronchodilator 455 113 =8 94 *+ 10 84 + 11 75 * 11 59 + 15 <.001
FEV, = SD (% predicted)
High-dose inhaled corticosteroid use (%) 453 36 51 58 78 87 <.001
Long-acting B-agonist use (%) 454 56 67 75 88 94 <.001
Note.—FEV, = forced expiratory volume in 1 second, FVC = forced vital capacity, SARP = Severe Asthma Research Program.
Table 2: Quantitative CT Airway Morphometry Measurements
No. of
Cohort and Variable Patients  Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 P Value
SARP I/IT
Lumen area (mm?) 224 18.6 £ 5.8 18.6 = 6.0 21.3 £ 6.9 159 £5.7 153 = 6.2 .004
Wall area (mm?) 224 29.4 = 6.8 30.2 £ 7.6 33.3 £ 8.0 28.1 £ 6.6 27975 .16
Wall thickness (mm) 224 1.46 = 0.19 1.46 = 0.17 1.52 = 0.18 1.45 + 0.15 1.48 = 0.17 .78
Eccentricity 224 0.78 = 0.05 0.76 = 0.06 0.76 = 0.06 0.77 £ 0.06 0.74 £ 0.06 .006
Wall area percentage 224 61.4 =32 62.4 = 3.1 61.3 = 3.7 642 *39 65.1 = 3.6 <.001
Wall thickness percentage 224 169 * 1.4 169 + 1.3 16.7 + 1.3 17.9 * 1.6 179 £ 1.5 <.001
Pil0 (mm) 222 3.75 = 0.17 3.84 + 0.15 3.87 £0.22 3.86 = 0.17 3.93 £ 0.20 <.001
SARP III
Lumen area (mm?) 231 21.6 5.4 20.0 £ 4.9 17.4 * 4.1 19.6 = 6.0 17.2 £ 4.8 <.001
Wall area (mm?) 231 31.5 £ 4.6 30.9 £ 5.4 28.7 £ 4.9 31.1 = 6.6 28.8 = 5.7 .048
Wall thickness (mm) 231 1.42 = 0.08 1.44 = 0.12 1.43 = 0.12 1.47 = 0.13 1.44 + 0.14 .58
Eccentricity 231 0.78 = 0.05 0.77 = 0.05 0.76 £ 0.05 0.76 £ 0.06 0.75 = 0.06 .19
Wall area percentage 231 59.8 = 3.9 60.7 = 2.8 62.1+3.0 61.7 = 3.1 63.0 £ 2.6 <.001
Wall thickness percentage 231 159 * 1.9 16.3 = 1.0 169 = 1.1 16.8 = 1.2 17.1 = 1.1 <.001
Pil0 (mm) 231 3.67 £ 0.11 3.70 = 0.11 3.73 £ 0.10 3.77 £ 0.13 3.77 £0.12 <.001
Note.—Except where indicated, data are means = SDs. Thicker airway walls and smaller airways were seen in severe asthma. Pil0 = square
root of bronchial wall area for a theoretical airway with an internal perimeter of 10 mm, SARP = Severe Asthma Research Program.
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Quantitative CT Characteristics of Cluster Phenotypes in the Severe Asthma Research Program Cohorts

Table 3: Quantitative CT Lung Attenuation Measurements Show Greater Air Trapping in Severe Asthma
No. of
Cohort and Variable Patients Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 P Value
SARP I/IT
Mean lung attenuation at TLC (HU) 222 —815*48 —811*x42 —801*37 —830*32 —820=*49 13
Mean lung attenuation at FRC (HU) 191 —662*£77 —683*66 —657 49 —709 68 —734*x72 <.001
Percentage of lung below 222 24 *27 29 *£45 1.7 £2.0 44 *43 5.8 6.7 .001
—950 HU at TLC
Percentage of lung below 191 8.2+ 14.5 8.6 = 9.1 6.1 *6.9 144+ 155 23.1 *17.8 <.001
—856 HU at FRC
fSAD DPMs (%) 188 23.5+21.8 293 *20.1 255*+154 30.5%23.0 423=*203 .003
Hyperinflation on DPMs (%) 188 1.0 £ 1.8 1.5 27 0.7 £1.0 2.8 £3.5 59 +82 <.001
fSAD on parametric response 188 6.9 £13.2 79*79 6.0 £6.9 127+ 139 21.6 £ 162 <.001
maps (%)
Hyperinflation parametric 188 0.3 £0.7 0.6*13 02*0.3 1.1 =15 24+ 40 <.001
response maps (%)
SARP III
Mean lung attenuation at TLC (HU) 231 —834 =26  —826 * 31 —817 =26 —821 *34 —824 * 33 .29
Mean lung attenuation at FRC (HU) 197 —644 = 81 —654 =57 —674 51 —681 =54 —732*54 <.001
Percentage of lung below 231 1.9+ 1.6 2119 1.8 +2.1 24*+1.9 3.0 = 3.7 .07
—950 HU at TLC
Amount of lung below 197 7.5+ 12.3 6.0+ 83 7.8+ 6.9 8.6 5.0 20.8 = 17.1 <.001
—856 HU at FRC
fSAD on DPMs 196 19.0 £20.6 189 *133 249 =*13.1 24.1=*84 38.8 = 14.4 <.001
Hyperinflation DPM 196 1.1 1.7 1.0 = 1.5 1.2*+1.5 1.5+ 14 47 +7.1 <.001
fSAD parametric response map 196 7.4 *12.5 59 8.2 7.7 6.8 8550 189 = 14.1 <.001
Hyperinflation parametric 196 02*03 02 *04 0.3 £0.6 0.4 *£0.4 1.5 £3.1 <.001
response map
Note.— Except where indicated, data are means = SDs. DPM = disease probability map, FRC = functional residual capacity, fSAD =
functional small airway disease, HU = Hounsfield unit, SARP = Severe Asthma Research Program, TLC = total lung capacity.

