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Abstract

Background: Given the different methods of assessing emphysema, controversy exists as to

whether it is associated with lung cancer. anaaysis

Purpose: To perform a systematic review and meta-analysis of the association between

emphysema found on chest CT with the presence of lung cancer.

Materials and Methods: The PubMed, EMBASE, and Cochrane databases were searched
up to July 15, 2021 to identify studies on the association between emphysema assessed
visually or quantitatively by CT and lung cancer. Associations were determined by
emphysema severity (trace, mild, and moderate-severe; assessed visually and quantitatively)
and subtype (centrilobular and paraseptal assessed visually). Overall and stratified pooled

odds ratios (ORs) with their 95% confidence intervals were obtained.

Results: Of the 3343 screened studies, 21 studies (107,082 participants) with 26 subsets
were included. The overall pooled ORs for lung cancer given the presence of emphysema
were 2.3 (95% CI: 2.0, 2.6; I =35%; 19 subsets) and 1.02 (95% CI, 1.01, 1.02; 6 subsets)
per 1% increase in low attenuation area. Studies with visual (pooled OR, 2.3; 95% CI: 1.9,
2.6; I’ = 48.4%; 12 subsets) and quantitative (pooled OR, 2.2; 95% CI, 1.8, 2.8; I = 3.7%;
eight subsets) assessments yielded comparable results for the dichotomous assessment.
Based on six studies (1716 participants), the pooled ORs for lung cancer increased with
emphysema severity and were higher for visual assessment (2.5, 3.7, and 4.5 for trace, mild,
and moderate-severe, respectively) than for quantitative assessment (1.9, 2.2 and 2.5) based
on point estimates. Compared with no emphysema, only centrilobular emphysema (three

studies) was associated with lung cancer (pooled OR, 2.2; 95% CI: 1.5, 3.2; P <.001).

Conclusion: Both visual and quantitative CT assessments of emphysema were associated
with a higher odds of lung cancer, and this odds increased with emphysema severity.

Regarding subtype, only centrilobular emphysema was significantly associated with lung
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cancer.

Clinical trial registration no. CRD42021262163

Summary
Both visual and quantitative emphysema assessed at chest CT were associated with a higher

odds ratio of lung cancer, and this association increased with emphysema severity.

Key Results

= Systematic review of 21 studies (107,082 participants) comparing the association of
chest-CT-defined emphysema with lung cancer showed an overall pooled odds ratio
(OR) of 2.3 (P<.001)

=  ORs for lung cancer increased with emphysema severity and were higher for visual
assessment (OR: 2.5, 3.7, and 4.5 for trace, mild, and moderate to severe emphysema,
respectively) compared with quantitative assessment (OR: 1.9, 2.2, and 2.5,

respectively).

Abbreviations
HR = hazard ratio
HU = hounsfield unit

LAA = low attenuation area

OR = odds ratio
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Introduction

Lung cancer is the primary cause of cancer-related death worldwide (1), with more than
1 million attributable deaths each year since 2000 (2). However, lung cancer risk can be
reduced by identifying treatable risk factors, such as chronic lung inflammation (3), together
with smoking, genetics, diet, and occupational exposure (3). Emphysema is characterized
pathologically by the presence of diffuse chronic inflammation of the lung parenchyma,
oxidative stress, and lung destruction (4). Thus, lung cancer and emphysema are linked by

common predisposing risk factors and multiple molecular inflammatory processes (5).

Emphysema can be assessed by chest CT, radiography, or pulmonary function tests, though
chest CT has the highest sensitivity (6, 7) and is considered the reference standard for non-
invasive assessment (8). Numerous studies have explored the association between the chest
CT assessment of emphysema and lung cancer, but these have yielded inconsistent results
(9-12). Associations have been shown between emphysema and lung cancer on chest CTs
for qualitative visual assessment by radiologists (12, 13) but not for automated quantitative
assessment (9, 10). These data were subsequently confirmed by comparing the two methods
directly (14), indicating that the method used to assess emphysema may have affected
previous outcomes. Consistent with this, a meta-analysis in 2012 showed that visual
assessment of emphysema on chest CT was independently associated with lung cancer (15),
but no such association was present for quantitative assessment. However, that conclusion
was based on data from only two studies. Although systematic reviews in 2020 and 2016
concluded that emphysema assessed with chest CT was associated with an increased risk
of lung cancer (16, 17), these did not provide pooled risk estimates or stratify data by how
emphysema was assessed, which may have affected their results. Other studies exploring
the association of emphysema severity or subtype on CT with lung cancer have produced
mixed results (9, 18-21). To the best of our knowledge, a pooled analysis about these

associations has not been performed.
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There is a need to update and synthesize data from existing and new studies, especially
those using quantitative emphysema assessment. Our purpose was to perform a systematic
review and meta-analysis of the association between emphysema found on chest CT with

the presence of lung cancer.

Materials and Methods

Search Strategy and Study Selection

This systematic review was performed according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis reporting guidelines (22) and registered in the
international prospective register of systematic reviews (PROSPERO[CRD42021262163]).
The published studies were retrieved and screened from the PubMed, EMBASE, and

Cochrane databases from inception to the 15" of July 2021(Table E1).

We included studies investigating the association between emphysema and lung cancer
if they were original research and published in English, with lung cancer diagnosed by
histopathology (independent of histologic subtype) and emphysema diagnosed by CT. The
exclusion criteria of studies were specifically described in Figure 1. For multiple articles

concerning the same cohort, we selected the study from which most data could be extracted.
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Identification ]

[

)

Screening

Records identified through
database searching
(n=3343)

e PubMed: 1,124
e Embase: 2,203
o Cochrane: 16

A 4

Duplicates removed
(n="173)

Records after duplicates
removed
(n=3,270)

Additional records
identified from reference
(n=12)

A 4

Records for title and abstract
screened
(n =3,270)

A

Full-text articles
assessed for eligibility

Eligibility

Included

\ 4

(n=65)

A 4

Records excluded
(n=3217)

A

Studies included in
qualitative synthesis
(n=21)

A

Studies included in
quantitative synthesis
(meta-analysis)
(n=21)

Figure 1: Flowchart of study selection.

