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ARTICLE INFO ABSTRACT

Article history: Objectives: Remote monitoring of disease activity in patients with rheumatoid arthritis (RA)
Received 30 September 2025 .. . . . . .

Received in revised form 17 November 2025 offe':rs a promising S(?lutlon to 1ncr<?a?1ng healthc.::lre demands. This study aimed to develol? and
Accepted 22 November 2025 validate a model using selected clinical and patient-reported outcome measure (PROM) items

that efficiently and accurately reflect the original disease activity score (DAS).

Methods: Data from 5802 visits of 612 patients with RA from the treatment in the Rotterdam
Early Arthritis Cohort and TApering strategies in RA trials were randomly split (1:1) into deriva-
tion and internal validation sets. An external validation was performed using 4404 visits from
1554 patients with RA from the Early Arthritis Cohort. A model was developed using Least Abso-
lute Shrinkage and Selection Operator (LASSO) regression that incorporated age, sex, disease
duration, autoantibody status, and individual PROM items, including visual analogue scale
(VAS) general health, all Health Assessment Questionnaire-Disability Index (HAQ-DI) items,
VAS pain, and VAS fatigue, to predict the DAS. The model’s ability to detect active disease (DAS
>2.4) and remission (DAS <1.6) was evaluated using the area under the receiver operating char-
acteristic curve (AUC-ROC), along with sensitivity and specificity across predefined thresholds.
Results: The final model included 12 out of 28 predictors: age, sex, disease duration, VAS general
health, 7 HAQ-DI items, and VAS pain. It showed excellent discriminative ability for detecting
active disease with AUC-ROC values of 0.89 in both the development and internal validation
sets, and 0.82 in the external validation set. For detecting remission, the AUC-ROC values were
0.86, 0.85, and 0.82, respectively. Test characteristics were provided for different thresholds.
Conclusions: The proposed DAS intended for digital remote assessment combines clinical and
PROM items and can accurately and efficiently distinguish between disease activity states in RA,
supporting its potential use in remote monitoring in the future.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» With rising demands on our healthcare system, remote moni-
toring can help sustain the quality of rheumatologic care by
facilitating home-based detection of active disease and remis-
sion, which is essential for the recommended treat-to-target
approach.

The use of patient-reported outcome measures (PROMs) could
help facilitate remote monitoring.

However, current PROMs do not optimally align with the dis-
ease activity score, highlighting the need for improvement
before they can be used to facilitate remote monitoring.

WHAT THIS STUDY ADDS

* A combination of age, sex, disease duration, visual analogue
scale (VAS) general health, 7 Health Assessment Question-
naire-Disability Index items, and VAS pain can adequately dif-
ferentiate between well-controlled and active disease with
excellent diagnostic accuracy in an independent real-world
cohort.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» The digital disease activity score (digital DAS) combines 9 indi-
vidual PROM items, thereby reducing questionnaire burden,
which is sufficient for effectively detecting active disease and
remission according to the DAS.

These results may facilitate remote monitoring of patients with
rheumatoid arthritis and aid in maintaining the quality of rheu-
matic care in the future.

INTRODUCTION

Current guidelines for rheumatoid arthritis (RA) recommend
a treat-to-target (T2T) approach, which involves modifying
treatment until remission or low disease activity (LDA) is
achieved [1—3]. Moreover, if patients are in sustained remis-
sion, tapering of treatment can be considered [2,3]. For a T2T
approach, it is essential to monitor disease activity using vali-
dated disease activity indices such as the disease activity score
(DAS), which necessitates a physical examination. These assess-
ments are recommended every 1-6 months depending on the
disease activity level [1]. However, regular in-clinic assessments
are increasingly challenging due to the growing demands on our
healthcare system [4,5]. For example, previous literature
showed that only 34% of patients with RA with active disease
were assessed within the recommended 3-month timeframe
[2,4,6]. Therefore, alternative methods to assess disease activity
are necessary to uphold the quality of rheumatic care [5,7].

