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To investigate the prognostic value of quantitative com-
puted tomographic (CT) scoring for the extent of fibrosis
or emphysema in the context of a clinical model that in-
cludes the gender, age, and physiology (GAP model) of
the patient.

Study cohorts were approved by local institutional re-
view boards, and all patients provided written consent.
This was a retrospective cohort study that included 348
patients (246 men, 102 women; mean age, 69 years =
9) with idiopathic pulmonary fibrosis from two institu-
tions. Fibrosis and emphysema visual scores were in-
dependently determined by two radiologists. Models
were based on competing risks regression for death and
were evaluated by using the C index and reclassification
improvement.

The CT-GAP model (a modification of the original GAP
model that replaces diffusion capacity of carbon monoxide
with CT fibrosis score) had accuracy comparable to that
of the original GAP model, with a C index of 70.3 (95%
confidence interval: 66.4, 74.0); difference in C index
compared with the GAP model of —0.4 (95% confidence
interval: —2.2, 3.4). The performance of the original GAP
model did not change significantly with the simple addi-
tion of fibrosis score, with a change in C index of 0.0
(95% confidence interval: —1.8, 0.5) or of emphysema
score, with a change in C index of 0.0 [95% confidence
interval: —1.3, 0.4]).

CT fibrosis score can replace diffusion capacity of carbon
monoxide test results in a modified GAP model (the CT-
GAP model) with comparable performance. This may be
a useful alternative model in situations where CT scoring
is more reliable and available than diffusion capacity of
carbon monoxide.

©RSNA, 2014

Online supplemental material is available for this article.
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diopathic pulmonary fibrosis (IPF) is

a chronic, progressive fibrotic lung

disease of unknown cause character-
ized by the usual interstitial pneumonia
pattern at histopathologic examination
(1). IPF has a poor prognosis, with an
overall median survival time of approx-
imately 3 years. However, the clinical
course varies substantially, with some
individuals living only a few months
and others living many years after di-
agnosis (2,3). Predicting which course
a patient’s disease will take remains a
difficult challenge for clinicians and re-
searchers (4-7).

Recently, a validated clinical model
(the GAP [gender, age, and physiol-
ogy] model) was shown to be useful
for determination of risk of death for
patients with IPF on the basis of four
predictors: sex, age, forced vital capac-
ity (FVC), and diffusion capacity of car-
bon monoxide (DLCO) (7). The advan-
tage of the variables in the GAP model
is that they are commonly evaluated
in patients with IPF by clinicians and
researchers at the time of initial eval-
uation. Therefore, we believe that the
GAP model is the most relevant base
model for evaluating the additive value
of new prognostic variables for patients
with IPF. However, DLCO can be diffi-
cult to obtain in certain settings; some
patients with IPF simply cannot com-
plete the test, and there is appreciable
interfacility and intrapatient variability
(8).

Computed tomography (CT) of the
chest has a central role in the diagnosis
of IPF and is performed in virtually all
patients with IPF. Quantitative CT scor-
ing has been developed as a prognos-
tic tool, and methods of quantification
are becoming automated. The extent

Advance in Knowledge

B Quantitative CT scoring for the
extent of fibrosis (P = .001), but
not the extent of emphysema (P
= .074), is associated with risk of
death in patients with idiopathic
pulmonary fibrosis and may be
incorporated into a validated
clinical model (the CT-gender,
age, and physiology [GAP]
model).

of fibrosis as quantified at CT (ie, the
fibrosis score) has been consistently as-
sociated with survival in patients with
IPF (9-13). The extent of emphysema
at CT (ie, the emphysema score) also
has been associated with survival in
patients with IPF; however, the find-
ings are less consistent among studies
(14-17). Before adoption into clinical
practice and research protocols, the
precise role and contribution of these
scores should be well defined in relation
to already available clinical variables.

The purpose of this study was to
investigate the prognostic value of CT
scoring for the extent of fibrosis or
emphysema in the context of the GAP
model, either by adding to the perfor-
mance of the GAP model or by replacing
variables of the model without compro-
mising its performance. Our hypothesis
was that quantitative CT scores would
improve prognostic performance with
the GAP model.

