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Objective. Development of new systemic lupus erythematosus (SLE) treatments requires an effective responder
index. Toward this end, we have recently developed a new Lupus Multivariable Outcome Score (LuMOS) to optimize
discrimination between actively treated patients and those on placebo. We now report on external validation of LuMOS
in two independent clinical trials.

Methods. Validation was performed with the Illuminate data sets that evaluated tabalumab (TB) in SLE. To accom-
modate laboratory results assessed on different platforms, we developed a standardized LuMOS 2.0 model that uses z
score transformations of biomarker values. For validation, we calculated LuMOS 2.0 scores at week 52 for all partici-
pants. Effect size (ES), with 95% confidence intervals (CIs), compared the ability of LuMOS and the SLE Responder
Index-5 (SRI-5) to discriminate between outcomes in patients randomized to TB dosage and outcomes in those ran-
domized to a placebo.

Results. Mean LuMOS 2.0 scores were significantly higher (P < 0.0001) for the TB groups than the placebo group,
including the Illuminate-1 trial, in which the SRI-5 did not identify significant treatment effects. For both TB groups in
both trials, LuMOS 2.0–based ES indicated moderately strong treatment effects (>0.4) in contrast to weak SRI-5 effects
(<0.25). For monthly TB, LuMOS 2.0–based ES were 0.44 (95% CI: 0.30-0.59) and 0.54 (95% CI: 0.39-0.68) for the
Illuminate-1 and Illuminate-2 trials versus corresponding SRI-5-based ES of 0.13 (95% CI: −0.02 to +0.27) and 0.15
(95% CI: 0.01-0.30).

Conclusion. LuMOS 2.0 detected significantly greater treatment effects compared with the SRI-5 in the Illuminate
trials. Additional validation of LuMOS 2.0 in trials of non–B cell–directed therapies will be necessary to document its
universality as an outcome measure.

INTRODUCTION

A validated responder index that is responsive to clinically rel-
evant changes would increase the ability of randomized controlled
trials (RCTs) to identify effective new treatments in systemic lupus
erythematosus (SLE) (1–5). One important reason for the prob-
lematic nature of outcome measures in SLE is the multisystem
nature of the disease and the desire to capture all the clinical man-
ifestations in a single metric. Because there are considerable dif-
ferences in the response of individual patients enrolled in RCTs
to a specific treatment, capturing the diversity of outcomes has
posed a challenge. To address this complexity, most SLE
responder indices attempt to aggregate information on potential
treatment-induced improvements in disparate relevant variables,

including both clinical disease activity and laboratory measure-
ments (6–11). Different outcome measures have been proposed
using different methods and criteria, but head-to-head compari-
sons of their responsiveness to change are limited (5). Further-
more, only a few studies reported systematic external validation
of the more frequently employed SLE responder indices or com-
posite outcomes in independent trials, and the results were
sometimes negative. For example, in a recent validation study, a
new SLE responder index performed well in the training sample
used to develop the index but did not discriminate accurately
between responders and nonresponders in an independent
validation sample (3).

To address the aforementioned challenges, we have
recently developed a new Lupus Multivariable Outcome Score
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(LuMOS) (12). The LuMOS responder index was derived through
multivariable regression analyses of the successful Study of Beli-
mumab in Subjects with SLE 76-week (BLISS-76) trial (13),
which, together with a similarly designed BLISS-52 trial (14), led
to approval of belimumab (Bel) for SLE. The LuMOS score was
validated in three analyses of either BLISS-76 (13) or BLISS-52
(14) data, which compared patients randomized to active Bel
treatment versus a placebo. In all three validation analyses, mean
LuMOS scores for patients treated with Bel were significantly
higher (P < 0.0001) than those for the placebo group, and
LuMOS yielded much higher values of Cohen’s d effect size
(ES) (15) than the corresponding ES obtained with SLE
Responder Index-4 (SRI-4) (12).

To evaluate the performance of LuMOS in SLE trials more
completely, we now report on further validation of LuMOS in inde-
pendent RCTs after modifications of the scoring system to make
its application more universal. Specifically, we first developed a
modified standardized LuMOS score, which can be used regard-
less of the potential between-trial differences in the assays
employed to measure C3, C4, or anti–double-stranded DNA
(dsDNA) titer, and then validated the resulting standardized LuMOS
(LuMOS 2.0) using data from two independent SLE trials,
Illuminate-1 and Illuminate-2, that evaluated tabalumab (TB) (16,17).

