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BACKGROUND: Interstitial lung disease (ILD) results in high morbidity and health-care utilization.
Diagnostic delays remain common and often occur in nonpulmonology settings. Screening for
ILD in these settings has the potential to reduce diagnostic delays and improve patient outcomes.

RESEARCH QUESTION: This study sought to determine whether a pulmonary function test
(PFT)-derived diagnostic prediction tool (ILD-Screen) could accurately identify incident ILD
cases in patients undergoing PFT in nonpulmonology settings.

STUDY DESIGN AND METHODS: Clinical and physiologic PFT variables predictive of ILD were
identified by using iterative multivariable logistic regression models. ILD status was deter-
mined by using a multi-reader approach. An ILD-Screen score was generated by using final
regression model coefficients, with a score = 8 considered positive. ILD-Screen test per-
formance was validated in an independent external cohort and applied prospectively to PFT's
over 1 year to identify incident ILD cases at our institution.

RESULTS: Variables comprising the ILD-Screen were age, height, total lung capacity, FEV;,
diffusion capacity, and PFT indication. The ILD-Screen showed consistent test performance across
cohorts, with a sensitivity of 0.79 and a specificity of 0.83 when applied prospectively. A positive
ILD-Screen strongly predicted ILD (OR, 18.6; 95% CI, 9.4-36.9) and outperformed common ILD
clinical features, including cough, dyspnea, lung crackles, and restrictive lung physiology. Pro-
spective ILD-Screen application resulted in a higher proportion of patients undergoing chest CT
imaging compared with a historical control cohort (74% vs 56%, respectively; P = .003), with a
significantly shorter median time to chest CT imaging (5.6 vs 21.1 months; P < .001).

INTERPRETATION: The ILD-Screen showed good test performance in predicting ILD across
diverse geographic settings and when applied prospectively. Systematic ILD-Screen application
has the potential to reduce diagnostic delays and facilitate earlier intervention in patients with ILD.
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IRC = indication risk category; PFT = pulmonary function test; ROC =
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receiver-operating characteristic; TLC = total lung capacity; U-ILD =
unclassifiable interstitial lung disease
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Interstitial lung disease (ILD) comprises a heterogeneous
group of diffuse parenchymal lung disorders that
commonly result in pulmonary fibrosis. Those who
develop pulmonary fibrosis have high health-care
utilization"” and mortality risk that is proportional to
the extent of fibrosis.”* Although studies have shown
that antifibrotic and immunosuppressive therapy slow
the progression of several common ILD subtypes,”
prolonged delays in diagnosis remain common.”'’ The
factors influencing diagnostic delays remain
incompletely characterized, but a large proportion of
delays occur in primary care and other nonpulmonology
settings.' "'

ILD screening in the general population continues to be
challenging given the low disease prevalence and
nonspecific symptoms. A more cost-effective approach
may lie in the identification of high-risk populations in
primary care and other clinical settings. One such group
includes those undergoing pulmonary function tests

(PFTs). This diagnostic modality, which includes
measures of lung volumes, spirometry, and gas transfer,
is used to evaluate pulmonary and nonpulmonary
conditions across a broad range of medical specialties.
PFT data help to characterize ILD severity”’ls;
characteristic abnormalities, including restrictive
physiology and reduced gas transfer,'® can also suggest
the presence of ILD in undiagnosed patients.

The current study derived a diagnostic prediction tool
for ILD (ILD-Screen) using clinical and physiologic
measures collected during PFT. We validated the ILD-
Screen in an independent cohort and prospectively
applied this tool over 1 year to PFTs performed in
nonpulmonology settings to identify incident ILD cases
at our institution. ILD-Screen test performance was
compared vs clinical and physiologic features of ILD,
and the effectiveness of prospective ILD-Screen
application on subsequent chest CT acquisition was
assessed.

Patients and Methods

This investigation was performed at the University of California at
Davis and the Centre Hospitalier de I'Université de Montréal
(CHUM). It was approved by the institutional review board at each
center, which provided waivers of consent (UC-Davis protocol
#928979 and CHUM protocol #2019-7786).