Materials and Methods

The original study of prospectively en-
rolled patients and cohorts was Health
Insurance Portability and Accountabil-
ity Act compliant, was approved by
local institutional review boards, and
all patients provided informed written
consent. This retrospective study was
exempt from additional institutional
review board approval because it was
an analysis of preexisting data, and all
patient identifiers had been removed
from the data. There was no industry
support for this study.

Study Patients

We identified study patients from two
separate cohorts of patients with IPF.

Implication for Patient Care

B The CT-GAP model (C index,
70.3 [95% confidence interval:
66.4, 74.0]) may be a useful
model for determining prognosis
in patients with idiopathic pul-
monary fibrosis in situations
where CT scoring is more reli-
able and available than diffusion
capacity of carbon monoxide.

Cohort 1 (n = 176) included patients
enrolled in the University of Califor-
nia, San Francisco interstitial lung
disease longitudinal cohort study be-
tween 2001 and 2010. Cohort 2 (n =
172) included patient data entered in
the Mayo Clinic, Rochester database
between 2000 and 2010. For inclusion,
patients were required to have (a) re-
ceived a diagnosis of IPF according to
2000 consensus criteria (18), (b) un-
dergone pulmonary function testing
within 6 months of the initial clinical
evaluation (ie, study baseline), and (c)
undergone a CT examination within 1
year of the initial clinical evaluation
(ie, study baseline) that was available
for review. There were no exclusion
criteria. These patients comprised
subcohorts of patients who were part
of a previous study on the derivation
and validation of the GAP models (7).
Table 1 shows the baseline character-
istics of the patient cohorts.

Outcome

The outcome was death, with lung
transplantation treated as a competing
risk. Vital status and date of death were
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Table 1

Patient Characteristics

Cohort 1 Cohort 2 Combined Cohort
Characteristic (n=176) (n=172) (n=348)

Age (y)* 69.5 + 9.0 68.1 + 8.3 68.8 + 8.7
Sex

Female 68.4 + 9.0 65.5 + 8.1 66.9 + 8.6

Male 69.9 + 9.0 69.3 + 8.1 69.6 + 8.6

Percentage of menf 72.7 (128/176) 68.6 (118/172) 70.7 (246/348)
Ever smoked? 73.3(129/176) 72.7 (125/172) 73.0 (254/348)
Body mass index (kg/m?) 28.0 +48 295+ 47 287 = 4.8
Biopsy-proven IPF* 46.6 (82/176) 54.4 (94/172) 50.6 (176/348)
Pulmonary function test parameters

(% of predicted value)

FVC 70.6 = 18.8 62.9 + 15.3 66.8 + 17.6

FEV, 78.8 = 18.7 67.6 = 15.1 73.2+179

TLC 68.7 + 154 65.9 + 111 67.4 +13.6

DLCO 46.0 + 16.3 432 +12.7 447 +14.8
CT fibrosis score 19.8 £10.7 246 =11.4 221 +11.3
CT emphysema score? 0(0-39) 0 (0-44) 0 (0-44)

>5% emphysema’ 14.2 (25/176) 12.2 (211172) 13.2 (46/348)

>10% emphysema’ 8.5 (15/176) 7.0 (12/172) 7.8 (27/348)

Note.—Unless otherwise indicated, data are means + standard deviation. FEV, = forced expiratory volume after 1 second, TLC

= total lung capacity.

*There was no significant difference in the age of men compared with that of women in cohort 1 (P = .31), but there was a
significant difference in cohort 2 (P = .005) and the overall cohort (P = .006). Comparison made with ¢ test.
T Data are percentages, with numerator and denominator in parentheses.

* Data are medians, with the range in parentheses.

verified by using database records and
the United States Social Security Death
Index.

Independent Variables

The primary independent variables
for this study were CT fibrosis score
(score, 0-100) and CT emphysema
score (score, 0-100). Additional var-
iables included as covariates were the
four individual variables of the GAP
model (age, gender, percentage of
predicted FVC, and percentage of pre-
dicted DLCO), and the GAP score itself
(the linear variable of the GAP continu-
ous model [7]).