PATIENTS AND METHODS

Data sources. Data for the BLISS-52 (13) and BLISS-76
(14) trials were obtained from GlaxoSmithKline through their open
data access program. Both trials randomized participants to three
arms: 1) high-dose Bel, 10 mg/kg; 2) low-dose Bel, 1 mg/kg; and
3) placebo. Data for the Illuminate-1 (10) and Illuminate-2 (11) trials
were obtained from Eli Lilly, Co. Both Illuminate trials included three
randomization groups: 1) higher-frequency TB (every 2 weeks), 2)
lower-frequency TB (every 4 weeks), and 3) placebo (16,17). In all
four trials, the background was standard of care medications.
Study design and inclusion and exclusion criteria are reported in
the original publications (13,14,16,17) and are summarized in
section 1 of the Supplementary Material. Similar to the original pri-
mary analyses, we relied on intention-to-treat analyses that
included all originally randomized participants, with last observation
carried forward for all missing values (13,14,16,17).

Development of the standardized LuMOS 2.0 score
to address variation in the assays. The original LuMOS
score (12) was developed using the data from the BLISS-76 trial
(13). Accordingly, for laboratory markers (C3 and C4 components
and anti-dsDNA titer) the estimated LuMOS coefficients
reflected the corresponding changes measured using the specific
enzyme-linked immunosorbent assays employed in that particular
study (13). However, different studies often employ different
assays, resulting in nonnegligible differences between the mea-
surements of the same variable. To develop a revised formula,

robust with respect to the use of different assays, we have con-
sidered two alternative approaches to standardization of the val-
ues of the three biomarkers: 1) the relative change LuMOS 1.2
model and 2) the standardized change LuMOS 2.0 model.

The LuMOS 1.2 model relied on the relative change, for each
study subject, calculated by dividing the difference in the bio-
marker values observed at week 52 and week 0 by the initial
(week 0) value. The resulting relative changes are independent of
the assays and/or measurement units used in a given trial.

LuMOS 2.0 employs standardized change in the biomarker
values. To this end, the original biomarker value, x(i), observed
for subject i at a given assessment was replaced by a standard-
ized value using z score transformation:

z ið Þ = x ið Þ−m½ �=sd,

where m is the mean of all relevant baseline (week 0) values
across all study subjects, and sd is their standard deviation. Bio-
markers were thus expressed using generic z score units, with
one unit corresponding to the respective standard deviation, and
were independent of the measurement units and assays used.
Next, for each subject, we calculated the standardized change in
a specific biomarker as a difference between the corresponding
z score at week 52 and the one at week 0.

The resulting z score differences for each biomarker (C3 and
C4 components and anti-dsDNA titer) were then used, together
with the original untransformed changes in the other predictors
included in the original LuMOS model (12), to reestimate the cor-
responding new LuMOS 2.0 model. Specifically, the LuMOS 2.0
scoring formula was developed using multivariable logistic
regression with the binary outcome defined as the contrast
(at 52 weeks) between the Bel-10 mg/kg group and the placebo
group in the BLISS-76 trial (13) (ie, the same contrast used to
develop the original LuMOS model) (12).

Next, we applied the resulting LuMOS 1.2 and LuMOS 2.0
formulas to the independent validation data set from the BLISS-
52 trial (14). Here, for the z score standardization required by
LuMOS 2.0, we used the respective mean and standard deviation
values from the BLISS-52 trial (while using regression coefficients
estimated from the BLISS-76 analyses). Then, to assess the abil-
ity of the new LuMOS 1.2 and LuMOS 2.0 models to discriminate
between the outcomes for actively treated subjects and the out-
comes for those randomized to the placebo, for each treatment
group, we estimated the ES (15), relative to the placebo group.
The ES was calculated as the ratio of the difference of the mean
LuMOS score in the active treatment group minus the mean
LuMOS score in the placebo group (numerator) divided by the
pooled within-group standard deviation of the scores (denomina-
tor) (15), and was reported together with 95% confidence inter-
vals (CIs) (18,19). Finally, we compared the resulting ES values
with the corresponding ES for the original unstandardized LuMOS
model (12) applied to the same BLISS-52 data.

