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Abstract

Objective Computed tomography (CT) quantifies emphysema extent but not the accompanying
perfusion loss. This study evaluated whether perfusion defect extent, the percent perfusion defect
(%PPD) on short-time deep-inspiratory breath-hold (STDIBH) perfusion single-photon emission
computed tomography/CT (SPECT/CT), is associated with major adverse events (MAE) in emphysema,
and whether CT-quantified emphysema extent carries comparable information.

Methods Of 91 patients with emphysema who underwent STDIBH perfusion SPECT/CT, 74 were
analyzed retrospectively. Perfusion defect volume as a percentage of CT lung volume defined %PPD, and
emphysema extent was the percentage of low-attenuation area (%LAA) on the same CT. MAE comprised
all-cause death, hospitalization for respiratory failure or acute exacerbation of chronic obstructive
pulmonary disease, and new home oxygen therapy. The primary analysis was Cox regression adjusted
for B-type natriuretic peptide and for combined pulmonary fibrosis and emphysema (CPFE),
supplemented by clinical adjustment, penalized estimation, restricted cubic splines, and exploratory
time-dependent areas under the curve (AUCs).

Results Over a median follow-up of 70.9 months, MAE occurred in 54 patients (73.0%). In the primary
model, %PPD was associated with MAE (hazard ratio [HR] 1.1641 per 10%, 95% confidence interval [CI]
1.0437-1.2982, P =0.006), and the estimate was similar after adjustment for age, sex, percent predicted
forced expiratory volume in 1 s, and CPFE (HR 1.1651, 95% CI 1.0392-1.3063). Unadjusted %LAA was
not significantly associated with MAE (HR 1.0080 per 1%, 95% Cl 0.9884-1.0280, P = 0.425). The time-
dependent AUC of %PPD exceeded that of %LAA at 36 months (difference 0.183, 95% CI 0.069-0.303)
and 60 months (0.189, 0.044-0.338) but not clearly at 12 months (0.050, - 0.069 to 0.164). Risk rose up
to a %PPD of about 55% and no further (nonlinearity P <0.001). The planar Meyer perfusion score
discriminated MAE similarly to %PPD (binary AUC 0.813 vs 0.776, P =0.263).

Conclusions In pulmonary emphysema, perfusion defect extent on STDIBH SPECT/CT, not CT-quantified
emphysema extent, tracks major adverse events. Because STDIBH SPECT/CT measures the perfusion
defect against the same CT that quantifies emphysema, one examination places the vascular and
structural components of the disease on a common anatomical denominator.

Introduction

Pulmonary emphysema is characterized by irreversible alveolar wall destruction and distal airspace
enlargement, leading to airflow limitation and impaired gas exchange [1]. It affects a substantial
proportion of patients with chronic obstructive pulmonary disease (COPD), and the global prevalence of
COPD has risen [2]. Emphysema severity on computed tomography (CT) predicts mortality independently
of spirometric measures [3, 4], which has made CT-quantified emphysema extent a widely used imaging
measure of disease severity.
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Emphysema extent describes only part of the disease. Capillary destruction and endothelial dysfunction
impair pulmonary perfusion [5, 6], and vascular dysfunction is associated with exercise intolerance,
reduced quality of life, and exacerbations [7, 8]. Vascular injury may be both a consequence of
parenchymal destruction and an independent driver of progression [9, 10]. CT-derived vascular
parameters provide morphological surrogates [11] but do not measure blood flow.

Pulmonary perfusion scintigraphy with °>™Tc-macroaggregated albumin (*™Tc-MAA) is the established
method for mapping pulmonary blood flow [12], and single-photon emission computed tomography/CT
(SPECT/CT) adds three-dimensional quantification with anatomical correlation [13]. Conventional
perfusion SPECT/CT, however, is acquired during tidal breathing, and incomplete lung inflation and
respiratory motion can blur defects in emphysema. Suga et al. showed that deep-inspiratory breath-hold
perfusion SPECT improves defect clarity in smokers' lungs [14] and, with SPECT/CT fusion, in pulmonary
thromboembolism and emphysema [15, 16]. CT density—based attenuation correction further sharpens
defect contrast [17]. Related approaches include respiratory-gated perfusion imaging [18], the °™Tc-
Technegas stripe sign [19], and automated ventilation/perfusion quotient SPECT [20]. Perfusion
SPECT/CT also predicts outcomes after lung volume reduction surgery [21], and ventilation/perfusion
SPECT tracks symptoms, spirometry, and emphysema extent in COPD [22, 23]. The percent perfusion
defect (%PPD) was introduced as a quantitative index of pulmonary circulatory impairment in chronic
lung disease [24].