All CT examinations were per-
formed in a routine clinical care set-
ting by using four-, 16—, or 64-detec-
tor row CT scanners (GE, Milwaukee,
Wis) with a standard interstitial lung
disease protocol. Axial images were ob-
tained at full inspiration with patients
in the supine and prone positions; only

images with patients in the supine po-
sition were used for analysis. Thin sec-
tions (1.25 mm) were imaged at 1-cm
intervals, and images were reconstruct-
ed by using an edge-enhancing (bone)
algorithm. Scanner parameters were
as follows: axial mode, 120 kVp; milli-
ampere adjustment, automatic; pitch,
1.0. Images were analyzed by using a
picture archiving and communication
system (Agfa, Mortsel, Belgium) with
standard CT windows (level, 700 HU;
width, 1000 HU).

Two experienced chest radiologists
(B.ML.E. and T.E.H, with 8 and 21 years
of experience) who were blinded to
clinical data independently assessed
CT images for the extent of fibrosis
and emphysema by using a standard
protocol (12). These radiologists deter-
mined the percentage of lung affected
by fibrosis (including extent of reticu-
lation and honeycombing) and emphy-
sema (defined as low attenuation areas

with a barely perceptible or undetect-
able wall), rounded to the nearest 5%.
The lungs were divided into six distinct
zones, three on each side. The upper
lung zone was located at and above the
level of the aortic arch. The midlung
zone was located between the aortic
arch and the inferior pulmonary veins.
The lower lung zone was located at and
below the inferior pulmonary veins.
Radiologists performed a visual assess-
ment of all images in each zone to de-
termine the percentage of lung affected
by fibrosis and emphysema. The values
from these six lung zones were then av-
eraged to produce an overall percent-
age of fibrosis (the fibrosis score) and
emphysema (the emphysema score) for
each subject. A total of 14 CT examina-
tions were read by only one radiologist
to protect the anonymity of the patients
(the CT scans were unable to be dei-
dentified for sending to an outside in-
stitution). In these cases, the scores of
the single radiologist reading the study
were used. In all other cases, the av-
erage of the two radiologists’ readings
was used for the main analysis, with
sensitivity analyses performed by each
radiologist. FVC and DLCO were per-
formed according to standard criteria
(8,19,20).

Statistical Analysis

All analyses were performed by using
software (Stata 13; StataCorp, College
Station, Tex). Emphysema score had
a highly skewed distribution and was
transformed to the natural logarithmic
scale after adding 1 to avoid losing zero
values. Interobserver reliability for CT
fibrosis score and emphysema score
was assessed by using intraclass corre-
lation. Correlations between variables
were determined by using Spearman
correlation coefficients.

It is generally accepted that no
more than one independent variable
for every 10 uncensored outcomes in
the derivation cohort should be con-
sidered for inclusion in the final mul-
tivariate model to avoid overfitting the
model (21). Our derivation cohort had
83 deaths, implying that up to eight
variables (83 divided by 10) could
safely be considered. We screened
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Table 2

CT Fibrosis and Emphysema Scores and Risk of Death: Unadjusted and Adjusted for the GAP Score

Cohort 1 (n=176)

Cohort 2 (n1=172)

Combined Cohort (n = 348)

Subdistribution Subdistribution Subdistribution
Variable Hazard Ratio PValue Hazard Ratio PValue Hazard Ratio PValue
Unadjusted analysis
GAP score 3.21(2.18,4.72) <.001 3.05(2.17,4.30) <.001 3.16 (2.46, 4.05) <.001
Fibrosis score 1.04 (1.01, 1.06) .001 1.03 (1.01, 1.05) .005 1.03 (1.02, 1.05) <.001
Emphysema score 1.20 (1.00, 1.45) .055 1.08 (0.89, 1.03) 453 1.13(0.99, 1.30) .074
Adjusted for GAP and fibrosis scores
GAP score 2.90 (1.95, .29) <.001 3.02 (1.99, 4.56) <.001 2.86 (2.15,3.78) <.001
Fibrosis score 1.02 (0.99, 1.04) 129 1.00 (0.98, 1.02) .903 1.01 (1.00, 1.03) 114
Adjusted for GAP and emphysema scores
GAP score 3.31(2.22,4.93) <.001 3.09 (2.17, 4.40) <.001 3.14 (2.44, 4.04) <.001
Emphysema score 1.22(1.00, 1.50) .053 0.95(0.76, 1.18) 637 1.07 (0.92,1.24) .365
Adjusted for GAP, fibrosis, and emphysema score
GAP score 2.99 (1.99, 4.51) <.001 3.08 (1.99,4.77) <.001 2.84 (2.14,3.77) <.001
Fibrosis score 1.02 (0.99, 1.04) 197 1.00 (0.98, 1.02) 974 1.01 (1.0, 1.03) 113
Emphysema score 1.20(0.97,1.49) .098 0.95(0.76, 1.19) .648 1.07 (0.92,1.25) .357

Note.—Data in parentheses are 95% Cls. Data are based on competing risk regression analysis. Emphysema score was transformed to the natural logarithmic scale.

only six variables in this study. We
then sought further protection against
overfitting by cross-validating the sum-
mary statistic used to compare candi-
date models.

