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ABSTRACT: 177 

BACKGROUND: Currently there is limited knowledge of what imaging assessments of 178 

asthma are associated with accelerated longitudinal lung function decline. 179 

 180 

OBJECTIVES: We aimed to assess whether quantitative computerized tomography 181 

(qCT) metrics are associated with longitudinal lung function decline and morbidity in 182 

asthma.  183 

 184 

METHODS: We analyzed 205 qCT scans of adult asthma patients, and calculated 185 

baseline markers of airway remodeling, lung density, and pointwise regional change in 186 

lung volume (Jacobian measures) for each participant. Using multivariable regression 187 

models, we then assessed the association of qCT measurements with the outcomes of 188 

future lung function change, future exacerbation rate, and changes in validated 189 

measurements of morbidity. 190 

 191 

RESULTS: Greater baseline wall area percent (WA%) (β=-0.15, 95% CI -0.26 to -0.05, 192 

P<0.01), hyperinflation% (β=-0.25, 95% CI -0.41 to -0.09, P<0.01), and Jacobian 193 

gradient measurements (cranial-caudal β=10.64, CI 3.79 to 17.49, P<0.01; posterior-194 

anterior β=-9.14, CI -15.49 to -2.78, P<0.01) were associated with more severe future 195 

lung function decline. Additionally, greater WA% (rate ratio=1.06, CI 1.01 to 1.10, 196 

P=0.02), air-trapping% (rate ratio=1.01, CI 1.00 to 1.02, P=0.03), and lower Jacobian 197 

determinant mean (rate ratio=0.58, CI 0.41 to 0.82, P<0.01) and Jacobian determinant 198 

standard deviation (rate ratio=0.52, CI 0.32 to 0.85, P=0.01) were associated with a 199 
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greater rate of future exacerbations. However, imaging metrics were not associated with 200 

clinically meaningful changes in scores on validated asthma morbidity questionnaires. 201 

 202 

CONCLUSIONS: Baseline qCT measures of more severe airway remodeling, more 203 

small airways disease and hyperinflation, and less pointwise regional change in lung 204 

volumes were associated with future lung function decline and asthma exacerbations. 205 

 206 

This study was registered with www.clinicaltrials.gov (NCT01716494). 207 

 208 

CLINICAL IMPLICATIONS:  209 

Quantitative imaging metrics were associated with important asthma outcomes 210 

including longitudinal lung function decline and future exacerbations. Quantitative 211 

imaging may be one tool that helps prognosticate future outcomes in asthma. 212 

 213 

CAPSULE SUMMARY:  214 

Currently if imaging characteristics are associated with asthma outcomes is unknown. In 215 

this study, asthmatics with more airway remodeling and less regional change in lung 216 

expansion had more lung function decline and exacerbations. 217 

 218 

KEY WORDS:  219 

Asthma, severe asthma, CT imaging, asthma morbidity, asthma exacerbations, 220 

longitudinal, lung function.  221 

 222 
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ABBREVIATIONS USED: 223 

ACT, asthma control test; ATS, American Thoracic Society; AQLQ, asthma quality of life 224 

questionnaire; BMI, body mass index; CI, 95% confidence interval; COPD, chronic 225 

obstructive pulmonary disease; DPM, disease probability mapping; ERS, European 226 

Respiratory Society; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory 227 

volume in 1 second; FEV1%, forced expiratory volume in 1 second % predicted; FRC, 228 

functional residual capacity; GINA, Global Initiative for Asthma; NHLBI, National Heart 229 

Lung and Blood Institute; PRM, parametric response mapping; qCT, quantitative 230 

analyses of multidetector computerized tomography scan; SAD, small airway disease; 231 

SARP-3, Severe Asthma Research Program-3; SPIROMICS, Subpopulations of 232 

Intermediate Outcome Measures in Chronic Obstructive Pulmonary Disease; TLC, total 233 

lung capacity; WA%, wall area percent; WT%, wall thickness percent.  234 
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INTRODUCTION  235 

Asthma is a heterogeneous disorder that is characterized by chronic airway 236 

inflammation, airway hyperresponsiveness, and variable airway obstruction. Asthma is 237 

estimated to affect approximately 300 million people worldwide and is expected to only 238 

increase in prevalence in the future.1, 2 Prior studies have shown that when compared to 239 

healthy controls, a subset of adults with asthma experience an accelerated rate of the 240 

longitudinal decline in lung function.3-6 For example, in one large epidemiologic study of 241 

17,506 participants, adults with asthma experienced an average decline in forced 242 

expiratory volume in 1 second (FEV1) of 38mL per year as compared to 22mL per year 243 

in adults without asthma.7 In a subset of patients with asthma, this accelerated rate of 244 

lung function decline can lead to irreversible, fixed airway obstruction and marked 245 

morbidity.8 246 

Despite recent advances in the understanding and treatment of asthma, novel 247 

biomarkers that can reliably predict which patients with asthma will experience an 248 

accelerated decline in lung function have not yet been identified. Prior studies have 249 

shown that a more rapid decline in lung function in asthma is associated with prior 250 

tobacco abuse, a history of frequent asthma exacerbations, a low baseline FEV1, 251 

exposure to ambient air pollution, low serum 25-hydroxyvitamin D levels, and an 252 

elevated fractional exhaled nitric oxide (FeNO).7, 9-17 In addition, recent work from our 253 