ILD-Screen Derivation

Consecutive patients completing a PFT (plethysmography, spirometry,
and gas transfer) from January 1, 2015, to December 31, 2016, were
identified. Those with a chest CT scan performed within 6 months
of PFT were included in the analysis. Variables captured on the PFT
report, including age, sex, reference race, height, weight, PFT
indication, total lung capacity (TLC), FVC, FEV,, and diffusing
capacity of the lung for carbon monoxide (Drco) (unadjusted for
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hemoglobin), were extracted and included in the ILD-Screen
modeling. Patients undergoing PFT following lung transplantation
were excluded.

A pulmonologist with ILD expertise (J. M. O.) and a general radiologist
(A. K.) blinded to PFT data independently reviewed all chest CT scans
to assess for the presence of ILD, defined as bilateral, nondependent
reticular opacities affecting = 5% of the total area of each lung. This
definition was chosen to identify those with fibrotic ILD and
nonfibrotic interstitial lung abnormalities (ILAs)."”*' Patients with
unilateral fibrosis, as is often observed in radiation-induced fibrosis,
were not considered to have ILD for the purposes of this
investigation. A thoracic radiologist (M. K.) with 9 years’ experience
adjudicated discordant cases and confirmed all positive cases.

Variable selection using the aforementioned variables was performed
via iterative logistic regression models, with ILD modeled as a
dichotomous dependent variable. PFT indication was modeled as a
categorical variable with indications having an ILD prevalence of <
10%, 10% to 20%, 20% to 40%, and > 40% assigned a score of 0, 1,
2, and 3, respectively. Exploratory analyses were performed to
determine whether variable derivatives (eg, FEV,/FVC ratio, BMI),
linear splines, and/or interaction variables improved model
performance. Area under the curve (AUC) analysis was used to
select the final regression model, with parsimony prioritized.

Beta-coefficients from variables comprising the final regression model
were used to construct an ILD-Screen score, which ranged from 0 to
15. Test performance characteristics at various ILD-Screen score
thresholds were assessed to determine the optimal score for ILD
discrimination, with balanced sensitivity and specificity prioritized.

External Validation

Consecutive patients undergoing complete PFT at the CHUM from
December 1, 2017, to May 31, 2018, were identified.
Individuals with a paired chest CT scan performed within
6 months of PFT were included in the analysis. A chest radiologist
(J. C.) with 41 years’ experience determined ILD status as described
earlier.
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Prospective Validation

The ILD-Screen was applied on a weekly basis to PFTs performed at
the University of California at Davis from January 1, 2017, to
December 31, 2017. PFTs were excluded when: (1) ordered by a
pulmonologist; (2) included in the derivation cohort; (3) ordered for
a pregnant female subject; or (4) ordered for an individual aged <
18 years. To identify only incident cases, ILD-Screen-positive
patients with previous chest CT imaging were excluded. The PFT-
ordering physician for patients with a positive ILD-Screen was
contacted via the electronic medical record and advised to obtain a
high-resolution CT (HRCT) scan in the inspiratory prone position if
clinically indicated. A follow-up message was sent after 30 days if no
HRCT scan had been ordered. ILD status was assessed by using the
multi-reader approach described earlier. ILD subtype was determined
by multidisciplinary discussion following ILD clinic evaluation or
chart review.

Test Performance Comparative Analysis

ILD prediction and test performance were compared between the ILD-
Screen and common clinical and physiologic ILD features. Cough,
dyspnea, and lung crackles were considered present when mentioned
by a physician in the electronic medical record within 6 months of

the PFT. Physiologic variables were dichotomized above and below
the 80% predicted threshold.

ILD-Screen Clinical Effectiveness

ILD-Screen effectiveness was assessed by comparing prospectively
identified patients with a positive ILD-Screen vs a historical control
cohort of similarly identified patients undergoing PFT from 2015 to
2016. Metrics of effectiveness assessed in these cohorts were the
proportion of patients with a positive ILD-Screen who underwent
subsequent chest CT imaging and the time from a PFT to chest CT
scan in those for whom chest CT imaging was performed. Follow-up
time was censored at 24 months.

Statistical Analysis

Continuous variables are presented as mean =+ SD. Categorical
variables are presented as counts and percentages and were
compared by using a > test. Logistic regression was used to assess
predictors of ILD. Time to event comparison was performed by
using a log-rank test and displayed graphically with the Kaplan-
Meier estimator. Statistical significance was set at P < .05. All
statistical analyses were performed by using Stata Release 16
(StataCorp).

