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Abstract
Objective To longitudinally evaluate effects of smoking ces-
sation on quantitative CT in a lung cancer screening cohort of
heavy smokers over 4 years.
Methods After 4 years, low-dose chest CT was available for
314 long-term ex-smokers (ES), 404 continuous smokers
(CS) and 39 recent quitters (RQ) who quitted smoking within
2 years after baseline CT. CT acquired at baseline and after 3
and 4 years was subjected to well-evaluated densitometry soft-

ware, computing mean lung density (MLD) and 15th percen-
tile of the lung density histogram (15TH).
Results At baseline, active smokers showed significantly
higher MLD and 15TH (-822±35 and -936±25 HU, respec-
tively) compared to ES (-831±31 and -947±22 HU, p<0.01–
0.001). After 3 years, CS again had significantly higher MLD
and 15TH (-801±29 and -896±23 HU) than ES (-808±27 and -
906±20 HU, p<0.01–0.001) but also RQ (-813±20 and -909
±15 HU, p<0.05-0.001). Quantitative CT parameters did not
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change significantly after 4 years. Importantly, smoking status
independently predicted MLD at baseline and year 3
(p<0.001) in multivariate analysis.
Conclusion On quantitative CT, lung density is higher in ac-
tive smokers than ex-smokers, and sustainably decreases after
smoking cessation, reflecting smoking-induced inflammation.
Interpretations of quantitative CT data within clinical trials
should consider smoking status.
Key Points
• Lung density is higher in active smokers than ex-smokers.
• Lung density sustainably decreases after smoking cessation.
• Impact of smoking cessation on lung density is independent
of potentially confounding factors.

• Smoke-induced pulmonary inflammation and particle depo-
sition influence lung density on CT.

Keywords Smoking cessation . Chronic-obstructive
pulmonary disease . Emphysema . Quantitative computed
tomography . Biomarker

Abbreviations
15TH 15th percentile of lung density

histogram
ATS American Thoracic Society
BMI Body mass index
COPACETIC COPD
Pathology

Addressing Critical Gaps, Early
Treatment and Diagnosis and
Innovative Concepts.

COPD Chronic obstructive pulmonary disease
CS Continuous smokers
CT Multidetector computed tomography
DFG German Research Council
ECSC European Coal and Steal Community
EI Emphysema index
ES Ex-smokers
EV Emphysema volume
FEV1% Forced expiratory volume in 1 s in

percent predicted
FEV1/FVC Tiffenau index
FEV1 Forced expiratory volume in 1 s
FVC Forced vital capacity
GOLD Global Initiative for Chronic

Obstructive Lung Disease
HU Hounsfield units
LAA%950 Percentage of low attenuation areas at a

threshold of -950 HU
LUSI Lung Cancer Screening Intervention

Trial
LV Lung volume
MLD Mean lung density
PD15 15th percentile of lung density

histogram

PFT Pulmonary function testing
QCT Quantitative CT
RB-ILD Respiratory bronchiolitis interstitial