Fine-Gray models for risk of death
were used, treating transplantation as
a competing risk (22). Subdistribution
hazard ratios were used to summarize
variable effects in these models. We first
evaluated the unadjusted association of
each variable with death followed by ad-
justment for DLCO, FVC, and the calcu-
lated GAP score (Appendix E1 [online],
Table E1 [online]). Next, we compared
a base model, which included the cal-
culated GAP score as the only variable,
to augmented models also including
the fibrosis or emphysema score. Our
first measure of potential model im-
provement was change in the cross-val-
idated C index, an optimism-corrected
measure of discrimination (21). The C
index is similar to the more familiar
area under the receiver operating char-
acteristic curve for binary outcomes for
estimating the concordance between
predicted and observed outcomes when
censoring is present. The C index ac-
commodates censoring in survival data
by focusing estimation on usable pairs
in which one subject is known to fail

before the other, who may fail later or
be censored. The range of the C index
is 0%-100%, with 50% indicating no
predictive discrimination, and 100% in-
dicating perfect discrimination. The ap-
proach of Wolbers et al (23) was used
to calculate the C index in the presence
of a competing risk, with 20 repetitions
of 10-fold cross-validation to minimize
optimism. Our second measure was the
net reclassification improvement (NRI),
based on three strata of 1-year mor-
tality corresponding to the GAP stages
(7): less than 10%, low risk (GAP stage
I); 10%-30%, intermediate risk (GAP
stage II); and greater than 30%, high
risk (GAP stage Ill). NRI is the net pro-
portion of surviving or dying patients
correctly reclassified into a lower- or
higher-risk stratum, respectively. We
also calculated clinical NRI by using a
correction for asymmetry (24,25). Clin-
ical NRI is a measurement of the net
proportion of patients at intermediate
risk (GAP stage II) correctly reclassified
into the low- or high-risk strata (GAP
stage I or III, respectively), in which
treatment implications are clearer than
those for the intermediate risk group,
in view of the average 1-year mortality
after lung transplantation of approxi-
mately 20% (26). Bootstrap resampling

with 500 repetitions was used to cal-
culate 95% bias-corrected confidence
intervals (Cls) for the cross-validated C
index and between-model differences,
while Cls for NRI and clinical NRI were
calculated by using normal approxima-
tion. The analysis was performed in
each cohort independently and then
combined. Analyses were repeated in
the combined cohort by using each in-
dividual radiologist’s reading alone as a
sensitivity analysis.

To obtain a model potentially includ-
ing fibrosis and/or emphysema scores,
we estimated the cross-validated C
index for all potential models contain-
ing combinations of the individual GAP
variables and quantitative CT scores.
The CT-GAP model, with fibrosis score
in place of DLCO, was selected on the
basis of clinical utility and optimization
of the cross-validated C index and was
compared with the GAP model by de-
termining the difference in the C index.
Calibration was assessed by compar-
ing mean model-based and observed
mortality according to GAP stage, with
stage Il further substratified into three
risk groups (stages Ila-lIlc) to better
assess calibration in this intermediate
risk group. Finally, for ease of clinical
use, the CT-GAP model was modified
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to use categorical versions of the four
included variables. To avoid overfitting,
cut points for categorization were de-
termined by optimizing the cross-vali-
dated C index.

Cohort Characteristics and Radiologic
Evaluation

Overall, there were 194 deaths and 30
lung transplantations (83 deaths and
20 lung transplantations in cohort 1
and 111 deaths and 10 lung transplan-
tations in cohort 2) with a median fol-
low-up time of 2.5 years. The median
time to death or transplantation was
2.9 years (3.0 years and 2.8 years in
cohorts 1 and 2, respectively).

