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To identify a prevalent computed tomography (CT) subtype in
patients with chronic obstructive pulmonary disease (COPD)
by separating emphysematous from nonemphysematous con-
tributions to total gas trapping and to attempt to predict and
grade the emphysematous gas trapping by using clinical and
functional data.

Two-hundred and two consecutive eligible patients (159 men
and 43 women; mean age, 70 years [age range, 41-85 years|)
were prospectively studied. Pulmonary function and CT data
were acquired by pulmonologists and radiologists. Noncontrast
agent—enhanced thoracic CT scans were acquired at full inspi-
ration and expiration, and were quantitatively analyzed by using
two software programs. CT parameters were set as follows: 120
kVp; 200 mAs; rotation time, 0.5 second; pitch, 1.1; section
thickness, 0.75 mm; and reconstruction kernels, b31f and b70f.
Gas trapping obtained by difference of inspiratory and expira-
tory CT density thresholds (percentage area with CT attenua-
tion values less than =950 HU at inspiration and percentage area
with CT attenuation values less than —856 HU at expiration) was
compared with that obtained by coregistration analysis. A logis-
tic regression model on the basis of anthropometric and func-
tional data was cross-validated and trained to classify patients
with COPD according to the relative contribution of emphysema
to total gas trapping, as assessed at CT.

Gas trapping obtained by difference of inspiratory and expira-
tory CT density thresholds was highly correlated (r = 0.99) with
that obtained by coregistration analysis. Four groups of patients
were distinguished according to the prevalent CT subtype: prev-
alent emphysematous gas trapping, prevalent functional gas
trapping, mixed severe, and mixed mild. The predictive model
included predicted forced expiratory volume in 1 second/vital
capacity, percentage of predicted forced expiratory volume in 1
second, percentage of diffusing capacity for carbon monoxide,
and body mass index as emphysema regressors at CT, with 81%
overall accuracy in classifying patients according to its extent.

The relative contribution of emphysematous and nonemphyse-
matous gas trapping obtained by coregistration of inspiratory
and expiratory CT scanning can be determined accurately by
difference of CT inspiratory and expiratory density thresholds.
CT extent of emphysema can be predicted with accuracy suit-
able for clinical purposes by pulmonary function data and body
mass index.

©RSNA, 2018

Online supplemental material is available for this article.
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he wide heterogeneity of clini-
cal presentation makes chronic
obstructive pulmonary disease
(COPD) a complex disease that de-
serves deeper insights beyond airflow
obstruction detected at spirometry.
The advent of computed tomography
(CT) has brought in the last 20 years
substantial progress in the assessment
of the pathophysiologic mechanisms
that underlie airflow obstruction in
COPD, namely emphysema and con-
ductive airway disease (1). However,
the possibility to accurately resolve
at CT the relative contribution of em-
physematous and nonemphysematous
gas trapping in the determination of
expiratory airflow obstruction is still
matter of study, to our knowledge (2).
Recently, Galbén et al (3) proposed
a method called pulmonary paramet-
ric response map, which is based on
the coregistration of paired inspira-
tory and expiratory thoracic CT scans.
This method can dissect and display
the regional distribution of the persis-
tent low density area (emphysematous
gas trapping because of parenchymal
destruction), and the functional low
density area (nonemphysematous or
functional gas trapping because of con-
ductive airway disease).
Although in an individual pa-
tient one of the two pathophysiologic

Implications for Patient Care

B The definition of the prevalent CT
subtype (ie, emphysema vs
airway disease) of chronic ob-
structive pulmonary disease
obtained by a coregistration
method and by standard CT met-
rics could potentially be used to
target patient therapy to the un-
derlying chronic obstructive pul-
monary disease endotype.

B A logistic model that combines
body mass index and pulmonary
function data can be used to pre-
dict CT-based quantification of
emphysema grade, which may
prove useful when assessing
patients with chronic obstructive
pulmonary disease who do not
undergo thoracic CT.

conditions (ie, endotypes) may pre-
vail, most patients with COPD present
(phenotype) with a mixed disorder
characterized by various combina-
tions of both components, and a cor-
responding mixed CT subtype (4,5).
Knowledge of the prevalent subtype
in each patient may be of interest in
developing clinical and pharmacolog-
ical trials designed to target patient
therapy to the underlying pathophys-
iologic mechanism of airflow obstruc-
tion. Conductive airway obstruction
and parenchymal destruction may not
be targetable with the same therapy.
Therefore, our purpose was to iden-
tify a prevalent CT subtype in patients
with COPD by separating emphyse-
matous from nonemphysematous con-
tributions to total gas trapping and
to attempt to predict and grade the
emphysematous gas trapping by using
clinical and functional data.