We developed a short-time deep-inspiratory breath-hold (STDIBH) technique that acquires perfusion
SPECT/CT during 12 repeated 10-second breath-holds [25]. Short breath-holds are feasible for patients
with advanced lung disease, and full inspiration aligns the SPECT with its co-registered CT. STDIBH
%PPD was prognostic in pulmonary thromboembolism [25], but, to our knowledge, STDIBH perfusion
SPECT/CT has not been applied to outcomes in emphysema. We therefore evaluated whether perfusion
defect extent (%PPD) on STDIBH perfusion SPECT/CT is associated with major adverse events (MAE),
and whether CT-quantified emphysema extent, the percentage of low-attenuation area (%LAA) on the
same CT, carries comparable information. We also compared %PPD with the planar Meyer perfusion
score, the conventional regional index of perfusion defects.

Materials and Methods
Study design and patients

This retrospective single-center observational study was conducted at Nippon Medical School Hospital.
Consecutive patients with emphysema, diagnosed by pulmonologists on clinical and CT findings, who
underwent STDIBH pulmonary perfusion SPECT/CT between May 2012 and March 2023 were identified
(n=91). Coexisting interstitial pneumonia, also diagnosed by pulmonologists on clinical and CT findings,
constituted combined pulmonary fibrosis and emphysema (CPFE) [26]. Patients with pulmonary
thromboembolism (n = 9) or malignancy (n = 7) were excluded. One further patient had insufficient
follow-up data, leaving 74 patients (Fig. 1). Left and right ventricular ejection fractions and the tricuspid
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regurgitation pressure gradient (TRPG) were measured by transthoracic echocardiography. A TRPG > 31
mmHg approximates the 2.8 m/s velocity threshold for at least an intermediate echocardiographic
probability of pulmonary hypertension [27]. Online Resource 1 details pulmonary function and B-type
natriuretic peptide (BNP) measurements.

The study was approved by the Central Ethics Committee of Nippon Medical School (approval number
M-2026-544) and was performed in accordance with the Declaration of Helsinki. The requirement for
written informed consent was waived because of the retrospective design, and an opt-out approach was
used under the Ethical Guidelines for Medical and Biological Research Involving Human Subjects in
Japan.

STDIBH pulmonary perfusion SPECT/CT

Perfusion SPECT/CT was performed with a dual-head system (Symbia T2; Siemens Healthineers) and
low-energy high-resolution collimators. Two divided doses of **™Tc-MAA were administered (185 MBq
supine and 185 MBq prone; total 370 MBq), and SPECT acquisition began 10 minutes after the second
dose. The STDIBH protocol used 12 repeated 10-second deep-inspiratory breath-hold acquisitions during
360° continuous detector rotation, with a 128 x 128 matrix and recovery intervals of approximately 10
seconds. At least 8 adequate acquisitions were required for composite reconstruction.

Low-dose CT for attenuation correction and anatomical correlation was acquired during a single deep-
inspiratory breath-hold matched to the SPECT acquisition (tube voltage 110 kV, tube current-time
product 10—-40 mAs, slice thickness 5 mm). SPECT images were reconstructed with the Flash-3D
iterative algorithm (Siemens Healthineers; 8 iterations, 6 subsets), incorporating CT-based attenuation
correction, triple-energy-window scatter correction, and resolution recovery.

Image analysis

On the syngo workstation (Siemens Healthineers), %PPD was quantified with the semiautomated,
threshold-based volumetric method described for STDIBH perfusion SPECT/CT [25]:

%PPD = (perfusion defect volume on SPECT / anatomical lung
volume on CT) x 100

The perfusion defect volume comprised SPECT voxels with uptake below 31% of the maximum
pulmonary uptake, a threshold calibrated so that the mean %PPD in control participants was 0% [25]. The
anatomical lung volume was segmented from the co-registered CT between - 1024 and - 400
Hounsfield units (HU) so that emphysematous low-attenuation parenchyma remained in the
denominator. A radiologic technologist and a board-certified diagnostic radiologist, both blinded to
outcomes and clinical information, quantified %PPD in consensus.
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For regional scoring, relative uptake in 6 zones of the planar perfusion images, acquired separately from
SPECT in anterior, posterior, and both lateral views, was graded from 1.0 (normal) to 0 (absent), and the
Meyer P-score (%) was calculated as the volume-weighted total deficiency [28] (Online Resource 1). The
same method, applied to planar 8'™Kr gas ventilation scintigraphy performed when clinically indicated,
gave the Meyer V-score. A second board-certified diagnostic radiologist, blinded to outcomes and
clinical information, performed all Meyer scoring.

CT-quantified emphysema extent was expressed as %LAA, the percentage of lung voxels below - 950 HU
on the same low-dose CT. Two mismatch metrics were calculated: the perfusion—structure mismatch
(%PPD - %LAA) and, in patients with ventilation imaging, the ventilation—perfusion mismatch (Meyer P-
score - Meyer V-score). Positive values indicate perfusion impairment exceeding the structural or
ventilation reference. The perfusion—structure mismatch, a fixed re-expression of a model containing
both terms, was exploratory.