Definitions of Emphysema and Lung Cancer

A 4

Full-text articles excluded, with
reason (n = 44)
Reviews or Meta-analysis: 8

o Prognostic analysis: 10

Both case and control with
cancer: 3

Not relevant to topic: 4
Conference Abstracts: 3
Non-English paper: 1
Combined with fibrosis: 1
Questionnaire emphysema: 11
Without adjusted effect size: 2
From same cohort: 1

Visual emphysema was defined as disrupted lung vasculature and parenchyma with

low attenuation occupy in any lung zone (at least trace) on chest CT, as evaluated by

radiologists using the National Emphysema Treatment Trial (NETT) or Fleischner Society

(23, 24) guidelines or comparable (See table E2). Quantitative emphysema was defined by

the percentage of total lung volume below a given Hounsfield unit (HU) threshold (—950

HU at full inspiration), reported as the low attenuation area percentage (LAA%). A specific
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LAA% threshold was defined “emphysema present.” When grading emphysema severity
(trace, mild, moderate, and severe), specific percentages of visual (Fleischner society or
NETT) or quantitation were used to assess emphysematous lung tissue destruction on CT
(e.g. mild: 0-25%, moderate: 26-50%, and severe: > 51%). The main emphysema subtypes
were paraseptal and centrilobular, which could only be assessed visually on CT. Paraseptal
emphysema was defined as the presence of a few well-demarcated, round, juxta-pleural
lucencies; while, centrilobular emphysema was defined as centrilobular distribution of
lucencies. Finally, eligible cases of lung cancer were confirmed pathologically from surgical,

biopsy, or cytological samples, without specifying the subtype.

Data Collection and Quality Assessment

Two researchers (X.F. with 5 years of experience in radiology. H.J.W. with 3 years of
experience in radiology) independently performed all data collection and assessments.
Study eligibility was determined by title and abstract screening, followed by full-text
evaluation. Disagreements were settled by consensus or referral to a third reviewer
(M.D.D., with over 10 years of experience in radiology), and agreement was quantified
by kappa statistics. A standardized table was used to extract data, including first author
name; publication year; country; study design; participant source, age, and sex; assessment
method; emphysema definition, subtype, and severity; CT scanner, scanning mode, slice
thickness, reconstruction algorithm, HU threshold, and LAA%; effect sizes, including odds
ratios (ORs), risk ratios, and hazard ratios (HRs), with 95% ClIs; and adjusted or matched

factors.

The Newcastle—Ottawa scale was used to assess cohort and case-control study quality by
group selection, comparability, and exposure/outcome reliability, with a star-based scale
ranging from 0 to 9 stars (25). We awarded stars for comparability if there was adjustment

for age and sex and additional adjustment for smoking. Studies were considered to be
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low, medium, or high quality if they had <5, 67, or 8-9 stars, respectively (26). Any

discrepancies were resolved by consensus.

Statistical Analysis

We stratified studies by visual or quantitative assessment and set confirmed lung cancer
as the main outcome. The adjusted OR given the presence of emphysema was the main
outcome, with risk ratios and HRs interpreted as ORs due to the low incidence of lung
cancer (27, 28). When a study reported stratified ORs, an overall OR was estimated by
applying a random-effect model. For studies that stratified ORs by severity, we pooled
data for moderate and severe emphysema. To estimate the odds of developing lung cancer
among participants with and without emphysema, we pooled data under the assumption of
homogeneity by applying a random-effect model. Forest plots were presented to illustrate
the pooled results and related heterogeneity. Pooled ORs and 95% ClIs were provided for
dichotomous or continuous measurements of emphysema. Analyses were repeated for

emphysema severity and subtype (visual assessment).

Heterogeneity was estimated by the I” statistic and quantified as low (0%-25%), moderate
(26%-50%), substantial (51%—75%), or considerable (76%—100%) (29, 30). Potential
sources of heterogeneity were explored by stratified analysis based on participant sources,
study design, effect size study quality, CT slice thickness (normal > 5 mm vs thin 0.5-
1.25 mm), and HU cut-off value. Funnel plots were presented to evaluate publication
bias. Asymmetry which is an indication for publication bias was evaluated visually and by
Egger’s test. As a next step, the trim-and-fill method was applied to evaluate the stability of
our results by correcting for publication bias. The robustness of estimates was evaluated by
leave-one-out sensitivity analysis, removing each study sequentially and recalculating the

OR.

Statistical analysis was conducted with Stata Standard Edition, version 15.1 (StataCorp); P
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< .05 was considered indicative of statistically significant difference.

Results

Study Selection and Quality

As shown in Figure 1, 3,217 of 3,270 studies were excluded after screening abstract and
title. Full-text screening resulted in 21 articles that met all criteria for inclusion in the meta-
analysis. The kappa values of the two screening stages were 0.80 (title and abstract) and
0.62 (full text), respectively. Of the included studies, 2 featured both visual and quantitative
assessment (31, 32), 20 reported emphysema as a dichotomous variable only (visual and
quantitative assessment), 2 as a continuous variable only (33, 34), and 4 as both variables
(9, 10, 19, 31). This resulted in 26 study subsets for inclusion in the final meta-analysis.
Regarding study quality, 15, six and none were considered high, medium and low quality,

respectively (Table E3).