One option is remote monitoring using patient-reported out-
come measures (PROMs) [4,5]. PROM usage is already recom-
mended for daily practice as they help quantify disease impact
[8—10]. When PROMs are used as a screening tool to identify
disease activity, they may also help reduce the number of outpa-
tient clinic visits [4,5]. Several studies have examined the use of
PROMs to monitor disease activity, including PRO-
CLinical ARthritis Activity (PRO-CLARA) and routine assess-
ment of patient index data 3 (RAPID3), which are also recom-
mended by the American College of Rheumatology for use in
daily practice [11—14]. Although informative during clinic vis-
its, their ability to accurately align with DAS scores remains
moderate as the reported Spearman correlation coefficients
between the DAS28-erythrocyte sedimentation rate (ESR) and
the PRO-CLARA and RAPID3 were 0.57 and 0.66, respectively
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[15]. A combination of multiple dichotomised PROMs resulted
in a moderate diagnostic accuracy (area under the receiver oper-
ating characteristic curve [AUC-ROC] of 0.76) for detecting
active disease [16]. However, total PROM questionnaires may
contain items unrelated to disease activity, limiting their dis-
criminative ability. From the patient’s perspective, answering a
large number of questions can be burdensome and may nega-
tively affect compliance [17]. Moreover, the aforementioned
model lacks external validation, which is crucial for assessing its
generalisability and clinical applicability.

Therefore, we aimed to identify and validate a subset of clini-
cal and independent PROM items that most effectively reflect
the DAS, enabling efficient and accurate discrimination between
disease activity states in RA. This could be a step towards remote
monitoring of RA.

METHODS

Patients and study data

For model development and internal validation, we included
patients who participated in the ‘treatment in the Rotterdam
Early Arthritis Cohort’ trial (tREACH, ISRCTN26791028) and
the ‘TApering strategies in Rheumatoid Arthritis’ trial’ (TARA,
NTR2754). For external validation of the model, patients from
the ‘Early Arthritis Cohort’ (EAC) were included. All study pro-
tocols were approved by ethics committees at each participating
centre, and all patients provided written informed consent
before inclusion in accordance with the Declaration of Helsinki.

The tREACH trial was a single-blinded randomised controlled
trial (RCT) conducted across 8 rheumatology centres in the
Netherlands. Patients were recruited between July 2007 and
April 2011. Disease-modifying antirheumatic drug (DMARD)-
naive early undifferentiated arthritis and patients with RA, who
had arthritis in >1 joint(s) and a symptom duration of <1 year,
were included. RA diagnosis was based on fulfilment of the
1987 or 2010 classification criteria [18,19]. The trial compared
multiple initial treatment strategies and had a T2T management
approach that aimed for LDA, defined as a DAS <2.4. Treatment
was intensified until LDA was achieved and tapered if patients
were in sustained remission, defined as a DAS <1.6 at 2 consecu-
tive visits. If a flare occurred, defined as a DAS >2.4, full treat-
ment was restarted according to the stage of the protocol. Visits
occurred every 3 months for 3 years and thereafter annually up
to 5 years. More information on the tREACH trial can be found
elsewhere [20,21].

The TARA trial was a single-blinded RCT conducted across 12
rheumatology centres in the Netherlands. Patients were
included between September 2011 and July 2016. RA-patients
with well-controlled disease, defined as a DAS <2.4 and swollen
joint count (SJC) <1 at 2 consecutive visits, who used both >1
conventional synthetic (cs)DMARDs and a tumour necrosis fac-
tor (TNF) inhibitor, were included. RA diagnosis was based on
fulfilment of the 1987 or 2010 classification criteria [18,19].
The trial compared 2 tapering strategies: tapering csDMARDs in
year 1 followed by TNF-inhibitors in year 2, or vice versa. If a
disease flare occurred, defined as DAS >2.4 or SJC >1, the last
effective treatment was restarted and intensified until well-con-
trolled disease was re-established. Patients were followed for
2 years, with scheduled visits occurring every 3 months. Exten-
sive information on the TARA trial can be found elsewhere [22].

The EAC is an ongoing population-based inception cohort in
Leiden, The Netherlands. In the EAC, consecutive patients with
recent-onset arthritis (symptom duration <2 years) have been
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included since 1993. RA diagnosis was based on fulfilment of
the 1987 or 2010 classification criteria [18,19]. Treatment of
included patients follows current (inter)national guidelines and
is determined by the treating rheumatologist. Follow-up visits
take place biannually in the first year and annually thereafter.
Further details on the EAC are available elsewhere [23]. For this
study, only patients with RA enrolled from January 2006
onwards were included as they were treated according to the
currently recommended T2T principles [24]. The most recent
dataset entry is from October 2023.

Included data for this analysis

In all cohorts, the DAS and its components were collected at
each visit by a trained research nurse. PROMs were completed
at home using paper or digital questionnaires before the sched-
uled appointment. For model development and internal valida-
tion, we included patients from the tREACH and TARA cohorts
who met the 1987 or 2010 RA criteria and had >1 variable of
interest and a concurrent DAS measurement. For external valida-
tion, all EAC visits meeting the RA criteria were included if all
variables of the developed model, as well as the DAS, were avail-
able at the same visit. Due to the scope of the initial study
cohorts, measurements of the outcome and predictors were not
blinded from each other.