ABRAHAMOWICZ ET AL924



External validation of the standardized LuMOS 2.0
model in two Illuminate trials of TB. To provide evidence
of external validity of the standardized LuMOS 2.0 model as a
SLE responder index, we assessed its ability to discriminate
between the outcomes in the placebo group and the outcomes
in each of the two active treatment groups in two independent
randomized trials (Illuminate-1 and Illuminate-2) that evaluated
TB treatment in SLE (16,17).

To this end, we first used the standardized scoring formula in
Table 2 to calculate LuMOS 2.0 scores for each study participant,
based on changes in the relevant variables observed between
randomization [week 0] and week 52, used to assess outcomes
in the primary analyses of both trials (16,17). Next, we compared
the mean LuMOS 2.0 scores and the corresponding standard
deviations between the three randomization groups. To quantify
the ability of the LuMOS 2.0 scores to discriminate outcomes in
patients with SLE treated with TB from outcomes in those who
received a placebo, we used the ES (9) with 95% CIs (16,17). If
the 95% CI for the ES for a given TB group excluded 0, this indi-
cated that LuMOS 2.0 detected a statistically significant (at two-
tailed α = 0.05) treatment effect (12). ES values of 0.2, 0.5, and
0.8 are typically interpreted as a small, moderate, and large effect,
respectively (15).

Finally, for each between-groups comparison, we also cal-
culated the corresponding ES based on the binary SLE
Responder Index-5 (SRI-5) (11) used as the primary outcome
measure in both Illuminate trials (16,17). To calculate the ES val-
ues, we considered that, for a binary random variable, 1) the
group mean equals the proportion of responders (p) and 2)

the standard deviation equals √[p(1 − p)]. We then compared
the corresponding ES values, with 95% CIs, for LuMOS 2.0 ver-
sus SRI-5 to assess their relative performance in discriminating
between outcomes observed during 52 weeks of the trial in
patients treated with TB and outcomes in those randomized to
a placebo.

Relationships of LuMOS 2.0 and SRI-5 responses
with TB treatment. Additional analyses were conducted in
each of the two Illuminate data sets to further explore whether
and to what extent LuMOS 2.0 scores and/or SRI-5 responses
are able to discriminate between patients treated with TB and
those who received a placebo. To this end, separately for data
from each Illuminate trial, we estimated a multivariable logistic
model, with the dichotomous outcome defined as the patient’s
inclusion in one of the two TB groups versus the placebo group.
Independent variables included age and sex, as well as two
responder indices: binary SRI-5 response and continuous stan-
dardized LuMOS 2.0 score, both evaluated at week 52, as in
the original Illuminate publications (16,17). LuMOS 2.0 scores
were converted to z scores so that the resulting adjusted odds
ratio (OR) represented the effect of increasing the score by 1 stan-
dard deviation of the distribution of LuMOS scores across all

participants in the trial. The results of primary interest were the
mutually adjusted ORs for SRI-5 responses and LuMOS 2.0
scores, with 95% CIs, and their statistical significance was tested
using model-based Wald χ2 tests with 1 degree of freedom at
two-tailed α = 0.05. The results of these tests indicated whether
SRI-5 responses and LuMOS 2.0 scores are able to significantly
improve discrimination between outcomes of patients treated
with TB and outcomes of those randomized to the placebo over
the discrimination achieved with the other responder index.
Because the OR for a binary SRI-5 cannot be directly compared
with the OR for a 1–standard deviation increase in the continuous
LuMOS 2.0 score, the relative strength of their adjusted effects
was compared based on the corresponding values of the Wald
statistics.

In sensitivity analyses, we explored whether the adjusted
association between continuous LuMOS 2.0 scores and the logit
of the binary outcome (inclusion in one of the TB groups) may be
nonlinear. To address this issue, we reestimated a flexible exten-
sion of the aforementioned multivariable logistic model using
cubic regression splines with 5 degrees of freedom to model pos-
sibly nonlinear effect of increasing LuMOS 2.0 scores (20–22).
The fit of the flexible nonlinear spline-based model was compared
with that of the conventional logistic model using the Akaike Infor-
mation Criterion (23), with a reduction of at least 4 Akaike Informa-
tion Criterion points considered as evidence of a clinically
important nonlinear effect (24).