Study Characteristics

Overall, the 21 studies included 3,907 participants with lung cancer and 103,175 controls
(Table 1, 2), with sample sizes ranging from 120 to 62,124. By study design, cohort studies
(52%, 11 of 21) contributed 1,868 cases of lung cancer from 101,679 participants and
case-control studies (48%, 10 of 21) contributed 2,039 cases of lung cancer from 5,403
participants. In total, 74% of the 107,082 participants came from North America (78,874 [11
studies]), 26% from Europe (27,392 of 107,082, eight studies), and 0.8% from Asia (816 of
107,082, two studies).

115



Chapter 4

"sosayjuIed Ul saFuel (M ‘SUBIPIW 1e SIqUINN , "ZH SI[QEL

99s ‘s10j0e} paysnipe ogroads 10, G107 SYOSuUoH Apmys 10j 3dooxo ‘Funjows 10j PoIsnipe sIzIs 1090 oy} [[V "UONBIASP pIepur)s = (IS ‘Oljel JSL

=Y ‘paseq-uonendod = g4 ‘onel sppo = YO ‘Pay1oads jou = SN ‘onjel prezey = JYH ‘paseq-rendsoy = gy '[1eIdp [[1J 10J $H [qeL 99§ — AION

9791)07C Apmys 9Andadsonay G F 19 :Jonuo0)
~H Hoyo) ad 9 F 9 058D LSTO1/L9E  KemioN (1) 610T Suox
((AIRCYIRAS Apms aAnpadsorg 6 F ¥9 ;[onuo)
() ‘[onuoo-ose) dd 6 F #9 058D S1T/TL uredg (12) 6107 zoreZUOD
61v1)8T Apms aanoadsorg +(PL—66) €9 :[onuo)
(0] ‘[onuoo-ose) ad L(YL—6S) 19 ose) LST/EL ‘SN (ov) 8107 nI'T
(EvLnLe Apnys aanoadsoid
~H “H0Y0) ad L F 19 [[e1eA0 617 T/PET ‘SN (6€) S10T seu10], 9p
(681 €€ Apms aanoadsord .(T9-6Y) S ;Jonuo)
“dH oyo) aH + (69-66) 09 :os€D 9€6°T/€S uredg  (8€) S10T Opad[ES-ZaydURS
(6T¥10T Apmys aAndadsorq
(0] BECL (Vo) ad SN 95%°19/899 ‘SN (L£) STOT dyydsuoyq
Cxard k! Apmys oanoodsonay]
“H ‘Hoyo) ad SN 11S/S8 Arey (9€) 1107 eAnauuoSIEIN
8¢ 17087C Apmys dandadsonay 9 F 99 :JoNu0))
(0] ‘[onuoo-ose) aH 8 F L9 :088D 05¥/59¢ ‘SN () 1107 1T
(Ts6D 1€ Apms aAnpadsorg
(o) pi(ve} ad SN 6€S°€/66 ‘SN (T1) 800T uos[Im
(To‘onst Apmys aAnpdadsorg 8 F ¥§ [Jonuo)
R oY) ad 8 F 1S 058D 991°1/€T uredg (€1) L0OOT sem0L, 9p
1D %S6) Jddue) Jung
udiIsag Apnmj§  ddIno§ (dS ¥ uedn) 8y Anuno) ApmS
9718 1951 INOYIIAN /UNAN

LD 159y0 uo AJjensia ewdsAyduid passasse Jey) SaIpnis papnoul JO SONSLIILIeY)) ] d[qe],

116



A Systematic Review and Meta Analysis

Association between Chest CT defined Emphysema and Lung Cancer:

"7 S9[qeL 99s ‘s10308] pajsnipe oyroads

104 ‘Supjows 10J paisnipe sozZIs J09d A} [[V "9[qeLIBA SNONUIIUOD B SB PISSISSE sem BWASAYdWD udym 9zIS 10917 4 siuoned jo sioqunu ore ejeq
, 'UOLIBIASD prepue)s = (JS ‘paseq-uoneindod = g ‘0nel Sppo = YO ‘Ones prezey = YH Poseq-[epdsoy = gH ‘[reIop [[0Y 10§ GF J[QBL 9S —AON

(8T °9°0) £0°T :(eaneInUEnb) YO+

Apmys aAanoadsoig

8 F 9 -[onuoH

N . ad ) 1L9/691 SN (1€) 8107 112D
(8¢ “¥'1) €T +(JensiaA) 4O ‘Jonuoo-ase) 8 F 99 :os8)
0% ‘8'1) LT :(eaneuenb) YO Aprys aanoadsonay 6 F 79 :Jonuo)
RN . ad i TSLITYE SN (T€) 910T z3rEMYPOS
(TP 1) 871 ([ensia) 4O ‘Jonuoo-ase) 01 F 9 :9s8)
Apmys aAanoadsoig .
(€0'T-10'1) TO'T “dHx 0100 ad S F 79 :[[e10AQ 606°9/€S€ 's’n (€€) 120T Dleqe]
Apmys aanoadsoig 01F 86 :[[BI0AQ
(801 LD ¥'¥ MH . aH ) 189/1¢  AemioN (€¥) 610T 99asny
2Ioyo) L F 9 9se)
Apmys aanoadsonay ¥1 F 9 ;[onuo)
(T0'1-00'D) 10°T “dOx . aH ) €67/€8¢ uedef (¥€) 610C OYSIN
Jonuoo-ase) 01 F 69 :9se)
. Apmys aanoadsonay 01 F 9 :jonuo)
(€v 1D TTN™E0 . aH i vL/691 ureds  (07) 810T SEQIOY-OIUOMOIN]
‘Jonuod-ase) 6 F 69 :9se)
Apmys 2anoadsoig { F €/ Jonuo)
(062-0'1) T¥ MO . aH . 617/1¢ ueder (81) L10T yorqny)
Ja07y0) L F €L 9se)
(S'T°L0)€0°T IH+ Aprys aanoadsorg )
SR . ad 0l F 66 ‘[[e1AQ IvL/ve  KemioN (61) L10T YeuSen rfuey
(T9°6°0) 'z gH ‘Hoyo)
Apmys aanoadsonay G ¥ 19 :Jonuo)
(8'¢-0'1) 0O . ad i 6LT/6LT ‘SN (11) 110 EpeIID
;Jonuoos-ase) S F €9 :ase)
(€71 °8°0) ¥0' 190« Apms oanoadsold 9F 79 :[onu0) . .
RN . ad ) LLEYY sn (2¥ “6) 010T opeuop[e
(€€ TD6T ™0 ‘[onu0o-ose) L F €9 088D
(6'T901'T MO« Apms danoadsonay 9 F €9 ;Jonuo)
ey . aH ) 96/tC ‘SN (01) 200T sty
(y'T°5°0) I'T°U0 ‘Jonuod-ose) L F 9 :9s8D
J9due)) gun|
(1D %S6) 9Z1S 19PA uSisa(q ApmyS 9dano§ (S F uBdN) A8y ¥ Anuno) ApmS