Outcome variable—disease activity

Disease activity was assessed with the DAS that includes a 44-
SJC, a tender joint count measured with the Ritchie Articular
Index in 53 joints, ESR, and general health (visual analogue
scale [VAS], 0-100 mm) or patient global assessment (PGA)
(VAS, 0-100 mm) [25].

Patient characteristics and clinical outcomes

At baseline, sex, age, symptom duration, disease duration,
anticitrullinated protein antibody (ACPA), and rheumatoid factor
(RF) status were documented. C-reactive protein and ESR were
measured at each visit. Sex, age, disease duration, and autoanti-
body status (ACPA and RF) were included as explanatory variables
in our analyses because evidence suggests that these variables may
influence disease activity in patients with RA [26—29].

PROMs

For our analyses, we selected PROMs that (i) aligned with the
International Consortium for Health Outcome Measurement
(ICHOM)—recommended domains, (ii) were available in the
tREACH, TARA, and EAC cohorts, and (iii) were applicable to all
patients, excluding, eg, work-related questionnaires [10]. Based
on the aforementioned criteria, the following PROMs were
selected: general health/PGA, Health Assessment Question-
naire-Disability Index (HAQ-DI), pain, and fatigue. Table 1
shows the collected PROMs per ICHOM outcome domain and
cohort [10].

Table 1
PROMs per ICHOM-recommended outcome domain and cohort
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General health/PGA (VAS, 0-100 mm) was included as a
PROM to capture the disease activity component as well as the
health impact domain. Higher scores indicate a poorer perceived
general health. Activity limitation was measured with the HAQ-
DI, with a total score ranging from 0 to 3, and higher scores indi-
cating more functional impairment [30—32]. Pain was mea-
sured with a numeric rating scale (NRS, 0-10) in the tREACH
and TARA trial, whereas in the EAC, a VAS (0-100 mm) was
used. Higher scores indicate greater pain severity. Lastly, fatigue
was measured using a VAS (0-100 mm) in the tREACH and EAC.
In the TARA, an NRS (0-10) was used. Higher scores represent
more severe fatigue [33]. For comparability, all NRS were trans-
formed to a 0 to 100 scale.

Statistical analysis

To account for differences in RA stage (early vs established
RA), baseline DAS, and treatment protocols between the
tREACH (n = 425) and TARA (n = 187) cohorts, all visits from
both cohorts were merged into 1 dataset and thereafter ran-
domly split (1:1) into development and internal validation sets.
This ensured a balanced representation of early and established
RA visits with an equal range in disease activity levels across
both sets. It also accounted for patients who participated in both
the tREACH and, thereafter, the TARA trial. Visits from the
included patients with EAC (n = 1554) served as an external
validation set.

Model development

A ‘Least Absolute Shrinkage and Selection Operator’ (LASSO)
regression was used to develop the DAS intended for digital
remote assessment (digital DAS hereafter). LASSO selects the
most relevant variables from a set of potential predictor varia-
bles and thereby decreases overfitting, resulting in a more gen-
eralisable model. Potential predictors to estimate the DAS
included age, sex, disease duration, ACPA, RF, and all individual
PROM items from the following questionnaires: VAS general
health/PGA (1 item), HAQ-DI (20 items), VAS pain (1 item),
and VAS fatigue (1 item). For this analysis, the use of aids or
help from others was not considered for individual HAQ-DI
items. All items were treated as linear continuous variables to
maintain an evenly distributed weight between different levels
within 1 item. Age and disease duration were defined at the
time of visit. ACPA and RF status were assessed at baseline and
were then carried forward to subsequent visits. If general health
or PGA values were missing in the tREACH or TARA datasets,
the 3-item DAS was used to impute the DAS. This occurred in 46
of 5802 RA visits. Missing predictors were not imputed, and the
final model included only visits with complete data for all
selected variables.

