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Longitudinal parametric response
mapping on CT in assessing
functional small airway disease and
emphysema in COPD

Taeyun Kim*2, Youlim Kim%®, So Hyeon Bak3, Sun Hye Shin*, HoYun Lee’, Yunjoo Im®,
Yeonseok Choif, Woo Jin Kim”"* & Hye Yun Park***

Parametric response mapping (PRM) on computed tomography (CT) is an imaging technique for
assessing small airway disease (SAD) and emphysema in chronic obstructive pulmonary disease
(COPD). This study was aimed to examine the relationship between individual spirometry components
decline and PRM-CT-derived data changes over a 6-year observation period in mild and moderate
COPD patients using a COPD cohort chronically exposed to dust. This study utilized longitudinal

data of the COPD in Dusty Areas (CODA) cohort from 2012 to 2014. COPD was confirmed by a
post-bronchodilator forced expiratory volume in one second (FEV,) over forced vital capacity (FVC)
value <0.70. Among the 427 included patients, 106 with 6-year follow-up PRM CT data and having
mild (FEV,% of the predicted value [%pred] = 80) or moderate (FEV,%pred 50 to <80) airflow limitation
were analyzed. PRM CT metrics, including percentage of emphysema (PRM®™P") and functional small
airway disease (PRMAP), were also assessed. A positive correlation was found between baseline log-
transformed PRMfAP and PRM®™PP, which was stronger in patients with moderate airflow limitation.
Over the 6-year follow-up, every 10% increase in PRMfAP was associated with a significant decline

in FVC (-8.0 mLJy, P=0.016) and FEV, (- 6.0 mL/y, P=0.001). This association was only significant

in moderate COPD patients (FVC: -26.6 mL/y, P<0.001; FEV,: -11.8 mL/y, P=0.002). There was the
greater relative contribution of PRMAP to lung function decline in moderate COPD compared to mild
COPD, suggesting that the utility of PRM CT may differ according to COPD severity even in early stage
of COPD.
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Parametric response mapping (PRM) is a developed voxel-wise image analysis technique. It was initially
introduced as a biomarker for nonrespiratory diseases, such as hepatocellular carcinoma, breast tumor, and
glioma, based on magnetic resonance imaging data!~>. In recent years, modification of the PRM approach can
assess changes in image density within respiratory cycle and provides the quantification of functional small
airway disease (PRM™®AP) and emphysema (PRM®™") together with spatial information of the extent and
location of disease in chronic obstructive pulmonary disease (COPD)*. Distinguishing fSAD from emphysema
through PRM CT, which was not detected by traditional CT, promotes understanding disease heterogeneity and
phenotype with the direction of COPD progression™®. Results from SPIROMICS data showed greater variations
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in PRM®AP than PRM®™P! in a 30-day repeatability, while only PRM®™" in severe COPD subjects produced
significant change, concluding fSAD as a transitional phase from normal lung structure to emphysematous
change’.

Given that mild to moderate COPD represent critical transitional phases where early intervention could
alter disease trajectory, focused investigation of these groups would be beneficial®. An investigation using a
COPDGene cohort showed that PRM-CT could effectively differentiate fSAD from emphysema, revealing
that PRM®AP precedes PRM®™P! with an increase in COPD severity*. Another study utilizing the same cohort
demonstrated a significant correlation between PRM®AP and FEV, decline among patients with COPD GOLD
grade 1-4. Further analysis revealed that PRM®AP was associated with a significantly greater decline in FEV,
compared to PRM®™" in both GOLD 1-2 and GOLD 3-4 groups, with a more pronounced effect observed in
the GOLD 1-2 group’. However, this study used only baseline PRM data and patients with mild (GOLD 1) and
moderate (GOLD 2) airflow limitation were not analyzed separately despite of different FEV, decline between
GOLD 1 and GOLD 2 COPD?. Thus, current evidence remains unclear regarding how PRM- CT-derived fSAD
and emphysema data represent in GOLD 1 and GOLD 2 in each retrospective stage along with their significance
for lung function decline.