lung disease
RQ Recent quitters
YACTA Yet Another CTAnalyzer

Introduction

Chest multidetector computed tomography (CT) is the gold
standard for imaging-based phenotyping of cigarette smoke-
induced chronic obstructive pulmonary disease (COPD)
[1–3]. Two main features, related to distinct clinical pheno-
types, may be assessed: airway remodelling and emphysema
[4–9]. Computational densitometry, or quantitative CT
(QCT), of the lung parenchyma based on Hounsfield units
(HU) is currently the method of choice for non-invasive ob-
jective quantification of smoke-induced parenchymal disor-
ders, especially emphysema, which presents with decreased
lung density values [1, 10, 11]. As such it has been implement-
ed in various clinical trials including the COPDGene study
[12, 13]. Its acceptance in clinical routine is rapidly broaden-
ing, leading to an implementation into the workflow of inter-
ventional emphysema therapy in many specialised centres
[14]. There is, however, limited data available on the intra-
individual time course of lung density on QCT. Moreover, the
long-term effects of smoking cessation on QCTof the pulmo-
nary parenchyma remain largely unknown. Some publica-
tions, amongst them a recent publication from the
COPDGene cohort, have demonstrated that active smokers
show a higher lung density and less signs of emphysema on
QCT than former smokers [15–18]. Some reported that
smoking cessation results in a decrease in lung density with
a somewhat paradoxical increase of emphysema on QCT [19,
20]. Longitudinal data from larger populations is missing
however. The present study was therefore conducted to longi-
tudinally study effects of smoking cessation on CT-based met-
rics of lung density and emphysema in a large subcohort of
heavy smokers from the first German Lung Cancer Screening
Intervention Trial (LUSI) over a period of 4 years. Because
this study included a standardised smoking cessation pro-
gramme, patient groups could be designed to include past
smokers, continuously active smokers and smokers who
stopped smoking after study onset.

Materials and methods

Study population

Participants for the present study were identified within the
Lung Cancer Screening Intervention Trial (LUSI) cohort, with
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inclusion criteria as published previously [21, 22]. Briefly, the
recruitment procedure was population based in a study area
mainly approximately 20–25 km around our centre, but par-
tially up to 70 km. Recruitment with randomisation was car-
ried out from November 2007 to April 2011. Because the CT
scanner system needed to be replaced during the active con-
duct of the study, for the present investigation the following
additional inclusion criteria were necessary: (1) Availability of
CT data with 1.0-mm slice thickness and sharp convolution
kernel reconstructions (Acquillion 16, Toshiba Medical
Systems Corp., Otawara, Japan) at baseline. (2) Availability
of CT data with 1.0-mm slice thickness and soft kernel recon-
structions for years 3 and 4 (Definition Flash, Siemens
Healthcare AG, Forchheim, Germany). (3) Spirometry per-
formed at baseline.

Follow-up was conducted actively by annual questionnaire
mailing and passively by repeated linkage to the local popu-
lation registers and cancer registries [21]. With study inclu-
sion, smoking-cessation counselling was offered to each par-
ticipant as previously described [23].

Smoking habits

Smoking habits were surveyed by a standardised question-
naire distributed to all subjects at inclusion and repetitively
every 12 months after inclusion [23]. Amongst others, current
and past smoking status and habits, cigarettes per day and total
years smoked were assessed. Specifically, subjects who quit-
ted smoking were to specify the duration of smoking cessation
in categories of <1 month, 1–6 months, 7 months–1 year, 1–2
years, 3–5 years, 6–10 years, 11–15 years, 16–20 years and
>20 years.

For the purpose of this study, two subgroups were designed
at baseline: (1) ‘ex-smokers’ (ES) were defined as subjects
who selected the category ‘quitted 1–2 years’ or more at base-
line, and did not start active smoking again during the whole
study period; (2) ‘all smokers’ were defined as subjects who
actively smoked at baseline.

At the follow-up after 3 and 4 years we created three sub-
groups (Fig. 1): (1) The group of ES mentioned above who
quitted 1–2 years or more at baseline. In addition, the above-
mentioned group ‘all smokers’ was further subdivided into
two groups as follows: (2) ‘continuous smokers’ (CS) were
defined as subjects who continued to smoke from baseline
during the whole study period (3) ‘recent quitters’ (RQ) were
defined as subjects who were active smokers at baseline, se-
lected category ‘quitted 1–2 years’ or more at year 3, and did
not start smoking again during the remaining study period. In
other words, ES had quitted smoking >12months before base-
line, and RQ quitted smoking after baseline but >12 months
before the 3 years and >24 months before the 4 years’ follow-
up CT. Of the 2,029 patients initially recruited for the LUSI
trial [21], n=757 patients fulfilled the criteria for inclusion into
the present study. Table 1 summarises patient characteristics.