Several methods for selecting 1 were evaluated for goodness
of fit, including cross-validation (CV), adaptive lasso—which

Outcome domains [10] tREACH

Disease activity component and health impact

Activity limitations HAQ-DI
Pain NRS, 0-10
Fatigue VAS, 0-100 mm

VAS general health, 0-100 mm

TARA EAC

VASPGA,0-100 mm  VAS general health, 0-100 mm
HAQ-DI HAQ-DI

NRS, 0-10 VAS, 0-100 mm

NRS, 0-10 VAS, 0-100 mm

EAC, Early Arthritis Cohort; HAQ-DI, Health Assessment Questionnaire-Disability Index; ICHOM, International Consortium for Health Out-
come Measurement; NRS, numeric rating scale; PGA, patient global assessment of disease activity; PROM, patient-reported outcome mea-
sure; TARA, TApering strategies in Rheumatoid Arthritis; tREACH, treatment in the Rotterdam Early Arthritis Cohort; VAS, visual analogue

scale.
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iteratively applies lasso with CV, removing variables with zero
coefficients and reweighting the remaining ones in each step—
and selection of A based on the Bayesian Information Criterion
(BIC) [34]. The BIC method was chosen for its optimal balance
of model simplicity, lowest mean squared error, and highest R-
squared. The selected items and their penalised coefficients
were combined into the digital DAS as follows:

digital DAS = Py + B, -itemy + P,-itemy + Ps-itemsz + ... B, -item,

Model fit evaluation and recalibration

Agreement between the digital DAS and DAS was evaluated
using Bland-Altman plots [35,36]. Model calibration was evalu-
ated by comparing the predicted probabilities for active disease
(DAS >2.4) and remission (DAS <1.6) against the actual out-
come (active disease or remission) [37,38]. Calibration plots
were generated using logistic regression with an intercept of 0
and an offset coefficient for the digital DAS score as a predictive
variable. Based on the calibration plot of active disease, the
model was recalibrated using a regression-derived intercept and
coefficient. The recalibrated digital DAS was re-evaluated in the
development set using Bland-Altman and calibration plots.

Evaluation of discriminative ability

The digital DAS was evaluated for its ability to discriminate
between well-controlled disease vs active disease and remission
vs no remission using the AUC-ROC [38]. An AUC-ROC of 0.5 to
0.6 indicates no discriminative ability, 0.6 to 0.7 is considered
poor, 0.7 to 0.8 is acceptable, 0.8 to 0.9 is excellent, and an AUC-
ROC greater than 0.9 is considered outstanding [39,40]. Addi-
tionally, sensitivity and specificity were evaluated using thresh-
olds based upon (i) the Youden index, which balances the
ity in the development set. To identify misclassification patterns,
patient characteristics of the external validation visits were
shown for each cell of the confusion matrix (ie, correct and mis-
classified visits), stratified for the aforementioned thresholds.

Sensitivity analysis

A sensitivity analysis was conducted to compare the perfor-
mance of the digital DAS with an alternative model that incorpo-
rated its complete PROM scores. This alternative model, referred
to as the ‘full digital DAS’, included the total scores of each

Table 2
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PROM selected in the digital DAS instead of the individual
items. For instance, if multiple individual items from the HAQ-
DI were selected, the overall HAQ-DI score was used in the full
digital DAS as 1 single predictor. In the full digital DAS, the
PROM scores—along with other selected clinical variables such
as age and sex—were included as explanatory variables in a
ridge regression model to estimate the DAS. The resulting penal-
ised coefficients and variables were combined into a single for-
mula. The evaluation of the model fit, recalibration, and
assessment of the discriminative ability was done in the same
manner as the main analysis.

RESULTS
Patient characteristics

The patient selection flowchart and baseline characteristics
of the initial cohorts are shown in Supplementary Figure S1 and
Supplementary Table S1, respectively. Patient characteristics of
the visits used in the development, internal, and external valida-
tion sets are shown in Table 2. The development set included
2901 visits, and active disease was present in 564 (19%) of these
visits. The median (IQR) disease duration was 2.0 (0.8-4) years,
and the mean DAS (SD) was 1.6 (1.0). In 59% of the visits, ACPA
was present, whereas RF was present in 57% of them.

The internal validation set included 2901 visits, and active
disease was present in 576 (20%) of these visits. The median
(IQR) disease duration was 1.8 (0.8-4.0) years. The mean DAS
(SD) was 1.7 (1.0). In 58% and 59% of the visits, ACPA and/or
RF were present, respectively.

The external validation set included 4404 visits. Active dis-
ease was present in 1599 (36%) of these visits. The median
(IQR) disease duration was 2.0 (0.3-5.0) years, and mean (SD)
DAS was 2.0 (1.3). ACPA and patients with RF positive were
evaluated in 46% and 45% of the visits, respectively.