NHLBI-sponsored Severe Asthma Research Program (SARP) group demonstrated that, 254 

in moderate-to-severe asthma, insensitivity to systemic steroids is associated with 255 

greater longitudinal loss of lung function.18 However, whether or not objective measures 256 
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of airway remodeling are associated with future lung function changes remains 257 

unknown.  258 

Results of quantitative analysis of multidetector computerized tomography (qCT) 259 

scans have previously been proposed as potential biomarkers that could prognosticate 260 

outcomes in chronic obstructive pulmonary disease (COPD),19 asthma,20 and interstitial 261 

lung disease.21-23 qCT analysis objectively quantifies airway, parenchymal, and 262 

pulmonary vascular characteristics,20, 24 and its use has previously led to the successful 263 

identification of novel phenotypes in both COPD and asthma.19, 25-29 Parametric 264 

response mapping (PRM), a relatively new qCT methodology that uses voxel-by-voxel 265 

image co-registration of inspiratory and expiratory scans, was recently shown to be a 266 

novel biomarker in post-lung transplant recipients.30 In that study, small airways 267 

disease, characterized by PRM analysis, was associated with future spirometric lung 268 

function decline post-transplant and was the single greatest predictor of post-transplant 269 

survival in multivariable modeling. Similarly, in COPD, the degree of small airways 270 

disease and emphysema defined using PRM analysis was found to be predictive of 271 

future lung function decline.31 To date no one has examined if qCT measurements could 272 

be used to predict future asthma outcomes.  273 

In this study, we examined a well-characterized multicenter longitudinal cohort of 274 

adult asthma patients (SARP-3) in an attempt to determine if qCT metrics are 275 

associated with future asthma outcomes including changes in lung function. We first 276 

determined baseline markers of airway remodeling, small airways disease, and regional 277 

changes in lung expansion using qCT analyses in adults with asthma. We then 278 

determined longitudinal changes in both lung function and future asthma morbidity for 279 
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each participant. We hypothesized that baseline markers of airway remodeling as 280 

determined by qCT would be associated with future lung function decline and greater 281 

subsequent asthma morbidity.   282 
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METHODS  283 

Included Participants 284 

SARP-3 participants were enrolled and characterized from 2012-2015 as 285 

previously published32 and included in this study if they were age ≥18 at the time of 286 

initial spirometry, had a baseline interpretable CT scan, and had ≥3 visits with 287 

spirometry in order to assess for post-CT longitudinal lung function changes. A total of 288 

205 adult participants met our study inclusion criteria (Figure 1 ). All SARP-3 289 

participants provided written informed consent and the institutional review boards from 290 

each of the 14 enrollment sites approved of this study. 291 

 292 

CT Image Acquisition and Analyses 293 

 SARP-3 used a qCT analysis protocol similar to other large multicenter studies, 294 

which has been described in detail by the SPIROMICS group.24, 25, 33, 34 Analyses were 295 

done with Apollo 2.0 software (VIDA Diagnostics, Inc., Coralville, IA, USA). CT integrity 296 

and all automated airway segmentations were manually confirmed by two trained 297 

analysts. Our primary predictor variables were wall area % (WA%) and wall thickness 298 

percent (WT%) defined as ([wall area/total area]*100%) and ([wall thickness/outer 299 

diameter]*100%) respectively. These measurements were calculated at the third 300 

generation, or segmental airways, along five airway pathways (RB1, RB4, RB10, LB1, 301 

and LB10) as previously described.35-37 Pi10 (airway wall area associated with a 302 

hypothetical inner perimeter of 10mm) and lumen area were also explored as predictor 303 

variables in secondary analyses.38  304 
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The effects of lung density measurements on asthma outcomes were evaluated 305 

using the following lung density measurements: hyperinflation% (% voxels ≤-950 306 

Hounsfield units [HU] at total lung capacity [TLC]), air-trapping% (% voxels ≤-856HU at 307 

functional residual capacity [FRC]), and PRM and disease probability measures (DPM). 308 

PRM and DPM are measures that use image co-registration to quantify small airway 309 

disease as previously described.27, 31, 39-41 Finally, the Jacobian determinant and 310 

Jacobian determinant gradient measurements were explored to describe pointwise 311 

changes in lung volume characteristics.42, 43  312 

 313 

Assessment of Longitudinal Lung Function Change and  Asthma Morbidity 314 

 All SARP-3 participants were followed longitudinally and, in order to be included 315 

in this study, ≥3 annual follow-up visits with valid spirometry were required. The primary 316 

outcome variable was the per year (slope) change in post-bronchodilator FEV1 percent 317 

predicted (FEV1%), which was calculated using individual linear regression models for 318 

each participant. Changes in asthma morbidity were assessed as the annual rate of 319 

asthma exacerbations adjusted for time on study, the yearly change (slope) in asthma 320 

control test (ACT) scores, and the yearly change (slope) in asthma quality of life 321 

questionnaire (AQLQ) scores. 322 

 323 

Statistical Analyses 324 

 Study participants were categorized based on their per year rate of lung function 325 

change with: severe decline defined as FEV1% loss of >2% per year; mild decline, 0.5 326 

to 2% loss/year; no change, 0.5% loss/year to 1% gain/year; and improvement, >1% 327 
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gain/year.18 Characteristics of each lung function change group were described and 328 

compared using analysis of variance (ANOVA), Kruskal-Wallis, chi-square, or Fisher’s 329 

exact tests as appropriate. Univariable regression models were then constructed to 330 

determine the association between qCT measurements and the individual outcomes of 331 

slope change in post-bronchodilator FEV1% predicted, ACT, AQLQ, and annual 332 

exacerbation rate (with each outcome treated as a continuous variable). All univariable 333 

and multivariable models controlled for biologic use, baseline post-bronchodilator 334 

FEV1%, as well as baseline ACT score, baseline AQLQ score, or 12-month prior-to-335 

enrollment exacerbation rate as appropriate. Multivariable regression models were 336 

constructed separately for each qCT predictor variable and were conducted using a 337 

backward elimination model building process. All potential covariates with P-values less 338 

than 0.2 on univariate analysis were assessed for inclusion in the multivariate models. 339 