RESULTS

Validation of the standardized LuMOS 2.0 and com-
parison with the original LuMOS. Table 1 compares the per-
formance of the original LuMOS (6), the relative change LuMOS
1.2, and the standardized LuMOS 2.0 models. The performance
of each model is quantified by the ES, with higher ES indicating
better discrimination (ie, a model more responsive to change)
(12,15). A model indicates a statistically significant treatment
effect, at two-tailed α = 0.05, if the corresponding 95% CIs for
the ES (last column) exclude 0 (15,19).

For all the comparisons reported in Table 1, including valida-
tion analyses in an independent BLISS-52 data set (14), all three
of the LuMOSmodels provide clear evidence of statistically signif-
icant differences in the outcomes observed in each of the Bel
groups versus the placebo group. Indeed, all 95% CIs for the ES
exclude not only the null effect (ES = 0) but also any very weak
effect (ES ≤ 0.15) (15). However, there were meaningful differ-
ences in the responsiveness to change of the alternative LuMOS
models. In particular, the relative change LuMOS 1.2 model per-
formed systematically worse than either the original LuMOS
model or the standardized LuMOS 2.0 model for either of the
active treatment groups (Table 1). Indeed, the relative change
LuMOS 1.2 model yielded ES values lower by 0.17 to 0.19 (ie,
by more than 30%, in relative terms) than the corresponding ES
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values obtained with the two other LuMOS models. In contrast,
the mathematical properties of the standardized change LuMOS
2.0 model ensure that it performs as well as the original LuMOS
model in all analyses reported in Table 1.

Based on the clear pattern of results presented in Table 1,
the new LuMOS 2.0 model, which relies on z score standardiza-
tion of the observed values of each continuous biomarker, is the
most effective generalizable version of the LuMOS model. This
model can be used regardless of the potential between-study
differences in the assays used to measure the biomarkers, units
used, and/or distributions of the observed biomarker values.

Table 2 compares the resulting new generalizable scoring
formula of the proposed standardized LuMOS 2.0 model with
the original LuMOS formula reported previously (12). As

expected, the differences in the corresponding coefficients con-
cern mainly the three biomarkers, whereas for all other variables
the coefficients are very similar. To further facilitate the implemen-
tation of the standardized LuMOS 2.0 model in future SLE stud-
ies, section 3 of the Supplementary Material provides a detailed
step-by-step description of all the required data manipulations
and calculations. These steps are illustrated in the
Supplementary Table A.1 using data for a single trial participant.

Validation of LuMOS 2.0 in the Illuminate-1 and
Illuminate-2 trials of TB. Table 3 compares the standardized
LuMOS 2.0 scores in the three randomization groups at week
52 separately for each of the two Illuminate trials. In both trials,
the mean LuMOS 2.0 scores for patients treated with either TB

Table 1. Comparing the original versus two new LuMOS models: distributions of scores and ES

Model or trial Group (n)
Biomarkers
values used

Mean
score SD

ES (relative
to PB)

95% CI
for ES

Original LuMOS
BLISS-76 PB (n = 275) Change in original

values
−0.22 0.69 – –

BLISS-76 Bel-1mg
(n = 271)

Change in original
values

+0.07 0.69 0.43 0.26-0.60

BLISS-76 Bel-10mg
(n = 273)

Change in original
values

+0.23 0.70 0.66 0.49-0.83

LuMOS 1.2
BLISS-76 PB (n = 275) Relative change (%) −0.17 0.61 – –

BLISS-76 Bel-1mg
(n = 271)

Relative change (%) +0.04 0.59 0.35 0.18-0.52

BLISS-76 Bel-10mg
(n = 273)

Relative change (%) +0.04 0.59 0.53 0.36-0.70

LuMOS 2.0
BLISS-76 PB (n = 275) Change in z scores −0.22 0.69 – –

BLISS-76 Bel-1mg
(n = 271)

Change in z scores +0.07 0.69 0.42 0.25-0.59

BLISS-76 Bel-10mg
(n = 273)