Pulmonary function testing

Spirometry (Carefusion, Höchberg, Germany) was performed
according to the guidelines of the European Respiratory
Society and the standards of the American Thoracic Society
(ATS) [24], and the European Coal and Steal Community
(ECSC) predicted values served as the standard of reference
[25]. The following lung function parameters (absolute and
percent predicted values) were used for further analysis:

Fig. 1 Coronal CT images of a
continuous smoker (CS; mean
lung density (MLD) -801 HU),
ex-smoker (ES; MLD -808 HU)
and recent quitter (RQ; MLD -
814 HU) with representative
quantitative CT parameters for the
corresponding group at time point
T4. Hounsfield unit (HU) values
<-950 are marked yellow, -950 to
-900 HU orange, -900 to -850 HU
red, -850 to -800 HU green, and ≥
-800 HU blue
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forced expiratory volume in 1 s (FEV1), forced vital capacity
(FVC) and FEV1/FVC (Tiffeneau index).

Patient Characteristics

According to spirometry at baseline the FEV1/FVC ratio,
FEV1 as well as FEV1% predicted were not significantly
different between the respective patient groups (Table 1).
The criteria of the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) [2] were applied to all subjects upon
inclusion into this trial to identify subjects with COPD. The
prevalence of COPD was low in all groups, with 2.6–9.2 %,
and did not show significant differences. The amount of pack
years also did not show significant variability (Table 1). At
baseline, the group of all smokers had a significantly higher
duration of smoking compared to the ES group (38.5 ± 16.7
vs. 33.1 ± 9.7 years, p<0.001). The smoking duration of the
CS and RQ groups did not differ significantly. ES and RQ
showed younger age and higher percentage of male subjects
than CS (Table 1).

Multidetector computed tomography

Non-enhanced thin-section low-dose CT was routinely per-
formed in the supine position as previously described [5,
21]. Before scanning, all patients received an instructed train-
ing to achieve full end-inspiratory breath-hold. At baseline, all
patients were scanned with a 16-slice Aquillion 16 system
(Toshiba Medical Systems Corp., Otawara, Japan) with a
dose-modulated protocol at 120 kV and 55 mAs (effective),
1.0 mm collimation and pitch 1.5. Reconstruction was per-
formed using filtered back projection with a slice thickness
of 1.0 mm and 0.8 mm increment in an FC51 convolution
kernel. The FC51 convolution kernel is a standard lung kernel

for Toshiba scanners. Using a high-pass filter algorithm it
provides sharp image reconstructions with higher spatial fre-
quencies (compared to soft tissue kernels) at the expense of
greater noise. It works well in tissues with inherently high CT
contrast and is frequently used in qualitative and quantitative
chest imaging.

Follow-up examinations after 3 and 4 years were per-
formed with a 128-slice Definition Flash (Siemens
Healthcare AG, Forchheim, Germany) with a dose-
modulated protocol at 120 kV, 40 mAs (effective), a collima-
tion of 0.6 mm and a pitch of 0.8. Reconstruction was per-
formed using filtered back projection with a slice thickness of
1.0 mm and 0.7-mm increment in a soft B20f algorithm as
recommended for densitometry [4, 7]. The B20f convolution
kernel is a standard smooth soft tissue kernel developed for
Siemens scanners, using low-pass filters to reduce higher fre-
quency contributions and decrease image noise as well as
spatial resolution.

Both systems were calibrated for water quarterly and after
major maintenance, and daily for air. At baseline a CT dose
index (CTDI) of 5.1 was used for the Toshiba scanner while
the CTDI for the Siemens scanner at follow-up was 2.7.
Assuming a scan length of 35 cm, this converts to effective
doses of 3.0 mSv for the Toshiba scanner and 1.6 mSv for the
Siemens scanner, approximately. All CT studies were visually
inspected by a reader with more than 5 years of experience in
chest radiology for adequate inspiration, absence of signifi-
cant motion artefacts and inclusion of all parts of the chest,
similar to the criteria of the COPDGene study [12].