Results

ILD-Screen Derivation

Of 1,271 patients undergoing paired PFT and chest CT
imaging over the derivation period, 212 (16.7%) had
evidence of ILD. Interobserver agreement for ILD
presence on chest CT imaging was good (K = 0.79).
Compared vs those without ILD, case subjects were
older, with a higher predominance of male subjects and
lower TLC, FVC, and Dico (Table 1). ILD was observed
in a higher number of patients referred for a pulmonary
indication compared with a nonpulmonary indication.

Variables selected for the final ILD-Screen model were
age, height, absolute TLC, FEV; and Dtco, and
indication risk category (IRC) (Table 2). No interaction
variable, linear spline, or variable derivative was
included in the final regression model, as none
significantly improved model AUC. Based on final
regression model beta-coefficients (e-Table 1), an ILD-
Screen score was constructed by using the following
equation:

(0.0544 * age) - (0.7827 * TLC (L)) + (1.4567 * FEV,
(L)) - (0.2336 * Drco (mL/mm Hg/min)) + (0.0694 *
height (cm)) + (1.1645 * IRC) - 3.9

With a model AUC of 0.91 (e-Fig 1A), each one-point
increase in the ILD-Screen score increased ILD risk by
nearly threefold (OR, 2.72; 95% CI, 2.4-3.09; P < .001).
Test performance characteristics at various ILD-Screen
score thresholds were assessed (e-Table 2), with a
score = 8 chosen to classify a positive ILD-Screen.
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External Validation

Three hundred eighty-four patients at the CHUM met
inclusion and exclusion criteria, including 68 (17.7%)
with evidence of ILD on chest CT imaging. Compared
vs those with ILD in the derivation cohort (Table 1), this
cohort had a higher percentage of patients for whom
white race was used as the reference group, along with
better overall lung function. When applied in this
cohort, the ILD-Screen showed a sensitivity and
specificity of 0.76 and 0.82, respectively (Table 3). With
a model AUC of 0.86 (e-Fig 1B), each one-point increase
in the ILD-Screen score increased the odds of ILD by
nearly twofold (OR, 1.89; 95% CI, 1.64-2.18; P < .001).

Prospective Validation

Of 2,002 patients completing a PFT during the screening
period, 699 (34.9%) met inclusion criteria, including 132
of 699 (18.9%) with a positive ILD-Screen (Fig 1). Of
ILD-Screen positive cases, 98 (74.2%) underwent HRCT
imaging after this test was recommended to the PFT-
ordering physician. Of 567 screen-negative cases, 245
(43.2%) underwent chest CT imaging. Incident ILD was
identified in 18.4% (n = 63) of individuals who
underwent chest CT scanning, with moderate
interobserver agreement for the presence of ILD on
chest CT scans in this cohort (K = 0.53). ILD case
subjects were older than those in the retrospective
cohorts and had significantly better overall lung function
(Table 1), with mean TLC and FVC in the normal range.
Although a higher percentage of those with ILD had
TLC, FVC, and Drco < 80% predicted, large minorities
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of those without ILD also had these physiologic
abnormalities.

Of prospectively identified ILD cases, 50 (79%) had a
positive ILD-Screen. The ILD-Screen exhibited
sensitivity and specificity of 0.79 and 0.83,
respectively, when applied in this cohort (Table 3).
With a model AUC of 0.87 (e-Fig 1C), each one-point
increase in the ILD-Screen score increased the odds of
ILD by nearly threefold (OR, 2.93; 95% CI, 2.18-3.95;
P < .001).

When stratifying the cohort according to the presence of
ILD symptoms (cough and/or dyspnea), test performance

TABLE 1 | Cohort PFT Characteristics

was relatively similar. Sensitivity and specificity of the ILD-
Screen were 0.78 and 0.8, respectively, in the symptomatic
group, and 0.86 and 0.89 in the asymptomatic group (e-
Table 3). This analysis was limited by relatively few ILD
cases (n = 7) in the asymptomatic group. When stratifying
the cohort according to care setting (e-Table 4), variable
ILD-Screen performance was observed. In the primary
care setting, the ILD-Screen had a sensitivity and
specificity of 0.81 and 0.8. In other care settings, the
sensitivity and specificity were 0.73 and 0.86; there were
relatively few ILD cases (n = 15) in non-primary care
settings, however. The relative contribution of each
variable comprising the ILD-Screen is shown in e-Table 5.

