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Abstract

Objective—While systemic sclerosis-related interstitial lung disease (SSc-ILD) trials
predominantly use forced vital capacity (FVC) as the primary outcome, combining individual
outcomes may lead to a more comprehensive measure of treatment response and minimize the risk
of type 1 error. The present analysis aimed to develop a composite outcome measure to assess
treatment response in SSc-1LD patients.

Methods—We used data from the Scleroderma Lung Study | (SLS-1) to create the composite
outcome measure. SLS | was a multi-institutional, double-blind clinical trial, in which 158 patients
with SSc-ILD were randomized to receive either oral cyclophosphamide (CYC) (titrated to 2.0
mg/kg once daily) or matching placebo for one year. To select the variables for inclusion in the
composite outcome, we first performed a univariate analysis using all of the outcome variables
measured in SLS . We subsequently combined the variables with significant treatment effects
(p<0.05) in a principal component analysis (PCA) to assess the difference between treatment
groups. These variables included the FVC% predicted, computer-based score for quantitative lung
fibrosis in the zone of maximum fibrosis (QLF-ZM) from thoracic high-resolution computer
tomography (HRCT) scans, transitional dyspnea index (TDI), and the Health Assessment
Questionnaire-Disability Index (HAQ-DI) at 12 months.

Results—Of the 158 patients, 82 had complete outcome data and were included in this analysis.
There were no significant differences in baseline characteristics between the 82 patients included
in this analysis and the remaining 76 patients. The regression model with the first principal
component for FVC% predicted, QLF-ZM, TDI and HAQ-DI as the composite outcome
demonstrated a significant treatment effect favoring cyclophosphamide (Estimate 0.7 [SE 0.2];
p=0.005). Eliminating FVC% predicted from the composite outcome model did not change the
overall treatment effect (Estimate 0.8 [SE 0.2]; p=0.004).

Conclusion—The CYC treatment effect observed from using the composite outcome of FVC%
predicted, QLF-ZM, TDI and HAQ-DI was stronger than the effect observed using FVC%
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predicted alone. These findings suggest that combining patient-reported outcomes with structural
and physiologic outcomes into a single outcome may serve as a more robust measure of treatment
response compared with FVVC alone in SSc-ILD trials.

Keywords

Systemic sclerosis; Interstitial lung disease; Outcome measures; Clinical trial; Cyclophosphamide;
Mycophenolate; Quantitative imaging analysis

Introduction

Methods

Interstitial lung disease (ILD) is a leading cause of death in patients with systemic sclerosis
(SSc) [1,2]. Despite the high mortality rate associated with SSc-1LD, few large, randomized
controlled therapeutic trials exist [3,4]. These trials have demonstrated modest clinical
efficacy with oral cyclophosphamide (CYC) [3] and intravenous CYC [4] compared with
placebo, and with oral CYC compared with azathioprine [5].

While forced vital capacity (FVC) has traditionally served as the primary endpoint in SSc-
ILD clinical trials [3,4], treatment with CYC has also been associated with improvement in
other clinically relevant endpoints, including total lung capacity (TLC), self-reported quality
of life and dyspnea, as well as greater stability of fibrosis on high-resolution computed
tomography (HRCT) chest imaging [3]. Despite a growing need for reliable indicators of
treatment response in SSc-1LD clinical trials, no clear consensus exists on the appropriate
response measure [6]. Each of the aforementioned endpoints represents a clinically
meaningful domain, raising the question of whether FVVC alone is the optimal measure of
treatment response in SSc-1LD trials.

Combining individual outcomes for SSc-1LD may lead to a more comprehensive measure of
the overall treatment response. Composite measures summarize treatment effects based on
individual outcomes, especially when several endpoints are thought to be essential to fully
characterizing a treatment effect [7,8]. In addition, using a composite outcome reduces the
risk of Type | error associated with inference testing of multiple secondary outcomes.

The purpose of the present study was to develop a composite outcome measure to assess
treatment response in patients with SSc-ILD. We hypothesized that the composite outcome
would demonstrate a more robust treatment effect compared with a single outcome variable
approach.