Change in z scores +0.23 0.70 0.64 0.47-0.81

External validation in
BLISS-52

Original LuMOS model
BLISS-52 PB (n = 287) Change in original

values
−0.28 0.75 – –

BLISS-52 Bel-1mg
(n = 288)

Change in original
values

+0.16 0.78 0.57 0.40-0.74

BLISS-52 Bel-10mg
(n = 290)

Change in original
values

+0.29 0.77 0.75 0.58-0.92

LuMOS 1.2
BLISS-52 PB (n = 287) Relative change (%) −0.18 0.60 – –

BLISS-52 Bel-1mg
(n = 288)

Relative change (%) +0.06 0.59 0.40 0.23-0.57

BLISS-52 Bel-10mg
(n = 290)

Relative change (%) +0.19 0.71 0.56 0.39-0.72

LuMOS 2.0
BLISS-52 PB (n = 287) Change in z scores −0.28 0.75 – –

BLISS-52 Bel-1mg
(n = 288)

Change in z scores +0.16 0.78 0.57 0.40-0.74

BLISS-52 Bel-10mg
(n = 290)

Change in z scores +0.29 0.77 0.74 0.57-0.91

Abbreviations: Bel-1mg, belimumab 1 mg/kg; Bel-10mg, belimumab 10 mg/kg; BLISS-52, Study of Belimumab in
Subjects with SLE 52-week; BLISS-76, Study of Belimumab in Subjects with SLE 76-week; CI, confidence interval;
ES, effect size; LuMOS, Lupus Multivariable Outcome Score; PB, placebo; SD, within-group standard deviation.
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dose are positive, in contrast to negative mean scores for both
placebo groups. The responsiveness to change of LuMOS 2.0 is
further underscored by the fact that the corresponding 95% CIs
for the mean scores for the active treatment groups do not over-
lap at all with the corresponding 95% CIs for patients randomized
to the placebo group (Table 3). In contrast, the between-groups
differences in the proportions of SRI-5 responders are consider-
ably less pronounced, with an overlap between 95% CIs for either
TB group and the corresponding 95% CI for the placebo group
(Table 3). Notably, the overlap is only minimal for the high-
frequency (every 2 weeks) TB group in the Illuminate-2 trial, con-
sistent with a statistically significant difference found for this group
in the original analyses based on SRI-5 (17).

Table 4 reports the ES values for contrasts between each of
the TB groups and the placebo group. For all four contrasts,
LuMOS 2.0 yields ES values close to or higher than 0.5
(Table 4), considered a moderate effect (15). Furthermore, all four
corresponding 95% CIs exclude not only 0, indicating statistically
significant TB effects, but also any ES values close to 0.2, consid-
ered a weak effect. In contrast, the SRI-5 (11) indicates much
lower ES, three of which are below the 0.2 cutoff for a weak effect
(15). In addition, for both TB groups in the Illuminate-1 trial, the
95% CIs for the ES include 0 (Table 4) and, thus, fail to demon-
strate a statistically significant treatment effect. Finally, for all four

contrasts, even the lower bounds of the 95% CIs for LuMOS
2.0–based ES are higher than the upper bounds of the corre-
sponding 95% CIs for SRI-5–based ES (Table 4). This under-
scores the finding that, relative to SRI-5, LuMOS 2.0 yields
systematically statistically significantly better discrimination
between outcomes of patients treated with TB and outcomes of
those randomized to a placebo.

Assessing the capacity of LuMOS 2.0 and SRI-5 to dis-
criminate between outcomes in the active treatment
groups and outcomes in the placebo group. In both Illumi-
nate data sets, multivariable logistic regression yielded very signif-
icant associations between a higher LuMOS 2.0 score at week
52 and the odds of a patient being treated with TB rather than
receiving a placebo. Spline-based sensitivity analyses did not
reveal any important violations of the linearity assumption
(section 2 of the Supplementary Material). When adjusted for
SRI-5 response, as well as for age and sex, the odds of being in
an active treatment group increased by a factor of about two for
every 1–standard deviation increase in the LuMOS 2.0 score, with
the adjusted association being somewhat stronger in the
Illuminate-2 trial (adjusted OR [aOR] = 2.60, 95% CI: 2.08-3.26,
P < 0.0001) than in Illuminate-1 data (aOR = 1.86, 95% CI:
1.54-2.25, P < 0.0001). On the other hand, in the Illuminate-1