In this context, we hypothesized that PRM-CT-derived data could show distinct associations of lung
function decline in COPD patients with GOLD 1 and GOLD 2, facilitating risk stratification and enabling early
therapeutic interventions. Therefore, we aimed to examine the changes in lung function and PRM-CT-derived
data over a 6-year observation period in patients with mild COPD and moderate COPD. We further assessed
the relationship between individual spirometry components decline and PRM-CT-derived data changes over a
6-year observation period, particularly in a COPD cohort chronically exposed to dust.

Results
The baseline characteristics are shown in Table 1. Participants with GOLD 2 are younger, more likely to receive
inhaler therapy, exhibit lower lung function, and show a higher percentage of PRM®AP and PRMe™ph,

The baseline correlation coefficients were —0.229 between the percentage of predicted value (%pred) of FEV,
and PRMBAP, —0.406 between FEV, %pred and PRM®™P", —0.372 between FEV  /forced vital capacity (FVC) and
PRMBAD, and —0.555 between FEV /EFVC and PRMe™Ph with P<0.001 for all analyses In contrast, FVC was not
significantly correlated with either PRMISAD o PRMemPh,

A crude and multivariable adjusted linear regression model showed close relationship between baseline
log-transformed PRM®AP and log-transformed PRM®™" (Table 2; Fig. 1). In multivariable adjusted model, the

GOLD 2

Overall GOLD 1 (n=63) | (n=43) P-value
Age (years) 70.9+6.6 |72.2+54 69.0+£7.6 0.013
Sex (male) 88 (83.0%) | 50 (79.4%) 38(88.4%) | 0.342
BMI (kg/m?) 23.6+3.2 |24.0+29 231436 | 0.15
Smoking status 0.2
Never 28 (26.4%) | 20 (31.7%) 8 (18.6%)
Ever 78 (73.6%) | 43 (68.3%) 35 (81.4%)
mMRC grade
>2 39 (36.8%) | 23 (36.5%) 16 (37.2%) | 1.0
CAT
=10 76 (71.7%) | 45 (71.4%) 31 (72.1%) 1.0
Exacerbation in previous year
>2 moderate or >1 severe 3(2.8%) 1 (1.6%) 2 (4.7%) 0.736
Charlson comorbidity index
=2 12 (11.3%) | 8 (12.7%) 4(9.3%) 0.818
Inhaler therapy 16 (15.1%) | 5(7.9%) 11 (25.6%) | 0.027
Lung function testing
FVC (L) 3.1£0.7 3.2£0.7 2.9+0.7 0.017
FVC, %pred 94.8+14.7 | 101.8+12.2 84.5+11.6 | <0.001
FEV, (L) 2.0+0.5 2205 1.8+£0.4 | <0.001
FEV |, %pred 84.1+15.8 | 93.8+12.1 69.7+7.3 | <0.001
FEV,/FVC (%) 64.8+69 | 67.2£5.6 61.2+£7.2 | <0.001
PRM value
PRM®AD (%) 243+15.0 |22.1+14.2 27.5415.7 | 0.065
PRME™Ph (%) 43+39 3.6+33 54+4.6 0.022

Table 1. Baseline characteristics (N=106). BMI=body mass index; nMRC =modified Medical Research
Council; CAT = COPD assessment test; FVC = forced vital capacity; FEV, = forced expiratory volume in 1 s,
PRM = parametric response mapping; emph = emphysema; fSAD = functional small airway disease.

Scientific Reports |

(2025) 15:37221 | https://doi.org/10.1038/s41598-025-21015-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Multivariable
Crude adjusted
Beta | SE P Beta | SE P
All (n=106) 0.313 | 0.076 | <0.001 | 0.307 | 0.053 | <0.001

GOLD 1 (n=63) | 0.214 | 0.077 | <0.001 | 0.184 | 0.091 0.049
GOLD 2 (n=43) | 0.411 | 0.056 | <0.001 | 0.408 | 0.055 | <0.001

Table 2. Correlation between PRM®AP and PRMe™P" at baseline using the linear regression model. The
model was adjusted for age, sex, BMI, smoking, FEV %pred at baseline, and inhaler therapy at baseline.
Values of PRM®™P" and PRM™AP were log-transformed because of the violation of the normality assumption.
PRM = parametric response mapping; fSAD = functional small airway disease; emph = emphysema;

FEV, =forced expiratory volume in 1 s.
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Fig. 1. Correlation between PRM®AP and PRM®™" at baseline. PRM, parametric response mapping; fSAD;
functional small airway disease; emph., emphysema.

correlation coefficient between these two parameters was 0.307 (P<0.001). This significance was stronger in
GOLD 2 than in GOLD 1.