The intraclass correlation coeffi-
cient between radiologists was 81.7%
(95% CI: 78.1%, 85.3%) for fibrosis
score and 86.6% (95% CI: 83.9%,
89.3%) for emphysema score. The
mean * standard deviation interval
between CT examination and clinical
evaluation was 10 days = 71; more
than 85% of CT examinations were
performed within 3 months and more
that 95% were performed within 6
months. The mean interval between
CT examination and pulmonary func-
tion test was 13 days = 84.

Relationships among Quantitative CT
Scores, GAP Variables, and Risk of Death

CT fibrosis score had a weak positive
correlation with age (r = 0.18, P =
.001) and a moderate negative corre-
lation with FVC (r = —0.47, P = .001)
and DLCO (r = —0.37, P = .001) (Ap-
pendix E1 [online|, Table E2 [online]).
Men had a higher mean fibrosis score
than did women (22.9 vs 20.2, respec-
tively; P = .041), and patients who were
unable to perform the DLCO maneuver
had a higher mean fibrosis score than
those who were able to perform the
maneuver (36.4 vs 21.1, respectively; P
= .001). CT emphysema score did not
have a significant correlation with age
(r=0.04, P = .42), but did have a weak
positive correlation with FVC (r = 0.17,
P =.001) and a weak negative correla-
tion with DLCO (r = —0.29, P = .001).

Continuous CT-GAP Model:
Multivariate Analysis for Risk of
Death

Subdistribution

Variable Hazard Ratio PValue
CT fibrosis score  1.03 (1.01,1.05) <.001
Sex (male) 1.44(1.00,2.06) .048
Age

Spline 1 1.14(1.07,1.22) <.001

Spline 2 0.92 (0.87,0.98)  .006
Physiology FVC,  0.99 (0.98,0.99)  .003

% predicted

Note.—Data in parentheses are 95% Cls. Analysis was
of the combined cohort. Model discrimination: C index
for cohort 1, 67.6 (95% CI: 59.9, 73.2); cohort 2, 66.0
(95% Cl: 59.1, 71.4); combined, 69.2 (95% Cl: 65.2,
72.9).

There was no difference in emphysema
score between men and women (P =
.16) or patients who were or were not
able to perform the DLCO maneuver (P
=.63).

CT fibrosis score was significantly
associated with mortality at unad-
justed analysis (P = .001), but lost sig-
nificance after adjustment for FVC and
DLCO in combination (P = .104) (Ap-
pendix E1 [online|, Table E3 [online]).
CT emphysema score was not signifi-
cantly associated with risk of death at
unadjusted analysis (P = .074). Neither
CT fibrosis score nor CT emphysema
score were significantly associated
with mortality after adjustment for the
calculated GAP score (P = .114 and
.3635, respectively) (Table 2).

The CT-GAP Model

Screening all potential models with the
individual GAP variables and the CT
quantitative scores allowed identifica-
tion of a model consisting of gender,
age, FVC, and CT fibrosis score in
place of DLCO (Tables 3, 4; Appen-
dix E1 [online|; Table E1 [online])
with a C index comparable to that of
the GAP model (69.2 [95% CI: 65.2,
72.9]). The C indexes for the CT fi-
brosis score alone and DLCO alone
were nearly identical, 64.3 (95% CI:
60.0, 68.6) and 64.1 (95% CI: 59.2,

Continuous CT-GAP Model: Model
Calibration

Variable Model Based ~ Observed
Overall by Year
1 year 18.6 181
2 years 32.2 31.5
3 years 45.5 44.2
1-year death risk
by stage
Stage | 59 3.4
Stage lla 12.5 15.5
Stage IIb 18.1 17.9
Stage llc 25.3 18.4
Stage Il 38.4 45.2
2-year death risk
by stage
Stage | 11.3 9.2
Stage lla 23.3 23.2
Stage IIb 32.6 25.0
Stage llc 44.0 39.9
Stage lll 61.1 74.1
3-year death risk
by stage
Stage | 17.9 15.6
Stage lla 35.5 34,5
Stage b 47.9 39.6
Stage llc 61.6 61.6
Stage Ill 784 84.9

Note.—Data are percentage of patients who died.
Numbers of patients: stage I, 87; stage lla, 64; stage lIb,
72; stage lic, 70; stage lIl, 53.