Outcomes

The primary endpoint was MAE-free survival, with MAE defined as the first of all-cause death,
hospitalization for respiratory failure, hospitalization for acute exacerbation of COPD (AECOPD), or new
home oxygen therapy (HOT). Patients already receiving HOT at baseline could reach only the other 3
components. Heart failure (HF) hospitalization, which is driven largely by cardiac comorbidity, was
excluded from the primary composite and included in a 5--component composite for sensitivity analysis.
Follow-up was open-ended from the SPECT/CT examination to the last clinical contact, without
administrative censoring. Events were identified from admissions, notes, prescriptions, and high-
resolution CT, and were independently adjudicated by a board-certified pulmonologist and a board-
certified cardiologist, both blinded to %PPD, with disagreement resolved by consensus.

Statistical analysis

The study plan, including the variables to be collected, the outcome definitions, and the analyses, was
fixed before data acquisition. All clinical, laboratory, imaging, and outcome variables were recorded from
the outset of the study, and the analyses were performed after data collection closed. Continuous
variables are summarized as mean + standard deviation (SD) or median [interquartile range (IQR)], and
categorical variables as number (percentage), with denominators shown where data were incomplete.
Each analysis used complete cases.

Time to the first MAE was analyzed with Cox proportional-hazards regression. Entered as a continuous
variable, %PPD was reported per 10% increase, with per-1%, per-SD, and per-IQR scaling. The primary
model adjusted %PPD for BNP (per 100 pg/mL) and CPFE. An Akaike information criterion (AIC) best-
subset search among candidates with univariable P < 0.20 other than %DLCO and pack-years, limited to
models with at least 10 events per variable [29], selected these covariates and TRPG, which was
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removed as nonsignificant. Hazard ratios (HRs) are reported with Wald 95% confidence intervals (Cls),
and tied event times were handled with the Efron approximation.

Proportional hazards were assessed with rank-transformed Schoenfeld residual tests, and collinearity
with variance inflation factors. The functional form of %PPD was examined with restricted cubic splines
(3 knots at the 10th, 50th, and 90th percentiles, and 4 knots) and a log2 transformation, all compared by
partial AIC [30].

Each of 16 clinical and imaging variables was entered with %PPD one at a time. When a covariate was
missing, the unadjusted HR in the same patients was also estimated. In the 73 patients with complete
data, %PPD was also entered in a clinical model containing age, sex, percent predicted forced expiratory
volume in 1 s (%FEV1.0), and CPFE, with and without log2 BNP. Because the proportional-hazards test
for sex gave P < 0.05 in the clinical model, both clinical models were also stratified by sex. The primary
and unstratified clinical models were refitted with Firth penalization and profile-likelihood intervals [31]
and with ridge penalization (A =0.01, 0.1, and 1.0). Marker correlations used Spearman coefficients.

Sensitivity analyses replaced the primary endpoint with the 5-component composite, estimated the
%PPD association separately in patients with and without CPFE, and tested the %PPD x CPFE
interaction. Median follow-up was estimated by the reverse Kaplan-Meier method.

Discrimination of the primary model was summarized by the Harrell concordance index, corrected for
optimism with 1000 bootstrap resamples, and calibration by the bootstrap-corrected slope [30]. The
change in concordance when %PPD was added to reference models was reported with percentile
bootstrap intervals. For descriptive display, patients were grouped at the Youden cutoff of %PPD for MAE
from receiver operating characteristic (ROC) analysis, whose area under the curve (AUC) was reported
with a bootstrap 95% Cl. MAE-free survival was estimated by the Kaplan-Meier method, compared by the
log-rank test, and summarized by the restricted mean survival time (RMST) to 60 months. In an
exploratory analysis, %PPD was compared with %LAA, the Meyer P-score, and BNP by time-dependent
AUCs at 12, 36, and 60 months, estimated with inverse probability of censoring weighting [32], with
percentile bootstrap intervals for paired differences. Binary AUCs were compared by the DeLong method
[33]. The mismatch metrics, the Meyer V-score, and the Youden cutoffs of the comparison markers were
exploratory, and no cut point is proposed for clinical use.

All tests were 2-sided, and P < 0.05 was considered statistically significant. No adjustment was made for
multiplicity, and P values and confidence intervals outside the primary analysis are interpreted
descriptively. No formal power calculation was performed. Precision depends on the number of events
rather than patients. With 54 events and 3 parameters, the primary model had 18 events per variable,
above the conventional threshold of 10 [29], and a 2-sided test at a = 0.05 had 80% power for an
unadjusted HR of 1.4641 per SD of %PPD [34].

Analyses were performed in Python 3.12 with lifelines 0.30.3, scikit-learn 1.8.0, and SciPy 1.17.1. The
estimates were independently re-derived in R 4.6.1 with survival 3.8.6 and coxphf 1.13.4. Claude
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(Anthropic) and Codex (OpenAl) were used for language editing and manuscript formatting. No Al tool
was used to generate, analyze, or interpret data or scientific content. All authors reviewed and approved
the final content.