The average annual decline in FVC was 90.5 mL in GOLD 1 patients and 31.8 mL in GOLD 2 patients. The
average annual decline in FEV, was 60.8 mL in GOLD 1 patients and 23.2 mL in GOLD 2 patients. The annual
increase in PRM®™Ph was 0.404% in GOLD 1 and 0.329% in GOLD 2, and the annual increase in PRM®AD wag
0.791% in GOLD 1 and 0.867% in GOLD 2.
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The adjusted rates of changes in FVC and FEV | according to every 10% change of PRM®™" and PRMSAP
from baseline are shown in Table 3. During 6-years of follow-up, for every additional 10% of lung affected by
PRMBAD, significant decline in FVC and FEV | was noted (- 8.0 mL/y per 10% PRM®AP for FVC with P=0.016
and —6.0 mL/y per 10% PRM®™" with P=0.001, respectively). However, this significance only remained in
patients with GOLD 2: (- 26.6 mL/y per 10% PRM®AP for FVC with P<0.001 and - 11.8 mL/y per 10% PRMSAD
for FEV, with P=0.002, respectively).

An additional subgroup analyses based on age and smoking status are revealed in S1 Table. Change in
lung function for FVC and FEV | was not significantly associated with change of PRM®™" in ever smokers but
this association was significant in never smokers. In contrast, the increase in PRM®AP showed a significant
association with FEV, decline irrespective of smoking status.

Discussion

In this study, fSAD change measured using PRM CT over 6 years was associated with a longitudinal decline in
FVC and FEV , especially for COPD patients with GOLD 2, whereas the change in PRM*™" was not associated
with changes in the lung function in GOLD 1 and GOLD 2. The findings of this study indicate that change in
the lung function in GOLD 2 is related to the progression of small airway disease rather than emphysema. Our
another findings with baseline values are consistent with those of previous studies, wherein positive correlations
between the baseline values of PRM™Ph and PRMSAP 4710 and negative correlations between baseline PRM
metrics and baseline lung function® were noted. We not only confirmed these findings but extended the
relationships on the longitudinal aspects, particularly in populations at risk of dust-related COPD.

Our data showed that the change of PRM CT-measured fSAD rather than emphysema was more closely
related to the longitudinal lung function decline in mild-to-moderate COPD. The fSAD pattern, rather than the
emphysema pattern, might more appropriately reflect the disease progression in patients with early COPD10-12,
In addition, in our explorative analysis, longitudinal changes in PRM™AP explained a greater proportion of the
variance in lung function decline compared to baseline PRM metrics or changes in emphysema: specifically, the
partial R? for fSAD change was approximately 8.8% for FEV, decline and 5.8% for FVC decline. SAD manifests
in the early stages of COPD and becomes increasingly prevalent with progression to more severe COPD'3.
Thus, certain injuries such as those caused by smoking could lead to airway remodeling, mucous plugging, and
immune cell infiltration, which may aggravate COPD and affect bacterial colonization. These processes may
predispose individuals to the progression of SAD and development of emphysema'®. In a COPDGene study,
relative contribution to the decline in the lung function was more prominent with PRM®AP than PRMemph %,
In more severe lung obstruction, PRM®AP reaches a plateau around 40-50%, whereas PRM®™h continuously
increases to over 20% of the lung volume*. Furthermore, the decline in PRMAP with an increase in PRM®™PP
suggests progression to a more chronic COPD status’. In summary, fSAD presents in the early course of COPD
whereas emphysema is a major component in the later course of COPD.