Materials and Methods

This two-center study was approved
by both institutional ethics committees
of the University of Florence and the
Catholic University of Sacred Heart in
Rome. Written informed consent was
obtained by all participants. The au-
thors had control of the data and of the
information submitted for publication.

Our study is a retrospective inter-
pretation of prospectively acquired data.
From January 2012 to December 2015,
we recruited 224 consecutive eligible pa-
tients with COPD (Global Initiative for
Chronic Obstructive Lung Disease stages
I-IV) who met specific criteria: patients
were aged 40-85 years, had a smok-
ing history of more than 10 pack-years,
showed nonreversible postbronchodila-
tor airflow obstruction, and underwent
chest CT within 48 hours of pulmonary
function evaluation. We excluded patients
who were within 1 month of an exacer-
bation or who had clinical conditions
that interfered with pulmonary function
or chest CT quantitative parameters as-
sessment, including asthma, diffuse bron-
chiectasis, interstitial lung disease, acute
heart failure, chemotherapy and/or radi-
ation therapy, lung cancer, lung surgery,
and metal objects in the chest.

Pulmonary Function Testing

Patients underwent complete pulmonary
function evaluation within 48 hours of
the CT examination. Pre- and postbron-
chodilator spirometry data, static lung
volumes, and single-breath diffusing ca-
pacity for carbon monoxide were mea-
sured according to American Thoracic
Society and European Respiratory Soci-
ety guidelines (6).

Chest CT Images

Volumetric chest CT images were ob-
tained at full inspiration and expiration by
using the acquisition protocol adopted in
the study by Regan et al (7). CT param-
eters were set as follows: 120 kVp; 200
mAs; rotation time, 0.5 seconds; pitch,
1.1; section thickness, 0.75 mm; and re-
constructions kernels, b31f and b70f. All
CT scans were performed by the same
team of diagnostic personnel in each
center (lead by F.B. and A.R.L., with
10 and 20 years of experience in tho-
racic imaging, respectively) and by us-
ing the same CT scanner for all patients
in each center (Somatom Sensation 64,
Siemens, Erlangen, Germany; and So-
matom Definition Flash 128, Siemens).
Patients were given instructions on how
to perform the respiratory maneuvers
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Abbreviations:

COPD = chronic obstructive pulmonary disease

%LAA ;o = PErcentage lung attenuation area with CT
attenuation values less than —950 HU at inspiration

%LAA _.6.,, = PErCentage lung attenuation area with CT
attenuation values less than —856 HU at expiration
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while lying supine in the CT scanner
with arms fully abducted. No contrast
medium was administered. Postprocess-
ing image analysis was performed in
images with reconstruction kernel b31f
by a thoracic radiologist (M.O., with 5
years of experience in quantitative imag-
ing). Thresholds at —950 HU and —856
HU were chosen as densitometric cut-off
values consistent with emphysema and
total gas trapping, respectively (8-10).
The relative volumes of lung attenua-
tion area with values below —950 HU
at inspiration (%LAA g ) and below
—856 HU at expiration (%LAA g )
were quantified by using a workstation
for postprocessing image analysis of
lung parenchyma and airways (Pulmo-
nary Workstation Apollo 2.1; Vida Di-
agnostics, Coralville, lTowa). CT images
were also analyzed by using another
workstation for densitometric analysis
of lung parenchyma (LDA; Imbio, Min-
neapolis, Minn), which is a U.S. Food
and Drug-cleared and Conformité Euro-
péenne-mark certified medical device,
which performs a deformable coregis-
tration of paired inspiratory and expira-
tory CT scans, to obtain voxel-by-voxel
attenuation maps. These maps, called
pulmonary parametric response maps,
classify lung voxels into three different
tissue patterns on the basis of the at-
tenuation values of each voxel: normal
lung (percentage of voxels with CT at-
tenuation greater than —950 HU at in-
spiration and greater than —856 HU at
expiration), functional low density area
(percentage of voxels with CT attenua-
tion greater than —950 HU at inspiration
and less than —856 HU at expiration),
and persistent low density area (voxels
with CT attenuation less than —950 HU
at inspiration and less than —856 HU at
expiration) (3). Moreover, pulmonary
parametric response maps quantify the
relative volumes of each lung pattern
and show their regional distribution.

Data Analysis

Scatterplots were used to show the
distribution and the relationships among
CT parameters. Pearson r coefficient
was used to assess association between
parameters, and P values less than .05
indicated statistical significance.