Only covariates with P-values < 0.05 in the multivariate analysis were maintained in the 340 

final models. In addition, the variables of baseline FEV1% response to triamcinolone, 341 

body mass index (BMI), exacerbation frequency in the year prior to SARP-3 enrollment, 342 

and blood eosinophil count were forced into all multivariable models used to predict 343 

longitudinal lung function change. 344 

For exacerbations, a negative binomial distribution was assumed. Time on study 345 

was included as an offset term to account for the fact that not all participants had the 346 

same number of follow-up visits. All other models assumed a normal distribution and 347 

were weighted by the inverse of the mean-squared error of the individual-level linear 348 

regression models. Sensitivity analyses were conducted wherein we repeated the 349 

models with specific exclusion of those on biologics. We also assessed whether the 350 
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association between the outcomes and qCT measures varied according to total time 351 

that a participant was on study (i.e., a qCT x total follow-up time interaction). Results 352 

from these analyses are included in the electronic supplement. A two-sided P-value of 353 

<0.05 was used to denote statistical significance. All statistical analyses were performed 354 

using SAS version 9.4 (Cary, NC, USA).  355 
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RESULTS  356 

Demographics and Baseline Asthma and Imaging Charac teristics  357 

 The demographic and clinical characteristics of the 205 participants who had a 358 

baseline CT scan and longitudinal follow-up are described and compared by 359 

subsequent change in lung function grouping in Table 1 . SARP participants in this study 360 

were overall comparable to excluded adult SARP participants; however, included 361 

participants did have more severe disease (see Electronic  Supplemental Table E1 ). 362 

The overall cohort represented a demographically diverse sample but consisted 363 

primarily of participants with ATS/ERS-defined severe asthma (n=138; 67%).44 In this 364 

study, 75 participants (36.6%) experienced future mild or severe lung function decline. 365 

The median length of follow-up in this study was 4.3 years (interquartile range [IQR] 3.9 366 

to 5.1 years). Most baseline demographic and clinical characteristics were similar 367 

across future lung function decline group. However, biologic use did vary across change 368 

in lung function groups (P = 0.04) wherein participants with more severe future lung 369 

function decline were more likely to be on a biologic therapy. In addition, the 370 

exacerbation rate in the year prior to SARP-3 enrollment (P < 0.01) and exacerbation 371 

rate during the duration of the SARP-3 study (P = 0.049) varied across groups with a 372 

higher rate of exacerbations found in the severe lung function decline group. Baseline 373 

quantitative imaging results are described and compared by lung function groups in 374 

Table 2 .  375 

 376 

Imaging Predictors of Longitudinal Lung Function De cline 377 
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 In this study, we found that participants with more severe airway remodeling, 378 

more hyperinflation, and certain lung volume expansion gradation patterns on qCT were 379 

more likely to experience future lung function decline. The consolidated results of the 380 

effect of qCT variables on the outcome of lung function decline are presented in Table 3 381 

and Figure 2 (as well as Electronic Supplemental Table E2 with use of standardized 382 

beta coefficients and Electronic Supplemental Tables E3-E16 showing results of all 383 

covariates included in individual models). On multivariable analyses, which included 384 

adjustment for covariates including baseline post-bronchodilator FEV1% predicted, 385 

biologic use, body mass index (BMI), FEV1% response to triamcinolone, exacerbation 386 

frequency in the year prior to SARP-3 enrollment, and baseline blood eosinophil count, 387 

greater WA% (β=-0.15, 95% CI -0.26 to -0.05, P < 0.01) was associated with more 388 

severe future lung function decline. However, WT% (β=-0.12, 95% CI -0.37 to 0.12, P = 389 

0.32) did not have an association with lung function decline. Our findings indicate that a 390 

participant who had a 5% greater WA% at baseline would be expected to have an 391 

absolute FEV1% predicted decline of 0.75% more each year.  392 

 When looking at lung density measurements, only hyperinflation% was predictive 393 

of longitudinal lung function decline on multivariable analysis (β=-0.25, 95% CI -0.41 to -394 

0.09, P < 0.01). Most lung deformation metrics were not associated with lung function 395 

decline on primary analysis; however, Jacobian determinant gradient patterns (cranial-396 

caudal β=10.64, 95% CI 3.79 to 17.49, P < 0.01; posterior-anterior β=-9.14, CI -15.49 to 397 

-2.78, P < 0.01) were strongly associated with lung function changes. However, when 398 

patients on biologics were excluded, greater amounts of small airway disease (whether 399 

measured as AT%, PRMSAD, or DPMSAD) and less lung deformation (Jacobian 400 
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determinant mean) were also associated with longitudinal lung function decline 401 

(Electronic  Supplemental Table E17) . Interestingly, the effect of several qCT variables 402 

on future lung function changes did vary based on the length of longitudinal follow-up. In 403 

cases with comparatively longer longitudinal follow-up, participants who had a greater 404 

Pi10 or lower Jacobian determinant mean had greater future lung function decline 405 

(Electronic  Supplemental Table E18 ).   406 

 407 

Imaging Predictors of Asthma Morbidity 408 

 The association of baseline qCT metrics with future asthma morbidity outcomes 409 

is presented in Table 4 (and Electronic Supplemental Table E19 with use of 410 

standardized beta coefficients and Electronic Supplemental Tables E20-E33 showing 411 

results of all covariates included in individual models). While airway measurements 412 

were not associated with ACT scores, several lung density measurements including 413 

hyperinflation% (β=-0.01, 95% CI 0 to 0.02, < 0.01) and air-trapping% (β=-0.004, 95% 414 

CI 0 to 0.01, P < 0.01) were significantly associated with AQLQ changes, but markedly 415 

below the minimal clinically important difference of 0.5 45. The Jacobian cranial-caudal 416 

gradient was also associated with changes in AQLQ scores (β=1.28, 95% CI 0.58 to 417 