Patient population

We used patient data from the Scleroderma Lung Study I (SLS ). SLS I was a multi-
institutional, double-blind clinical trial, in which 158 patients with SSc-1LD were
randomized to receive either oral cyclophosphamide (CYC) (titrated to 2.0 mg/kg once
daily) or matching placebo for one year. Complete details of the methods used in this trial
have been published previously [3]. Briefly, eligible participants fulfilled the following
criteria: SSc based on the 1980 ACR criteria [9]; age = 18 years; disease duration < 7 years
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from the onset of the first non-Raynauds symptom of SSc; forced vital capacity (FVC) 45—
85% predicted; hemoglobin-adjusted single-breath diffusing capacity for carbon monoxide
(DLCO-HDb) = 40% predicted (or 30-39% predicted in the absence of evidence of clinically
significant pulmonary hypertension); and evidence of any ground glass opacity (GGO), i.e.,
hazy parenchymal opacity, on high-resolution computed tomography (HRCT) in the
presence or absence of reticular opacity or architectural distortion, as an indication of
“active” disease. Patients who did not exhibit evidence of any GGO on HRCT, but who had
> 3% neutrophils and/or = 2% eosinophils in bronchoalveolar lavage fluid, were also
included.

Baseline assessments

At baseline, we assessed the following parameters: SSc disease type (limited or diffuse) and
duration; spirometry; lung volumes; DLCO-Hb; maximum inspiratory and expiratory mouth
pressures; modified Rodnan skin thickness score (mRss) [10]; Mahler Modified Dyspnea
Index (BDI) [11]; the Visual analog scale (VAS) for breathing problems interfering with
physical activities and the 20-item Health Assessment Questionnaire-Disability Index
(HAQ-DI) modified for scleroderma (0-3, high score being worse) [12].

Baseline HRCT images underwent automated quantitative CT image analysis to compute the
percentage of CT pixels representing quantitative lung fibrosis (QLF) in the zone of
maximal involvement (QLF-ZM) and in the whole lung (QLF-WL), as well as quantitative
interstitial lung disease (QILD), comprising quantitative measures of GGO and
honeycombing in addition to QLF, in the zone of maximal involvement (QILD-ZM) and in
the whole lung (QILD-WL) [13]. Details of this validated computer-assisted diagnosis
(CAD) score for fibrosis have been published previously [13,14].

Primary and secondary outcomes for SLS |

The primary study endpoint for SLS | was change from baseline in F\VC% predicted at the
end of the 12-month treatment period [3]. Secondary endpoints included values at month 12,
adjusted for baseline values, for the following parameters: total lung capacity (TLC %
predicted); DLCO-Hb; DLCO relative to alveolar volume (DL: VA); TDI; HAQ-DI; VAS;
and dyspnea assessed by the Mahler Transitional Dyspnea Index (TDI) [11]. In the original
analysis [3], no adjustment was made to the P-values for these multiple variables.
Subsequent analyses investigated changes in QLF scores at 12 months [15].

Development of a composite outcome

Variable selection—To select the variables for inclusion in the composite outcome, we
first performed a univariate analysis using all of the outcome variables measured in SLS I.
Specifically, we examined the treatment effect on the following outcome variables
individually: FVC% predicted; TLC% predicted; HAQ-DI; VAS; TDI; QLF-ZM; QLF-WL,;
QILD-ZM; QILD-WL. We selected these variables because each outcome variable is: (i)
ascertainable without bias; (ii) clinically relevant; (iii) reproducible; (iv) easily measured;
and furthermore (V) sensitive to the hypothesized effects of the treatment [3,15].
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Principal component analysis—We subsequently combined the variables with
significant treatment effects (p<0.05) in a principal component analysis (PCA) to assess the
difference between treatment groups. We only included those variables with significant
treatment effects to avoid overfitting the model by including too many parameters relative to
the number of observations. PCA is a commonly used multivariate method for combining
individual measures into composite scores [16,17]. The objective of PCA is to reveal how
different variables change in relation to each other through transforming correlated original
variables into a new set of uncorrelated variables using a covariance matrix.

Statistical analysis

Results

Analyses were performed using SAS, release 9.2 (SAS Institute, Inc; Cary, NC). Data were
checked for normality prior to any analysis being performed. Mean and standard deviation
(SD) were used to describe continuous data, whereas the frequency and percentage were
used to describe categorical data. Between-group comparisons were conducted using two
sample t-tests or Wilcoxon-Rank-Sum tests for continuous data, and chi-square tests and
Fisher’s exact tests for proportions.

Variables with a significant treatment effect measured at 12 months by univariate analysis
were included in the multivariate analysis. Treatment group was the primary predictor in the
multivariate model, which adjusted for baseline measures of the included variables. The
overall treatment effect was evaluated using Hotelling-Lawley Trace test. PCA as outlined
previously was then conducted on these variables measured at 12 months. The first principal
component (PC) was calculated from the analysis and then was used as the outcome in a
linear regression model. The regression models included the group indicator (CYC vs.
placebo) as the primary predictor, while adjusting for the PC calculated using baseline data.
The model also considered a possible interaction effect between group and baseline PC.
Finally, we explored an alternate way of combining the variables by dropping one of the
variables and calculating the composite outcome via PCA. The treatment effect was
evaluated using a similar regression analysis as outlined above.