Results

Patient Characteristics

SARP I and II included an aggregate of more than 1644
participants with varying disease severity, and SARP III in-
cluded 763 participants. Of these, 1595 SARP participants
had an assigned cluster (1003 in SARP 1/11, 592 in SARP III)
and 455 participants from all SARP cohorts underwent qCT
(224 in SARP I/1I, 231 in SARP III). Figure 1 summarizes
our cohort selection. Table 1 shows the baseline demographic
characteristics of the SARP cohorts according to cluster as-
signment. As expected with the algorithms used to generate
these clusters, there were notable clinical and physiologic
differences. Table E1 (online) shows differences between par-
ticipants who did or did not undergo qCT; the largest differ-
ence noted was that more SARP III participants who under-
went qCT used high-dose inhaled corticosteroids (qCT: 166
of 231 participants, 72%; no qCT: 199 of 361 participants,
55%). While most of the clinical and physiologic parameters
in clusters were not different when comparing SARP 1/1I and
IIT clusters, some were notably different and are summarized
in Table E2 (online). In particular, when comparing SARP
IIT to SARP I/11, oral corticosteroid use was lower in clusters

4 (—45%) and 5 (—24%), cluster 3 participants developed

454

asthma later (mean age at onset, 42 years * 9 vs 33 years *
17, respectively) and had 31% higher usage of long-acting
B-agonists, and cluster 1 participants had 37% higher use
of inhaled corticosteroids. Mean radiation dose for SARP 111
participants was 3.8 mSv * 0.8 for inspiratory scans and 1.9
mSv * 0.4 for expiratory scans. The mean radiation doses
for SARP I and II were not available.

qCT Airway Morphometry

The following third-generation airway morphometric measure-
ments differed between clusters in both cohorts: lumen area, wall
area percentage, wall thickness percentage, and Pil0 (Table 2).
Additionally, eccentricity differed between clusters in SARP 1/
11, and wall area differed between clusters in SARP III. In gen-
eral, severe asthma clusters (4,5) were characterized by thicker
airway walls relative to the lumen but smaller total airway size
compared with mild clusters (1,2). Airway lumens in cluster 5
were smaller than those in cluster 1 in SARP I/II (—2.97 mm?,
P = .03) and smaller than those in clusters 1 (—4.34 mm?,
P < .001), 2 (—=2.72 mm? P = .003), and 4 (—2.69 mm?,
P=.01) in SARP III (Fig E1A [online]). Wall thickness percent-
age was higher in cluster 4 (mean, 17.9% = 1.6) and cluster 5
(mean, 17.9% = 1.5) compared with clusters 1 (mean, 16.9%
* 1.4) and 2 (mean, 16.9% = 1.3) in SARP I/1I, and this pat-

radiology.rsna.org = Radiology: Volume 304: Number 2—August 2022



Cluster 2

Cluster 1

Grey scale images

Jacobian maps DPM maps

ADI maps

Figure 3:

Cluster 3
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Cluster 5

o ’
3
- o

Cluster 4
A

Representative (A) coronal and (B) sagitial gray-scale CT scans, disease probability maps (DPMs), Jacobian maps, and anisotropic deformation index (ADI)

images from noncontrast CT scans in patients in the Severe Asthma Research Program Il cohort according to cluster. For DPMs, green voxels represent normal lung fissue,

yellow voxels represent functional air frapping, and red voxels represent hyperinflation. For Jacobian and ADI maps, voxels are represented on a gradient from green to
yellow fo red. For Jacobian maps, green voxels represent Jacobian values greater than or equal to 2.5, yellow voxels represent a Jacobian value of 1.75, and red voxels

represent Jacobian values less than or equal to 1.0. For ADI maps, green voxels represent ADI values greater than or equal to 1.0, yellow voxels represent an ADI of 0.5,

and red voxels represent an ADI of O. fSAD = functional small airway disease.

tern was repeated in SARP III and when Pil0 was used to esti-
mate airway wall thickness, with the exception of wall thickness
percentage in SARP III clusters 2 and 4 (difference in wall thick-
ness percentage: 0.37%, P = .12) (Figs EIA-C [online]; P < .01
for all comparisons). This contributed to the significantly higher
wall area percentage in clusters 4 (mean, 64.2% = 3.9) and 5
(mean, 65.1% = 3.6) compared with 1 (mean, 61.4% * 3.2)
and 2 (mean, 62.4% = 3.1) in SARP I/11, with similar findings
in SARP III with the exception of clusters 2 (mean, 60.7% *
2.8) and 4 (mean, 61.7% = 3.1) (Fig E1C [online]).

qCT Lung Attenuation Measurements

Table 3 shows the qCT lung attenuation measurements ac-
cording to cluster. We found significant differences between
clusters in both cohorts for mean lung attenuation at FRC,
air trapping percentage (Hounsfield unit less than —856),
and the percentage of lung classified as showing fSAD or hy-
perinflation on parametric response maps and DPMs. Hy-
perinflation percentage (Hounsfield unit less than —950)
differed between clusters in SARP I/II but not SARP III.
Pairwise comparisons showed that only cluster 5 had higher
air trapping compared with clusters 1, 2, or 4, whether
through the use of fSAD-parametric response maps (Fig
E2A [online]), fSAD DPMs (Fig E2B [online]), or percent-
age air trapping (Fig E2C [online]). For example, the mean
fSAD DPM in SARP II cluster 5 was 18.9% = 1.5, com-
pared with a mean of 5.9%-8.5% for clusters 1-4. Figure
3 shows representative gray-scale DPM, Jacobian, and ADI
maps for SARP III clusters.

qCT Voxel-Level Expansion Measurements

Table 4 shows qCT lung expansion according to cluster. We
found significant differences between clusters in both cohorts
for mean Jacobian and ADI, within-lung SDs of Jacobian and
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ADI, and Jacobian and ADI craniocaudal and posteroanterior
gradients. Mean Jacobian was higher in the caudal and posterior
portions of the lungs in clusters 1 and 2, but this normal varia-
tion (23,26) was diminished in clusters 4 and 5. Expansion was
also more anisotropic in the caudal and anterior portions of the
lungs in clusters 1 and 2, with diminished spatial variation in
clusters 4 and 5. These observations were seen in both cohorts,
although we found no difference in the craniocaudal ADI gradi-
ent in SARP IIT (P = .06). Taken together, these changes indicate
a diminished capacity for the lungs to expand due to hyperinfla-
tion on full expiration. Pairwise comparisons generally revealed
more isotropic expansion of smaller magnitude in clusters 4 and
5 (Fig E3 [online]). Table E3 (online) shows correlation coef-
ficients for gradient-based assessments of lung expansion with
whole-lung measurements of lung expansion and air trapping.
The gradients of change in Jacobian and ADI measurements in
the craniocaudal and posteroanterior dimensions are only weakly
correlated with whole-lung ADI and Jacobian (range of Pearson
correlations: —0.34 to 0.16 for craniocaudal gradients and
—0.46 to 0.71 for posteroanterior gradients). This suggests that
while both whole-lung and gradient-based assessments of lung
expansion independently differ by cluster, the spatial variation of
lung expansion measurements—particularly in the craniocaudal
axis—may synergize with whole-lung expansion measurements
when characterizing lung pathophysiology.