Results

Patient characteristics

Of 91 patients identified, 74 were analyzed (Fig. 1). Mean age was 69.5 + 10.3 years, and 57 patients
(77.0%) were male (Table 1). CPFE was present in 26 patients (35.1%), and HOT was in use at baseline in
34 patients (45.9%). Of the 68 patients with measurable TRPG, 39 (57.4%) had a TRPG > 31 mmHg.
Median %PPD was 44.8% [IQR 31.7-68.9], median %LAA 5.9% [1.6—12.8], and median Meyer P-score
41.4% [28.1-61.1] (Table 2). The Meyer P-score correlated strongly with %PPD (Spearman p = 0.944),
and %LAA, moderately (p = 0.658).
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Table 1
Baseline characteristics of the study population

Variable Total (n = 74)

Demographics

Age (years) 69.5+10.3
Male sex, n (%) 57 (77.0%)
BMI (kg/m?) 22.3+4.9

Smoking history
Smoking status (current / former / never), n (%) 1(1.4%) /61 (82.4%) / 12 (16.2%)
Pack-years 43.0 [24.7-64.0]

Pulmonary function

%VC (%) (n = 73) 81.4[67.7-96.2]

%FEV1.0 (%) (n = 73) 85.0 [59.1-106.5]

FEV1.0/FVC (%) (n = 73) 73.6 [56.4-84.0]

%DLCO (%) (n = 55) 40.1[26.6-61.8]

GOLD stage (1/2/3/4),n (%) ?51 5355.4%) /20 (27.0%) /9 (12.2%) / 4

Cardiac function

LVEF (%) (n = 71) 71.0[62.5-75.0]
RVEF (%) (n = 73) 39.0 [31.9-50.0]
TRPG (mmHg) (n = 68) 36.6 [23.9-52.0]
Heart rate (beats/min) 70.0 [63.0-79.0]
Laboratory data

Data are mean * SD, median [IQR], or n (%). LVEF, RVEF, and TRPG were measured by transthoracic
echocardiography. TRPG > 31 mmHg approximates a tricuspid regurgitation velocity above 2.8 m/s,
which indicates at least an intermediate echocardiographic probability of pulmonary hypertension.
GOLD stage was assigned from pre-bronchodilator %FEV1.0 cut points regardless of FEV1.0/FVC, so
the staging departs from the GOLD classification. The patient with a missing %FEV1.0 was recorded
as stage 1. ACE, angiotensin-converting enzyme; BMI, body mass index; BNP, B-type natriuretic
peptide; CKD, chronic kidney disease; CPFE, combined pulmonary fibrosis and emphysema
(emphysema with coexisting interstitial pneumonia); %DLCO, percent predicted diffusing capacity for
carbon monoxide; eGFR, estimated glomerular filtration rate; %FEV1.0, percent predicted forced
expiratory volume in 1 s; FEV1.0/FVC, ratio of forced expiratory volume in 1 s to forced vital capacity;
FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; HOT, home
oxygen therapy; IQR, interquartile range; LVEF, left ventricular ejection fraction; RVEF, right ventricular
ejection fraction; Sa0,, arterial oxygen saturation; SD, standard deviation; TRPG, tricuspid
regurgitation pressure gradient; %VC, percent predicted vital capacity
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Variable Total (n = 74)

Demographics

BNP (pg/mL) 229.8 [59.8-609.8]
Sa0, (%) 91.4[85.7-95.5]
Creatinine (mg/dL) 0.8[0.6—-1.2]

eGFR (mL/min/1.73 m?) 70.0 [42.7-88.6]

Comorbidities, n (%)

Coronary artery disease
Hypertension

Dyslipidemia

Diabetes mellitus

CKD (eGFR < 60 mL/min/1.73 m?)
TRPG >31 mmHg (n = 68)

Atrial fibrillation

Coexisting interstitial pneumonia (CPFE)
Treatment, n (%)
Calcium-channel blocker
Angiotensin Il receptor blocker
ACE inhibitor

Spironolactone

Beta-blocker

8 (10.8%)

33 (44.6%)
20 (27.0%)
17 (23.0%)
29 (39.2%)
39 (57.4%)
12 (16.2%)
26 (35.1%)

26 (35.1%)
16 (21.6%)
8 (10.8%)

10 (13.5%)
12 (16.2%)

Statin 18 (24.3%)