To quantify the contribution of func-
tional gas trapping to the CT reduced
x-ray attenuation by using CT density
thresholds without coregistration, we
used the following computation:

%FGT =
[%LAA

-856 exp

- (%LAAJJSOInSP - 6%)}’

where %fGT is percentage of functional
gas trapping, and 6% of voxels below
—950 HU is assumed as the threshold
value to diagnose emphysema at quan-
titative CT (1). To validate this compu-
tation we compared percentage of func-
tional gas trapping with percentage of
functional low density area.

To help separate the contribution
of functional gas trapping from emphy-
sema, the scatterplot of percentage of
functional gas trapping and %LAA7950insp
of the whole series of patients was sub-
divided into four areas by drawing a
line from the mean value of percentage
of functional gas trapping on the x-axis
(36.2%) and its perpendicular from the
mean value of %LAAfgsomsp on the y-axis
(14.9%). Welch t, analysis of variance,
and Games-Howell post hoc tests were
used to evaluate differences of clinical
and functional data between the four
groups of patients entailed in each area
(11).

The probability to have a %LAAf%Oinsp
above or below the sample mean was
estimated by a 10-fold validated logistic
regression model built from stepwise
selection of anthropometric, clinical,
and functional data (Supplement E1
[online]) (12). A predicted probabil-
ity value of the model output (P) of
.0 was arbitrarily selected as decision
threshold. For the sake of clinical
classification, patients with a P value
lower than .5 were subdivided in two
subgroups according to a P value lower
or higher than .2. Likewise, patients
with a P value greater than .5 were sub-
divided in those with a P value greater
or less than .8.

Data analysis and statistics were
performed by using software (S-Plus
2000, Mathsoft, Cambridge, Mass;
SPSS/PC Win 11.5.1, SPSS, Chicago,
Ill; Mathcad version 2001, Mathsoft;

Anthropometric, Pulmonary Function,
and CT Metrics Data of 202 Patients
with COPD

Parameter Result
Age (v) 70.3 = 8.1
BMI (kg/m?) 263+ 46
Smoking history (pack-years) 50.8 = 25.5
FEV, (%) 62.7 + 26.3
FEV,VC (%) 471 =129
FEV,/FVC (%) 514+ 124
FVC (%) 92.8 = 25.0
FRC (%) 128.6 = 33.8
TLC (%) 107.7 = 17.6
DLco (%) 68.5 + 23.6
RV (%) 136.8 + 48.3
RV/TLC (%) 50.2 =171
LAA g5 (%) 149 =124
—sss0 () 45.1£205
Normal lung (%) 49.9 = 21.1
fLDA (%)t 36.1 £ 14.0
pLDA (%)* 12.4 =127
GT (%) 36.2 + 13.6

Note.—Data are reported as mean = standard
deviation. BMI = body mass index, DLco = predicted
diffusing capacity of lung for carbon monoxide, FEV, =
forced expiratory volume in 1 second, fGT = functional
gas trapping, fLDA = functional low density area, FRC =
predicted functional residual capacity, FVC = predicted
forced vital capacity, LAA ., - = lung attenuation area
with values below —950 HU at inspiratory CT scan,
LAA ., = lung attenuation area with values below
—856 HU at expiratory CT scan, pLDA = persistent low
density area, RV = predicted residual volume, TLC =
predicted total lung capacity, VC = vital capacity.

* Quantitative CT data calculated by Apollo 2.1 VIDA
Software.

T Quantitative CT data calculated by LDA Imbio Software.
Percentage of functional gas trapping is calculated as
described in the Materials and Methods section.

and Microsoft Visual C++ 6.0, Micro-
soft, Redmond, Wash).

Of the 224 patients enrolled, 202 pa-
tients (159 men and 43 women; mean
age, 71 years |age range, 41-85 years]|
and 67 years [age range, 46-84 years]|,
respectively) were included in the
analysis. Twenty-two patients were ex-
cluded for the presence of parenchymal
consolidations (16 patients) or incom-
plete clinical (four patients) or CT scan
(two patients) data. Anthropometric,
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Table 2

Pearson Correlation Coefficients between Percentage of Functional Gas Trapping and Anthropometric, Smoking History, Pulmonary