Derivation Cohort External Validation Cohort Prospective Validation Cohort
ILD Present ILD Absent (n = ILD Present ILD Absent ILD Present ILD Absent (n =
Characteristic (n=212) 1,059) (n = 68) (n = 316) (n=163) 280)
Age 67.9 +£12.1 60.5 + 14.6 67.8+11.4 | 62.4 +13.2 71.4 £9.7 61.3 + 14.8
Male sex 107 (50.5) 481 (45.4) 47 (69.1) 162 (51.3) 30 (47.6) 124 (44.3)
Reference race
White 182 (85.9) 870 (82.2) 66 (97.1) 302 (95.6) 56 (89.9) 236 (84.3)
African American 21 (9.9) 101 (9.5) 2(2.9) 6(1.9) 3(4.8) 26 (9.3)
Hispanic 9 (4.3) 88 (8.3) 0 8 (2.5) 4 (6.3) 18 (6.4)
BMI, kg/m? 28.6 + 6.2 29.6 £ 7.3 29.2 + 5.2 28 + 6.4 30.4 £ 6.7 30.1 £ 7.7
Height, cm 167.5+ 9.8 167.9 + 10 164.5+8.7 | 164.5+9.1 | 166.6 + 8.6 168 + 10.3
Weight, kg 78.6 £ 19.2 81.9 £+ 22.6 77.6 £15.2 | 74.2 + 18.6 82.4 + 21 83.8 + 24
TLC, L 43+1.3 54+1.5 45+1.3 55+1.4 49+1.3 54+1.5
TLC (% predicted) 73.8 £19.2 93.4 + 18 76.9 £+ 18.6 97.5 £ 18 85.8+16.2 | 91.1 +15.4
TLC < 80% predicted 130 (61.3 238 (22.5) 40 (58.8) 43 (13.6) 20 (31.8) 71 (25.4)
FEV,, L 1.9 +0.7 2.2+0.9 2.2+ 0.7 2.2 +0.8 2+0.6 2.2 +£0.8
FEV; (% predicted) 74.2 £ 22 75.4 +£22.3 85.3+21.6 | 80.5+23.2 | 81.6+18.8 | 78.3+20.1
FEV; < 80% predicted 127 + 59.9 571 £ 53.9 26 + 38.2 131 £ 41.5 28 +44.4 147 + 52.5
FVC, L 2.6 £0.9 3.2+1.1 2.7+0.9 31+1 29+0.9 3.2+1
FVC (% predicted) 75.2 +£22.1 85.8 + 20 77.7 £20.2 | 87.24+19.5 | 959+ 27.1 | 87.2+19.5
FVC < 80% predicted 117 (55.2) 359 (33.9) 43 (63.2) 97 (30.7) 20 (31.8) 66 (23.6)
FEV,/FVC 0.75 + 0.1 0.68 + 0.1 0.82 +£ 0.1 0.7 £ 0.1 0.72 £ 0.1 0.7+ 0.1
FEV,/FVC > 0.8 76 (35.9) 175 (16.5) 42 (61.7) 86 (27.2) 15 (23.8) 40 (14.3)
Dirco, mL/mm Hg/min 11.7 £ 4.4 17.3+6 13.5+5.2 16.9 + 5.9 14.1 £ 4.9 18 + 5.6
Dico (% predicted) 49.5+17.4 68.9 + 18.3 58 + 20 70.8 £ 19 61.4+17.2 | 71.6 + 15.8
Drco < 80% predicted 201 (94.8) 769 (72.6) 57 (83.8) 217 (68.7) 55 (87.3) 198 (70.7)
PFT indication
Pulmonary disease/ 178 (84) 679 (64.1) 57 (83.8) 192 (60.8) 50 (79.4) 168 (60)
symptom
Nonpulmonary disease/ 34 (16) 380 (35.9) 11 (16.2) 124 (39.2) 13 (20.6) 112 (40)
symptom

Values are expressed as mean = SD or No. (%). Dico = diffusing capacity of the lung for carbon monoxide; ILD = interstitial lung disease; PFT = pulmonary

function test; TLC = total lung capacity.
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TABLE 2 | ILD Prevalence by PFT Indication

PFT Indication

Indication Risk Category”

Derivation
Cohort (n = 1,271)

External Validation
Cohort (n = 384)

Prospective Validation
Cohort (n = 343)

Pulmonary disease
Asthma
Bronchiectasis
COPD/emphysema
ILD
Other ILD features®
Nodule(s)