1.98, P < 0.001). 418 

 Finally, in this study, imaging metrics that showed more severe airway 419 

remodeling, more small airways disease, and less lung deformation were associated 420 

with a greater future rate of asthma exacerbations (Table 4 and Figure 2) . Even after 421 

adjustment for covariates including frequency of prior exacerbations and baseline 422 

eosinophil count, participants that had a greater baseline WA% (rate ratio=1.06, 95% CI 423 
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1.01 to 1.10, P = 0.02) had a higher future rate of asthma exacerbations. In addition, 424 

participants that had more small airways disease, assessed via simple voxel 425 

thresholding (air-trapping%, rate ratio=1.01, 95% CI 1.00 to 1.02, P = 0.03) or either 426 

image co-registration method (PRMSAD, rate ratio 1.01, 95% CI 1.00 to 1.03, P = 0.02; 427 

DPMSAD, rate ratio=1.01, 95% CI 1.00 to 1.02, P = 0.01) were more likely to experience 428 

exacerbations in the future even after controlling for prior exacerbations. Lastly, 429 

participants that had less lung deformation (Jacobian determinant mean, rate 430 

ratio=0.58, 95% CI 0.41 to 0.82, P < 0.01) and less heterogeneity in lung deformation 431 

(Jacobian determinant standard deviation, rate ratio=0.52, 95% CI 0.32 to 0.85, P = 432 

0.01) had a greater number of future exacerbations.  433 

  434 
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DISCUSSION  435 

This study showed that certain quantitative imaging metrics were associated with 436 

future lung function decline and asthma exacerbations. Specifically, adults with asthma 437 

who had more severe baseline airway remodeling, more hyperinflation, and certain lung 438 

deformation patterns were more likely to experience accelerated lung function decline. 439 

Similarly, participants with more severe airway remodeling, more air trapping, and less 440 

lung deformation were more likely to have future asthma exacerbations. However, qCT 441 

metrics were generally not associated with clinically meaningful changes in asthma 442 

control or quality of life.  443 

 Although investigators have known for decades that a subset of asthma patients 444 

have an accelerated decline in lung function, little progress has been made at predicting 445 

which patients with asthma will experience a more rapid lung function decline.7, 46 The 446 

current inability to predict future lung function decline in asthma limits our ability to 447 

research treatment paradigms specifically aimed at minimizing the risk of future lung 448 

function decline.47 If lung function decline and asthma morbidity could be more 449 

accurately predicted, it is possible that treatments (such as biologic therapies) could be 450 

explored at an earlier timepoint in “high risk” patients to potentially prevent or impede 451 

accelerated lung function loss. In this study, several qCT characteristics were predictive 452 

of future lung function decline. However, we should point out that these results 453 

represent prediction of average outcomes for the entire cohort. Based on these results, 454 

qCT metrics alone could not predict individual-level outcomes with enough accuracy to 455 

select patients for a personalized medicine treatment approach. Possibly, in the future, 456 
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qCT metrics in combination with other biomarkers could predict future adverse 457 

outcomes in asthma with enough accuracy to guide individualized therapies however.  458 

 Illustrated in Figure 3  are representative coronal and axial CT images from a 459 

SARP-3 participant who suffered severe lung function decline and had numerous 460 

exacerbations during the duration of the study, which is directly contrasted with a CT 461 

from another participant who had improvement in lung function and had no 462 

exacerbations. These contrasting images show the differences in qCT metrics between 463 

these two participants who were otherwise clinically similar at baseline, but experienced 464 

drastically different subsequent clinical courses. Currently, qCT analyses are primarily 465 

used in research studies and require human verification and adjustment. However, 466 

complete automation and reporting of qCT values is likely on the horizon. Furthermore, 467 

with improved image reconstruction methods that reduce a patient’s radiation exposure 468 

and with further standardization of imaging acquisition protocols, qCT has the potential 469 

to have an increasingly important role in routine clinical care in the future.48  470 

 In the SARP-3 cohort, more severe airway remodeling, as assessed by WA%, 471 

was associated with an increased rate of future lung function decline and a greater 472 

frequency of asthma exacerbations after controlling for relavent confounders including 473 

baseline FEV1%, prior exacerbations, and eosinophil count. These results confirmed our 474 

primary hypothesis, which predicted that more severe airway remodeling, as reflected 475 

by a greater baseline WA%, would be predictive of future lung function decline and 476 

asthma morbidity. Prior studies have shown that patients with severe asthma, when 477 

compared to those with mild disease, have an increased WA% and WT% on qCT.13 478 

Furthermore, both WA% and WT% have been shown to be directly correlated with 479 
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response to bronchodilators as well as epithelial thickness from endobronchial 480 

biopsies.49-51 Our finding that an increased WA% is associated with future accelerated 481 

longitudinal lung function decline supports the pathobiological concept that underlying 482 

airway remodeling has future detrimental consequences including long-term loss of lung 483 

function and increased risk of exacerbations. While an association between increased 484 

airway remodeling and future loss of lung function has been previously hypothesized, 485 

prior studies have never clearly demonstrated this association.52, 53  486 

 In addition, this study demonstrated that greater hyperinflation, as assessed by 487 

qCT, was associated with greater future loss of lung function. Of note, in this study, 488 

hyperinflation% was used to describe the radiologic findings of hyperinflation (% voxels 489 

≤-950 HU at TLC) rather than the often-described clinical phenomenon of “dynamic 490 

hyperinflation” in asthma. While this finding has not been reported before in asthma, 491 

prior studies have demonstrated that the equivalent imaging metric (termed 492 

emphysema-like lung) is associated with future lung function decline in moderate-to-493 

severe COPD.54, 55 Prior studies in COPD and post lung transplantation have 494 

demonstrated that PRM measurements were predictive of future lung function 495 

decline.30, 31 Surprisingly in the current study, small airways disease measurements 496 

obtained using PRM and DPM analysis were not predictive of lung function decline. 497 