Model development, evaluation, and recalibration

The number of missing values in the development and inter-
nal validation set varied from no missingness to 27% of missing
values (Supplementary Table S2). Ranges of the items were com-
parable between all 3 datasets (Supplementary Table S2). The
selected model included 12 of the 28 items: age, sex, disease

Characteristics at the visits of the development, internal, and external validation sets

Patient characteristics Development (2901 visits)

Internal validation (2901 visits)  External validation (4404 visits)

Sex, female, visits (%) 1914 (67)
Age (y), mean (SD) 56 13)

ACPA positive,” visits (%) 1712 (59)

RF positive,” visits (%) 1667 (57)
Disease duration (y) 2.0 (0.8-4.0)
DAS, mean (SD) 1.6 (1.0)

44 swollen joint count 0 (0-2)

53 tender joint count 1 (0-4)
ESR (mm/h) 11 (5-20)
CRP (mg/L) 4 19

VAS general health/PGA (0-100 mm) 23 (10-42)

1888 (65) 2735 (62)

56 14) 60 a4)
1695 (58) 1970 (46)
1710 (59) 792 (45)
1.8 (0.8-4.0) 2.0 (0.3-5.0)
1.7 (1.0) 2.0 (1.3)

0 (0-2) 0 (0-3)

1 (0-4) 2 (0-7)
11 (5-20) 11 (6-28)
4 (1-8) 3 (3-8)
23 (10-43) 30 (20-50)

ACPA, anticitrullinated protein antibody; CRP, C-reactive protein; DAS, disease activity score (measured in 44 joints); ESR, erythrocyte sedi-
mentation rate; PGA, patient global assessment; RF, rheumatoid factor; VAS, visual analogue scale.

One patient can have multiple visits that are randomly split across the development and internal validation sets. This table shows the patient
characteristics at the visits per set. Baseline characteristics of each initial cohort are shown in Supplementary Table S1. All results are pre-

sented as medians (IQR) unless indicated otherwise.
@ Measured at baseline.
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Table 3
Selected items and penalised coefficients for the digital DAS, before and
after recalibration

Variable Weight Recalibrated weight

Age (y)* 0.002  0.006

Sex (male = 0, female = 1) 0.116 0.335

Diagnosis duration (y)* —0.054 —0.155

VAS general health/patient global assess- 0.018 0.053
ment (0-100 mm)

VAS pain (0-100 mm) 0.005 0.015

HAQ-DI rising: ability to get in and out of 0.065 0.188
bed (0-3)

HAQ-DI eating: ability to cut your meat (0-  0.035 0.102
3)

HAQ-DI eating: ability to open a new car- 0.017 0.049
ton of milk (0-3)

HAQ-DI walking: ability to climb up 5 0.007 0.021
stairs (0-3)

HAQ-DI reach: ability to reach and get 0.034 0.098
down a 5-1b object (0-3)

HAQ-DI grip: ability to open jars which 0.056 0.160
have been previously opened (0-3)

HAQ-DI grip: ability to turn taps on and off  0.017 0.048
0-3)

Constant 0.814 —4.480

HAQ-DI, Health Assessment Questionnaire-Disability Index; digital DAS, dis-
ease activity score intended for digital remote assessment; VAS, visual ana-
logue scale.

@ Diagnosis duration and age were defined at the time of the visit.

duration, VAS general health/PGA, 7 HAQ-DI items, and VAS
pain. Table 3 shows the selected items with their penalised coef-
ficients. The selected HAQ-DI items covered the following cate-
gories: rising, eating, walking, reach, and grip.

After recalibration, the mean difference (95% limits of agree-
ment) between the digital DAS and DAS was 3.8 (1.2, 6.4). In
general, the DAS is higher compared to the digital DAS across
all values (Supplementary Fig S2). The recalibrated model
showed a good calibration for active disease, and moderate cali-
bration for remission, with an overestimation of patients in
remission (DAS <1.6, Supplementary Fig S3).

Discriminative ability

Across all datasets, the model demonstrated excellent dis-
criminative ability in distinguishing between well-controlled vs
active disease and remission vs no remission (Fig 1). In the
development set, the AUC-ROC was 0.89 for well-controlled vs
active disease and 0.86 for remission vs no remission. These
findings were consistent in the internal validation set, with
AUC-ROCs of 0.89 and 0.85, respectively. In the external valida-
tion set, the model maintained excellent discriminative ability,
achieving an AUC-ROC of 0.82 for both comparisons.