Variability in qCT Measurements according to Clinical Asthma
Clusters

Figure 4 highlights the variability of qCT measurements among
all five clinical clusters with use of select qCT measurements.
In general, the newer scanners used in SARP III yielded fewer
variable results than the older scanners used in SARP I/11. In par-
ticular, Jacobian and ADI measurements (Fig 4C—4F) showed a
linear decrease from clusters 1 to 5.
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Table 4: Quantitative CT Measurements of Lung Expansion Show That the Magnitude and Variability of Expansion Decrease as
Asthma Severity Increases
No. of
Cohort and Variable Patients  Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 P Value
SARP I/11
Jacobian
Mean 191 2.05 0.7 1.91 = 0.5 1.90 = 0.4 1.87 = 0.5 1.60 = 0.4 .007
SD 191 0.77 £ 0.5 0.65 = 0.4 0.67 = 0.2 0.56 £ 0.3 0.46 = 0.2 .005
Craniocaudal 191 —0.05 £0.07 —0.02*0.04 —0.01 £0.05 —0.01 £0.03 0.00 = 0.03 <.001
gradient
Posteroanterior 191 0.07 = 0.05 0.06 £ 0.05 0.05 = 0.04 0.05 * 0.04 0.03 = 0.04 .002
gradient
Anisotropic
deformation index
Mean 191 0.50 £ 0.2 0.46 = 0.2 0.51 £0.1 0.41 =0.2 0.37 £ 0.1 .004
SD 191 0.42 = 0.2 0.37 = 0.1 0.40 £ 0.1 0.34 = 0.1 0.27 = 0.1 <.001
Craniocaudal 191 —0.02 £ 0.02 —0.01 £ 0.02 —0.01 £ 0.02 —0.01 £ 0.01 0.00 = 0.01 <.001
gradient
Posteroanterior 191 —0.02 £0.02 —0.01 £0.01 —0.01 £0.01 —0.02=*0.02 0.00 £ 0.01 .003
gradient
SARP III
Jacobian
Mean 197 2.31 £ 0.6 2.15 + 0.4 1.93 = 0.4 1.93 £ 0.3 1.61 £ 0.3 <.001
SD 197 0.90 = 0.4 0.79 £0.3 0.62 = 0.2 0.63 = 0.2 0.41 = 0.2 <.001
Craniocaudal 197 —0.03 £0.07 —0.02*0.04 —0.02*0.05 —0.01 £0.04 0.00 = 0.03 .04
gradient
Posteroanterior 197 0.09 =+ 0.05 0.07 = 0.04 0.05 = 0.04 0.05 = 0.03 0.03 = 0.02 <.001
gradient
Anisotropic
deformation index
Mean 197 0.61 = 0.2 0.58 £ 0.2 0.50 £ 0.1 0.51 = 0.1 0.40 + 0.1 <.001
SD 195 0.52 = 0.2 0.47 £ 0.1 0.41 = 0.1 0.39 £ 0.1 0.33 £ 0.1 <.001
Craniocaudal 196 —0.02+0.02 —0.02*+0.02 —0.01 *=0.02 —0.01*0.02 —0.02=*0.02 .06
gradient
Posteroanterior 197 —0.03 = 0.03 —0.01 £0.02 —0.01 +£0.02 —0.01 £0.02 —0.01*0.01 .004
gradient
Note.—Except where indicated, data are means + SDs. SARP = Severe Asthma Research Program.

Discussion

We evaluated 455 participants with cluster assignments and CT
imaging and found that airway morphometry and air trapping
could only help identify severe phenotypes, while assessments of
the magnitude, direction, and variability of lung expansion dif-
fered more substantially between clusters. For example, air trap-
ping, measured with disease probability mapping of functional
small airway disease, was only clearly highest in participants with
severe fixed asthma (Severe Asthma Research Program [SARP]
IIT cluster 1: 19.0% = 20.6; cluster 2: 18.9% = 13.3; cluster
3: 24.9% = 13.1; cluster 4: 24.1% =+ 8.4; cluster 5: 38.8% =
14.4; P < .001). On the other hand, whole-lung Jacobian and
anisotropic deformation index [ADI] values decreased as clus-
ter severity increased. Similarly, within-lung Jacobian and ADI
SDs decreased as cluster severity increased (SARP III Jacobian
SD cluster 1: 0.90 * 0.4; cluster 2: 0.79 % 0.3; cluster 3: 0.62
* 0.2; cluster 4: 0.63 = 0.2; cluster 5: 0.41 = 0.2; P < .001).
Whole-lung and spatial assessments of the magnitude and isot-
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ropy of lung expansion are promising quantitative CT biomark-
ers that can augment future phenotypic studies in asthma.