MO /DI

1D 159yo uo Ajoaneiuenb ewosAyduo possasse ey SAIpn)s papnjoul Jo sonsLIaloeIey)) 17 qeL

117



Chapter 4

Visual assessment was used in 12 study subsets with 95,062 participants, while quantitative
dichotomous assessment was used in 8 study subsets with 4,758 participants, identifying
emphysema in 25% (23,742 of 95,062) and 27% (1,079 of 4,046), respectively. Moreover,
quantitative continuous assessment (i.e., LAA%) was used in 6 subsets with 10,014
participants. The definitions of emphysema used for visual and quantitative assessment
varied across studies (Table E2). The HU threshold for LAA in quantitative assessments
varied from -880 to -950 HU, while LAA% cut-offs for the presence of emphysema varied
from 1% to 25%. This contributed to a wide variation in the incidence of emphysema from
8% (44 of 558 participants) to 80% (195 of 243 participants). Moreover, uniformity was

lacking for both HU thresholds and LAA% cut-offs for emphysema severity.

All studies confirmed lung cancer by histological examination. A total of six studies
(three visual, three quantitative; 459 lung cancers among 6,242 participants) explored the
relationship between emphysema severity and lung cancer, whereas 3 studies (all visual;
380 lung cancers among 1,716 participants) explored the association between emphysema
subtype and lung cancer. Participant sources, were hospital-based (33%, [seven of 21

studies]), or population-based (67% [14 of 21]).

Data Synthesis and Meta-Analysis

The overall pooled estimate for the association between emphysema and lung cancer was
2.3 (95% CI: 2.0, 2.6) (Figure 2), which was robust in the leave-one-out sensitivity analysis
(Figure E1). The pooled OR for every 1% increase in the LAA% was 1.02 (95% CI: 1.01,
1.02) (Figure E2). Moderate heterogeneity was observed among studies (I’ = 34.6%; P
= .07), reasonable symmetry was identified at the visual inspection of funnel plot (Figure
E3), and Egger’s test identified evidence of potential publication bias (P =.04) favoring the
existence of unpublished studies. Thus, the trim-and-fill correction for potential publication

bias did not alter the association (pooled OR, 2.0; 95% CI: 1.7, 2.3; Figure E4).
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%

Author Year No. of Participants OR(95% Cl) Weight
Kishi 2002 120 —o—g 1.1 (0.5, 2.4)* 2.68
de Torres 2007 1,166 ——— 25 (1.0, 642)T 1.98
Wilson 2008 3,638 —f—*—— 3.1(1.9,5.2) 5.30
Maldonado 2010 441 —— 1.9(1.1,3.3) 4.35
Gierada 2011 558 —— 2.0 (1.0, 3.8) 3.50
Li 2011 1,015 — 2.8(2.1,3.8) 9.35
Maisonneuve 2011 4,596 —O—E- 1.8 (1.2, 2.6)* 6.94
de Torres 2015 1,553 —— 2.7 (1.7,4.3)* 5.81
Henschke 2015 62,124 —— 2.0 (1.4,2.9)" 7.75
Sanchez-Salcedo 2015 2,989 —2—0— 3.3(1.8,5.9) 4.16
Schwartz 2016 1,093 —t— 2.7 (1.8,4.0) 7.20
Chubachi 2017 240 ——T—————— 4.2(1.0,29.0) 0.62
Aamli Gagnat 2017 775 —:0— 2.4 (0.9,6.2)" 1.83
Mouronte-Roibas 2018 243 —_— 2.2(1.1,4.3) 3.21
Carr 2018 840 — 2.3(1.4,3.8) 5.38
Liu 2018 230 ind E 1.8(1.4,1.9) 14.39
Gonzalez 2019 287 |— 5.4 (2.6, 11.4) 2.86
Husebo 2019 712 —_—— 4.4(1.7,10.8) 1.96
Yong 2019 16,624 o 2.0 (1.6, 2.6)* 10.72
Overall, DL(I2 = 34.6%, p = 0.070) 0 2.3 (2.0, 2.6) 100.00
T T
.03 1 32

Figure 2. Forest plot of the random-effects meta-analysis for the association between emphysema
(dichotomous variable) assessed visually and or quantitatively by CT and lung cancer within 19
studies. The overall pooled OR of emphysema for lung cancer was 2.3 (95% CI: 2.0, 2.6; [P < .001]
). For the studies which assessed emphysema by two methods, only the ORs assessed by the main
method were pooled in the overall estimates. Squares and horizontal lines represent the estimate and
95% CI, respectively, for each study part. Diamond indicates pooled effect sizes and 95% Cls. DL =
DerSimonian & Laird. * = Study reported hazard ratios. ¥ = Study reported risk ratios.