Thresholds

Different thresholds can be chosen, depending on whether a
sensitive or specific measure would be preferred, or a balance
herein. To investigate the effect of different thresholds on sensi-
tivity and specificity, 3 thresholds were determined based on
data from the development set: (i) the Youden index, which
achieving 95% sensitivity and specificity, respectively. As shown
in Figure 2, the sensitivity and specificity of all 3 thresholds are
highest in the development set and show a slight decline when
the same thresholds are applied in the internal and external
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AUC-ROC for detecting active disease

sensitivity

—— development (AUC = 0.89)
= internal validation (AUC = 0.89)
—— external validation (AUC = 0.82)

0 .25 5

J 75 1
1-specificity

AUC-ROC for detecting remission*

sensitivity

—— development (AUC = 0.86)
— internal validation (AUC = 0.85)
—— external validation (AUC = 0.82)

0 25 5 75 1

1-specificity

Figure 1. Receiver operating characteristic curve for detecting active
disease (A) and remission (B) in the development, internal, and external
validation set. *The graph shows the ability of the digital DAS to differ-
entiate between a DAS <1.6 and >1.6. AUC, area under the curve; AUC-
ROC, area under the receiver operating characteristic curve; DAS, dis-
ease activity score; digital DAS, disease activity score intended for digi-
tal remote assessment.

validation sets. Using the Youden index (threshold > —1.27), the
external validation yields a sensitivity of 66% and specificity of
81% for detecting active disease (Fig 2A). When applying the
threshold that achieves 95% sensitivity (> —2.77) in the develop-
ment set, then the sensitivity and specificity in the external vali-
dation set are 91% and 51%, respectively. Conversely, the
threshold optimised for 95% specificity (>0.15) yields 34% sensi-
tivity and 95% specificity in the external validation set. The same
interpretation can be applied for remission (Fig 2B).

Remote monitoring is useful when it leads to a substantial
reduction in patient visits, whereas patients with active disease
are not overlooked. In practice, the number of patients with
active and well-controlled disease can vary, which can impact
the benefit of the digital DAS. To illustrate this, we evaluated
the correct and incorrect classifications in the real-world cohort
(external validation cohort). As shown in Figure 3A, in 36% of
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A Active vs. well-controlled disease

95% sensitivity

threshold 2-2.77

Development 95 54
Internal validation 96 54
External validation 91 51

B Remission vs. no remission

95% sensitivity

threshold <-0.85

Development 95 48
Internal validation 95 47
External validation 92 45

m Development

Youden index

95% specificity

threshold 2-1.27 threshold 2 0.15)

80 83 47 95

78 82 48 94

66 81 34 95
Youden index 95% specificity

m Internalvalidation

threshold <-3.56

threshold <-2,11

83 73 42 95
82 72 43 94
76 73 36 95

m External validation

Figure 2. Sensitivity and specificity for different thresholds of the digital DAS in the development, internal, and external validation set for active dis-
ease (A) and remission (B). The thresholds are determined in the development set and are thereafter applied to all 3 datasets. Digital DAS, disease

activity score intended for digital remote assessment.

the visits, patients had active disease. Using the Youden index
(= —1.27), 24% of visits were correctly classified as active dis-
ease, 12% actually had active disease and were misclassified as
well-controlled disease, 12% actually had well-controlled dis-
ease and were misclassified as active disease, and 51% were cor-
rectly classified as well-controlled disease. The same was done
applying a 95%-sensitivity threshold (> —2.77). In this case,
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33% of the visits were correctly identified as active disease, only
3% of visits with active disease were misclassified as well-con-
trolled disease, 31% of the visits were false positives, and 33%
of the visits were correctly classified as well-controlled disease.
Conversely, using a 95%-specificity threshold (>0.15) resulted
in 60% of visits being correctly classified as well-controlled dis-
ease, but 24% of active disease visits were missed. For remission,
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A Active (836%, n=1599) vs. well-controlled disease (64%, n=2805)
95% sensitivity

Youden index

95% specificity

m true positive

m false positive

m true negative  m false negative

Figure 3. Distribution of visits in the external validation set across each cell of the confusion matrix based on the predefined thresholds for active dis-
ease (A) and remission (B). The figure shows the number of visits in the external validation set, classified by the model as follows: (i) correctly identi-
fied as active disease (A) or remission (B)—true positives (pink); (ii) incorrectly identified as active disease (A) or remission (B)—false positives
(orange); (iii) correctly identified as well-controlled disease (A) or no remission (B)—true negatives (blue); or (iv) incorrectly identified as well-con-

trolled disease (A) or no remission (B)—false negatives (grey).

the same interpretation applies, and its classification distribu-
tion is illustrated in Figure 3B.

Thus, inherent to the chosen threshold, choosing a sensitive
definition results in very few visits with active disease that were
missed, but at the cost of more false positives (patients with
well-controlled disease that were identified as having active dis-
ease). The opposite was the case when choosing a very specific
threshold. When using the Youden index as threshold, the per-
centage of visits with false-positive and false-negative DAS clas-
sifications was balanced (both 12%).