Notably, our data found that a significant association between decline in FEV, and FVC and PRM®AP was
only observed in COPD patients with GOLD 2. In the COPDGene study, the intensity of relative contribution

Crude

PRMemph FVC change P FEV, change P
All (n=106) 30.2(-9.1,69.4) 0.13 —-6.2(-29.9,17.6) 0.608
GOLD 1 (n=63) 2.5 (-61.6, 66.6) 0.937 3.0 (-38.3,44.3) 0.884
GOLD 2 (n=43) 38.3(-10.4, 86.9) 0.119 -11.2 (- 38.6,16.2) 0.413
PRMSAD FVC change P FEV, change P
All (n=106) -9.0 (-15.5,-2.4) 0.008 -6.0(-9.9,-2.2) 0.003
GOLD 1 (n=63) -4.0 (-10.9,2.9) 0.249 -3.9(-8.3,0.1) 0.083
GOLD 2 (n=43) -16.7 (-28.6, -4.9) 0.006 -8.9(-15.5,-2.5) 0.008
Adjusted

PRMemph FVC change P FEV, change P

All (n=106) 22.9(-16.1,61.9) 0.247 —-6.7 (-29.1,15.7) 0.553
GOLD 1 (n=63) -3.6 (-68.9, 61.8) 0.913 -1.5(-15.1,42.1) 0.944
GOLD 2 (n=43) 39.5(-18.1,97.0) 0.172 -1.9 (-30.7,26.9) 0.895
PRMSAD FVC change P FEV, change P
All (n=106) —-8.0 (-14.5,-1.6) 0.016 -6.0 (-9.6,-2.4) 0.001
GOLD 1 (n=63) -5.6 (-12.7,1.5) 0.119 -4.2(-8.9,0.4) 0.074
GOLD 2 (n=43) -26.6 (—40.8,-12.4) <0.001 —-11.8 (- 18.9,-4.7) 0.002

Table 3. Changes in lung function (mL/y) for 6 years per every 10% change of PRM®™Ph and PRM®AP from
baseline by GOLD classification at the baseline. *Adjusted for age, sex, BMI, smoking, FEVl%pred at baseline,
and inhaler therapy at baseline. FVC=forced vital capacity; FEV, =forced expiratory volume in 1 s; %pred = %
of the predicted value; emph = emphysema; fSAD = functional small airway disease; BMI=body mass index.
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of PRMPAP to decline in the lung function was more prominent in patients with GOLD 1-2 than in those with
GOLD 3-4°. We extended these meaningful associations with lung function decline and change of PRMAP
over 6 years. Furthermore, our data showed that this association was evident only in COPD patients with GOLD
2 and there was no significant association between lung function decline and PRM®AP change in patients with
GOLD (1) There are couple of explanations for this finding. First, the small airway disease extent between GOLD
1 and 2 could be different. Previous cross-sectional study showed that the reductions in the number of terminal
and respiratory bronchioles were 29 and 41% respectively in GOLD 1 patients and the reductions were 40 and
53% respectively in GOLD 2 patients compared with controls'®. Another study showed that the presence of
SAD assessed by the impulse oscillometry system was reported to be significantly higher in patients with GOLD
2 than in those with GOLD 1'°. Similarly, the change in fSAD tended to be relatively greater compared to the
decline in lung function in GOLD 2 than in GOLD 1 in our study. Second, as a significant portion of the exhaled
volume of lung function is influenced by the larger airways, calculation of FEV, using spirometry could not
detect relatively smaller SAD change in GOLD 1 than GOLD (2) Indeed, The difference in GOLD 1 and 2 is also
corroborated by another study wherein the expiratory flow limitation appeared first in GOLD 2.

Our study also found a significant association between longitudinal increase in PRMAP and decrease in FVC,
which might reflect the progression of air trapping. In a recent cross-sectional studies based on the COPDGene
data, air trapping assessed using PRM™AD at the end of full expiratory effort was negatively correlated with
FVC'”. Another study also showed that PRMAP was mainly associated with total lung capacity alveolar volume
and residual volume which are measures of pulmonary air trapping®.