Association between Emphysema and Lung Cancer

The pooled OR for lung cancer given emphysema was 2.3 (95% CI: 1.9, 2.6) in
studies using visual assessment and 2.2 (95% CI: 1.8, 2.8) in studies using quantitative
dichotomous assessment (Figure 3). Low heterogeneity (I’ = 3.7%; P = .40) was observed
in studies using quantitative assessment and moderate heterogeneity (I’ = 48.4%; P = .03)

was observed in studies using visual assessment (Table 3).
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%

Author Year No. of Participants OR(95% CI) Weight
Visual
de Torres 2007 1,166 ——— 25(1.0,6.2) 1.75
Wilson 2008 3,638 -—— 3.1(1.9,5.2) 4.76
Li 2011 1,015 = 2.8(2.1,3.8) 8.56
Maisonneuve 2011 4,596 - 1.8(1.2,2.6) 6.29
de Torres 2015 1,653 —— 2.7 (1.7,4.3) 524
Henschke 2015 62,124 —— 2.0 (1.4,29) 7.05
Sanchez-Salcedo 2015 2,989 —— 3.3(1.8,5.9) 3.72
* Schwartz 2016 1,093 = 1.8(1.4,24) 9.15
Carr 2018 840 —IO— 2.3(1.4,3.8) 4.84
Liu 2018 230 -, 1.8(1.4,1.9) 13.51
Gonzalez 2019 287 | —— 5.4 (2.6, 11.4) 2.54
Yong 2019 16,624 —- 2.0(1.6,2.6) 9.89
Subtotal, DL(I2 =48.4%, p = 0.03) 2o3 2.3 (1.9, 2.6) 77.31

1

1
Quantitative CT \
Kishi 2002 120 —_— 1.1 (0.5, 2.4) 2.38
Maldonado 2010 441 —— 1.9 (1.0, 3.3) 3.90
Gierada 2011 558 —*— 2.0(1.0,3.8) 3.12
* Schwartz 2016 1,093 = 2.7 (1.8,4.0) 6.53
Chubachi 2017 240 T 4.2 (1.0, 29.0) 0.55
Aamli Gagnat 2017 775 —— 24(0.9,6.2) 1.62
Mouronte-Roibas 2018 243 — 2.2(1.1,4.3) 2.86
Husebo 2019 712 _—— 4.4 (1.7,10.8) 1.74
Subtotal, DL(I’= 3.7%, p = 0.40) <> 2.2(1.8,2.8) 22.69

1

1
Heterogeneity between groups: p = 0.61 H
Overall, DL(I* = 34.2%, p = 0.07) O 2.2(2.0,2.5) 100.00

T T
.03 1 32

Figure 3: Forest plot of the random-effects meta-analysis for the association between emphysema
and lung cancer, stratified by the emphysema assessment method. The pooled odds ratios (ORs)
for lung cancer given visual and quantitative dichotomous emphysema assessment were 2.3 (95%
CIL: 1.9, 2.6 [P < .001]) and 2.2 (95% CI: 1.8, 2.8 [P < .001]), respectively. Squares and horizontal
lines represent estimates and 95% Cls, respectively, for each study part. Diamonds indicate pooled
effect sizes with 95% ClIs. * = Study assessed emphysema both visually and quantitatively. DL =

DerSimonian and Laird.
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Table 3: Association Between Emphysema and Lung Cancer Stratified by Emphysema Assessment
Method

Assessment No.of  No.of No.ofLung Pooled P Value for P Value for

95% CI (%)

method  Studies Participants cancers Odds Ratio heterogeneity Method
Visual 12 95,561 2,330 2.3 1.9,2.6 48.4% .03
.61
Quantitative 8 5,531 1,616 2.2 1.8,2.8 3.7% 40

Note.—Unless otherwise specified, analysis was based on emphysema when measured as a
dichotomous variable.

Association between Emphysema Severity and Lung Cancer

Independent associations existed between different emphysema severities and lung cancer
(Figure 4), with the overall pooled ORs for lung cancer gradually increasing (2.2, 3.2, and
3.6) as the emphysema severity increased (trace, mild, and moderate-to-severe, respectively;
Table 4). Substantial heterogeneity was observed for studies that reported moderate-to-
severe emphysema (I’ = 52.6%) compared with trace (I’ = 0%) and mild (I° = 20.7%)
emphysema. The three studies that used visual assessment gave pooled ORs of 2.5, 3.7, and
4.5 for trace, mild, and moderate-to-severe emphysema, respectively; by contrast, the three
studies that used quantitative assessment produced corresponding pooled ORs of 1.9, 2.2,

and 2.5.
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%

Author Year No. of Participants OR(95% CI) Weight
Trace
Wilson 2008 685 — 2.5(1.4,4.5) 10.33
Maldonado 2010 62 —o—i— 1.9 (0.9, 4.0) 7.85
Subtotal, DL(I* = 0.0%, p = 0.59) <>§> 2.2 (1.4,3.6) 18.19
Mild
Wilson 2008 530 o 4.4 (25,7.8) 10.93
Maldonado 2010 47 —— 2.2(1.0,4.9) 7.02
Chubachi 2017 62 1 ] 4.6 (0.9, 33.3) 1.92
Aamli Gagnat 2017 123 —_—t——— 1.2 (0.4, 10.0) 2.27
Carr 2018 162 — 24(14,4.2) 11.31
Gonzalez 2019 125 —_— 5.2(2.4,10.9) 7.86
Subtotal, DL(I* = 20.1%, p = 0.28) <> 3.2 (2.2, 4.6) 41.30
Moderate-severe E
Wilson 2008 331 —— 2.6 (1.3,5.2) 8.43
Maldonado 2010 82 —1—t 1.6 (0.7,3.4) 7.65
Chubachi 2017 67 ] 6.1 (1.4,42.7) 2.12
Aamli Gagnat 2017 150 —_— 3.3(1.0, 10.6) 413
Carr 2018 282 ——— 4.7 (3.0,7.4) 13.07
Gonzalez 2019 24 |——— 9.5 (3.5, 26.3) 5.1
Subtotal, DL(I = 52.6%, p = 0.06) <:> 3.6 (2.2, 6.0) 40.51
Heterogeneity between groups: p = 0.22 i
Overall, DL( = 35.4%, p = 0.09) <> 3.1(2.4,4.1) 100.00
T T
.03 1 32