Characteristics of the visits per (mis)classification

To better understand the consequences of misclassifications,
we studied the patient characteristics of the correct and misclas-
sified visits. Supplementary Table S3 provides the patient char-
acteristics for true-positive, true-negative, false-positive, and
false-negative visits. In general, misclassified patients show a
discordance of their VAS general health/PGA with their SJC and
ESR. For example, in the case of active disease, patients with a
false-negative test result had a lower VAS general health/PGA
compared to the true positives, whereas no strong differences in
SJC or ESR were observed between true positives and false nega-
tives. Conversely, patients with a false-positive test result had a
higher VAS general health/PGA compared to the true negatives,
with no big observed differences in SJC or ESR between both
groups. Thus, digital DAS misclassifications were often
explained by discordance within the DAS between patient-
reported components such as VAS general health/PGA and the
more inflammation-based components, such as SJC and ESR.

Sensitivity analysis

A sensitivity analysis was conducted to evaluate the differ-
ence between a model composed of full PROM scores using a
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total of 27 individual items compared to the digital DAS using
12 individual items. Supplementary Table S4 and Supplemen-
tary Figs S4 and S5 show the coefficients, model fit and calibra-
tion plots of the full digital DAS. The ability to discriminate
between well-controlled disease and active disease was similar
for the full digital DAS compared to the digital DAS (AUC-ROC
0.84 vs 0.82 in the external validation set, Supplementary Fig
S6A). Similar results were also found for remission vs no remis-
sion (AUC-ROC 0.84 vs 0.82 in the external validation set, Sup-
plementary Fig S6B). Supplementary Figure S7 shows the
sensitivity and specificity across different thresholds.

DISCUSSION

As demands on our healthcare system continue to rise, the
implementation of remote monitoring using PROMs could help
sustain the quality of our rheumatic care, including its T2T
approach. Therefore, we assessed whether a model based on sev-
eral clinical characteristics and selected PROM items could accu-
rately reflect the DAS and its disease activity states in RA. Using
LASSO regression, 12 of 28 possible explanatory items were
combined. This resulted in a proposed DAS intended for digital
remote assessment (digital DAS), which showed excellent dis-
criminative ability with an externally validated AUC-ROC of
0.82 for both active disease and remission. Sensitivity and speci-
ficity varied depending on predefined thresholds. These results
could be a step towards efficient remote monitoring with
PROMs.

We have not chosen 1 specific threshold, allowing potential
users to select thresholds based on their preference for high sen-
sitivity, high specificity, or a balanced trade-off between the 2.
To demonstrate the impact of these choices, we evaluated true
and false classifications within a real-world RA cohort, where
36% of the visits entailed active disease and 64% well-controlled
disease. A high-sensitivity threshold correctly identified 91% of



these active disease visits. Additionally, 51% of visits with well-
controlled disease were correctly classified as such. If remote
monitoring was used to reduce the need for patients with well-
controlled disease to come to the rheumatology clinic, these
patients could skip their physical outpatient visit. In our real-
world cohort, this would result in a reduction of 36% of visits. A
threshold with a balance between sensitivity and specificity cor-
rectly specified 66% of visits with active disease and enabled a
63% reduction in total visits. A high-specificity threshold cor-
rectly identified only 34% of active disease visits, but allowed
for an 84% reduction in total visits.

The choice of threshold not only affects the number of cor-
rectly classified active or well-controlled patients but also results
in a different percentage of patients with active disease being
missed or patients with well-controlled disease being classified
as active. For example, although a high-sensitivity threshold
misclassifies only 9% of active disease visits, a balanced or high-
specificity threshold misses 34% and 66%, respectively. Patients
who were misclassified by the digital DAS often had a discor-
dance between patient-reported components of the DAS (eg,
general health/PGA) and more inflammatory-based components
(eg, SJC and ESR). This indicates a misalignment in patients’
perceived disease burden and inflammatory activity. To reduce
this misalignment, the model could be extended with other
home measurements that are a proxy for joint inflammation,
such as hand function or finger fold measurements [41,42]. It is
also worth noting that the identification of patients with a high
disease burden, even without objective inflammatory activity,
may not be undesirable, as these individuals still require addi-
tional care. This is consistent with the proposed dual T2T strat-
egy in which both disease activity and disease impact are
addressed [9].