PRM CT has shown its potential in distinguishing COPD phenotypes and visualizing disease progression
By integrating pulmonary function testing, PRM CT could have synergistic impact in understanding the
heterogeneity of COPD®!®. Since small airway disease is one of the earliest features of COPD progression,
PRM CT could complement pulmonary function testing by detecting early disease onset, might otherwise be
overlooked when relying solely on the conventional FEV /FVC cut-off ratio of 0.70%!*. In the COPDGene study,
GOLD 0 subjects with 48.5% of current smokers, defined as by postbronchodilator FEV,/FVC greater than or
equal to 0.70 at baseline visit and FEV,% predicted greater than or equal to 80, with 48.5% of current smokers,
already showed the significant association of PRM®AP but not PRM®™" with FEV | decline’. Additionally, in a
study that combined PRM CT metrics with histological findings, small airway disease was observed in mild-to-
moderate COPD without evidence of emphysema!“. Notably, this small airway disease is closely associated with
emphysema progression. when there was no emphysema at baseline'®. Therefore, early detection of small airway
disease or emphysema using PRM CT shows promise for enhancing disease monitoring, identifying at-risk
individuals, and enabling timely interventions to prevent COPD progression.

Our study had several limitations. First, this COPD in Dusty Area (CODA) cohort consisted of COPD patients
living in dusty areas near cement plants in South Korea. Although selection bias may have influenced our results,
environmental exposure could have increased the detection of small airway disease in this population. Second,
comparing changes in PRM CT metrics with individuals who have normal lung function was not feasible in
this study; therefore, additional research involving participants with normal lung function is needed. Third,
the present study analyzed 6-year follow-up data and contained loss to follow-up, which led to differences in
baseline characteristics between participants with available follow-up data and those without (S2 Table). The
included group had a significantly higher proportion of males and ever-smokers, whereas the excluded group
exhibited a higher prevalence of comorbidities. These differences could raise the possibility that patients with
more severe conditions might have been preferentially lost to follow-up, potentially introducing selection bias
and affecting the generalizability of the findings. Fourth, this study lacks lung volume measurements (e.g., total
lung capacity, residual volume) for emphysema quantification, diffusion capacity data, and small airway function
tests (e.g., impulse oscillometry).

In conclusion, this longitudinal cohort study of patients with GOLD 1 and 2 COPD showed a positive
relationship between baseline PRMAP and PRM®™Ph, Over a 6-year follow-up period, the longitudinal decline in
FVC and FEV, correlated with PRM CT-assessed fSAD, with a more pronounced association observed in GOLD
2 patients compared to those with GOLD 1. However, changes in PRM®™" were not significantly associated with
lung function decline in either GOLD group. The stronger contribution of PRMAP to lung function decline in
GOLD 2 suggests that the utility of PRM CT may differ according to COPD severity even in early stage of COPD,
making it particularly valuable for identifying patients at higher risk of rapid disease progression who could
benefit from earlier therapeutic interventions. Future studies should further investigate the role of PRM CT in
personalized COPD management strategies.

4,6,18

Materials and methods

Data source and patient selection

This study utilized data of the CODA cohort from 2012 to 2014. The CODA cohort is a longitudinal observational
study conducted in six cities (Gangneung, Donghae, Samcheok, Yeongheung, Danyang, and Jecheon) of
Kangwon and Chungbuk provinces, South Korea, with cement plants, with 20,000 residents. Participants in the
CODA cohort study comprised individuals, with either airflow limitation or normal spirometry, who agreed to
participate in the study. Airflow limitation was confirmed by a post-bronchodilator FEV, over FVC value < 0.70
in spirometry?. The detailed methods adopted in the CODA study have been previously described?"2.

The patient selection process is depicted in Fig. 2. As this study is a longitudinal observational study rather
than a randomized controlled trial, a formal sample size calculation was not performed. The final sample size
was determined based on the availability of patients with complete 6-year follow-up PRM CT data, ensuring
that all eligible participants were included in the analysis. Of a total 504 patients in the CODA cohort, 77 were
excluded for lung surgery (n=4), CT quantification error (n=8), co-existed lung disease (n=10), severe lung
parenchymal distortion by tuberculosis sequelae and pneumoconiosis with progressive massive fibrosis (n=30),
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Total participants in CODA cohort (N = 504)

» CT quantification error (n = 8)

» Lobectomy state (n = 4)

» Accompanying lung disease (n = 10)
» Severe lung destruction (n = 30)

= GOLD 3-4 (FEV, %pred <50), n = 25)

|

Eligible participants in CODA cohort (N = 427)

= GOLD 1 (FEV, %pred 280, n = 290)
= GOLD 2 (FEV, %pred 50-<80, n = 137)

l

6-year follow-up for PRM CT (N = 106)
= GOLD 1 (FEV, %pred 280, n = 63)
= GOLD 2 (FEV, %pred 50-<80, n = 43)

Fig. 2. Patient selection process. COPD, chronic obstructive pulmonary disease; CODA, COPD in Dusty
Areas; CT, computed tomography; FEV ; forced expiratory volume in one second; PRM, parametric response

mapping.

and GOLD 3-4 (n=25). Among the remaining 427 patients, 106 having 6-year follow-up PRM CT data were
analyzed.