Figure 4: Forest plot of the random-effects meta-analysis for the association between emphysema
severity (assessed visually and/or quantitatively) and lung cancer. The overall pooled odds ratios (ORs)
of trace, mild, and moderate to severe emphysema for lung cancer were 2.2 (95% CI: 1.4, 3.6 [P =
.001]), 3.2 (95% CI: 2.2, 4.6 [P <.001]) and 3.6 (95% CI: 2.2, 6.0 [P <.001]), respectively. Adjusted
factors in these mixed-effects models varied, as shown in Table E2. Squares and horizontal lines
represent estimates and 95% Cls, respectively, for each study part. Diamonds indicate pooled effect
sizes with 95% Cls. DL = DerSimonian and Laird.
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Association between Visual Emphysema Subtypes and Lung Cancer

The pooled OR for lung cancer odds in the presence of centrilobular emphysema was 2.2
(95% CI: 1.5, 3.2), with no heterogeneity observed across the three relevant studies (I = 0%).
However, we found no evidence of an association between paraseptal emphysema and lung

cancer (pooled OR, 1.1; 95% CI: 0.6, 2.0; Table 4) and there was high heterogeneity (I’ =

65.6%; Figure 5) in this subset.

Author Year No. of Participants OR(95% Cl) Weight

Centrilobular Emphysema

Mouronte-Roibas 2018 139 - 1.6(0.8,3.2) 16.41
Carr 2018 444 —— 2.3(14,3.9) 19.74
Gonzalez 2019 77 ! e—————— 4.0(36,35.0) 10.20
Subtotal, DL(I* = 0.0%, p = 0.37) <> 2.2(15,3.2) 46.35

Paraseptal Emphysema i

Mouronte-Roibas 2018 105 —_— 22(1.1,4.3) 16.58
Carr 2018 333 — E 0.9(0.7,1.4) 22.33
Gonzalez 2019 33 R 0.7 (0.5, 2.6) 14.74
Subtotal, DL(I* = 65.6%, p = 0.06) <> 1.1 (0.6, 2.0) 53.65
Heterogeneity between groups: p = 0.003 |

Overall, DL(I2 =69.9%, p = 0.005) <> 1.6 (1.0, 2.5) 100.00

T T
.03 1 32

NOTE: Weights are from random-effects model

Figure 5: Forest plot of the random-effects meta-analysis for the association between emphysema
subtype (assessed visually only) and lung cancer. The pooled odds ratios (ORs) for lung cancer odds
in the presence of centrilobular and paraseptal emphysema were 2.2 (95% CI: 1.5, 3.2 [P < .001])
and 1.1 (95% CI: 0.6, 2.0 [P = .71]). Adjusted factors in these mixed-effects models varied, as shown
in Table E2. Squares and horizontal lines represent estimates and 95% ClIs, respectively, for each
study part. Diamonds indicate effect sizes with 95% ClIs. DL = DerSimonian and Laird.

Sources of Heterogeneity

In the additional stratified analyses the potential reasons for heterogeneity were explored

(Table E6), but we could not find any explanation. The pooled ORs were comparable
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between case-control (2.2; 95% CI: 1.8, 2.8; I’ = 55.0%) and cohort (2.3; 95% CI: 2.0-2.7;
I’ = 0%) studies (P = .46). Population-based studies, which had moderate heterogeneity
(I = 27.0%), had a comparable pooled ORs (2.2; 95% CI: 1.9, 2.5) to those of hospital-
based studies (2.6; 95% CI, 1.9, 3.6; I’ = 32.7%) [P = .06]). The variation in study
characteristics and study quality did not affect our results (Table E6). The pooled effect
sizes were comparable between studies that reported HR (2.3; 95% CI: 1.9, 2.9; I’ = 19.3%)
and studies that reported OR (2.3; 95% CI: 1.9, 2.8; I’ = 47.6%) [P = .64]). Emphysema
assessed quantitatively based on thin CT slices was associated with lung cancer (pooled OR,
2.2; 95%CI: 1.3, 3.7; P = .002), while this was not the case for the assessment based on
normal slice thickness. Similarly for LAA HU thresholds, an association with lung cancer
was found based on cut-off -950 HU (pooled OR, 2.6; 95% CI: 2.0, 3.4; P < .001), but not
for -900 HU.

Discussion

In this systematic review and meta-analysis comparing the association of emphysema
on chest CT with presence of lung cancer, we found that both the visual and quantitative
CT assessments of emphysema were associated with a higher risk of lung cancer (pooled
OR, 2.3; 95% CI: 1.9, 2.6, P < .001), and the odds increased with emphysema severity.
Regarding subtype, only centrilobular emphysema was associated with lung cancer (pooled

OR, 2.2;95% CI: 1.5, 3.2, P <.001).