Function, and CT Imaging Data

BLAA oo pLDA% BLAA i fLDA% fGT%
Parameter rValue P Value rValue P Value rValue P Value rValue P Value rValue PValue
Age 0.05 0.04 0.06 0.07 0.04
BMI —0.36 <.01 -0.37 <.01 -0.38 <.01 —0.22 <.01 —0.24 <.01
Pack-years 0.09 0.10 0.05 —0.02 —0.004
FVC% -0.17 <.05 —0.20 <.01 —0.26 <.01 —0.21 <.01 -0.23 <.01
FEV,% —0.48 <.01 —0.50 <.01 —0.58 <.01 —0.43 <.01 —0.44 <.01
FEV,%/\C —0.63 <.01 —0.64 <.01 —0.73 <.01 —0.52 <.01 —0.52 <.01
FEV,%/FVC% —0.66 <.01 —0.68 <.01 —0.72 <.01 —0.48 <.01 —0.48 <.01
TLC% 0.34 <.01 0.33 <.01 0.42 <.01 0.33 <.01 0.33 <.01
RV% 0.41 <.01 0.43 <.01 0.54 <.01 0.42 <.01 0.43 <.01
RV%/TLC% 0.35 <.01 0.37 <.01 0.42 <.01 0.31 <.01 0.31 <.01
FRC% 0.49 <.01 0.50 <.01 0.57 <.01 0.40 <.01 0.41 <.01
DLco% —0.43 <.01 —0.45 <.01 —0.43 <.01 —0.24 <.01 —0.25 <.01
%LAA 4esp 1 0.99 <.01 0.76 <.01 0.26 <.01 0.24 <.01
KBLAA 4o 0.76 <.01 0.76 <.01 1 0.81 <.01 0.81 <.01
fLDA% 0.26 <.01 0.25 <.01 0.81 <.01 1 0.99 <.01
pLDA% 0.99 <.01 1 0.76 <.01 0.25 <.01 0.25 <.01
fGT% 0.24 <.01 0.25 <.01 0.81 <.01 0.99 <.01 1

Note.—BMI = body mass index, DLco% = percentage of predicted diffusing capacity of lung for carbon monoxide, FEV, % = percentage of predicted forced expiratory volume in 1 second, fGT% =
percentage of functional gas trapping, fLDA% = percentage of functional low density area, FRC% = percentage of predicted functional residual capacity, FVC% = percentage of predicted forced vital

capacity, %LAA

—950insp

= percentage of lung attenuation area with values below —950 HU at inspiratory CT scan, %LAA

_sseep = PEFCENtage of lung attenuation area with values below —856 HU at

expiratory CT scan, pLDA% = percentage of persistent low density area, RV% = percentage of predicted residual volume, TLC% = percentage of predicted total lung capacity, VC = vital capacity.

smoking history, lung function, and CT
metrics data of the 202 patients are
shown in Table 1.

Table 2 shows the correlations be-
tween clinical, pulmonary function, and
CT data. The strongest correlations were
observed between percentage of persis-
tent low density area and %LAAfSSOi"sp,
percentage of functional low density area
and percentage of functional gas trap-
ping, %LAAfSSGeXp and predicted forced
expiratory volume in 1 second/vital ca-
pacity, and %LAAf&:‘&!Xp and predicted
forced expiratory volume in 1 second/
forced vital capacity. Conversely, poor
correlations were observed between
CT metrics of functional gas trapping
(ie, percentage of functional low den-
sity area and percentage of functional
gas trapping) and functional and CT pa-
rameters compatible with emphysema
(ie, percentage of diffusing capacity for
carbon monoxide, predicted residual
volume/predicted total lung capacity,
and %LAA_ . ). CT metrics obtained
by difference of density thresholds and
those obtained by coregistration analysis
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Figure 1:  Scatterplot shows distribution of 202 patients with COPD accord-
ing to CT imaging metrics of percentage of lung attenuation area with values
below —950 HU at inspiratory CT scan (%LAA_,,, ) and percentage of lung
attenuation area with values below-856HU at expiratory CT scan (%LAA%@X‘7 ).
The two variables showed a substantial dispersion of data points that increased
progressively with increasing severity of CT metrics changes. Patients with

similar values of %LAAf950msp had different values in %LAAfa%sxp.
correlated similarly with pulmonary Figure 1 shows the scatterplot of
function parameters. the 202 patients by using %LAAf%Oi"Sp
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Figure 2:  Scatterplot shows relationship between percentage of functional
low density area (%fLDA) and percentage of functional gas trapping (%fGT).
The correlation between the two variables was strong, with a high Pearson r
coefficient, and a regression line essentially corresponding to the identity line.

and %LAAfSSGMP as coordinates. The
dispersion of data points progressively
increased with the increase in total gas
trapping (%LAAfSSGexp), which indicated
that there was a wide grade of inter-
action of emphysematous and nonem-
physematous contribution to total gas
trapping. In particular, patients with
similar values of %LAA had dif-

—950insp
ferent values in %LAA . The non-

emphysematous Contr‘ibslali?gn to total
gas trapping is a function of the differ-
ence of the two variables at each level
%LAAf%OinSP, computed by percentage
of functional gas trapping. Figure 2
shows the strong correlation between
percentage of functional gas trapping
and percentage of functional low den-
sity area, in which the regression line
essentially corresponds to the identity
line.