Densitometry

QCT data from baseline as well as from 3 and 4 years after
study onset were subjected to a well-evaluated in-house

Table 1 Patient characteristics at baseline

Ex-smokers All smokers p Continuous smokers Recent quitters p (ANOVA)

n 314 443 404 39

Age (years) 56.6 ± 5.3* 60.3 ± 5.3 <0.001 59.7 ± 5.1 55.6 ± 4.6* <0.001

Male / female 230 / 84# 277 / 166 <0.01 249/155 28/11¶ <0.01

Pack years 43.0 ± 22.3 38.7 ± 16.3 n.s. 41.8 ± 20.4 38.4 ± 15.8 n.s.

Smoking duration (years) 33.1 ± 9.7* 38.5 ± 16.7 <0.001 38.2 ± 16.4 41.3 ± 20.0 n.s.

Cigarettes/day 26 ± 10* 21 ± 6 <0.001 21.2 ± 6.3 21.4 ± 8.7 n.s.

BMI (kg/m2) 28.2 ± 3.9* 26.4 ± 4.3 <0.001 26.4 ± 4.4 26.0 ± 3.1 <0.001

COPD (n) 29 36 n.s. 35 1 n.s.

FEV1 (l) 3.1 ± 0.7 3.0 ± 0.8 n.s. 3.0 ± 0.8 3.1 ± 0.9 n.s.

FEV1 (%) 96.3 ± 15.9 94.2 ± 17.0 n.s. 94.0 ± 17.0 95.7 ± 17.6 n.s.

FEV1/FVC 85.8 ± 13.0 85.6 ± 12.2 n.s. 85.3 ± 12.3 88.0 ± 11.2 n.s.

BMI body mass index, FEV1 forced expiratory volume in 1 s, TLC total lung capacity, RV residual volume, CS continuous smoker Percentage values
refer to the predicted volumes

* p<0.001 vs. CS, # p<0.01 vs. CS, ¶ p<0.05 vs. CS
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scientific software (YACTAversion 2.5.4.3, programming by
O.W.) for densitometry [26–28]. YACTA analysed each
dataset fully automatically, as employed in previous studies
[7, 26–31]. Neither user interaction nor manual correction of
the segmentation were carried out. A lung voxel was assigned
to emphysema if its density was equal to or lower than -950
HU. Prior to this, we applied a Gaussian filter [1, 4] and
performed noise correction for voxels with -910 to -949 HU
that needed at least four adjacent voxels with a density of < -
950 HU to partially adjust for effects of image noise on QCT.
The tracheal air was segmented and in order to minimise the
influence of the tracheal wall on voxel densitory calculations
the segmentation was eroded by 3 voxels. After 3 x 3
Gaussian filtering, the standard deviation for tracheal air HU
was 36.9 HU for B20f reconstructions and 49.7 HU for FC51.
The software further employs a dynamic threshold which ad-
justs the -950 HU threshold for emphysema in case the air
density (outside the patient and inside the trachea) is different
from -1,000 HU. Based on the CT data, the following vari-
ables were computed by the scientific software: the total lung
volume in inspiration (LV), the total volume of lung areas with
a density below -950 HU (emphysema volume, EV), and the
fraction of emphysema volume in relation to the total lung
volume in inspiration in percent (emphysema index, EI). We
also calculated the mean lung density (MLD) in HU averaging
CT-based density values from all voxels of the entire lung.
Finally, the 15th percentile of lung density histogram
(15TH) was calculated. This is defined as the density value
in HU below which 15 % of the lung voxels are found.