Patient characteristics

Among the 158 patients who underwent randomization, 82 patients (40 in the CYC group
and 42 in the placebo group) had complete follow up data for the outcomes of interest and
were included in this analysis (Figure 1). The major limiting factor was the availability of
digital HRCT images at both baseline and 12-month follow up [18]. There were no
significant differences in baseline characteristics between the 82 patients included in this
analysis and the 76 patients from the original cohort who were not included in this analysis.

Baseline demographics and disease characteristics were similar for patients who received
CYC compared with patients who received placebo (Table 1). The majority of patients were
female (CYC: 75.6%); Placebo: 71.4%) with a mean disease duration of 3 years. Both the
treatment and placebo groups had a similar extent of lung involvement as measured by the
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mean FVC% predicted (CYC: 68.4; Placebo: 70.2), and mean QILD-ZM (CYC: 35.7;
Placebo: 32.3).

Primary analysis

The univariate analyses demonstrated significant treatment effects for the following
variables at 12 months (estimate [SE]; p-value): FVC % predicted (3.8 [1.9]; p=0.04); TDI
(3.7 [0.8]; p<0.0001); HAQ-DI (=0.4 [0.1]; p=0.0002); QLF-ZM (-11.1 [3.7]; p=0.003);
QLF-WL (-4.9 [1.4]; p=0.001); QILD-ZM (-8.9 [3.5]; p=0.01); QILD-WL (-5.3 [2.8];
p=0.05) (Table 2). While each of the quantitative CT image analysis scores had significant
treatment effects at 12 months, QLF-ZM demonstrated the most robust treatment effect,
consistent with the findings of prior studies (15), and was therefore selected for inclusion in
the multivariate analysis. The other measures of QLF and QILD were not included to avoid
multicollinearity.

In the multivariate analysis of FVC% predicted, QLF-ZM score, HAQ-DI, and TDI
measured at 12 months, there was an overall significant treatment effect favoring
cyclophosphamide (p=0.001), after adjusting for the baseline PC. There was no significant
interaction between the baseline PC and treatment group (p=0.9).

In the principal component analysis, the first principal component for the composite
outcome of FVC% predicted, QLF-ZM score, HAQ-DI, and TDI demonstrated a significant
treatment effect favoring cyclophosphamide (Estimate 0.7 [SE 0.2]; p=0.005) (Table 3).
There was no significant interaction between treatment effect and baseline PC.

Secondary analysis

Given the strong treatment effects observed in the univariate analysis for the TDI, HAQ-DI
and QLF-ZM and the relatively weak effect observed for the FVC% predicted, we
performed a second principal component analysis omitting FVC% predicted from the model.
In this principal component analysis, the first principal component for the composite
outcome of HAQ-DI, TDI, and QLF-ZM demonstrated an even slightly stronger treatment
effect compared with the prior composite outcome that included FVVC% predicted (Estimate
0.8 [SE 0.2]; p=0.004) (Table 4). Thus, it appears that F\VC% predicted did not add to the
initial composite score. There was also no significant interaction between treatment effect
and baseline PC.

Discussion

Composite measures are increasingly used in clinical research to enhance statistical
efficiency and minimize the issue of multiplicity. Through capturing the constellation of
important outcomes related to a specific condition, composite outcomes represent a
particularly useful measurement tool for therapeutic trials of complex rheumatic diseases.
We herein report the development of a novel composite outcome measure to assess treatment
response in patients with SSc-ILD.

The present composite outcome comprised of FVC% predicted, QLF-ZM, TDI and HAQ-DI
demonstrated a stronger treatment response compared with a single outcome approach (i.e.
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FVC% predicted). Moreover, eliminating FVC% predicted from the composite outcome did
not change the overall treatment effect, suggesting that this traditional outcome measure may
not be the best measure of SSc-ILD disease activity.

There is presently an unmet need to select an accurate primary endpoint in SSc-1LD
therapeutic trials [6]. While trends in FVC have consistently predicted disease progression in
idiopathic pulmonary fibrosis (IPF) [19], this traditional physiologic measure is a less direct
surrogate measure of lung fibrosis compared with the quantitative fibrosis score.
Furthermore, FVVC has a large degree of between-patient variability and, like other
physiological variables, such as total lung capacity, may have diminished reproducibility if
certain quality criteria are not met [20].