However, when patients on biologics were excluded from the analysis, baseline qCT 498 

markers of small airway disease were associated with greater future lung function 499 

decline.  500 

 Finally, in this study we demonstrated that lung deformation measurements 501 

(Jacobian determinant values), as well as lung deformation spatial heterogenity 502 
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(Jacobian gradient values), were independently associated with several asthma-related 503 

outcomes. The Jacobian determinant is a biomechanical measurement calculated from 504 

image co-registration and reflects the local volume change that occurs at a point from 505 

expiration to inspiration.56-58 While lung deformation measurements are less intuitive, 506 

Jacobian measurements have previously been found to be of importance in both COPD 507 

and asthma.56, 57, 59-62 In asthma, low Jacobian determinant values are associated with 508 

disease severity and believed to reflect less regional lung expansion, possibly 509 

secondary to air trapping and hyperinflation.56, 59 In COPD, lower Jacobian determiant 510 

values in the penumbra surrounding emphysematous areas of the lung have been 511 

found to be prognostic of future lung function decline.61 In asthma we found that less 512 

lung deformation (Jacobian determinant mean) and less lung deformation heterogeneity 513 

(Jacobian determinant standard deviation) were independently predictive of future 514 

exacerbations, but were not associated with lung function changes. However, as shown 515 

in the electronic supplement, in patients not on biologics or who had comparatively 516 

longer longitudinal follow-up, a lower baseline Jacobian determinant value was 517 

associated with greater longitudinal lung function decline. This finding indicates that with 518 

longer longitudinal follow-up, associations between baseline qCT variables and asthma 519 

outcomes may become even more apparent. Furthermore, in this study Jacobian spatial 520 

heterogeneity predicted lung function decline, with relatively greater caudal and 521 

relatively greater posterior Jacobian determinant values having associations with future 522 

lung function decline. To our knowledge Jacobian gradients have not been explored in 523 

predicting disease outcomes, and this finding should be viewed as hypothesis 524 

generating.  525 
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 We believe this study has a number of strengths. To our knowledge, this study 526 

represents the first time qCT measurements have been evaluated in a longitudinal 527 

asthma cohort and shown to predict clinically meaningful asthma outcomes. 528 

Furthermore, all data in this study were collected from a well-characterized cohort of 529 

asthma patients from diverse racial and ethnic backgrounds and with a broad range of 530 

disease severity. However, limitations of this study must be considered. First, in this 531 

study airway remodeling was assessed via qCT analysis. Although qCT metrics of 532 

airway remodeling are correlated with endobronchial measurements, limitations of 533 

measuring airway remodeling in this way exist. For example, wall area cannot be 534 

normalized by basal membrane length wherein an increase in baseline airway smooth 535 

muscle tone could be incorrectly interperted for airway remodeling using qCT. 536 

Additionally, the findings of air-trapping were postulated to primarily reprsent underlying 537 

small airways disease. However, the exact contribution that larger airways or other 538 

abnormalities have on the finding of air-trapping cannot be certain. In this study, our 539 

only primary hypothesis was that qCT markers of airway remodeling, specifically an 540 

elevated WA% and WT%, would be predictive of the individual outcomes of lung 541 

function decline and asthma morbidity. As such, all further exploration of associations 542 

between other imaging metrics and study outcomes should be considered exploratory, 543 

and were not corrected for multiple comparisons. Finally, a subset of participants in this 544 

study were on biologic therapies, which have been shown to improve lung function.63, 64 545 

However, all univariable and multivariable models in this study corrected for biologic 546 

use, and repeat exploratory analyses excluding these 24 participants on biologics were 547 

performed and showed similar or stronger associations.  548 
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 549 

CONCLUSIONS 550 

 In conclusion, in this study we found that adult asthma patients with more severe 551 

airway remodeling, more hyperinflation, and certain lung deformation gradation 552 

patterns, discerned from qCT analyses, were more likely to experience future lung 553 

function decline. While qCT measurements were generally not associated with clinically 554 

meaningful changes in asthma morbidity on questionnaires, more severe airway 555 

remodeling, more small airways disease, and less lung deformation were each 556 

associated with a greater future rate of asthma exacerbations. Based on results from 557 

this study, qCT metrics may be useful to prognosticate clinical outcomes in adult 558 

asthma.   559 
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Table Legends  745 

Table 1. Characteristics of adult SARP-3 participan ts who had a baseline qCT and 746 

longitudinal follow-up categorized by future change  in lung function.  Lung function 747 

groups were classified based on their rate (slope) of lung function change with severe 748 

decline defined as FEV1% loss of >2% per year; mild decline, 0.5 to 2% loss/year; no 749 

change 0.5% loss/year to 1% gain/year; and improvement, more than 1% gain/year. 750 

Lung function groups were compared using chi-square, Fisher’s exact test, ANOVA, or 751 

Kruskal-Wallis tests as appropriate. SD: standard deviation; BMI: body mass index; 752 

IQR: interquartile range; ICS: inhaled corticosteroids; OCS: oral corticosteroids; ACT 753 

asthma control test; AQLQ: asthma quality of life questionnaire; and FeNO: fractional 754 

exhaled nitric oxide.  *P < 0.05; †P < 0.01; ‡P < 0.0001. 755 

 756 

Table 2. Quantitative computerized tomography (qCT)  characteristics of SARP-3 757 

participants categorized by future change in lung f unction. Lung function groups 758 

were classified based on their rate (slope) of lung function change with: severe decline 759 

defined as FEV1% loss of >2% per year; mild decline, 0.5 to 2% loss/year; no change 760 

0.5% loss/year to 1% gain/year; and improvement, more than 1% gain/year. Lung 761 

function groups were compared using ANOVA or Kruskal-Wallis tests as appropriate. 762 