Table 3. Comparisons of mean LuMOS scores across the randomization groups in the Illuminate-1 and Illuminate-2
trials

Trial Group (n)
Mean LuMOS 2.0 score

(95% CI)
Within-group

SD
% SRI-5 responders

(95% CI)

Illuminate-1 Placebo (n = 379) −0.223 (−0.296 to −0.150) 0.726 29.3 (24.7 to 33.9)
Illuminate-1 TB-4weeks

(n = 378)
+0.100 (+0.027 to +0.173) 0.725 35.2 (30.4 to 40.0)

Illuminate-1 TB-2weeks
(n = 381)

+0.121 (+0.031 to +0.211) 0.898 31.8 (27.1 to 36.5)

Illuminate-2 Placebo (n = 376) −0.235 (−0.310 to −0.160) 0.545 27.7 (23.2 to 32.2)
Illuminate-2 TB-4weeks

(n = 376)
+0.103 (+0.033 to +0.173) 0.691 34.8 (30.0 to 39.6)

Illuminate-2 TB-2weeks
(n = 372)

+0.207 (+0.133 to +0.281) 0.728 38.4 (33.5 to 43.3)

Abbreviations: CI, confidence interval; SD, standard deviation; SLE, systemic lupus erythematosus; SRI-5, SLE
Responder Index-5; TB-2weeks, tabalumab 120 mg every 2 weeks; TB-4weeks, tabalumab 120 mg every 4 weeks.

Table 2. Comparing the LuMOS scoring formulas: original LuMOS model (12) versus the LuMOS 2.0 model

Variable
Coefficient

(original LuMOS)
SE

(original LuMOS)
Coefficient z score

(LuMOS 2.0)
SE z score
(LuMOS 2.0)

Intercept −0.43 0.142 −0.433 0.14
SLEDAI score decrease ≥4 0.24 0.184 0.238 0.18
Prednisone dose change
(1 mg/day)

−0.005 0.004 −0.005 0.004

Anti-dsDNA change −0.0068 0.0026 −0.506 0.199
C3 change −0.0002 0.0007 −0.067 0.225
C4 change 0.105 0.0276 1.016 0.266
BILAG renal worsening −0.39 0.276 −0.392 0.276
BILAG mucocutaneous improvement 0.53 0.302 0.526 0.302

Abbreviations: BILAG, British Isles Lupus Assessment Group andMucocutaneous; LuMOS, LupusMultivariableOutcome Score;
SE, standard error of the corresponding regression coefficient; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.
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trial, SRI-5 had no association with the treatment, once adjusted
for LuMOS 2.0 score (aOR for SRI-5 = 0.98; 95% CI: 0.75-1.27,
P = 0.87). In Illuminate-2 analyses, the adjusted association
between SRI-5 response and inclusion in a TB treatment group
was only marginally significant (aOR = 1.33; 95% CI: 1.01-1.75,
P = 0.044). Furthermore, in both trials, the adjusted associations
were much stronger for LuMOS 2.0 scores than for SRI-5
responses (Wald statistics of 41.99 vs. 0.03, and 68.82 vs. 4.07
for Illuminate-1 and Illuminate-2, respectively). This pattern of
results indicates that in both Illuminate trials, LuMOS 2.0 was able
to identify important systematic differences between outcomes of
patients treated with TB and outcomes of those randomized to a
placebo that were not captured by the SRI-5. In contrast, once
LuMOS 2.0 scores were taken into account, SRI-5 responses
failed to improve discrimination between active treatment and
placebo groups in Illuminate-1 participants and yielded only a
marginal improvement in Illuminate-2 analyses.