In addition to diagnostic accuracy, the burden on patients to
complete questionnaires is an important consideration when
implementing models for remote monitoring. Therefore, we
aimed to develop a parsimonious model using as few PROM
items as possible. The proposed digital DAS, which integrates 9
PROM items with 3 clinical variables (not patient reported),
demonstrated comparable performance to a model using the full
PROM scores, which used 24 PROM items. This substantial
reduction in items contributes to a more user-friendly and feasi-
ble tool for clinical applicability.

Alongside diagnostic accuracy and lowering questionnaire
burden, several other factors should be considered when imple-
menting a PROM-based measure for remote monitoring, includ-
ing health literacy and compliance to complete the
questionnaires. [17]. Additionally, some patients may still prefer
the traditional outpatient clinic visits. Nevertheless, remote
monitoring has the potential and flexibility to accommodate and
facilitate patients’ health care needs, as it may lead to a signifi-
cant reduction in the frequency of outpatient clinical visits for
the entire RA population.

This is not the first publication on remote monitoring using
PROMs. However, the here developed digital DAS outperformed
our earlier model in distinguishing well-controlled from active
disease in RA (AUC-ROC 0.76) [16]. Compared to the
RAPID3, the digital DAS had a similar AUC-ROC and sensitivity
(AUC-ROC = 0.80 and sensitivity = 93% vs AUC-ROC = 0.82
and sensitivity = 91%, respectively), but the digital DAS has a
higher specificity (39% vs 51%) [43]. As the prevalence of active
disease is generally lower due to improved treatment strategies,
the increase in specificity will significantly reduce the number
of outpatient clinic visits, whereas most patients with active dis-
ease are detected [44].
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Other questionnaires, such as the Rheumatoid Arthritis Flare
Questionnaire, also have a good discriminative ability for detect-
ing disease flares [45]. However, these questionnaires are based
on a different flare definition, which integrates aspects from
both the physician’s and patient’s point of view [45,46]. In con-
trast, the digital DAS aligns with DAS-defined disease states
commonly used in daily practice. Thus, the digital DAS serves a
different purpose in comparison to the aforementioned tools.

The strengths of our study include the inclusion of both
patients with early and established RA from 2 RCTs, with a
protocolised T2T management approach, for model develop-
ment and internal validation. Additionally, a real-world,
independent cohort was used for external validation, further
enhancing the robustness and applicability of our findings.
All 3 datasets also included a large sample size of patients
and visits.

There are also several issues that warrant consideration.
Although the digital DAS showed strong discriminative ability
across disease activity states, it initially overestimated scores at
low DAS levels and underestimated them at higher DAS levels
Supplementary Fig S1A. Overestimation could be caused by a
higher perceived disease burden without objective inflamma-
tion or lasting functional impairment due to joint damage [47].
Underestimation at higher DAS levels may be caused by a disba-
lance in active vs nonactive disease visits in the development
set. Recalibration improved the predicted probability of active
disease, but led to an overestimation of predicted probability at
lower DAS levels, limiting optimal prediction of remission prob-
ability. This trade-off was considered acceptable given the clini-
cal priority of detecting active disease.

It should also be noted that PROMs may be sensitive to
the time period in which they are completed. Additionally,
PROMs, such as the HAQ-DI, were not designed for single
item-level extraction or for application in contemporary
remote monitoring settings, but rather primarily for scientific
research purposes. This may limit the model’s applicability
in current patient populations. To mitigate this limitation,
we prioritised the inclusion of patients who were treated
according to the currently recommended T2T approach and
had early as well as established disease to ensure that the
model remains as representative as possible, despite the tem-
poral gap of the study population.

Lastly, minor cohort differences, such as different HAQ-DI ver-
sions and use of VAS general health or VAS PGA, may have
affected model performance. Nonetheless, the digital DAS main-
tained excellent discriminative ability during external validation,
affirming its robustness and potential applicability in broader set-
tings.

Future research should focus on investigating other measure-
ment properties, such as responsiveness over time within 1 indi-
vidual [48]. The model should also be tested in a fully remote
setting using 1 universal set of questions to confirm that its dis-
criminative ability remains intact in this environment. Addition-
ally, updating the model with more modern questions, along
with incorporating variables that specifically reflect joint
inflammation, could further improve the model.

In conclusion, the digital DAS, incorporating age, sex, disease
duration, VAS general health/PGA, 7 HAQ-DI items, and VAS
pain, showed excellent diagnostic accuracy in identifying active
disease and remission, even after external validation in an inde-
pendent, real-world cohort. Although further validation and
optimisation are preferred in future research, these findings sup-
port its potential for efficient remote monitoring of patients
with RA.
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