Statistical analysis

Prior to statistical evaluation, computational results were
reviewed by a reader with more than 7 years of expertise in
chest radiology. All data were recorded in a dedicated data-
base (Excel®, Microsoft Corp., Redmond, WA, USA) and
analysed using SigmaPlot® (Systat Software GmbH,
Erkrath, Germany) software. Parametric data are displayed
as mean ± standard deviation, non-parametric data as median
± median average deviation. Since the extent of image noise
decreased after baseline due to a CT scanner exchange, we
thus did not focus on absolute QCT measures or intra-
individual changes in QCT measures. Instead, we concentrat-
ed on relative intergroup differences in mean lung density and
emphysema measures. Intra-individual changes were directly
comparable only between the 3-year and 4-year follow-up.
Intergroup comparison was performed using analysis of vari-
ance (ANOVA) for normal distributions and the Kruskal-
Wallis test for skewed distributions. Student’s t-test with
Bonferroni-Holm correction was used for post hoc analyses
of parametric data. For non-parametric data, post hoc analysis
was performed by the Mann-Whitney U test and Bonferroni
correction. Categorical data were analysed using the chi-

squared test or Fisher’s exact test where appropriate. For the
evaluation of longitudinal changes, a paired t-test was applied
on parametric data and Wilcoxon signed-rank test on non-
parametric data.

Multivariate linear regression analysis was performed with
baseline data and data from year three in order to identify
potential predictors of MLD. In both models lung volume,
age, gender, FEV1%, current smoking status, BMI and pack
years were chosen as explanatory variables. Previously, the
explanatory variables were tested for collinearity using
Pearson’s product-moment correlation coefficient for normal
distributions and Spearman's rank order correlation coefficient
for skewed distributions. A p-value of <0.05, corrected with
the Bonferroni-Holmmethod in case of multiple comparisons,
was considered statistically significant [32].

Results

QCT results at baseline

At the time of the first assessment, ES had significantly higher
QCTsigns of emphysema in terms of EV, EI, MLD and 15TH
than all active smokers (p<0.01–0.001) (Table 2).

QCT 3 years after study inclusion

Three years after study onset, two groups evolved out of the
active smokers. CS again showed lower QCT parameters for
emphysema (p<0.01–0.001). Furthermore, RQ who just
ceased to smoke now showed a significantly reduced MLD
and 15TH (p<0.05–0.001) compared to CS, which were even
lower compared to the group of ES (n.s.) (Table 2). Of note,
baseline values of CS and RQ were not significantly different
(data not shown). A longitudinal intragroup comparison can-
not be made between baseline and follow-up due to an ex-
change of the CT scanner and use of a sharper reconstruction
kernel after baseline.

Longitudinal changes in QCT

We did not detect a significant change of QCT parameters
from year 3 to year 4, irrespective of smoking habits
(Table 3). Four years after study onset, the abovementioned
relationships between ES, CS and RQ for emphysema in QCT
remained largely unchanged (Table 2).

At baseline, multivariate linear regression analysis revealed
the following seven variables to be independent predictors of
MLD, in descending order of predictive value as expressed by
the standardised regression coefficient: LV, sex (male),
smoking status (current smoker), BMI, FEV1%, age and pack
years (p<0.001) (Table 4). The regression model showed a
high coefficient of determination with R2=0.572. After 3
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years, the above-mentioned variables would again significant-
ly predict MLD (p<0.001), with a similar predictive value
compared to baseline (Table 4). Interestingly, the predictive
value of the smoking status tended to increase from baseline to
the 3-year follow-up (standardised regression coefficient =
0.310 vs. 0.349). For the sake of completeness, it should be
mentioned that FEV1/FVC showed nomeaningful association
with MLD. The remaining variables listed in Tables 1 and 2
were excluded from the regression model due to excessive
collinearity with other independent variables.