Figure 3 shows the relationship be-
tween the percentage of functional gas
trapping (expression of functional gas
trapping) and 9%LAA . = (expres-
sion of emphysematous gas trapping).
As can be derived from the graphi-
cal subgrouping of patients shown in
Figure 3, the prevalent emphysema

group (hereafter, referred to as the
Emph group) consisted of 29 patients
(14.4%) with prevalent emphysema
(%LAA7950insp higher than the mean
value and percentage of functional gas
trapping lower than the mean value),
whereas prevalent functional gas trap-
ping group (hereafter, referred to as
the Funct group) consisted of 46 pa-
tients (22.8%) with prevalent func-
tional (ie, nonemphysematous) gas
trapping (%LAA*QSOinsp lower than the
mean value and percentage of func-
tional gas trapping higher than the
mean value). There were 37 patients
(28.2%) with a greater degree of se-
verity of both components (hereafter,
referred to as the Mixs group) and
there were 70 patients (34.6%) who
had a lower degree of severity of both
components (hereafter, referred to as
the Mixm group).

Table 3 shows the mean values
of anthropometric, smoking history,
and pulmonary function data across
the four groups (Emph, Mixs, Mixm,
and Funct in Fig 3). Body mass index
was significantly higher in the Mixm
group (P < .01), with a tendency to

decrease as severity of disease in-
creased. Percentage of diffusing ca-
pacity for carbon monoxide was the
only parameter to differ significantly
between the Emph and Funct groups
(P < .03).

The logistic regression model was
trained to classify patients with COPD
according to the probability to have
a %LAA_ g ., higher than the mean
value of the sample. Predicted forced
expiratory volume in 1 second/vital
capacity, percent predicted forced ex-
piratory volume in 1 second, percent-
age of diffusing capacity for carbon
monoxide, and body mass index were
included as predictors of %LAAigsoinSp,
and four groups were defined accord-
ing to the probability output. The
overall accuracy of the probabilistic
model was 81.1% in the training set
and 79.2% in the validation set, with
a higher accuracy (88.0%) in those
patients with so-called milder disease
(output model: P < .5) (Tables 4, 5
). By combining functional indexes
and body mass index predictors, we
classified each patient according to
probability output ranging
from milder (group 1) to more se-
vere (group 4) emphysema. The four
outputs of the model had significantly
different %LAA_, . = (or percentage
of persistent low density area) (P <
.01), as shown in Figure 4a. Figure 4b
shows the relationship between per-
centage of functional low density area
and total gas trapping (%LAA—sseexp)'
The different colors on the scatter-
plot correspond to the four groups of
emphysema grade estimated by the
model on the basis of anthropometric
and functional data. The regression
line is fitted for data points with a
model output less than 0.5 (r = 0.89).
Patients with milder emphysema are
distributed mainly along the regres-
sion line. Conversely, patients with
a more severe parenchymal destruc-
tion are scattered above the regres-
sion line. The data point distribution
reveals that in this series of patients
with COPD, the emphysematous con-
tribution to total gas trapping is ab-
sent for values of total gas trapping
around or below 30%.

values
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Our study provides evidence that
imaging metrics obtained by density
thresholds difference of inspiratory
and expiratory CT scans can be used
to identify and quantify the relative
contribution of functional (nonemphy-
sematous) and emphysematous gas
trapping and to identify a prevalent CT
subtype. The evaluation of functional
gas trapping obtained by density
thresholds difference and coregistra-
tion analysis was comparable. The
contribution of emphysema to total
gas trapping, as assessed by CT, was
estimated with reasonable accuracy
by anthropometric and pulmonary
function data.

Airflow obstruction in COPD re-
sults from both parenchymal destruction
and small conducting airway disease,
and small airway disease precedes the
development of parenchymal destruc-
tion (13-15). Both pathophysiologic
processes lead to gas trapping into the
lungs. The differentiation of emphyse-
matous gas trapping (because of pa-
renchymal destruction) from functional
gas trapping (because of conductive air-
way disease) is difficult both by pulmo-
nary function testing and with CT scan
(16,17). Recently, the pulmonary para-
metric response maps obtained through
coregistration analysis of inspiratory and
expiratory CT scan overcame this issue,
allowing discrimination of the two con-
tributions to total gas trapping (2,3,18).