Pulmonary hypertension
Sarcoidosis
Other

Cough and/or dyspnea

Cardiac disease

Rheumatologic disease

Malignancy

Other

O O W o+ ONDNMNOF W+ +» O

3/61 (4.9)
6/40 (15)
16/151 (10.6)
97/114 (85.1)
3/24 (12.5)
3/59 (5.1)
7/24 (29.2)
12/37 (32.4)
3/75 (4)
28/272 (10.3)
5/79 (6.3)
8/17 (47.1)
16/247 (6.5)
5/71 (7)

0/10
0/1
2/42 (4.8)
44/71 (62)
0/9
4/38 (10.5)
5/50 (10)
0/2
2/12 (16.7)
0/0
0/0
2/15 (13.3)
8/108 (7.4)
1/12 (8.3)

3/36 (8.3)
0/0
12/36 (33.3)
3/3 (100)
3/6 (50)
0/2
3/18 (16.7)
1/2 (50)
1/2 (50)
24/113 (21.2)
2/18 (11.1)
6/10 (60)
5/79 (6.3)
0/18

See Table 1 legend for expansion of abbreviation.
Assigned based on derivation cohort prevalence.
PRestrictive lung disease, lung crackles, abnormal imaging, and hypoxemia.

Among incident ILD cases identified during the
prospective screening period, the most common ILD
subtypes were idiopathic pulmonary fibrosis (IPF),
connective tissue disease-associated ILD (CTD-ILD),

unclassifiable fibrotic ILD (U-ILD),** and
unclassifiable nonfibrotic interstitial lung

abnormalities’””' (ILAs) (Table 4). Fifty-four percent
of patients (34 of 63) had evidence of pulmonary
fibrosis, defined as the presence of honeycombing,

traction bronchiectasis, traction bronchiolectasis, or
extensive reticulation affecting > 25% of the total
lung field. The ILD-Screen accurately identified
100% (n = 34) of these patients. The ILD-Screen
identified all patients with IPF and U-ILD, and a large
majority of patients with CTD-ILD, other ILDs, and
unclassifiable nonfibrotic ILAs. ILD-Screen
performance was less accurate among those with
smoking-related ILD.

TABLE 3 | ILD-Screen Test Performance Across Cohorts

Derivation External Validation Prospective Validation
ILD on HRCT Imaging

ILD-Screen Positive Negative Positive Negative Positive Negative
Positive 182 198 52 58 48
Negative 30 861 16 258 232
Sensitivity 0.86 0.76 0.79
Specificity 0.81 0.82 0.83
PPV 0.48 0.47 0.51
NPV 0.97 0.94 0.95
LR, positive 4.6 4.9 4.6
LR, negative 0.17 0.29 0.22

ILD-RS = (0.0544 * age) - (0.7827 * TLC (L)) + (1.4567 * FEV; (L)) - (0.2336 * DLco (mL/mm Hg/min)) + (0.0694 * height
(cm)) + (1.1645*IRC) - 3.9. ILD-RS < 8 = negative; ILD-RS = 8 = positive.

HRCT = high-resolution CT; LR = likelihood ratio; NPV = negative predictive value; PPV = positive predictive value; RS = risk score. See Table 1 legend for

expansion of other abbreviation.
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2,002 patients completed
PFTs from 1/1/17 to 12/31/17

Excluded
Pulmonologist ordered (n = 851)
Pregnant female subject (n = 2)

Included in derivation cohort (n = 44)
Prior imaging (n = 406)

699 PFTs

‘ ILD-Screen applied to ’

}

|

‘ 567 (81.1%) with

negative ILD-Screen

}
| !

)

positive ILD-Screen

‘ 132 (18.9%) with ’

}

|

}

245 (43.2%) 322 (56.8%) did
underwent HRCT scan

not undergo HRCT scan ’ ‘

98 (74.2%)
underwent HRCT scan

’ ‘ 34 (25.8%) did

not undergo HRCT scan

Figure 1 - Consolidated Standards of Reporting Trials guidelines diagram for prospective ILD-Screen application. HRCT = high-resolution CT; ILD =

interstitial lung disease; PFT = pulmonary function test.