Data are mean * SD, median [IQR], or n (%). LVEF, RVEF, and TRPG were measured by transthoracic
echocardiography. TRPG > 31 mmHg approximates a tricuspid regurgitation velocity above 2.8 m/s,
which indicates at least an intermediate echocardiographic probability of pulmonary hypertension.
GOLD stage was assigned from pre-bronchodilator %FEV1.0 cut points regardless of FEV1.0/FVC, so
the staging departs from the GOLD classification. The patient with a missing %FEV1.0 was recorded
as stage 1. ACE, angiotensin-converting enzyme; BMI, body mass index; BNP, B-type natriuretic
peptide; CKD, chronic kidney disease; CPFE, combined pulmonary fibrosis and emphysema
(emphysema with coexisting interstitial pneumonia); %DLCO, percent predicted diffusing capacity for
carbon monoxide; eGFR, estimated glomerular filtration rate; %FEV1.0, percent predicted forced
expiratory volume in 1 s; FEV1.0/FVC, ratio of forced expiratory volume in 1 s to forced vital capacity;
FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; HOT, home
oxygen therapy; IQR, interquartile range; LVEF, left ventricular ejection fraction; RVEF, right ventricular
ejection fraction; Sa0,, arterial oxygen saturation; SD, standard deviation; TRPG, tricuspid
regurgitation pressure gradient; %VC, percent predicted vital capacity
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Variable Total (n = 74)
Demographics
HOT use at baseline 34 (45.9%)

Data are mean * SD, median [IQR], or n (%). LVEF, RVEF, and TRPG were measured by transthoracic
echocardiography. TRPG > 31 mmHg approximates a tricuspid regurgitation velocity above 2.8 m/s,
which indicates at least an intermediate echocardiographic probability of pulmonary hypertension.
GOLD stage was assigned from pre-bronchodilator %FEV1.0 cut points regardless of FEV1.0/FVC, so
the staging departs from the GOLD classification. The patient with a missing %FEV1.0 was recorded
as stage 1. ACE, angiotensin-converting enzyme; BMI, body mass index; BNP, B-type natriuretic
peptide; CKD, chronic kidney disease; CPFE, combined pulmonary fibrosis and emphysema
(emphysema with coexisting interstitial pneumonia); %DLCO, percent predicted diffusing capacity for
carbon monoxide; eGFR, estimated glomerular filtration rate; %FEV1.0, percent predicted forced
expiratory volume in 1 s; FEV1.0/FVC, ratio of forced expiratory volume in 1 s to forced vital capacity;
FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; HOT, home
oxygen therapy; IQR, interquartile range; LVEF, left ventricular ejection fraction; RVEF, right ventricular
ejection fraction; Sa0,, arterial oxygen saturation; SD, standard deviation; TRPG, tricuspid
regurgitation pressure gradient; %VC, percent predicted vital capacity
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Table 2
Imaging parameters and outcomes

Variable Total (n = 74)
Imaging: STDIBH perfusion SPECT/CT

%PPD (%) 44.8 [31.7-68.9]
Imaging: planar scintigraphy

Meyer P-score (%) 41.4[28.1-61.1]
Meyer V-score (%) (n = 46) 17.2[8.8-28.5]
Imaging: quantitative CT

%LAA (%) 5.9[1.6-12.8]

Imaging: mismatch metrics

%PPD - %LAA (%) 36.9 [26.0-48.4]

Meyer P - V mismatch (%) (n = 46) 26.6 [7.7-36.7]
Follow-up

Follow-up, months (reverse Kaplan-Meier) 70.9 [45.9-125.1]

Period of SPECT/CT examinations May 2012 to March 2023

Events, n (%)

MAE 54 (73.0%)
All-cause death 37 (50.0%)
Respiratory failure hospitalization 37 (50.0%)
AECOPD hospitalization 28 (37.8%)
New HOT introduction 10 (13.5%)
HF hospitalization (sensitivity analysis only) 19 (25.7%)

Data are median [IQR] or n (%). MAE is the first of all-cause death, respiratory failure hospitalization,
AECOPD hospitalization, or new HOT introduction. The indented rows count patients with that event
at any time during follow-up. Patients could have more than one component event, so the counts do
not sum to the MAE count. New HOT introduction was possible only in the 40 patients not receiving
HOT at baseline (10 of 40). HF hospitalization enters only the 5-component sensitivity composite.
The Meyer P- and V-scores are volume-weighted deficiency scores derived from the planar perfusion
and ventilation images. AECOPD, acute exacerbation of chronic obstructive pulmonary disease; HF,
heart failure; HOT, home oxygen therapy; IQR, interquartile range; %LAA, percentage of low-
attenuation area; MAE, major adverse events; %PPD, percent perfusion defect; SPECT/CT, single-
Ehotohn:rmssion computed tomography/computed tomography; STDIBH, short-time deep-inspiratory
reath-ho
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Over a median follow-up of 70.9 months (IQR 45.9-125.1), MAE occurred in 54 patients (73.0%). At any
time during follow-up, all-cause death occurred in 37 patients (50.0%), respiratory failure hospitalization
in 37 (50.0%), AECOPD hospitalization in 28 (37.8%), and new HOT in 10 (13.5%; all among the 40
patients not receiving HOT at baseline; Table 2).