We observed that the relation-
ship between standard CT metrics
(WLAA ., and %LAA . ) was
greatly dispersed, which suggested
that total gas trapping (%LAA—sseexp)
included both emphysematous and
nonemphysematous contributions.
To determine these contributions we
computed an index, called percentage
of functional gas trapping, derived
from the difference between standard
CT metrics (%LAA g = and %LAA-
785%“)) obtained from inspiratory and
expiratory scans. The index had a
strong correlation (r = 0.99) with per-
centage of functional low density area,
which is the reference parameter for
the nonemphysematous gas trapping

Emph Mixs
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Figure 3:  Scatterplot shows distribution of patients according to percentage
of functional gas trapping (%fGT) and percentage of lung attenuation area with

values below —950 HU at inspiratory CT scan (%LAA

_ostinsp ). The correlation

between the two variables was weak (r = 0.24, P < .01). Lines representing

0
mean values of A;LAA%Ginsp

and percentage of functional gas trapping divide

the scatterplot into four groups: prevalent emphysema (Emph; percentage of

functional gas trapping lower than the mean value and %LAA

higher than

—950insp

the mean value), mixed-severe disease (Mixs, both percentage of functional gas

trapping and %LAA

—950insj

, higher than the mean values), mixed-mild disease
(Mixm;, both percentage of functional gas trapping and %LAA

os0inss lower than

the mean values), and prevalent functional gas trapping (Funct, percentage of

functional gas trapping higher than the mean value and %LAA

the mean value).

derived by coregistration (2,3,18-20).
Similar to percentage of functional low
density area, percentage of functional
gas trapping provides information on
the amount of functional nonemphy-
sematous gas trapping. In contrast to
percentage of functional low density
area, percentage of functional gas trap-
ping lacks localization of gas trapping.
Gas trapping regional distribution can
be provided only by pulmonary para-
metric response maps, and may play
a role in the assessment of symptoms
severity and in the selection of pa-
tients for surgical and endoscopic lung
volume reduction. However, percent-
age of functional gas trapping can be
easily obtained by using widely avail-
able software programs on lung den-
sity analysis. This measurement can
be supplemented by the qualitative

_os0nsy OWET than

evaluation of the regional distribution
of the lung pathologic changes.

The weak correlation between CT
metrics of parenchymal destruction
(WLAA ..., and percentage of persis-
tent low density area) and percentage
of functional gas trapping depicted the
independent contribution of functional
gas trapping and parenchymal destruc-
tion to airflow obstruction. This was
comparable to previous studies (5,21)
that demonstrated weak correlations
between indexes of emphysema severity
and airway wall thickening.

The classification in four subgroups
of patients (Emph, Mixs, Mixm, and
Funct groups) to assess the relative
contribution of functional gas trapping
and parenchymal destruction in the
definition of COPD subtypes was sim-
ilar to that proposed in other studies
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Table 3 (14,21,22). Our patients displayed a

continuous spectrum of pathologic al-

Anthropometric, Smoking History, and Pulmonary Function Data among the Four terations of both conductive airway
Groups Derived by Contributions of Percentage of Functional Gas Trapping and disease and emphysema. However,
%LAR _4oy,s, PArameters knowledge of the percentage of lung
Parameter Emph Group  Mixs Group ~ Mixm Group ~ Funct Group P Value destruction may be of help in assess-
Age (y) 70.2 712 68.9 711 ing patle.nt prognosis and, possibly,
BMI (kg/m?) 25.1 24.4 28.6 259 in selecting the individual treatment
Emph vs Mixm <.01 (eg, whether to add inhaled steroids
Mixs vs Mixm <.01 to bronchodilators). Across the four
Funct vs Mixm <.01 subgroups of patients with COPD we
Pack;years 56.3 52 48.6 49.1 NS observed no statistically significant
BECO: " 29 o i 6l differences in smoking history. Sta-
Emph vs Mixm <.01 .. Lo . . .
Mixs vs Mixm ~ 01 tlstlca.lly significant higher .dlffusmg
Funct vs Mixm <01 capacity for carbon monoxide per-
Emph vs Funct <.05 centage values were found in patients
FVC% 97.9 87.5 98.6 87.3 in the Funct group versus in those in
Mixs vs Mixm <.05 the Emph group. Patients in the Mixm
Mlxm vs Funct <.05 group had significantly higher body
B = 61.1 46.7 79.5 581 mass index values than other sub-
Emph vs Mixs <.05 . .
Emph vs M <01 groups. In agreement with previous
Mixs vs Mixm <:01 studi'es (2‘2’23)’ we found an inyerse
Funct vs Mixm <01 relationship between body mass index
Mixs vs Funct <.05 and CT indexes of emphysema, includ-
FEV,VC (%) 44.2 36.8 57.9 45.3 ing %LAAf950insp and percentage of per-
Emph vs Mixs <.05 sistent low density area. Accordingly,
Emph/vs Mixm <.05 it is reasonable that body mass index
Mixs vs Mixm <.01 -