When assessing other radiologic findings in patients
with a positive ILD-Screen who underwent chest CT

imaging without evidence of ILD (n = 48), 15 patients

(31%) had potentially actionable findings, including
bulky adenopathy (n = 1), tree-in-bud opacities
concerning for chronic infection (n = 3), features of
chronic aspiration (n = 2), cylindrical bronchiectasis

(n = 3), diffuse pulmonary nodules (n = 5), and acute

pulmonary embolism (n = 1). Other findings that did

not necessarily require a CT scan for diagnosis or

characterization included centrilobular emphysema (n =

8), pulmonary edema (n = 2), pleural effusion (n = 1),

acute pneumonia (n = 1), and post-pneumonectomy

(n = 1). Twenty percent (20 of 98) of patients with a
positive ILD-screen who underwent chest CT imaging
had no radiologic abnormalities.

TABLE 4 | Prospectively Applied ILD-Screen Performance Stratified According to ILD Subtype

ILD-Screen % Correctly

Variable Negative Positive Classified
ILD classification

Fibrotic ILD 0 34 100

Nonfibrotic ILD/ILAs 13 16 55
Diagnosis

Idiopathic pulmonary fibrosis 0 100

Connective tissue disease-associated ILD 1 89

Unclassifiable fibrotic ILD 0 10 100

Unclassifiable nonfibrotic ILAs 5 13 72

Smoking-related ILD 4 56

Other ILD 3 73

Total 13 50 79

ILAs = interstitial lung abnormalities. See Table 1 legend for expansion of other abbreviation.
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Test Performance Comparative Analysis

Among prospectively screened patients, all ILD features
except dyspnea were associated with increased ILD risk
(Table 5). Among clinical features, age > 60 years
showed the strongest ILD association (OR, 5.7; 95% CI,
2.37-13.68) with a model AUC of 0.64. Among
physiologic features, DLco < 80% showed the strongest
ILD association (OR, 2.85; 95% CI, 1.29-6.24), with a
model AUC of 0.57. A positive ILD-Screen showed a
stronger ILD association than any feature tested (OR,
18.6; 95% CI, 9.37-36.87), with a model AUC of 0.8.
When comparing test performance characteristics
among ILD features, only the ILD-Screen exhibited
good sensitivity and specificity. Age > 60 years, cough,
and Drco < 80% demonstrated good sensitivity but
poor specificity. Lung crackles and all other
physiologic features exhibited good specificity but poor
sensitivity.

ILD-Screen Clinical Effectiveness

Among ILD-Screen-positive patients, chest CT imaging
was performed in 98 of 132 (74.2%) prospectively

screened patients compared with 206 of 369 (55.8%)
patients in the control cohort (P = .003). The median
time to chest CT imaging was 5.6 months in the
prospectively screened cohort compared with

21.1 months in the control cohort (P < .001) (Fig 2). A
recommendation for HRCT imaging in those with a
positive ILD-Screen was associated with a twofold
increase in likelihood of chest CT images being obtained
(OR, 2.19; 95% CI, 1.42-3.40; P < .001) compared with
historical control subjects for whom this
recommendation was not provided.

Discussion

In the current investigation, we developed the ILD-
Screen, a diagnostic prediction tool for ILD derived
from variables collected on PFTs. Prospective
application of the ILD-Screen identified a large
number of incident ILD cases, including all cases
with pulmonary fibrosis and nearly all patients with
IPF, CTD-ILD, and U-ILD. The ILD-Screen showed
consistent test performance across two
geographically diverse North American cohorts and