Our study showed that emphysema on CT was associated with a 2.3-fold increased odds
of lung cancer, comparable to that reported by Brenner et al. (44) and Zhang et al. (45).
However, Smith et al. (15) only found this association for visually diagnosed emphysema,
whereas our study demonstrated it for both visual and quantitative methods, irrespective of
whether emphysema was analysed as a dichotomous or continuous variable. An explanation

for this difference may be that Smith et al. only included two quantitative CT studies in
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2012 (1,549 participants), while in our study ten studies were included (12,841 participants).

There was no evidence showing that source of population and study design influenced the
overall association between emphysema and lung cancer. Besides, in our study we found
comparable pooled ORs for visual and quantitative assessment, implying no difference
between them. Nonetheless, each method of emphysema assessment has its own limitations.
Visual assessment is time-consuming, subjective, experience-dependent, and suffers high
inter-and intra-observer variability despite well-established and standardized criteria
(24, 27). In contrast, although quantitative assessment is objective, quick, and highly
reproducible when using similar devices and protocols, it is hampered by inconsistencies
in factors like the slice thickness, HU threshold (-900 HU or -950 HU), and LAA% cut-
offs (1%—25%). To illustrate this, we found no evidence of an association (P = .09) between
emphysema and lung cancer when emphysema was quantitatively assessed on thick slice
chest CT using a cut-off value -900 HU. Therefore, it is recommended that a thin slice
(< 1.5mm) thickness and -950 HU cut-off value are used for quantitative emphysema
assessment. Given that each of these factors may affect emphysema detection by the
quantitative method (14), standardization is needed to ensure the precision, reliability, and

robustness needed for widespread use (46-48).

The presence of emphysema, irrespective of its severity, was related to the presence of lung
cancer. The odds of lung cancer increased with increasing levels of emphysema severity.
We identified several studies that reported inconsistent results regarding the association
between increasing emphysema severity and increasing lung cancer odds, with some
suggesting that this trend existed (18, 21) and others suggesting the opposite (9, 31). It
may be that the limited sample sizes for severe emphysema in the studies resulted in
showing no trend (82 and 135 participants). The analysis stratified by assessment method
showed that ORs for lung cancer increased with increasing emphysema severity and that

this association was higher for visual assessment. This is not surprising given that visual
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assessment relies on subjective estimation of emphysema severity and not a prespecified
HU threshold. Validated or cross-calibrated quantitative and visual assessments of severity
has not previously been well established in the literature. Our cut-off values for categorizing
emphysema severity were generally higher for the visual (mild, 25%; moderate, >25%)

than for the quantitative (mild, 10%; moderate, >10%) assessments (9, 12).

Centrilobular emphysema, but not paraseptal emphysema, was independently associated
with an increased odds of lung cancer. Although these results should be interpreted
cautiously due to their reliance on only three studies, the large sample of 1,370 participants
should increase the reliability (48% centrilobular, 34% paraseptal, 15% controls) (20, 21,
31). If paraseptal emphysema truly has no association with lung cancer, its presence may

also explain existing discrepancies.

This study has limitations. First, airflow obstruction is an independent risk factor for lung
cancer (49), yet some included studies did not adjust for its presence (62%, 13 of 21). This
confounder could have affected the pooled OR for lung cancer. Second, only six studies
reported the effect of emphysema severity on lung cancer, and only two reported the
association for trace emphysema. Third, based on the included data in this meta-analysis,
it was not possible to determine whether the presence of CT defined emphysema leads
to incremental and independent prognostic value over that of already known (shared)
risk factors of emphysema and lung cancer. Finally, the cut-off value for the presence of
emphysema and its severity varied among the studies, and this may likely have affected the

pooled ORs.

In conclusion, chest CT diagnosed emphysema was independently associated with a higher
odds of developing lung cancer, regardless of whether assessed visually or quantitatively.
Moreover, this risk increased as emphysema severity increased. Concerning visual
assessment by subtype, only centrilobular emphysema was significantly associated with

lung cancer. To benefit from the potential value of visual and quantitative CT assessments
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in early emphysema detection and lung cancer screening, research must now establish

uniform guidelines for scanning protocols and evaluation.
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Supplemental material

Supplemental tables

Table E1: Search Strategy by Database*

Database Search strategy

PubMed (“Pulmonary Emphysema”[Mesh] OR pulmonary emphysema*[tiab]) AND (“Lung
Neoplasms”[Mesh] OR “Solitary Pulmonary Nodule”’[Mesh] OR lung nodule*[tiab]
OR pulmonary nodule*[tiab] OR lung neoplasm*[tiab] OR lung cancer*[tiab]
OR lung tumor*[tiab] OR lung tumour*[tiab] OR lung malignanc*[tiab]) NOT
(“animals”’[MeSH] NOT “humans”[MeSH])

Embase (“Lung Emphysema”/exp OR ‘lung emphysema**:ti,ab) AND (‘Lung cancer’/exp
OR ‘lung nodule’/exp OR ‘lung nodule*’:ab,ti OR ‘pulmonary nodule*’:ab,ti OR
‘lung neoplasm*’:ti,ab OR ‘lung tumor*’:ti,ab OR ° lung tumour*’:ti,ab OR ‘lung
cancer*’:ab,ti OR ‘lung malignanc*’:ab,ti) NOT (‘animal’/exp NOT ‘human’/exp)

Cochrane “pulmonary emphysema*” AND (“lung nodule*” OR “pulmonary nodule*”” OR “lung
neoplasm*” OR “lung cancer*” OR “lung tumor*” OR “lung tumour*” OR “lung
malignanc*”)

* The search strategy was optimized by a medical information specialist for terms that specified
exposure and outcome. We also checked the references of included articles to identify any that were
missed in the initial searches.
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Table E3: Quality Assessment of Studies Included in the Meta-Analysis

Author-Year Selection Comparability Exposure/ Total
(4 stars) (2 stars) outcome (3 stars) (9 stars) / Degree