DISCUSSION

A critical component of successful drug development in
SLE is the availability of a simple rational outcome measure that
is understandable to clinicians and relevant to their practices. This
prompted us to develop a new evidence-based LuMOS (12).
LuMOS was developed through multivariable analyses with the
goal of optimizing discrimination between actively treated patients
and those randomized to a placebo by aggregating information
on longitudinal within-patient changes observed during the trial
in a spectrum of relevant clinical and laboratory variables (12).
Specifically, the multivariable LuMOS scoring formula was esti-
mated based on the contrasts between the high-dose Bel treat-
ment versus the placebo in the BLISS-76 trial, which originally
established the effectiveness of this treatment (13) and, together
with a similar BLISS-52 trial (14), led to US Food and Drug
Administration (FDA) approval of Bel for SLE. In our reanalyses of
both BLISS trials, LuMOS yielded highly statistically significant dif-
ferences for each of the Bel groups compared with the placebo
group, including those comparisons in which the SRI-4 used in
the original analyses (13,14) failed to reach statistical significance.
Moreover, for all comparisons, LuMOS indicated much stronger
ES, as measured by Cohen’s d statistic (15), than SRI-4 (12).

In the current article, we sought to validate LuMOS using
unrelated lupus clinical trial data sets. To achieve this, we first

refined the original LuMOS scoring formula to make it indepen-
dent of assays used to measure the three laboratory biomarkers,
which are now standardized using a z score transformation. We
then conducted further external validation of the resulting stan-
dardized LuMOS 2.0 model using data from the Illuminate-1 and
Illuminate-2 trials of TB (16,17) rather than Bel, which was used
to develop LuMOS. In both Illuminate trials and for both TB treat-
ment regimens tested in the trials, LuMOS 2.0 revealed statisti-
cally significant improvements in the outcomes, relative to
patients randomized to the placebo. Thus, LuMOS 2.0 yielded
consistent results for both Illuminate trials, in contrast to SRI-5,
the primary outcome measure used in the original analyses of
the same data, which showed significant improvements with TB
only for the Illuminate-2 trial (17) but not for Illuminate-1 (16). Fur-
thermore, for all comparisons between TB and the placebo in
both trials, LuMOS 2.0 showed much stronger ES than SRI-5.
The magnitude of these differences between the two outcome
measures is underscored by the fact that even the lower bounds
of 95% CIs for LuMOS-based ES were systematically higher than
the upper bounds of the corresponding CIs for SRI-5.

Additional exploratory multivariable analyses yielded further
insights regarding the comparison of responsiveness to change
of LuMOS 2.0 and SRI-5. The results demonstrated that LuMOS
2.0 scores provided a statistically significant clear discrimination
between changes observed during either Illuminate trial in actively
treated participants and changes observed in those on a placebo,
even after adjustment for SRI-5. Thus, even among the trial partic-
ipants with the same SRI-5 responses, those with higher LuMOS
2.0 scores are significantly more likely to be treated with TB, with
the odds approximately doubling for every 1–standard deviation
increase in LuMOS 2.0 score. In contrast, among participants with
the same LuMOS 2.0 score, the differences between SRI-5
responses in the TB groups and those in the placebo group were
only marginally significant (P = 0.044) in Illuminate-2 data (17) and
convincingly nonsignificant for the Illuminate-1 trial (P = 0.87) (16).
Overall, these results suggest that LuMOS is able to identify some
systematic differences in the pattern of changes in relevant clinical
and laboratory variables observed during the trial in actively treated
patients, relative to spontaneous changes that occur in the pla-
cebo group, that are not captured by SRI-5, while also accounting
for practically all meaningful differences that are reflected by SRI-5.

Two formal properties of LuMOS may partly explain its better
ability to identify trial participants who receive an active treatment

Table 4. Effect sizes for discrimination between tabalumab groups and the placebo group in the Illuminate-1 and
Illuminate-2 trials: LuMOS 2.0 versus SRI-5

Trial Group (n) LuMOS 2.0: effect size (95% CI) SRI-5: effect size (95% CI)

Illuminate-1 TB-4weeks (n = 378) 0.44 (0.30 to 0.59) 0.13 (−0.02 to 0.27)
Illuminate-1 TB-2weeks (n = 381) 0.42 (0.27 to 0.56) 0.05 (−0.09 to 0.20)
Illuminate-2 TB-4weeks (n = 376) 0.54 (0.39 to 0.68) 0.15 (0.01 to 0.30)
Illuminate-2 TB-2weeks (n = 372) 0.69 (0.53 to 0.83) 0.23 (0.08 to 0.37)