Given that candidate measures of efficacy are still evolving in SSc-ILD trials [6,21],
composite outcomes are particularly useful in this setting to avoid making arbitrary
decisions between a number of important outcomes [22].

Moreover, while single study endpoints are useful for measuring definitive outcomes such as
mortality, a single endpoint may not be as useful for measuring overall treatment responses
in SSc-1LD based on the logical assumption that clinical outcomes of SSc-ILD result from a
combination of patient oriented outcomes and physiologic and anatomic outcomes. For
instance, patients from the OMERACT Connective Tissue Disease—Interstitial Lung
Diseases (CTD-ILD) Working Group identified cough and dyspnea as the most important
features of their experience with ILD, which impair physical function, sleep and quality of
life [6]. The present composite outcome includes two patient-reported outcome measures of
dyspnea and quality of life.

The composite outcome also includes an objective, valid measure of radiographic fibrosis.
Both patients and expert physicians from the OMERACT CTD-ILD Working Group
identified HRCT lung imaging as an important domain for inclusion in a responder analysis
for future CTD-ILD trials [6]. The present quantitative lung fibrosis outcome measurement
has improved sensitivity and reproducibility compared with visual radiographic assessment
[13,14], and as illustrated in this analysis, demonstrated the strongest treatment effect
compared with all of the other candidate outcome variables.

The validity and usefulness of any composite outcome measure depends on the quality of the
included individual outcome measures [23]. Selecting the appropriate candidate outcome
variables for a composite outcome is therefore a critical step in this process. Each
component of the present composite outcome fulfills criteria for inclusion in such an
outcome based on the following criteria [24]: the outcome variable is (i) ascertainable
without bias; (ii) clinically relevant; and (iii) sensitive to the hypothesized effects of the
treatment. The individual outcomes selected are furthermore compatible with the domains
ratified during the OMERACT 11 proceedings for developing response criteria for CTD-ILD

[6].

The validity of a composite outcome is also based on the robustness of the underlying
methodology used to combine the individual outcomes [25]. While several methods exist to
create composite scores, principal component analysis has the advantage of reducing the
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dimensionality of the data while retaining most of the variation in the data [26]. Principal
component analysis also reveals relationships among the variables [26] and has been applied
in recent composite outcome studies in rheumatic diseases [27,28].

The results of our study should be considered in the context of certain limitations. Due to
missing HRCT data, there may be a selection bias since we only included patients who had a
12-month CAD score for fibrosis. Attempts to impute the missing HRCT data were not
possible because 33 patients were missing their baseline HRCT. Furthermore, none of the
patients had an HRCT between the baseline and 12-month study visit. Under these
circumstances, imputation would have introduced bias and limited the interpretation of the
analyses.

However, the missing 12-month HRCT scans were due mainly to a delay in funding for the
quantitative imaging analysis component of SLS I and not to patient refusal. Reassuringly,
there were no differences in the baseline demographic and disease characteristics for the
excluded and included patients in this analysis. Therefore, the patients included in this
analysis are presumed to representative of the entire SLS | cohort.

In addition, composite outcomes are often created prior to the initiation of a clinical trial. In
this case, we developed the outcome after the study concluded as an initial test of the
hypothesis that a combined outcome measure may be a more robust measure of treatment
response compared with a single outcome variable in SSc-ILD. While this post-hoc
approach could be seen as a potential limitation, this approach allowed us to use data that
had been rigorously collected from a well-characterized SSc-ILD cohort from
geographically diverse areas, thereby increasing the generalizability of our findings. In
addition, using data from a randomized controlled trial allowed us to test a single treatment
response effect. Had we used data from an observational cohort study that included various
treatment approaches, assessing specific treatment effects would have been more
challenging.

A potential shortcoming of this outcome measure is the inclusion of a variable (i.e. CAD
fibrosis score) that is generated based on software that is not widely available for clinical
use. Although using visual assessment of radiographic fibrosis may have mitigated this
issue, visual assessment would have likely introduced observer bias. We therefore believed
that the benefits of including a more sensitive and reproducible radiographic fibrosis
measure outweighed the limited availability of the CAD software. Moreover, we created this
outcome measure primarily for use in SSc-1LD therapeutic clinical trials where centralized
imaging analysis is more feasible.