68.0), respectively. Both CT fibro-
sis score and DLCO significantly im-
proved model discriminative perfor-
mance when added to the remaining
GAP variables alone (ie, gender, age,
and FVC). The CT-GAP model demon-
strated acceptable calibration in com-
parisons of model-based and observed
risk of death. Estimated death risk by
stage for the CT-GAP model was com-
parable to that of the GAP model (Figs
1, 2). Categorization of the CT-GAP
predictors is shown in Tables 5 and 6.
The categorical CT-GAP model dem-
onstrated comparable discrimination
(C index, 70.3 [95% CI: 66.4, 74.0],
differences when compared with the
original GAP model of —0.4 [95% CI:
—2.2, 3.4]) and calibration. Figures 3
and 4 demonstrate clinical application
of the categorical CT-GAP model.
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Figure 2:  Scatterplot shows correlation between CT-GAP—estimated and
GAP-estimated risk of death. Grid boxes are shaded according to the shift
in GAP stage between the two models. White boxes represent no shift in
GAP stage between the two models, whereas light gray boxes represent a
one-stage shift and dark gray boxes represent a two-stage shift. No patients
were shifted two stages between the two models. GAP stage | = less than
10% risk of death in 1 year, GAP stage Il = 10%—30% risk of death in 1
year, and GAP stage Il = more than 30% risk of death in 1 year.

Categorical CT-GAP Model:

Multivariate Analysis
Subdistribution

Variable Hazard Ratio PValue
CT fibrosis

score

11%—-30% 1.83(1.06, 3.17) .030
>30% 3.76 (2.06,6.86) <.001
Sex (male) 1.34(1.00,2.06)  .106
Age (v)

61-65 3.04 (1.55, 5.96) .001
>65 4.86 (2.73,8.64) <.001
Physiology FVC, 1.78 (1.31,2.43) <.001

=65%

predicted

Note.—Data in parentheses are 95% Cls. Multivariate
analysis was of the combined cohort. Model
discrimination: C index, cohort 1, 69.9 (95% Cl: 62.4,
74.8); cohort 2, 66.8 (95% ClI: 59.4, 71.2); combined,
70.3 (95% Cl: 66.4, 4.0)

Model Performance with the Addition of
CT Fibrosis and Emphysema Scores

Adding the CT fibrosis score or the CT
emphysema score to the complete GAP
model did not improve model perfor-
mance (change in C index of 0.0 [95%
Cl: —1.8, 0.5] with fibrosis score and
0.0 [95% CI. —1.3, 0.4] for emphy-
sema score; NRI and clinical NRI simi-
larly were not significant for either ad-
dition (Table E4 [online]). Results were
similar when analyses were restricted
to quantitative CT scores from either
individual radiologist (Tables ES, E6
[online]).

Quantitative CT fibrosis score can re-
place DLCO in a modified GAP model
(the CT-GAP model) with comparable
performance, thus offering an impor-
tant and, in some cases, simpler al-
ternative to the GAP model for deter-
mining risk of death in patients with
IPF. Quantitative CT scoring does not
improve performance of the complete
original GAP model, likely because of
the significant correlation of CT scores
with the clinical and physiologic vari-
ables in the GAP model.
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Table 6 Figure3

Categorical CT-GAP Model: Model
Calibration

Variable Model Based ~ Observed
Overall by year
1 year 18.4 181
2 year 32.0 31.5
3year 453 442
1-year death risk
by stage
Stage | 5.3(000/000) 3.4
Stage Il 18.7 19.1
Stage Ill 42.8 42.7
2-year death risk
by stage
Stage | 10.3 8.1
Stage Il 33.6 30.9
Stage Ill 67.2 78.6
3-year death risk
by stage
Stage | 16.6 13.3
Stage Il 49.0 481
Stage lll 84.3 85.4

Note.—Data are percentage of patients who died.
Numbers of patients: stage |, 87; stage Il, 215; stage Ill, 44.

CT of the chest has become the
standard of care in the diagnostic eval-
uation of patients with IPF (1). Quan-
titative CT analysis has the potential
to extend the value of CT beyond di-
agnosis, and among the community of
practitioners who treat interstitial lung
disease there has been increasing in-
terest in standardization of quantitative
methodology. The results of our study
directly demonstrated how quantitative
CT scoring of fibrosis can be combined
with clinical data and lung function test
results to determine risk of death in pa-
tients with IPF.