Perfusion defect extent and MAE

Higher %PPD was associated with MAE on univariable analysis (HR 1.0147 per 1%, 95% Cl 1.0040-
1.0254, P = 0.007) and in the primary model with BNP and CPFE (HR 1.0153 per 1%, 95% CI 1.0043-
1.0264, P = 0.006; Table 3). This corresponds to an HR of 1.1641 (1.0437-1.2982) per 10% and 1.4153
(1.1029-1.8164) per SD of 22.9%. Schoenfeld residual tests did not indicate nonproportional hazards
(Table 3), and the maximum variance inflation factor was 1.030. The Firth-penalized HR per 10% was
1.1643 (1.0445-1.2984). Ridge penalization attenuated the estimate with its direction preserved
(1.1619, 1.1452, and 1.0719 at A =0.01, 0.1, and 1.0; Table S1).
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Table 3
Selected Cox regression results for associations with MAE

Variable Univariable Multivariable
HR 95% CI P HR 95% ClI P

Primary model covariates

%PPD (per 1%) 1.0147 1.0040- 0.007 1.0153 1.0043- 0.006
1.0254 1.0264

BNP (per 100 pg/mL)  1.0218 1.0099- <0.001 1.0219 1.0099- <0.001
1.0339 1.0340

CPFE 2.3739 1.3272- 0.004 2.4153 1.3418- 0.003
4.2461 4.3475

Selected clinical variables

TRPG (per mmHg) 1.0275 1.0121- <0.001 — — —

(n=68 1.0431

TRPG > 31 mmHg 1.9159 1.0793- 0.026 — — -

(n =68) 3.4013

Atrial fibrillation 0.3639 0.1551- 0.020 — — —
0.8539

%DLCO (per 1%) 0.9786 0.9633- 0.007 — - -

(n =55) 0.9943

RVEF (per 1%) 0.9769 0.9550- 0.044 - - -

(n=73 0.9993

HOT use at baseline 2.0676 1.1936- 0.010 — — —
3.5816

FEV1.0/FVC (per 1%) 1.0073 0.9938- 0.291 - - -

(n=73) 1.0209

Imaging metrics

The multivariable model is the primary model (74 patients, 54 events), with a partial AIC of 364.92
and a concordance index of 0.702 (bootstrap optimism-corrected 0.692). No Schoenfeld residual
test indicated nonproportional hazards (smallest P = 0.473). A dash marks a variable not in the
multivariable model. The multivariable %PPD HR corresponds to 1.1641 per 10% and 1.7604 per IQR.
TRPG > 31 mmHg approximates a tricuspid regurgitation velocity above 2.8 m/s, which indicates at
least an intermediate echocardiographic probability of pulmonary hypertension. The atrial fibrillation
estimate is clinically implausible and is not interpreted as protective. The mismatch metrics and the
Meyer V-score are exploratory. AIC, Akaike information criterion; BNP, B-type natriuretic peptide; Cl,
confidence interval; CPFE, combined pulmonary fibrosis and emphysema (emphysema with
coexisting interstitial pneumonia); %DLCO, percent predicted diffusing capacity for carbon monoxide;
FEV1.0/FVC, ratio of forced expiratory volume in 1 s to forced vital capacity; HOT, home oxygen
therapy; HR, hazard ratio; IQR, interquartile range; %LAA, percentage of low-attenuation area; MAE,
major adverse events; %PPD, percent perfusion defect; RVEF, right ventricular ejection fraction; TRPG,
tricuspid regurgitation pressure gradient

Page 14/22




Variable Univariable Multivariable
HR 95% CI P HR 95% ClI P

Primary model covariates

Meyer P-score (per 1.0188 1.0062- 0.003 — — —

1%) 1.0315

Meyer V-score (per 1.0257 1.0030- 0.026 — - -

1%) (n = 46) 1.0490

%LAA (per 1%) 1.0080 0.9884- 0.425 — - -
1.0280

%PPD - %LAA (per 1.0215 1.0077- 0.002 — - -

1%) 1.0355

Meyer P -V 1.0283 1.0078- 0.007 - — —

mismatch (per 1%) 1.0493

(n =46)

The multivariable model is the primary model (74 patients, 54 events), with a partial AIC of 364.92
and a concordance index of 0.702 (bootstrap optimism-corrected 0.692). No Schoenfeld residual
test indicated nonproportional hazards (smallest P = 0.473). A dash marks a variable not in the
multivariable model. The multivariable %PPD HR corresponds to 1.1641 per 10% and 1.7604 per IQR.
TRPG > 31 mmHg approximates a tricuspid regurgitation velocity above 2.8 m/s, which indicates at
least an intermediate echocardiographic probability of pulmonary hypertension. The atrial fibrillation
estimate is clinically implausible and is not interpreted as protective. The mismatch metrics and the
Meyer V-score are exploratory. AIC, Akaike information criterion; BNP, B-type natriuretic peptide; Cl,
confidence interval; CPFE, combined pulmonary fibrosis and emphysema (emphysema with
coexisting interstitial pneumonia); %DLCO, percent predicted diffusing capacity for carbon monoxide;
FEV1.0/FVC, ratio of forced expiratory volume in 1 s to forced vital capacity; HOT, home oxygen
therapy; HR, hazard ratio; IQR, interquartile range; %LAA, percentage of low-attenuation area; MAE,
major adverse events; %PPD, percent perfusion defect; RVEF, right ventricular ejection fraction; TRPG,
tricuspid regurgitation pressure gradient