WA%: wall area percent; WT%: wall thickness percent; Pi10: inner perimeter of 10 mm; 763 

PRM: parametric response mapping; SAD: functional small airway disease; DPM: 764 

disease probability measure; PA: posterior – anterior; CC: cranial – caudal. *P < 0.05; 765 

†P < 0.01. 766 

 767 
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Table 3.  Univariable and multivariable predictors of lung fu nction change over 768 

time.  Univariable comparisons were adjusted for baseline post-bronchodilator FEV1% 769 

predicted and use of biologics. Multivariable models were adjusted for baseline post-770 

bronchodilator FEV1% predicted, biologic use, body mass index (BMI), FEV1% response 771 

to triamcinolone, exacerbation frequency in the year prior to SARP-3 enrollment, 772 

baseline blood eosinophil count, and other significant covariates. WA%: wall area 773 

percent; WT%: wall thickness percent; Pi10: inner perimeter of 10 mm; FRC: functional 774 

residual capacity; PRM: parametric response mapping; SAD: functional small airway 775 

disease; TLC: total lung capacity; DPM: disease probability measure; PA: posterior – 776 

anterior; CC: cranial – caudal. *P < 0.05; †P < 0.01; ‡P < 0.001. 777 

 778 

Table 4.  Multivariable predictors of future asthma morbidity . All multivariable 779 

models controlled for biologic use as well as baseline number of exacerbations in the 780 

year prior to SARP-3 enrollment, baseline ACT score, and baseline AQLQ score 781 

respectively. Other significant covariates were entered into the model, which was 782 

formed using a backwards elimination model selection process. ACT: asthma control 783 

test; AQLQ: asthma quality of life questionnaire; WA%: wall area percent; WT%: wall 784 

thickness percent; Pi10: inner perimeter of 10 mm; PRM: parametric response 785 

mapping; SAD: functional small airway disease; DPM: disease probability measure; 786 

PA: posterior – anterior; CC: cranial – caudal; *P < 0.05; †P < 0.01; ‡P < 0.001. 787 

  788 
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Figure Legends: 789 

Figure 1.  Study flow diagram. 790 

 791 

Figure 2. Predicted (A) annual change in post-bronc hodilator FEV 1% and (B) 792 

predicted annual asthma exacerbation rate according  to baseline wall area % 793 

(WA%), hyperinflation %, and air-trapping % (AT%). Solid black lines indicate the 794 

predicted annual change (unadjusted for covariates) in FEV1% and the predicted rate of 795 

asthma exacerbations (unadjusted for covariates) based on the baseline qCT variable 796 

with gray shaded areas representing 95% confidence intervals around the regression 797 

lines. Parameter estimates reported in the inset are from the multivariable models. 798 

Individual adult SARP participants are color coded according to the classification of their 799 

lung function change grouping with severe decline (red circle) defined as an FEV1% 800 

loss of >2% per year; mild decline (gold diamond), 0.5 to 2% loss/year; no change (blue 801 

square), 0.5% loss/year to 1% gain/year; and improvement (green triangle), more than 802 

1% gain/year. After adjustment for covariates, baseline WA% and hyperinflation% were 803 

interpedently associated with future lung function decline, while baseline WA% and 804 

AT% were independently associated with a greater rate of future asthma exacerbations. 805 

*P < 0.05; †P < 0.01. 806 

 807 

Figure 3. Coronal and axial views of (A-C) a SARP-3  participant who did not suffer 808 

lung function decline (post-BD FEV1% = 2.7% per yea r improvement) and had no 809 

exacerbations during the duration of SARP-3 as comp ared to (D-F) a participant 810 

who suffered severe lung function decline (post-BD FEV1% = 3.8% per year 811 
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decline ) and had 7 exacerbations (1.75 exacerbatio ns per year) during the 812 

duration of SARP-3.  A representative axial image from these two participants (A and 813 

D) is shown focused on RB9, which demonstrates an increased WA% in the participant 814 

who suffered greater lung function decline and asthma morbidity. In addition, coronal 815 

sections for the same two participants are shown demonstrating more small airways 816 

disease (B and E) and less lung deformation (C and F) in the participant who had more 817 

lung function decline and asthma exacerbations during the study period. 818 
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Table 1 819 
 
 

Improvement in 
Lung Function 

 (N=58) 

No Change in Lung 
Function  

(N=72) 

Mild Lung Function 
Decline 
(N=52) 