Discussion

It has been hypothesised that active smoking perpetuates inflam-
matory processes in the lung parenchyma and airways and thus
can partially mask signs of emphysema on QCT by increasing
lung tissue density. Further, a deposition of tar and increased
mucus production may play a role [19, 20]. The influence of

subclinical smoking-related interstitial lung diseases (ILD) such
as respiratory-bronchiolitis interstitial lung disease (RB-ILD) or
desquamative interstitial pneumonia (DIP) has also not been sys-
tematically examined. Recently, Zach et al. could demonstrate in
a cross-sectional study with as many as 6,762 subjects from the
COPDGene cohort that active smokers have lower signs of em-
physema and air-trapping on QCT [18], and thus confirmed pre-
vious reports from studies smaller in size. Specifically, they sug-
gested adding 3.5 % to the LAA%950 (equal to the emphysema
index EI in our study) for active smoking status to gain a more
precise estimation of emphysema in these patients [18]. They
also reported a significant and strong influence on MLD and
15TH, without providing quantitative data. Time since quit did
not show a significant influence in regression analyses [18]. The
15th percentile density PD15 (15TH in our study) was also ad-
dressed by Ashraf et al., who have shown in a longitudinal study
with 1-year follow-up that cessation may significantly decrease
PD15 only during the first year after quitting [20]. This is com-
plementary to the data from our study, which can be interpreted
as follows: (1) Ex-smokers (>12 months before study onset) had
a lower MLD and 15TH than active smokers at baseline, as well
as after 3 and 4 years. (2) Those who ceased to smoke during the
study >12 months before the follow-up examination again had a
lower MLD and 15TH than continuous smokers. (3) The afore-
mentioned recent quitters continued to have a lower MLD and
15TH >24 months after cessation, and had a MLD and 15TH
close to the long-term ex-smokers.

Inour studypopulation,most risk factorspotentially influenc-
ing lung density did not show significant variability between the
patientgroups.However, ex-smokers and recentquitters showed
slightly younger age andhigher percentage ofmale subjects than
continuouslyactivesmokers (Table1).While theamountofpack
years did not differ significantly between the patient groups, ac-
tive smokers at baseline showed significantly longer smoking
durationcompared to ex-smokers,who in turnhadahigher num-
ber of cigarettes smoked per day. To further explore separate

Table 3 Mean annual change of quantitative CT (QCT)

Ex-smokers Continuous smoker Recent quitters p

n 314 404 39

LV (ml) 21±442 14±456 -30±508 n.s.

EV (ml) -0.2±13.2 0.0±9.3 1.8±19.1 n.s.

EI (%) 0.0±0.1 0.0±0.0 0.0±0.0 n.s.

MLD (HU) 1.1±15.5 0.7±17.7 0.0±15.6 n.s.

15TH (HU) 0.2±10.4 -0.3±12.0 -0.9±11.2 n.s.

Mean annual change of QCT between 3 and 4 years after study onset.
QCT parameters were not significantly different within each group (n.s.),
and mean annual change values further were not significantly different
between groups

LV lung volume, EV emphysema volume, EI emphysema index, MLD
mean lung density, 15TH 15th percentile of lung density histogram

Table 2 Influence of smoking cessation on longitudinal quantitative CT

Baseline 3 years 4 years

ES All smokers ES CS RQ ES CS RQ

n 225 284 314 404 39 314 404 39

Lung volume (ml) 5,609±1,292 5,831±1,286 5,876±1,225 6,140±1,295¶ 6,206±1,323 5,897±1,247 6,154±1,330¶ 6,176±1,179

Emphysema volume (ml) 515±339 328±206* 39±32 24±21# 49±30$ 35±30 24±21# 37±21§

Emphysema Index (%) 8.4±5.5 5.1±3.4* 0.3±0.3 0.1±0.1# 0.0±0.0¶ 0.2±0.2 0.1±0.1# 0.0±0.0¶

MLD (HU) -831±31 -822±35# -808±27 -801±29# -813±20§ -807±28 -800±31# -813±22§

15TH (HU) -947±22 -936±25* -906±20 -896±23* -909±15** -905±21 -896±24* -910±16**

ES ex-smokers, CS continuous smokers, RQ recent quitters

* p<0.001 vs. ES, # p<0.01 vs. ES, ¶ p<0.05 vs. ES, **p<0.001 vs. CS, $ p<0.01 vs. CS, § p<0.05 vs. CS