Across the 16 single-covariate models, the HR per 10% increase in %PPD ranged from 1.1063 to 1.2672
(Table S2; 15 shown in Fig. 2). The Cl included 1 after adjustment for percent predicted diffusing
capacity for carbon monoxide (%DLCO; %PPD HR 1.1157, 95% CI 0.9807-1.2694), atrial fibrillation
(1.1063,0.9847-1.2428), or baseline HOT use (1.1156, 0.9952-1.2506). In the 55 patients with %DLCO,
the unadjusted HR was 1.1599 (1.0256—-1.3117). The HR increased after adjustment for %FEV1.0, the
ratio of FEV1.0 to forced vital capacity (FEV1.0/FVC), Global Initiative for Chronic Obstructive Lung
Disease (GOLD) stage, or %LAA, but the estimates for these covariates ran counter to the expected
direction. In the clinical model with age, sex, %FEV1.0, and CPFE, the %PPD HR was 1.1651 (1.0392-
1.3063, P =0.009), and, with log2 BNP added, it was 1.1887 (1.0566-1.3372, P = 0.004). The latter model
had 8.8 events per variable, and its Firth-penalized HR was 1.1858 (1.0557-1.3339). Stratified by sex,
these 2 models gave 1.1767 (1.0459-1.3238, P =0.007) and 1.1871 (1.0536—-1.3376, P = 0.005),
respectively.

Functional form and sensitivity analyses
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The 3-knot restricted cubic spline did not support a linear log-hazard for %PPD, either unadjusted or
adjusted for BNP and CPFE (nonlinearity P < 0.001 for both; Fig. 3), and the 4-knot spline agreed (Table
S3). Risk rose steeply up to a %PPD of about 55% and no further. Partial AIC favored the 3-knot spline
over the log2 and linear forms. Per doubling of %PPD, the adjusted HR was 1.7221 (1.2171-2.4368).

With the 5-component endpoint (56 events), the HR per 10% in the primary model was 1.1186 (1.0055-
1.2444, P = 0.039). The unadjusted HR per 10% was 1.1369 (0.9928-1.3019, P = 0.064) in the 48 patients
without CPFE and 1.1994 (1.0056-1.4306, P = 0.043) in the 26 patients with CPFE, and the %PPD x CPFE
interaction was not significant (P = 0.672; Table S4).

Discrimination and survival

Bootstrap validation of the primary model gave an optimism-corrected concordance index of 0.692 and,
in a second run, a corrected calibration slope of 0.921 (Table S5). Adding %PPD to BNP and CPFE raised
the apparent concordance by 0.045 (95% CI - 0.013 to 0.124; Table S6). The AUC of %PPD for MAE was
0.776 (95% CI 0.639-0.898), and the Youden cutoff of 34.2% had a sensitivity of 81.5% and a specificity
of 75.0% (Fig. 4; Table S7). Median MAE-free survival was 11.3 months in the 49 patients with %PPD =
34.2% and 80.6 months in the 25 patients below the cutoff (log-rank P < 0.001; Fig. 5). MAE-free survival
at 60 months was 17.3% and 69.6%, respectively, and the RMST to 60 months was 31.7 months (95% ClI
21.9-40.6) longer in the lower-%PPD group.

Perfusion defect extent versus CT-quantified emphysema
extent

Unlike %PPD, %LAA was not significantly associated with MAE (HR 1.0080 per 1%, 0.9884-1.0280, P =
0.425; Table S8). Its binary AUC was 0.662 (0.510-0.801), and the AUC difference of 0.113 (- 0.013 to
0.240, P =0.080) in favor of %PPD was not significant. The time-dependent AUCs of %PPD were 0.705,
0.754,and 0.713 at 12, 36, and 60 months, against 0.655, 0.571, and 0.524 for %LAA. The paired
differences were 0.050 (- 0.069 to 0.164), 0.183 (0.069-0.303), and 0.189 (0.044-0.338) (Table S9).

Planar Meyer scoring and mismatch metrics

The Meyer P-score was associated with MAE (HR 1.0188 per 1%, 1.0062-1.0315, P = 0.003). lts AUC
was 0.813 (0.694-0.928; Fig. S1), and the AUC difference (%PPD minus Meyer P-score) of - 0.037 (-
0.102 to 0.028, P = 0.263) was not significant. At every horizon, the interval of the paired time-dependent
AUC difference included 0 (Table S9).

The %PPD - %LAA mismatch was associated with MAE (HR 1.0215 per 1%, 1.0077-1.0355, P = 0.002),
and its Youden split separated MAE-free survival (RMST difference 32.2 months, 22.5-40.2; Table S7,
Fig. S2d). In the 46 patients with ventilation imaging, the Meyer V-score and the Meyer P - V mismatch
were associated with MAE on univariable analysis (Table 3).