 Severe Lung 
Function Decline 

(N=23) 
P-value 

Baseline clinical characteristics:       
   Age, year, mean ± SD 46.6 ± 14.6 46.2 ± 13.8 48.5 ± 14.1 51.7 ± 12.2 0.36 
   Female, n (%)  36 (62%) 48 (67%) 35 (67%) 15 (65%) 0.94 
   Non-white race, n (%) 20 (34%) 23 (32%) 21 (40%) 11 (48%) 0.50 
   BMI, kg/m2, median (IQR) 30.3 (26 to -38.7) 30.5 (26.1 to 35.8) 30.0 (27.3 to 38.3) 34.6 (29.8 to 39.4) 0.09 
   History of nasal polyps, n (%) 15 (26%) 10 (14%) 10 (19%) 9 (39%) 0.06 
Baseline asthma characteristics:       
   Age of asthma onset, years, median (IQR) 14 (4 to 32) 11 (3 to 27) 11 (5 to 29) 12 (3 to 30) 0.90 
   Duration of asthma symptoms, year, mean ± SD  28.0 ± 15.6 29.5 ± 14.0  31.3 ± 15.9 35.0 ± 17.7 0.28 
   Exacerbations in the prior 12 months, median (IQR) 1 (0 to 2) 0 (0 to 2) 1 (0 to 3) 2 (0 to 5) <0.01† 
   ATS/ERS severe classification, n (%) 41 (71%) 43 (60%) 38 (73%) 16 (70%) 0.39 
   On high dose ICS + 2nd controller, n (%) 42 (72%) 45 (63%) 37 (71%) 16 (70%) 0.62 
   On biologics in the last 12 months, n (%) 6 (10%) 9 (13%) 9 (17%) 8 (35%) 0.04* 
   Received OCS in the last 12 months, n (%) 34 (59%) 36 (50%) 32 (62%) 16 (70%) 0.33 
   ACT score, median (IQR) 19 (13 to 21) 18 (14 to 21) 16 (13 to 20) 14 (10 to 20) 0.08 
   AQLQ score, median (IQR) 5.1 (4.2 to 5.9) 5.1 (4.3 to 6.3) 5.2 (4.1 to 5.9) 4.8 (4.1 to 6.1) 0.65 
   Blood eosinophil, %, median (IQR) 3 (2 to 5) 3.2 (2 to 5) 2.9 (1.7 to 6.9) 2.9 (1.5 to 6.4) 0.83 
   Sputum eosinophil, %, median (IQR) 0.8 (0 to 4.3) 0.5 (0.2 to 3.5) 0.3 (0 to 1.1) 1 (0.7 to 1.4) 0.18 
   FeNO, ppb, median (IQR) 25.5 (13 to 39) 22 (13.5 to 36) 17 (10 to 33) 18 (12 to 42) 0.32 
   Serum IgE, kU/L, median (IQR) 174 (67 to 362) 150 (43 to 303) 154 (46 to 345) 139 (17 to 640) 0.91 
Baseline spirometry characteristics:       
   Pre-bronchodilator FEV1% predicted, mean ± SD 70.4 ± 20.4 76.6 ± 17.9 68.9 ± 19.7 72.5 ± 23.7 0.15 
   Pre-bronchodilator FVC% predicted, mean ± SD 82.5 ± 18.8 87.3 ± 15.1 83.3 ± 16.8 84.3 ± 18.1 0.3 8 
   Pre-bronchodilator FEV1/FVC ratio (%predicted), mean ± SD  84.3 ± 12.1 86.8 ± 11.1 81.3 ± 12.6 84.4 ± 14.1 0.10 
   Triamcinolone-induced difference from baseline in FEV1% predicted, mean ± SD  5.0 ± 9.2 2.6 ± 6.2 1.6 ± 8.6 6.8 ± 11.2 0.04* 
Longitudinal characteristics:       
   Length of follow-up, years, median (IQR) 4.0 (3.1 to 5.0) 4.4 (4.0 to 5.1) 4.9 (4.0 to 5.1) 4.3 (4.1 to 5.0) 0.03* 
   Slope of yearly change in post-bronchodilator FEV1% predicted, median (IQR) 2.2 (1.8 to 3.0) 0.1 (-0.2 to 0.5) -1.1 (-1.5 to -0.8) -2.9 (-4.0 to -2.2) <0.0001‡ 
   Slope of yearly change in ACT score, median (IQR) 0.5 (0.1 to 1.1) 0.3 (-0.1 to 0.8) 0.1 (-0.6 to 0.9) 0.2 (-0.2 to 0.9) 0.08 
   Slope of yearly change in AQLQ score, median (IQR) 0.1 (0 to 0.3) 0.1 (-0.1 to 0.2) 0.1 (-0.1 to 0.2) 0 (0 to 0.3) 0.06 
   Exacerbations per year of follow-up, median (IQR) 0.6 (0 to 1.4) 0.3 (0 to 1) 0.5 (0 to 1.3) 1 (0 to 2) 0.049* 
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Table 2 820 
Baseline qCT characteristics Improvement in 

Lung Function 
No Change in 
Lung Function  

Mild Lung 
Function Decline 

 Severe Lung 
Function Decline  P-value  

Airway Measurements       
   WA%, mean ± SD 61.3 ± 3.2 60.9 ± 2.9 61.6 ± 2.9 63.4 ± 3.5 <0.01† 
   WT%, mean ± SD 16.5 ± 1.3 16.3 ± 1.2 16.6 ± 1.1 17.4 ± 1.6 <0.01† 
   Lumen area, mm2, mean ± SD 20.0 ± 6.1 19.4 ± 4.6 19.2 ± 5.4 17.0 ± 4.6 0.15  
   Pi10, mm, mean ± SD 3.8 ± 0.1 3.7 ± 0.1 3.7 ± 0.1 3.8 ± 0.1 0.46 
Lung Density Measurements       
   Air trapping, %, median (IQR) 5.8 (2.3 to 12.7) 4.0 (2.1 to 11.7) 8.7 (4.3 to 16.0) 10.9 (3.6 to 15.4) 0.05 
   PRMSAD, %, median (IQR) 5.8 (2.3 to 12.7) 4.0 (2.0 to 11.0) 8.8 (4.3 to 16.2) 10.2 (3.8 to 15.3) 0.05* 
   DPMSAD, %, median (IQR) 22.0 (14.3 to 36.1) 19.2 (9.9 to 27.3) 24.4 (17.3 to 38.2) 27.9 (17.6 to 33.7) 0.02* 
   Hyperinflation, %, median (IQR) 1.7 (0.8 to 2.7) 1.6 (0.6 to 3.1) 1.9 (0.8 to 3.4) 1.7 (0.8 to 3.6) 0.84 
   PRMhyperinflation, %, median (IQR) 0.2 (0 to 0.6) 0.1 (0 to 0.4) 0.2 (0 to 0.8) 0.2 (0.1 to 0.8) 0.32 
   DPMhyperinflation, %, median (IQR) 0.8 (0.1 to 2.8) 0.4 (0.1 to 1.9) 1.2 (0.3 to 3.6) 1.1 (0.4 to 3.4) 0.28 
Lung Deformation (Jacobian) Measurements       
   Mean ± SD 2.0 ± 0.5 2.1 ± 0.4 1.8 ± 0.3 1.9 ± 0.4 <0.01† 
   SD, median (IQR)  0.6 (0.4 to 0.9) 0.7 (0.5 to 0.9) 0.6 (0.4 to 0.7) 0.6 (0.4 to 0.8) 0.03* 
   GradientCC, mean ± SD 0 ± 0.05 -0.02 ± 0.05 -0.01 ± 0.04 -0.01 ± 0.06 0.15 
   GradientPA 0.05 ±  0.05 0.06 ±  0.04 0.05 ±  0.03 0.05 ±  0.04  0.26 
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Table 3 821 
 Univariable Analysis Multivariable Analysis 