In summary, to adequately understand the effectiveness of a given treatment, all clinically
relevant outcomes should be considered. The findings of the present study indicate that a
composite measure comprised of structural, physiologic, and patient-reported outcomes may
serve as a more comprehensive measure of CYC treatment effect in SSc-1LD compared with
FVC% predicted alone. The findings also seem to suggest that a structural measure of
fibrosis is the best single outcome measure of treatment response in SSc-1LD. These results
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have applicability in drug development and treatment response trials in patients with this
disabling illness. Future studies are needed to validate this composite outcome measure.
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Figure 1.
Flow chart of selection of patients for inclusion in composite outcome analysis.
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Baseline characteristics of patients included in this analysis by treatment group

Table 1

Characteristics CYC (N=40) | Placebo (N=42) | p-value
Age (yr), Mean (SD) 46.5 (10.0) 47.8 (12.9) 062"
Female, N (%) 30 (75.0%) 30 (71.4%) 0727
Duration (yr), Mean (SD) 2.9 (2.5) 3.1(1.8) 0.22%
Diffuse scleroderma-related disease, N (%) 23 (57.5%) 25 (59.5%) 085"
FVC, % predicted, Mean (SD) 68.4 (11.0) 70.2 (12.0) 049~
TLC, % predicted, Mean (SD) 68.9 (14.1) 69.6 (12.8) 081"
DLCO, % predicted, Mean (SD) 47.7 (13.7) 47.8 (12.6) 0.97
BDI, Mean (SD) 57(12) 55(20) 054"
Visual-analogue score for breathing, Mean (SD) | 24.9 (20.9) 29.9 (26.2) 0527
Skin-thickening score, Mean (SD) 15.6 (11.7) 14.7 (10.7) 0.79%
Score for HAQ disability index, Mean (SD) 0.9 (0.6) 0.8(0.7) 0.24%
HZQLF, Mean (SD) 285(23.3) [ 23.4(20.0) 0.347
HZQILD, Mean (SD) 60.2 (21.0) 55.5(21.4) 0.33
WLQLF, Mean (SD) 10.0 (10.4) 8.7(7.7) 0.65%
WLQILD, Mean (SD) 35.7 (15.5) 32.3(14.9) 0317

*
Two-sample t-test;
T )
Chi-squared test;

11‘Wilcoxon rank-sum test.

Page 12

Definition of abbreviations: FVC: Forced Vital Capacity; TLC: Total Lung Capacity; DLCO: Diffusing Capacity for Carbon Monoxide; BDI:
Mahler Modified Dyspnea Index; QLF: Quantitative Lung Fibrosis in the Zone if Maximal Involvement (QLF-ZM) and in the Whole Lung (QLF-

WL); QLD: Quantitative Interstitial Lung Disease in the Zone of Maximal Involvement (QILD-ZM) and in the Whole Lung (QILD-WL).
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Univariate analyses of individual outcome variable treatment effects at 12 months

Predictor Estimate | Standard Error | p-value
FVC% Predicted | 3.8 1.9 0.04
TLC% Predicted | 2.1 22 NS *
VAS-Breathing -5.7 5.4 NS *
TDI 3.7 0.8 <0.0001
HAQ-DI -0.4 0.1 0.0002
QLF-ZM -11.1 3.7 0.003
QLF-WL -4.9 14 0.001
QILD-ZM -8.9 35 0.01
QILD-WL -5.3 2.8 0.05

*

NS = Not Statistically Significant, See footnote to Table 1 for definitions of abbreviations.
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Table 3

Results of principal component analysis demonstrating a significant treatment effect at 12 months for the

composite outcome of FVC% predicted, TDI, HAQ-DI and QLF-ZM.

Parameter Estimate | Standard Error | P-value
Treatment effect (CYC vs. Placebo) 0.7 0.2 0.0005
Baseline principal component* 09 0.2 <0.0001
Interaction between baseline principal component and treatment effect | -0.08 0.3 0.8

*
The baseline principal component was comprised of the baseline FVC% predicted, TDI, HAQ-DI, and QLF-ZM.
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Table 4

Results of principal component analysis demonstrating a significant treatment effect at 12 months for the

composite outcome of TDI, HAQ-DI and QLF-ZM.

Parameter Estimate | Standard Error | P-value
Treatment effect (CYC vs. Placebo) 0.8 0.2 0.0004
Baseline principal component* 04 0.2 0.08
Interaction between baseline principal component and treatment effect | -0.02 0.3 0.95

*
The baseline principal component was comprised of the baseline TDI, HAQ-DI, and QLF-ZM.
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