Representative cases
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Two patients illustrate small and large perfusion—structure mismatches (Fig. 6). A 58-year-old man with
%LAA of 16.0% and %PPD of 20.7% remained free of MAE for 76 months. A 65-year-old man with %LAA
of 39.0% and %PPD of 81.0% was hospitalized for AECOPD at 9.6 months and died at 43.6 months.

Discussion

STDIBH perfusion SPECT/CT showed that perfusion defect extent, not CT-quantified emphysema extent,
tracks major adverse events in pulmonary emphysema. After adjustment for BNP and CPFE, and for age,
sex, and airflow limitation, %PPD remained associated with MAE, whereas unadjusted %LAA on the
same CT showed no detectable association. This is, to our knowledge, the first application of STDIBH
perfusion SPECT/CT to outcomes in emphysema.

Perfusion defect extent versus emphysema extent

The contrast between perfusion defect extent and emphysema extent rests on the association and on
exploratory time-dependent discrimination at 36 and 60 months. The binary AUC comparison, which
ignores unequal follow-up, was not significant. Endothelial injury and remodeling may drive pulmonary
vascular disease in COPD rather than passively follow parenchymal destruction [9, 10, 35]. Lung
microvascular alterations may themselves drive emphysema [36], and restoring pulmonary endothelial
cells reverses emphysematous changes in experimental models [37]. Perfusion can therefore fail in
parenchyma that CT scores as mildly emphysematous. CT surrogates such as pulmonary arterial
enlargement and small-vessel area predict exacerbations [7] and reflect severity [11]. They remain
morphological, whereas %PPD measures perfusion directly.

What STDIBH adds to planar scoring

The planar Meyer P-score discriminated MAE similarly to %PPD, and the 2 were almost collinear. The
prognostic information therefore lies in the perfusion defect itself rather than in the tomographic format.
STDIBH adds the form of the measurement, expressing the defect as a volume fraction of the
anatomical lung on a co-registered CT that is acquired at full inspiration and also yields %LAA [14-17,
25]. The Meyer score, in contrast, rests on visual grading of 6 zones on planar images.

Shape of the association

Because the association was not linear, the HR per 10% summarizes an average gradient across the
observed range. The early rise in risk fits the wide Kaplan-Meier separation at 34.2%. That cutoff,
however, was derived in the same data and describes the cohort, not a clinical threshold.

Robustness of the association

The association weakened when %DLCO, atrial fibrillation, or baseline HOT use entered the model. In the
55 patients with %DLCO, the adjusted HR fell below the unadjusted value, so adjustment, not sample size
alone, contributed. Both %DLCO and perfusion depend on the pulmonary capillary bed and may carry
shared information. Baseline HOT marks disease severity and precludes the new-HOT component. The
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protective estimate for atrial fibrillation is clinically implausible. The rise in the HR after adjustment for
%FEV1.0, FEV1.0/FVC, GOLD stage, or %LAA reflects suppression between correlated measures, not
added robustness. Excluding HF hospitalization, which reflects cardiac comorbidity [38], kept the
endpoint predominantly respiratory. Adding it attenuated but did not remove the association.

Clinical implications

Quantifying %PPD may identify patients with emphysema whose pulmonary circulation is severely
impaired and who might warrant closer follow-up, pulmonary hypertension screening, or rehabilitation.
Exacerbation history, which predicts further events [39], was not available for adjustment. Adding %PPD
to BNP and CPFE did not significantly improve concordance. A prospective multicenter study of
incremental discrimination over exacerbation history and BNP would test whether %PPD refines risk
assessment.

Limitations

This retrospective single-center study included only patients referred for perfusion imaging, limiting
generalizability. The primary model was selected by AIC in the same data, so its estimates and the
optimism-corrected concordance may remain optimistic. Values of %DLCO were missing in 19 patients,
not necessarily at random. Measured on 5-mm low-dose attenuation-correction CT, %LAA may
underestimate emphysema relative to thin-section CT, and the narrow %LAA distribution (IQR 1.6-12.8%)
limits power. The null %LAA result is not evidence of no association, and the 2 HRs were not formally
compared. The association was not significant in the 48 patients without CPFE, so it is not established in
emphysema alone. Even on univariable analysis, the airflow covariates were not significant and ran
counter to the expected direction (Table S8). Both %PPD and the Meyer P-score are relative to each
patient's maximum uptake and cannot register uniformly reduced perfusion. Meyer scoring was
performed by 1 observer, and %PPD quantification by 2 observers in consensus. Interobserver
agreement was therefore not assessed. No tidal-breathing comparator was acquired. External validation
is required before %PPD informs care.

Conclusions

In pulmonary emphysema, perfusion defect extent on STDIBH SPECT/CT, not CT-quantified emphysema
extent, tracks major adverse events. Because STDIBH SPECT/CT measures the perfusion defect against
the same CT that quantifies emphysema, one examination places the vascular and structural
components of the disease on a common anatomical denominator.
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