Imaging characteristic Parameter Estimate  
(95% CI) P-Value Parameter Estimate  

(95% CI) P-value 

Airway Measurements     
   WA% -0.13 (-0.23 to -0.04) <0.01† -0.15 (-0.26 to -0.05) <0.01† 
   WT% -0.09 (-0.32 to 0.14) 0.45 -0.12 (-0.37 to 0.12) 0.32 
   Lumen area, mm2 0.09 (0.04 to 0.15) <0.01† 0.10 (0.04 to 0.15) <0.001‡ 
   Pi10, mm -0.54 (-3.27 to 2.19) 0.70 0.11 (-3.33 to 3.55) 0.95 
Lung Density Measurements      
   Air trapping, % voxels ≤-856HU at FRC 0.001 (-0.03 to 0.03) 0.97 -0.01 (-0.04 to 0.02) 0.55 
   PRMSAD, % 0.002 (-0.03 to 0.03) 0.89 -0.01 (-0.04 to 0.02) 0.58 
   DPMSAD, % 0.004 (-0.02 to 0.02) 0.71 0 (-0.02, 0.02) 0.71 
   Hyperinflation, % voxels ≤-950HU at TLC -0.29 (-0.46 to -0.13) <0.001‡ -0.25 (-0.41 to -0.09) <0.01† 
   PRMHyperinflation, % -0.21 (-0.52 to 0.1) 0.19 -0.13 (-0.40 to 0.15) 0.38 
   DPMHyperinflation, % -0.03 (-0.15 to 0.08) 0.56 0 (-0.11, 0.10) 0.94 
Lung Deformation (Jacobian) Measurements      
   Mean 0.05 (-0.76 to 0.86) 0.90 0 (-0.74 to 0.74) 0.99 
   SD -0.55 (-1.77 to 0.68) 0.38 -0.26 (-1.41 to 0.89) 0.66 
   GradientCC 10.4 (3.32 to 17.49) <0.01† 10.64 (3.79 to 17.49) <0.01† 
   GradientPA -8.12 (-14.75 to -1.49) 0.02* -9.14 (-15.49 to -2.78) <0.01† 
  822 
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Table 4 823 
 Exacerbation Rate Slope ACT Slope AQLQ 

Imaging characteristic Rate Ratio  
(95% CI) P-Value Parameter Estimate  

(95% CI) P-value Parameter Estimate  
(95% CI) P-value 

Airway Measurements        
   WA% 1.06 (1.01 to 1.10) 0.02* -0.02 (-0.06 to 0.02) 0.32 0.004 (-0.01 to 0.01) 0.39 
   WT% 1.09 (0.97 to 1.23) 0.13 -0.07 (-0.17 to 0.03) 0.19 0.001 (-0.02 to 0.02) 0.96 
   Lumen area, mm2 0.98 (0.96 to 1.01) 0.17 0.01 (-0.02 to 0.03) 0.56 -0.002 (-0.01 to 0) 0.28 
   Pi10, mm 2.78 (0.84 to 9.26) 0.10 -0.39 (-1.53 to 0.75) 0.50 -0.003 (-0.18 to 0.18) 0.98 
Lung Density Measurements        
   Air trapping, % voxels ≤-856HU at FRC 1.01 (1.00 to 1.02) 0.03* -0.01 (-0.02 to 0) 0.11 0.004 (0 to 0.01) <0.01† 
   PRMSAD, % 1.01 (1.00 to 1.03) 0.02* -0.01 (-0.02 to 0) 0.11 0.01 (0 to 0.01) <0.01† 
   DPMSAD, % 1.01 (1.00 to 1.02) 0.01* -0.01 (-0.02 to 0) 0.16 0.002 (0 to 0.004) 0.13 
   Hyperinflation, % voxels ≤-950HU at TLC 1.00 (0.96 to 1.05) 0.86 -0.04 (-0.09 to 0.01) 0.16 0.01 (0 to 0.02) <0.01† 
   PRMHyperinflation, % 1.04 (0.97 to 1.12) 0.25 -0.04 (-0.12 to 0.04) 0.35 0.02 (0 to 0.05) 0.07 
   DPMHyperinflation, % 1.02 (0.99 to 1.05) 0.16 -0.02 (-0.05 to 0.01) 0.25 0.01 (0 to 0.02) 0.02* 
Lung Deformation (Jacobian) Measurements        
   Mean 0.58 (0.41 to 0.82) <0.01† 0.25 (-0.10 to 0.59) 0.16 0.04 (-0.03 to 0.11) 0.21 
   SD 0.52 (0.32 to 0.85) 0.01* 0.30 (-0.19 to 0.79) 0.23 0.06 (-0.03 to 0.15) 0.17 
   GradientCC 1.13 (0.04 to 30.57) 0.94 -0.03 (-3.05 to 2.99) 0.98 1.28 (0.58 to 1.98) <0.001‡ 
   GradientPA 0.27 (0.01 to 11.13) 0.49 -0.18 (-3.66 to 3.30) 0.92 -0.5 (-1.13 to 0.13) 0.12 
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