Abbreviations: CI, confidence interval; SRI-5, Systemic Lupus Erythematosus Responder Index-5; TB-2weeks, tabalu-
mab 120 mg every 2 weeks; TB-4weeks, tabalumab 120 mg every 4 weeks.
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rather than a placebo. Firstly, a continuous outcome measure,
such as the LuMOS 2.0 score, is in general expected to offer bet-
ter precision and higher statistical power than a binary responder
index, such as SRI-4 or SRI-5. Secondly, the LuMOS scoring for-
mula involves multiplying changes observed during the trial in par-
ticular variables by the corresponding adjusted regression
coefficients from multivariable analyses (12). Thus, the final
LuMOS score reflects both the magnitude of the changes in the
relevant laboratory and clinical variables and their evidence-based
numerical relative importance weights, resulting in a more refined
and informative aggregation of the multivariable pattern of
changes than just counting the number of variables for which the
observed change exceeds a predetermined threshold.

Our current work aims to refine outcomemeasurement in SLE
trials in which the main focus is on comparing the average
responses of actively treated participants versus those randomized
to a placebo (ie, on contrasting the mean LuMOS 2.0 values in the
corresponding groups). Further research may explore if and how
LuMOS 2.0 scores may be used to assess longitudinal within-
patient changes in SLE disease activity of individual patients.

Some important limitations of both the LuMOS approach
and the analyses reported in this study have to be recognized.
As we acknowledged earlier, the fundamental, likely unsurmoun-
table, difficulty is related to an absence of an independent gold
standard for a clinically relevant and empirically measurable global
improvement in SLE disease manifestations (12). Indeed, empiri-
cal comparisons of the independent assessments of real
patient-derived clinical vignettes by several SLE experts revealed
important differences in opinions regarding whether individual
patients did or did not show a clinically meaningful improvement,
even when the experts were given exactly the same information
(5). In this situation, when developing LuMOS, we had to rely on
discrimination between outcomes observed in patients treated
with an active FDA-approved SLE treatment (13), such as high-
dose Bel, and outcomes observed in patients who received a
placebo. Whereas it is likely that, on average, this contrast is a
reasonable proxy for the differences associated with a hypotheti-
cal gold standard of a clinically relevant improvement, it is clear
that some Bel-treated patients had no improvements during the
trial. Thus, the dependent variable in our multivariable analyses
through which LuMOS was developed may be affected by some
misclassification, likely inducing both bias toward the null in the
estimated associations and some, less predictable, inaccuracy
in the resulting numerical weights assigned to changes in the par-
ticular component variables. From this perspective, we find it
encouraging that, in spite of these limitations, LuMOS 2.0 per-
formed very well in discriminating between actively treated
patients and patients on a placebo in the current analyses of two
independent trials of a different drug from Bel used to develop
the LuMOS scoring formulas.

On the other hand, it is important to take into account that TB
evaluated in the two Illuminate trials (16,17) on which our current

validation analyses rely has a similar action as Bel assessed in
the BLISS-76 trial (13), the results of which were used to develop
LuMOS and LuMOS 2.0. As a consequence, if, for example, the
relatively high weight assigned in LuMOS to changes in the C4
component (Table 2) reflects a strong impact of autoantibody
secretion by B cell lineage cells, common to both drugs
(13,14,16,17), this might have favored LuMOS in our validation
analyses. Therefore, a priority for our future research is to attempt
further validation of LuMOS 2.0 using data from successful SLE
trials that assessed other effective treatment(s) with different
molecular targets than Bel and TB. Ideally, such new trials could
also provide measures of some other relevant variables, such as
patient-reported outcomes, which were not systematically col-
lected in the BLISS-52 and BLISS-76 and Illuminate-1 and Illumi-
nate-2 trials (13,14,16,17) but are likely to yield independent,
clinically important information relevant to identify responders to
an effective treatment. Access to such additional data sources
would allow us to reassess the current LuMOS and LuMOS 2.0
models through newmultivariable analyses based on random for-
ests (25) and other promising, recently developed variable selec-
tion methods (26,27).

In summary, our validation analyses suggest that a versatile
standardized LuMOS 2.0 model may help identify effective new
SLE treatments by identifying responders more accurately. Yet
further validation using data from successful trials of SLE drugs
with different biochemical properties from Bel and TB is required
before LuMOS can be established as a generic SLE responder
index.
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