TABLE 5 | Variables Associated With ILD in Prospective Validation Cohort

LD ILD
(Positive) (Negative) LR LR
Variable (n=63) (n = 280) OR 95% CI AUC | Sens | Spec PPV NPV | (Positive)]  (Negative)
Clinical features
Age > 60y 57 (90.5)| 175(62.5)| 5.7 | 2.37-13.68| 0.64| 0.9 | 0.38| 0.25| 0.95 1.45 0.26
Cough 52 (82.5)| 172 (61.4)| 2.96| 1.48-5.94| 0.61| 0.82| 0.39| 0.23| 0.91 1.34 0.46
Dyspnea 35 (55.6)| 190 (67.9)| 0.59| 0.34-1.03 | 0.56| 0.56| 0.32| 0.16| 0.76| 0.82 1.38
Crackles 15 (23.8)| 30 (10.7) 2.6 1.30-5.20 | 0.57| 0.24| 0.89| 0.33| 0.84| 2.18 0.85
Physiologic features
TLC < 20 (31.8)| 71(25.4) | 1.37| 0.76-2.48 | 0.53| 0.32| 0.75| 0.22| 0.83 1.28 0.91
80% predicted
FVC < 20 (31.8)| 66 (23.6) | 1.58| 0.83-2.74| 0.55| 0.32| 0.76| 0.23| 0.83 1.33 0.89
80% predicted
Dico < 55 (87.3)| 198 (70.7)| 2.85 1.29-6.24 | 0.57| 0.87| 0.29| 0.22| 0.91 1.23 0.45
80% predicted
TLC and FVC < 15(23.8)| 40 (14.3) | 1.88| 0.96-3.66 | 0.57| 0.24| 0.86| 0.27| 0.83 1.71 0.88
80% predicted
FVC and Drco < 20 (31.8)| 57(20.4) | 1.92| 0.99-3.33| 0.57| 0.32| 0.8 | 0.26| 0.84 1.60 0.85
80% predicted
TLC and Dico < 20 (31.8)| 64 (22.9) | 1.57| 0.86-2.86| 0.56| 0.32| 0.77| 0.24| 0.84 1.39 0.88
80% predicted
TLC and FVC and | 15 (23.8)| 37 (13.2) | 2.05 1.04-4.03 | 0.57| 0.24| 0.87| 0.29| 0.84 1.85 0.87
DLco <
80% predicted
ILD-Screen
Positive result 50 (79.4)| 48(17.1) | 18.6| 9.37-36.87| 0.8 | 0.79| 0.83| 0.51| 0.95| 4.65 0.25

Values are expressed as No. (%). AUC = area under the curve. See Table 1 and 3 legends for expansion of other abbreviations.
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1.00 4 Figure 2 — Time to chest CT scan in ILD-Screen-
positive patients. A higher proportion of pro-
= spectively screened patients underwent chest CT
S imaging, and over a shorter time frame,
3 0.75 - compared with a historical control cohort (P <
£ .001). See Figure 1 legend for expansion of
S abbreviation.
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when applied prospectively, thus suggesting good
generalizability. This tool discriminated ILD from
non-ILD conditions significantly better than any ILD
clinical feature, including cough, dyspnea, and lung
crackles, and categorically reduced % predicted TLC,
FVC, and Dico. To our knowledge, the ILD-Screen
represents the first validated diagnostic prediction
tool for ILD.

Prospective application of the ILD-Screen identified 50
incident ILD cases at our institution over 1 year. It is
unclear what percentage of patients would have
undergone HRCT imaging without ILD-Screen
application, but a 33% relative increase in chest CT
imaging acquisition was observed in prospectively
screened patients, and in a significantly shorter time
frame, than those in a historical control cohort. These
findings suggest that the ILD-Screen application has
tangible benefits over the current standard of care by
facilitating earlier HRCT assessment. We recently
showed that substantial diagnostic delays occur in
patients with ILD even after undergoing PFT showing
features suggestive of ILD'?; thus, the ILD-Screen
represents a point of intervention to reduce the time
from PFT to chest CT imaging. Although we relied on
manual extraction of results of PFT and clinical data for
this study, emerging software that efficiently extracts
clinical data from the electronic medical record will be
instrumental in systematizing the ILD-Screen and
creating a perpetually increasing cohort to optimize its
test performance.

chestjournal.org

When developing the ILD-Screen, we chose a balanced
sensitivity and specificity threshold for a positive test
result in an effort to capture a large majority of ILD
cases while minimizing the number of patients who
underwent unnecessary chest CT imaging. As expected,
this approach resulted in modest likelihood ratios and a
low positive predictive value given the low prevalence of
ILD, with nearly one-half of ILD-Screen- positive
patients having no evidence of ILD on HRCT imaging.
Although this percentage of false-positive findings
remains less than ideal, our data suggest that the
decision to pursue chest CT imaging for any other
common ILD feature, including cough, dyspnea, lung
crackles, or restrictive physiology, would result in a
significantly higher number of unnecessary chest CT
scans.

Cough and dyspnea are among the most common
clinical features in patients with ILD and should raise
the suspicion of ILD when present.”” Our data support
these observations, as we found that > 90% of patients
with ILD in our prospectively screened cohort endorsed
one or both of these symptoms. However, the specificity
of these symptoms for the presence of ILD was poor.
Conversely, lung crackles are specific for the presence of
ILD but showed poor sensitivity. Our data support the
research of other investigators who have shown that
lung crackles are strongly associated with pulmonary
fibrosis.”* Such findings have led some to propose lung
auscultation as a screening tool for ILD.”” Our data
suggest, however, that this approach would miss a large
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percentage of patients with ILD, as only 24% of patients
had this finding documented by a physician prior to
PFT. Interestingly, we found that age > 60 years had
90% sensitivity for detecting ILD, albeit with poor
specificity. This finding suggests that ILD-Screen
optimization within categorical age groups may further
improve test performance.