There are merits to a risk model
that replaces DLCO with other vari-
ables available from the initial clinical
evaluation such as quantitative CT fi-
brosis score. Although the DLCO test
has a proven association with mortal-
ity in patients with IPF, it does require
additional time and effort to obtain,
has variable reproducibility (8) and
cannot be performed adequately by
some patients. Therefore, the CT-GAP
model may provide a more efficient

Fibrosis
1
1 ] | ! |
<10% 11-30% >30%
1 1 1
FVC FVC FvC
— —— ——
>65% <65% >65% <65% >65% <65%
Female <60 Female <60 Female <60 Female <60 Female <60 Female <60
- 1.4% m 2.5% - 2.5% = 4.4% - 4.9% - 8.5%
(0.6-3.4) (1.0-5.6) (1.1-4.9) (2.1-7.9) (2.2-9.9) (4.2-15.2)
Male <60 Male <60 Male <60 Male <60 Male <60 Male <60
m 1.8% — 3.2% u 3.3% — 5.7% = 6.3% - 108%
(0.8-4.1) (1.3-6.7) !1.7-6.0) 53.1-9.8! !3.1—12.7! 55.9-19.1!
Jremale 61-65] | [Female 61-65 Female 61-65] | JFemale 61-65] | [Female 61-65] | |Female 61-65
— 4.3% - 7.4% = 7.5% —  12.9% — 14.2% - 236%
(1.9-8.5) (3.2-14.4) (3.8-13.2) (6.9-20.0) (7.1-26.0) (12.9-38.7)
Male 61-65 Male 61-65 Male 61-65 Male 61-65 Male 61-65 Male 61-65
=1 5.5% = 9.5% =1 9.6% = 16.3% = 17.9% =1 29.3%
(2.8:109) (4.8-18.8) (5.3:15.5) (8.4-25.0) (9.6-30.4) (16.5-45.0)
Female >65 Female >65 Female >65 Female >65 Female >65 Female >65
1 7.3% =~ 12.5% = 12.7% - 21.2% = 23.2% - 37.3%
(3.6-13.1) (6,0-22.8) (8.4-19.1) (14.4-31.1) (14.3-35.9) (26.1-51.6)
Male >65 Male >65 Male >65 Male >65 Male >65 Male >65
- 9.3% - 15.8% - 16.0% = 25.5% — 28.9% — 45.2%
(5.1-15.4) !8.3-26.4! (11.2-21.1) (19.3-34.0) (19.1-39.5) (32.8-56.6)
Figure 3: lllustration shows the categorical CT-GAP model in simple algorithm form. Lowest tier boxes

show 1-year model-estimated risk of death in percentages, with 95% Cls in parentheses according to
gender and age (eg, female 61-65). Pale green boxes correspond to low 1-year risk (< 10%); yellow boxes
correspond to intermediate 1-year risk (10%—30%); and red boxes correspond to high 1-year risk (> 30%).
Fibrosis = percentage of fibrosis at CT; FVC = forced vital capacity compared with percentage predicted.

and, ultimately, more reliable method
of prognostication for patients with
IPF than the original GAP model can
provide. Improved standardization and
dissemination of quantitative CT scor-
ing methodology and the development
of automated, computerized CT scoring
algorithms could make this model par-
ticularly useful and attractive.

Our findings are consistent with
those of prior studies that showed that
CT fibrosis score is statistically associ-
ated with survival in patients with IPF,
and that it correlates with pulmonary
function test results (11-13). However,
in our study we found that CT fibrosis
score does not add prognostic value to

a prespecified base model consisting
of clinical and physiologic variables,
and that it may replace DLCO in that
model, with preserved overall model
performance. Our study also differed
from previous studies in that we in-
cluded more informative measures of
model accuracy (ie, the C index, net
reclassification improvement, and cali-
bration) and included an external vali-
dation cohort.

Authors of previous studies have
reported an inconsistent association of
CT emphysema score with prognosis in
patients with IPF (14-17). We did not
find a significant association. Although
the small number of patients with
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C.

substantial emphysema in our cohort
may have limited the statistical power
to detect an association of emphy-
sema with mortality, the proportion of

f.