Lung function testing

Spirometry was performed using an Easy One Kit (NDD, Zurich, Switzerland). To check bronchodilator
reversibility, spirometry was performed before bronchodilation and at 15 min after inhaling 400 mcg of
salbutamol. Calibration and quality control were performed following the standardization criteria of the
American Thoracic Society and European Respiratory Society”. FEV | (L) and FEV %pred, FVC (L) and FVC
%pred, and the ratio of FEV /FVC (%) were obtained from both pre- and postbronchodilator tests. Patients were
further categorized into GOLD 1 and 2 by post-bronchodilator FEV, %pred®: GOLD 1 (FEV %pred > 80) and
GOLD 2 (FEV,%pred 50 to < 80).

CT and quantitative image analysis

CT scan was performed at maximal inspiration and expiration, with patients exhaling to residual volume in
the supine position using a dual-source CT scanner (Somatom Definition, Siemens Healthcare, Forchheim,
Germany for the CODA cohort) with the following parameters: 140 kVp, 100 mA, and 09 — 1 beam pitch?.
All CT scan images were obtained without the use of contrast medium. CT images were reconstructed at a
0.6 mm slice thickness using a B30f kernel. Quantitative CT analysis was performed using an automatic
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segmentation software (Aview, Coreline Soft, Seoul, Korea). Whole-lung images were extracted from the chest
wall, mediastinum, and large airways. Lung segmentation was visually checked. Inspiration and expiration CT
images were registered using a nonrigid method. In PRM, the lung parenchyma is classified as normal lung
parenchyma (normal), fSAD, or emphysema: (1) PRM®™" was defined as voxels with densities less than —
950 HU on inspiration CT and less than — 856 HU on expiration CT; (2) PRM®AP was defined as voxels with
densities greater than or equal to — 950 HU on inspiration CT and less than — 856 HU on expiration CT; and (3)
PRM™ ™2l yas defined as voxels >-950 HU on inspiration CT and > — 856 HU on expiratory CT. The PRM CT
values are presented as a percentage of the total lung volume.

Other variables

Other variables collected included age, sex, body mass index (kg/m?), smoking status (never or ever), the modified
Medical Research Council dyspnea scale, patient-reported COPD assessment test score, history of exacerbation
within the previous year (moderate: >2 events, where a moderate event is defined as the use of antibiotics or
steroids; severe: 21 event, where a severe event is defined as an hospitalization or emergency room visit due to
respiratory symptoms), Charlson comorbidity index, and inhaler therapy (long-acting muscarinic antagonist,
long-acting beta,-agonist, inhaled corticosteroid, LAMA/LAMA combination, and inhaled corticosteroid/long-
acting beta,-agonist combination).

Statistical analysis

All statistical analyses were performed using R software, version 4.3.2 for Windows (R Development Core Team).
Statistical significance was set at P<0.05. Comparisons were performed using two sample t-tests for continuous
variables and chi-squared test for categorical variables. Correlation analysis was performed to identify any
relationship between PRM®™P" and PRMAD at baseline. A linear regression model was adopted to study the
relationship between PRMe™Ph and PRMBAD at baseline, and the values were log-transformed because of the
violation of normality. To calculate changes in the lung function according to potential predictors (PRMe™Ph
and PRM®AD), multivariable linear regression model was employed. The outcome of change in FEV , FVC, and
FEV,/FVC% for each individual was calculated by subtracting the baseline value from the value at 6-year follow-
up and dividing by the time between visits. The model was adjusted for age, sex, body mass index, smoking,
FEV %pred at baseline, and inhaler therapy at baseline. In addition, subgroup analyses were performed based
on the FEV1%pred, categorized as either GOLD 1 or 2. Another subgroup analysis was conducted according to
age and smoking status.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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