Of note, a longitudinal intragroup comparison cannot bemade between baseline and follow-up due to an exchange of the CTscanner and use of a sharper
reconstruction kernel after baseline
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effects of smoking cessation and potential confounders such as
ageandsexontheobserveddecrease in lungdensity,multivariate
analysis was applied. In this context, the smoking status was
shown to be a significant predictor ofMLD and 15TH, indepen-
dent fromother potentially contributing factors (Table4). Since a
causality between the relatively long smoking duration and the
elevatedMLDinthegroupofbaselinesmokersseemsinconceiv-
able, and smoking duration is confounded by inclusion criteria
(smoking cessation before inclusion in case of ex-smokers), the
smoking duration was not included in the multivariate model,

Of note, our study population had low signs of emphysema on
QCT with an EI of 5.1 % and 8.4 % at baseline (Table 2), and
practically no emphysema (EI=0–0.3 %) after scanner and proto-
col change at follow-up. In part this may be explained by the low-
dose CT acquisition protocol, which will significantly influence
CT densitometry [33, 34]. The presence of emphysema observed
at baseline but not at follow-upmay be largely based on increased
image noise due to the relatively sharp convolution kernel
(Toshiba FC51) applied at baseline compared to the soft and
low-noise kernel used during follow-up (Siemens B20f). In this
context, Gierada et al. showed that the emphysema index tends to
increase with sharper kernels [35]. For the COPDGene study, for
example, a standard-dose CT protocol was carried out [12].
Normal reference values for emphysema and emphysema pro-
gression have not been established [36], but values around 5 %
for EI compare well to GOLD stage 0 smokers in this age group
and may be considered as ‘normal’ when using -950 HU as a
threshold [7]. Values for MLD and 15TH also were close to
results previously obtained by our group in GOLD stage 0
smokers, and much higher than in GOLD stage III or IV [7].
PFT results of our population support this notion of normal
smokers (Table 1).

In the present population of relatively normal smokers, we
did not detect a significant annual change of QCT parameters
for emphysema in any group, regardless of smoking status. Of
note, we could not detect a significant annual change in the
emphysema index, mean lung density or 15th percentile of

lung density histogram from year 3 to year 4 in our present
study, despite including a reasonable number of patients. For
repeated low-dose scans in a 3-month interval, Gietema et al.
found a mean difference for the emphysema score (equals EI
in our study) of -0.1 % with a limit of agreement from -1.3 to
1.1 % at a threshold of -950 HU [37]. Hence, the short-term
interscan intra-individual variability is low. Soejima et al. re-
ported an annual change between 0.7 % and 2.3 % for rela-
tively low attenuation areas (threshold of -912HU) during a 5-
year observational period for 47 current or former smokers,
without significant impact of the smoking status. For MLD,
they reported a mean annual change between and -3.5 and
+0.5 [38]. In a more recent study, Mohamed Hoesein et al.
reported a mean annual increase of emphysema of 1.07 %
(confidence interval 1.06–1.09) in 3,670 former and current
smokers at -950 HU [17]. Interestingly, the reported long-term
data showed a variability that is within the limits of reported
short-term variability [39]. Thus it is not surprising that we did
not find significant results in our population. We speculate that
the signal of annual increase in QCT parameters was too low to
be detected by our CT protocol in a population of this size.
Potentially, emphysema progression may accelerate with higher
emphysema severity, and thus, on the other hand, may be very
slow in our relatively normal population. Longitudinal data
from the large COPDGene cohort are currently being anticipat-
ed, and may clarify the process of emphysema progression.