Figure 4:  CT images show application of categorical CT-GAP model in two patient examples. Patient 1 (a—c, upper, middle, and lower lung,
respectively) is a 71-year-old woman with low fibrosis score of 4 and no emphysema. FVC was 81% of predicted, and DLCO was 61% of that
predicted. Patient was alive after 3.4 years of follow-up. Estimated 1-year risk of death according to CT-GAP model was 7.3% (95% Cl: 3.5%,
13.1%). Patient 2 (d—f, upper, middle, and lower lung, respectively) was a 75-year-old man with high fibrosis score of 42 and no emphysema.
FVC was 46% of that predicted, and DLCO was 48% of that predicted. Patient died 163 days after evaluation. Estimated one-year risk of death
according to CT-GAP model was 45.2% (95% Cl: 32.8%, 56.6%).

subjects in our cohort with any detect-
able emphysema (103 of 348 [30%])
is consistent with that of other studies
of patients with IPF (range, 28%-33%

[10,14,15]). In addition, inspection
of the 95% ClIs for the change in C
index (0.0 [95% CI: —1.8, 0.5]) and
the NRI (1.3 [95% CI: —3.8, 6.4])
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with the addition of CT emphysema
score to the GAP model makes it un-
likely that a substantial improvement
in model performance was missed with
the exclusion of CT emphysema score
from a modified GAP model.

In our study, we included the larg-
est cohort of well-characterized pa-
tients with IPF in whom the prognostic
value of quantitative CT scoring has
been evaluated to date. We included
two geographically distinct cohorts of
IPF patients, allowing for validation of
all findings, and implemented rigorous
model evaluation methods (ie, discrim-
ination and calibration) that go beyond
simple tests of statistical significance
and are more prognostically informa-
tive (24,25,27-29). In evaluating the
prognostic contribution of quantitative
CT scoring, we compared CT-based ap-
proaches with a well-validated, simple,
and accessible clinical model (the GAP
model), considering the GAP model
a base model reference standard. We
believe that this base model approach
is important for the future assessment
of predictors, because it allows for the
more accurate evaluation of the addi-
tional contribution of putative prognos-
tic variables and a direct quantitative
comparison of prognostic variables
throughout studies. This is similar to
the approach to identifying prognostic
variables being used in cardiovascular
disease risk prediction (30).

This study was retrospective, which
may have limited data quality, and addi-
tional prospective assessment is needed
to confirm these findings. Also, we only
evaluated the association of CT fibro-
sis and emphysema scores with risk of
death; it is unknown if they are asso-
ciated with the risk of other clinically
important outcomes such as disease
progression or acute exacerbation.
Specific CT features such as honey-
combing, traction bronchiectasis, and
ground-glass attenuation could have
prognostic value and were not indi-
vidually assessed in this study. Finally,
CT scans were scored by experienced
chest radiologists in this study, and re-
sults may not be generalizable to other
centers with less experienced readers.
Improved standardization of the CT

fibrosis score, even at centers with
less experienced radiologists, may be
obtainable in the near future with the
increased availability of computer-gen-
erated models that allow automation of
these calculations. Also, in this study,
we analyzed nonvolumetric CT exami-
nations in which sampled images were
acquired at 1-cm intervals. Volumetric
CT is used increasingly at many cen-
ters, and would decrease the chance of
sampling error, albeit at the expense of
increased radiation dose.

Although we believe that the original
GAP model remains the most practical
and well-validated means of determining
risk of death in patients with IPF today,
the CT-GAP model, if validated, may be-
come the preferred approach in patients
with IPF for providers who have easy ac-
cess to reliable quantitative CT scoring. In
addition, the CT-GAP model provides an
alternative for patients in whom DLCO
is unmeasurable or difficult to obtain.
The discriminative performance of both
the CT-GAP and GAP models, although
acceptable, remains suboptimal, and ad-
ditional prognostic variables are needed
to improve their performance in patients
with IPF. Useful prognostic variables
may include additional clinical variables
like the six-minute walk test distance or
desaturation, comorbidities, the change
in variables such as FVC or DLCO with
time, and blood or bronchoalveolar la-
vage —based biologic markers. These and
other prognostic variables for IPF should
be evaluated with rigorous multivariate
model methodology by using the base
model comparison approach to evaluate
their clinical utility in comparison with an
accepted reference standard.
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