Physiologic features of ILD, including categorically
reduced TLC, FVC, and Dico, also showed relatively
poor test performance for identifying ILD. We found
that a Drco < 80% predicted was highly sensitive for
ILD but poorly specific. All combinations of categorical
PFT abnormalities assessed, including the ILD
“phenotype” of low TLC, FVC, and Dico,'® showed
good specificity but poor sensitivity. These data are in
line with others who have shown that categorical
reductions in TLC, FVC, and Drco have poor overall
test performance for discriminating ILD in patients with
scleroderma.”® The ILD-Screen outperformed all of
these metrics and suggests that a focus on any single or
combined PFT abnormality fails to capture important
physiologic interplay that is accounted for by the ILD-
Screen model. Taking into account PFT indication also
improved ILD prediction. Although those with an ILD
indication for PFT had an understandably high ILD risk,
other indications displayed similarly differential ILD
risk. For example, those with a rheumatologic indication
had strikingly high ILD risk, whereas those undergoing
PFT for asthma or malignancy displayed markedly lower
risk. This prior knowledge improves ILD risk estimation
and with larger datasets, specific point estimates for
common indications can be ascertained, thus further
improving subsequent ILD-Screen iterations.

Within ILD subtypes, we found that the ILD-Screen was
most effective at identifying fibrotic ILD, as this tool
correctly classified all patient evidence of pulmonary
fibrosis, including the majority of patients with IPF,
CTD-ILD, and U-ILD, which are among the most
common ILDs”" and have high morbidity and
mortality.”>**** The ILD-Screen was less reliable in
detecting nonfibrotic ILDs, including unclassifiable
nonfibrotic ILAs. We chose to define ILD based on
research by other investigators who had first
characterized ILAs.””*" These findings seem to be the
earliest radiographic finding in ILD and are linked to an
increased risk of death,”” hospitalization,” and disease
progression.'” The ILD-Screen correctly classified nearly
60% of patients with ILAs, who by definition had at least

628 Original Research

mild decrements in lung function, suggesting that this
tool may be useful in identifying clinically relevant ILAs.
Test performance was poorer in patients with smoking-
related ILD, which may reflect a lower FEV] in these
patients due to concurrent airflow obstruction.

The current study had several limitations. First, the
cohorts assessed in this study were likely enriched for
ILD cases, introducing selection bias. A large majority of
prospectively screened patients endorsed cough and/or
dyspnea, and the prevalence of ILD in this population
was more than twice that described in the general
population.'” In addition, a large number of patients in
the retrospectively screened cohorts had prevalent ILD.
However, by excluding prevalent ILD cases from our
prospectively screened cohort, the current data support
the effectiveness of this tool in identifying incident ILD
cases in nonpulmonology settings. Additional research is
needed to determine the utility of ILD-Screen
application in asymptomatic and average risk
populations. Another limitation stems from the reliance
on retrospective chart review to ascertain the status of
ILD signs and symptoms. Although most patients had
extensive medical records available for review, some
patients may have experienced ILD signs and symptoms
without documentation by a physician. In addition,
some patients with a positive ILD-Screen did not
undergo chest CT imaging. It is possible that ILD
prevalence was lower in this group, which would alter
ILD-Screen test performance. Finally, we found that
ILD-Screen test performance varied across care settings,
with the best overall performance in the primary care
setting, with a worse sensitivity but better specificity in
other care settings. This finding suggests that that the
ILD-Screen may best be used in these populations

and that discipline-specific modifications to the ILD-
Screen may be warranted once larger cohorts are
assembled.

Conclusions

The current study showed that the ILD-Screen is a more
reliable predictor of ILD than hallmark clinical and
physiologic features of ILD among patients undergoing
PFT for diverse indications and across various care
settings. This tool represents a promising modality to
begin identifying at-risk patients who should be referred
for HRCT imaging, as such an intervention has the
potential to reduce diagnostic delays, facilitate earlier
intervention, and improve patient outcomes.
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