. was included among the regressors of
Mixs vs Funct <.01 h babilisti del redi h
Mixm vs Funct <.01 the p'ro ? “St_lc model to predict the

FEV,/FVC (%) 48.4 40.8 61.3 511 contr{hutlon of emphysema to total gas
Emph vs Mixs <.05 trapping. It was recently shown (24)
Emph vs Mixm <.05 that body mass index and height (the
Mixs vs Mixm <.01 denominator in the body mass index
Mixs vs Funct <.01 formula) can be used to predict em-
Mixm vs Funct <.01 physema I'iSk, with odds of emphvsema

TLC% 110.9 115.5 99.5 108.5 . ine by 5% 1- . g .
Emph vs Mixm <05 increasing by 3% per 1-cm increase in
Mixs vs Mixm <01 body height.

Mixm vs Funct <.05 Probabilistic models may help to

RV% 135.6 163 109.3 140.6 characterize, without CT, the main
Mixs vs Mixm <.01 pathophysiologic mechanism that un-
Mixs vs Funct <05 derlies airflow obstruction and may
Mixm vs Funct <01 facilitate individualized treatment

RV/TLC (%) 49.3 59.4 42.3 51.2 tratei Thi b f rel
Mixm vs Funct <.01 strategies. 1his may be ol relevance
NI <01 considering the high prevalence of

FRC% 131.9 150.3 109.2 129.2 COPD in the general population and
Emph vs Mixm <.01 the unavailability of CT imaging for
Mixs vs Mixm <.01 most patients, even more so if we con-
Mixm vs Funct <01 sider that both inspiratory and expira-
Mixs vs Funct <.01

tory scans are needed. We found that

Note.—Unless otherwise indicated, data are means. Differences between groups were analyzed by analysis of variance and Games- bOdy mass index combined in a pre-
Howell posthoc tests. BMI = body mass index, DLco% = percentage of predicted diffusing capacity of lung for carbon monoxide, emph ictive m 1 with rcenta f dif-
= group of patients with prevalent emphysema, FEV,% = percentage predicted forced expiratory volume in 1 second, FRC% = dictive ode th percentage o d

percentage of predicted functional residual capacity, Funct = group of patients with prevalent functional gas trapping, FVC% = fusing Capacity for carbon monoxide

percentage of predicted forced vital capacity, Mixm = group of patients with lower degree of severity of emphysema and gas trapping, pre dicted forced expir atory volume in

Mixs = group of patients with a greater degree of severity of both emphysema and functional gas trapping, NS = not significant, RV% . LT .

= percentage of predicted residual volume, TLC% = percentage of predicted total lung capacity, VC = vital capacity. 1 second and predicted forced expira-

;z< '(?51- tory volume in 1 second/vital capacity
<.

can be used to classify patients with
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Table 4

Predictors and Odds Ratios of the
Logistic Regression Model

Predictor Odds Ratio P Value
DLco% 0.98 .03
FEVNC 0.87 <.01
BMI 3.41 <.01
FEV,% 1.03 .02

Note.—The best regressors were selected after a step-
wise procedure. The model classification cut-off was the
predicted probability value of .5. BMI = body mass index,
DLco% = percentage of predicted diffusing capacity of
lung for carbon monoxide, FEV1% = percentage
predicted forced expiratory volume in 1 second, P =
predicted probability; VC = vital capacity.

Table 5

Accuracy of the Logistic Regression
Model

Ten-fold
Cross-
validation
Class Class Accuracy Accuracy
Parameter 1 2 (%) (%)

Class 1 103 14 88.0 88.0

Class 2 24 61 71.8 67.0

Overall 81.1 79.2
accuracy

Note—Unless otherwise indicated, data are numbers of
patients. Patients in class 1 included those with P < .5
(groups 1 and 2 in Fig 4) and patients in class 2 included
those with P> .5 (groups 3 and 4 in Fig 4).

COPD according to CT parenchymal
destruction (%LAA_ .. ) with an
acceptable level of accuracy. Previ-
ous studies (25,26) showed that pa-
renchymal destruction on CT images
is related to both percentage of dif-
fusing capacity for carbon monoxide
and predicted forced expiratory vol-
ume in 1 second, and that predicted
forced expiratory volume in 1 second/
vital capacity is better related to CT
indexes (%LAA%SOMSP) of airway ob-
struction than predicted forced ex-
piratory volume in 1 second/forced
vital capacity. According to previous
results, spirometric indexes of airflow
obstruction had a moderate inverse
correlation with emphysema indexes
on CT images (27). These findings

can be explained by the absence of
a linear correlation between pulmo-
nary function data and CT attenuation
values, as demonstrated in a previous
analysis (26).