The precise and global nature of qCT is well suited to aug-
ment mechanistic studies in asthma by providing structural and
functional information that is broadly applicable across pheno-
types, unlike traditional biomarkers. qCT assessments, if imple-
mented alongside clinical and biologic evaluations of patients
with asthma, may help unravel the pathobiologic mechanisms
that underpin asthma phenotypes. For example, current bio-
markers that guide asthma treatment are primarily focused on
eosinophilic or atopic inflammation (8) and may not apply to
more than half of patients with severe asthma (9) (eg, severe
paucigranulocytic asthma [29]). Because qCT parameters are
structural or functional and not tethered to inflammation, they
may be more broadly applied as novel markers of therapeutic re-
sponse, such as for bronchial thermoplasty (30). qCT can poten-
tially supplement traditional asthma biomarkers or be studied in
subphenotypes where biomarkers remain unknown.
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Figure 4: Box plofs of means and SDs for key quantitative CT (qCT) measurements between clusters in Severe Asthma Research Program (SARP) | and Il and SARP Ill,

including (A) wall area (WA) percentage, (B) functional small airway disease (fSAD) on disease probability maps (DPM), (€) mean Jacobian, (D) SD of Jacobian, (E)

mean anisotropic deformation index (ADI), and (F) SD of ADI.

Older assessments of airway morphometry and air trapping
could not consistently distinguish between asthma phenotypes.
Early qCT studies found that airway wall thickness (31) cor-
related with airway wall remodeling (11). We found that cluster
5 participants, with severe asthma and fixed airflow obstruction,
had thicker airway walls and smaller airways. However, airway
morphometry was unable to consistently help distinguish be-
tween other clusters, especially clusters 2-4. Our findings echo
those of prior work from SARP where qCT depicted thicker
airway walls in severe refractory asthma but not in non-severe
asthma, when compared with healthy controls (32). Similarly,
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qCT air trapping measurements were higher in cluster 5 but not
different in other clusters. Others have shown that the amount
of lung with fSAD may be similar in asthma compared with
healthy controls (26). Furthermore, SARP investigators showed
that, on average, 35% of healthy lungs have air trapping when
attenuation thresholds are used to define disease (—856 HU at
expiration), and air trapping percentage was higher in severe
asthma (62%) but not non-severe asthma (41%), when com-
pared with healthy controls (12). Our work confirms that qCT
assessments of airway morphometry and air trapping lack preci-
sion to discern cluster phenotypes.
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We found that measurements of voxel-wise lung expansion
(Jacobian and ADI) consistently differed between clusters. Lung
expansion was diminished in clusters with severe asthma (clusters
4 and 5), confirming prior reports (13,23,33). Additionally, the
variability of expansion, measured with the SD of the Jacobian
population, diminished as asthma severity worsened, indicating
a loss of normal spatial heterogeneity (34). This finding has not
been previously well established in the literature. Similar to other
reports, mean Jacobian was greatest in the posterior and caudal
portions of lung (13,23), but anterior lung expansion was more
anisotropic. The normal spatial variability of lung expansion di-
minished with greater asthma severity. Furthermore, gradient-
based Jacobian and ADI measurements added novel informa-
tion to whole-lung measurements. Similarly, others have found
that gradient-based, but not global, assessments of air trapping
are associated with higher airway resistance and more asthma
symptoms (26). Taken together, severe asthma clusters (clusters
4 and 5) had diminished isotropic lung expansion with less spa-
tial heterogeneity of expansion than in mild clusters (1,2). Lung
expansion parameters also differed between less severe clusters,
indicating that unlike airway morphometry and air trapping,
these parameters may be useful in non-severe asthma.

Our study has limitations. First, qCT assessments require
manually coached inspiratory and expiratory scans to achieve
target lung volumes, and qCT requires specialized analyses (21).
Second, only a subset of SARP participants underwent qCT,
though they were similar to those who did not. Third, the SARP
1T clustering algorithm differed slightly from that used in SARP
I and II (detailed in Appendix E2 [online]) (4). Specifically,
SARP III cluster 3 had more severe features, and cluster 4 had
less severe features. Fourth, a priori pairwise analyses did not in-
clude cluster 3, given the small cluster size (4). Fifth, our results
may not apply to patients with concomitant chronic obstructive
pulmonary disease. Sixth, our study was cross-sectional, and lon-
gitudinal cluster reproducibility is unknown.

In summary, we found that quantitative CT (qCT) assess-
ments of airway morphometry and air trapping could only
identify severe asthma, while global and spatial assessments of
lung expansion differed across a range of asthma phenotypes.
qCT lung expansion can augment traditional asthma charac-
terization and provide a tool to characterize asthma phenotypes
that are not identified with traditional characterization. Future
studies should include qCT when phenotyping asthma and
examine whether combining clinical expertise with radiologist-
led qCT assessments of lung expansion can improve therapeu-
tic guidance for patients with severe asthma who do not qualify
for biologic therapy.
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