Case-control study
Kishi-2002 4 2 3 9 (High)
Maldonado-2010 3 2 3 8 (High)
Gierada-2011 4 2 3 9 (High)
Li-2011 3 2 3 8 (High)
Schwartz-2016 4 2 2 8 (High)
Mouronte-Roibas-2018 2 2 2 6 (Medium)
Carr-2018 4 2 2 8 (High)
Liu-2018 4 2 2 8 (High)
Gonzalez -2019 4 2 3 9 (High)
Nishio-2019 3 2 2 7 (Medium)
Cohort study
de Torres-2007 4 2 2 8 (High)
Wilson-2008 4 2 2 8 (High)
Maisonneuve-2011 4 2 2 8 (High)
Henschke-2015 3 2 1 6 (Medium)
deTorres-2015 4 1 2 7 (Medium)
Sanchez-Salcedo-2015 4 2 2 8 (High)
Aamli Gagnat -2017 4 2 3 9 (High)
Chubachi-2017 4 2 1 7 (Medium)
Husebg-2019 4 2 3 9 (High)
Yong-2019 4 2 2 8 (High)
Labaki-2021 4 1 2 7 (Medium)

Note.—Scoring was with the Newcastle—Ottawa Scale (NOS), with one star awarded if the item was

met.
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Table E6: Overall and Stratified Pooled Odds Ratios for Lung Cancer Given Emphysema

Studies Pooled

Stratifications @ OR 95% CI r P reterogencity) P eroups)
Overall (dichotomous) 19 23 2.0,2.6 34.6% .07 -
Overall (continuous) 6 1.02 1.01, 1.02 0 0.9 -
Study design * 33
Cohort 10 23 2.0,2.7 0% 46
Case-control 9 2.2 1.8,2.8 55.% .02
Retrospective 8 2.2 1.8,2.6 25.0% .24 .83
Prospective 11 2.5 2.0,3.1 43.5% .053
Population source * .06
Population-based 13 2.2 19,25 27.0% 17
Hospital-based 6 2.6 1.9,3.6 32.7% .19
Study quality * .30
Low quality 0 - - - -
Medium quality 5 24 1.9,3.0 0% .76
High quality 14 2.3 19,27 47.1% .03
Effect sizes * .64
HR 6 23 19,29 19.3% 29
OR 12 23 19,28 47.5% .03
Slice thickness (mm) * .30
Normal (>5) 2 1.5 09,25 12.9% .28
Thin (0.5-1.25) 3 22 1.3,3.7 0% .70
Cut-off value (HU) * .06
-900 2 1.5 09,25 12.9% .28
-950 6 2.6 20,34 0% 76

Note.— HR = hazard ratio, OR = odds ratio. * Only within studies assessed emphysema quantitatively.

# Within studies assessed emphysema visually or quantitatively.
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Supplemental figures

Kishi (2002)

de Torres (2007)

Wilson (2008)
Maldonado (2010)
Gierada (2011)

Li (2011)

Maisonneuve (2011)

de Torres (2015)
Henschke (2015)
Sanchez-Salcedo (2015)
Schwartz (2016)
Chubachi (2017)

Aamli Gagnat (2017)
Mouronte-Roibas (2018)
Carr (2018)

Liu (2018)

Gonzalez (2019)
Husebo (2019)

Yong (2019)

Meta-analysis estimates, given named study is omitted
| Lower CI Limit OEstimate | Upper CI Limit

1.952.0 23 2.6

Figure E1: Sensitivity analysis for the overall association between emphysema (dichotomous

variable, assessed visually and or quantitatively) and lung cancer within 19 studies.
Adjusted factors in these mixed effects models varied, as shown in Table E3. Circles and

horizontal lines represent the estimates and 95% ClIs, respectively, for each study part.
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%

Author Year No. of Participants OR(95% CI) Weight
Kishi 2002 120 ‘ 1.01(0.57, 1.80) 0.02
Maldonado 2010 441 —_— 1.04 (0.82, 1.33) 0.10
Aamli Gagnat 2017 775 ————— 1.03 (0.74, 1.45) 0.05
Carr 2018 840 1 1.03 (0.59, 1.80) 0.02
Nishio 2019 576 g 1.01 (1.00, 1.02) 38.41
Labaki 2021 7,262 '3 1.02 (1.01, 1.03) 61.40
Overall, DL(I° = 0.0%, p = 0.91) ‘ 1.02 (1.01, 1.02) 100.00

T T

) i 2

Figure E2: Forest plot of random-effects meta-analysis for the association between emphysema

(continuous variable, assessed quantitatively only) and lung cancer. The pooled OR was 1.02 (95% CI:
1.01,1.02; P < .001) per 1% increase in LAA. Adjusted factors in these mixed effects models varied,
as shown in Table E3. Squares and horizontal lines represent the estimates and 95% Cls, respectively,
for each study part. Diamond indicates effect size and 95% CI. DL = DerSimonian & Laird, LAA =

low attenuation area, OR = odds ratio.

Funnel plot with pseudo 95% confidence limits
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Figure E3: Funnel plot to evaluate publication bias for the association between emphysema (assessed

visually and or quantitatively) and lung cancer. The Y-axis shows the precision of the study (the
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inverse standard error), and the x-axis shows the emphysema effect. Studies with high precision
will be near the average, and studies with low precision will spread evenly on both sides of average.

Deviation from funnel-shaped indicates publication bias. In = natural logarithm, OR = odds ratio, SE =
standard error.

Filled funnel plot with pseudo 95% confidence limits

theta, filled

I \
0 5
Figure E4: Trim and fill analysis for correction of overall publication bias in studies that evaluated

the association between emphysema (assessed visually and or quantitatively) and lung cancer. Theta
indicates true overall effect size. In = natural logarithm, OR = odds ratio, s.e. = standard error.
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