Some limitations of our study need to be addressed. Because
scanner systems were exchanged after study onset, a direct lon-
gitudinalcomparisonofQCTbetweenbaselineandyears3 to4 is
not possible since CT attenuation measurements usually show
significant variability between different scanner types [40]. The
quantitativeCTsoftwareYACTArequired theuseof thin section
image data, whichwere provided by the imaging centrewith the
soft B20f kernel for the Siemens scanner, and the sharper FC51
kernel for the Toshiba scanner as defined by the protocol of the
screening study. Unfortunately, the soft reconstructions (FC13)
of the Toshiba scanner had a high slice thickness of 3mm. In this

Table 4 Predictors of mean lung
density based on multiple linear
regression analysis

Baseline 3 years

Coeff. St. Coeff. t p Coeff. St. Coeff. t p

Lung volume (ml) -0.021 -0.818 -21.648 <0.001 0.018 -0.808 -25.660 <0.001

Sex (M) 25.480 0.355 9.292 <0.001 18.384 0.309 9.703 <0.001

Current smoker 20.927 0.310 10.113 <0.001 19.496 0.349 12.820 <0.001

BMI (kg/m2) 1.640 0.204 6.551 <0.001 1.434 0.217 8.362 <0.001

FEV1% 0.248 0.124 4.116 <0.001 0.231 0.137 5.425 <0.001

Age (years) -0.819 -0.122 -4.016 <0.001 -0.667 -0.130 -4.917 <0.001

Pack years 0.177 0.102 3.304 0.001 0.142 0.097 3.751 0.001

R2=0.572 R2=0.546

Coeff. regression coefficient, St. Coeff. standardised regression coefficient, t ratio of the regression coefficient to
its standard error, BMI body mass index, FEV1% forced expiratory volume in 1 s in percent predicted
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context, the quantitative analysis of images with different CT
reconstruction kernels can produce different results, and some-
timesahigheremphysema threshold (-960 insteadof -950HU) is
recommended for sharp kernels. However, the quantitative soft-
wareYACTAemploysaGaussianfilter tosmoothensharpkernel
images partially adjusting for effects of the reconstruction kernel
onQCT.Further, it employsadynamic threshold thatadjusts the-
950HU threshold for emphysema in case the air density (outside
thepatient and inside the trachea) isdifferent from-1,000HU.As
the B20f kernel seemsmore comparable to the FC51 because of
slice thickness, these kernels were subsequently used for analy-
sis. Since this still poses a limitation, we focused on inter-group
differences at each time point of QCT, rather than on intra-
individual longitudinal changes of lung density. Thus, potential
variations in densitometry due to different scanner types or con-
volution kernels do not affect the findings of this study, nor does
the chosen emphysema threshold. Further, we assessed routine
screeningCT,whichwasnot controlledbya spirometer, and thus
levels of inspirations may vary [41, 42]. On the other hand, we
refrained from computational correction of individual lung vol-
ume between scans because this would not be correct for a true
annual change in lung volume due to hyperinflation.
Furthermore, we did not detect a significant change in lung vol-
ume from year 3 to year 4. This allows the interpretation of rela-
tive differences between the groups in our study.

In conclusion,we could show in a lung cancer screening pop-
ulationwith relativelynormal smokers that lungdensity is higher
in active smokers than ex-smokers, and sustainably decreases
after smoking cessation. Importantly, the impact of smoking ces-
sation on lung densitywas demonstrated to be independent from
potentially confounding factors.The resultsofour studyadd four
findings to previous data: (1) We could reproduce that active
smokers have less signs of emphysema on QCT; (2) we could
confirm that smoking cessation results in an increase of signs of
emphysema on QCT; (3) we could demonstrate that the differ-
ence between active smokers and ex-smokers ismaintained over
a period of 1 year for a group of recent quitters; and (4) over a
period of at least 4 years for long-term non-smokers. These re-
sults support the notion that active smoking induces inflamma-
tion, leads to particle deposition in the lungs and may trigger
subclinical interstitial lung disease, all influencing QCT. Thus,
itmaybeadvisable toconsider theeffectsofsmokingstatuswhen
interpreting QCT data from clinical trials, for example when
correlating lung density with clinical biomarkers or genotypes
in large observational cohort studies, as the sole consideration of
cumulative pack-years may not be sufficient.
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