The probabilistic index described
here may help to differentiate, with
acceptable approximation, the con-
tribution of emphysema to total gas
trapping in COPD. In patients with a
predicted probability lower than 0.5
as output of the model, functional gas
trapping approximately corresponded
to total gas trapping. In patients with a
predicted probability greater than 0.5
as output of the model, parenchymal
destruction added to functional gas
trapping increasing the overall value
of total gas trapping (%LAA—sssexp)'
This is comparable to the results ob-
tained by McDonough et al (15), who
by measuring mean linear intercept at
micro-imaging showed that the nar-
rowing and loss of terminal bronchi-
oles preceded emphysematous de-
struction in COPD. In our patients,
when total gas trapping was around
or below 30%, it had no significant
emphysematous contribution and was
derived almost completely from the
nonemphysematous component.

Our study had limitations. The
main limitation of our study was the
relatively small number of patients in-
cluded in the cohort to be considered
representative of the whole spectrum
of COPD lung structural changes. Al-
though our cohort was smaller than
those of other studies (7,18), both
the distribution and the mean of
%LAAﬁqsm"S'7 and %LAA#SM'7 obtained
in our patients are comparable to those
obtained in another study (7), which
made the described model possibly
suitable for application to other popu-
lations (28,29). Another limitation of
this study was the use of the fixed ratio
predicted forced expiratory volume in
1 second/forced vital capacity accord-
ing to Global Initiative for Chronic
Obstructive Lung Disease guidelines
to enroll patients, instead of the use
of age-dependent reference equations
such as the lower limit of normality
(30,31). The adoption of the fixed ra-
tio may have over-diagnosed elderly

patients who represented the vast
majority of our population. Regarding
CT, we lacked spirometric control of
the level of lung inflation during the
acquisition, and this may be an issue
for reproducibility and data interpre-
tation. However, patients were given
careful instructions regarding how to
perform the respiratory maneuvers
while lying supine in the CT scanner.
The presence of bronchiectasis and
mucous impaction could have been
another possible pitfall in the evalu-
ation of lung density. However, none
of our patients were studied during an
exacerbation. Finally, the validation of
the Logit model has been done on a
training set (our cohort) and 10-fold
cross-validated. It would be advisable
to recruit a larger population in the
near future, and to validate prospec-
tively the model in a population differ-
ent from that of the model derivation.
A further limitation is the inclusion of
only white patients, which may limit
the application of the observed associ-
ations to other ethnicities.

In conclusion, our study demon-
strated that standard imaging metrics
obtained at inspiratory and expiratory
thoracic CT scans can be used to iden-
tify and quantify the relative contribu-
tion of emphysematous and nonem-
physematous gas trapping, permitting
a better definition of COPD subtypes.
Coregistration analysis adds informa-
tion on regional distribution of disease
type, extent, and severity, which cannot
be provided by standard densitomet-
ric analyses. Furthermore, the use of
a probabilistic model including anthro-
pometric and functional data can grade
the relative contribution of parenchymal
destruction to total gas trapping as as-
sessed by using CT. The application of
this model may help to define different
COPD subtypes and may be used to de-
sign newer outcomes in the development
of clinical and pharmacologic trials.
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Figure 4:  Output groups of the functional model and relationship between percentage of lung attenuation area with values below —856 HU
at expiration (%LAA_,,, ) and percentage of functional low density area (%fLDA) across the output groups. (a) Modified box-and-whisker
plot of mean values with corresponding 95% confidence intervals. The plot shows the distribution of percentage of lung attenuation area with

values below —950HU at inspiration (%LAAigmsp) across the four probability output groups of the logistic regression model. Group 1 (7= 63)
represents a predicted probability output between 0 and 0.2, group 2 (7= 61) represents a predicted probability output between 0.2 and 0.5,
group 3 (n = 44) represents a predicted probability output between 0.5 and 0.8, and group 4 (17 = 34) represents a predicted probability output

between 0.8 and 1. These groups have significantly different %LAA_950insp (P <.01). (b) Relationship between %LAA_%GEXD and percentage
of functional low density area across the four output groups of the logistic regression model. Patients with milder emphysema (group 1) are
distributed along the regression line (r = 0.89), whereas patients with more severe parenchymal destruction (groups 3 and 4) are scattered

from this fitted line.
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