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Abstract (276/250 words) 
Introduction/Objectives: To identify the frequency, correlates and progression of frailty in systemic sclerosis (SSc).
[bookmark: _Hlk178847379]Method: All Australian Scleroderma Cohort Study participants meeting ACR/EULAR criteria with a calculable FRAIL Scale score were included. FRAIL Scale scores were calculated annually and were used to group participants as ‘robust’, ‘pre-frail’ or ‘frail’. Progression of frailty over time was examined by comparing first-recorded, highest-recorded and last-recorded FRAIL Scale scores for each participant. Determinants of frailty at each visit were evaluated with ordinal logistic regression. Survival was analysed using Cox hazard modelling. 
Results: Of 1703 participants, 14% and 53% met criteria for frailty or pre-frailty respectively, with 33% consistently robust. Among initially frail participants, 40% remained frail and 60% improved to pre-frailty/robustness. Of pre-frail participants, 15% became frail while 32% improved to robustness. One-third of initially robust participants progressed to pre-frailty/frailty. 
[bookmark: _Hlk178847434]SSc-specific determinants of frailty included diffuse SSc (odds ratio(OR)1.4, 95% confidence interval(CI) 1.1-1.8, p<0.01), pulmonary arterial hypertension (OR7.1, 95%CI 5.1-9.9, p<0.01), interstitial lung disease (OR1.6, 95%CI1.3-2.0, p<0.01), proximal weakness (OR1.5, 95%CI1.2-2.0, p<0.01) and lower-tract gastrointestinal symptoms (OR1.5, 95%CI1.3-1.8, p<0.01). Older age (OR1.1, 95%CI 1.1-1.2, p<0.01), raised CRP (OR1.7, 95%CI 1.4-2.0, p<0.01) and anaemia (OR1.4, 95%CI 1.2-1.7, p<0.01) were also significantly associated with frailty. 
A graded risk of death was observed with the diagnosis of pre-frailty and frailty states (hazard ratio(HR) 3.5, 95%CI2.6-4.8, p<0.01; and HR9.8, 95%CI 6.8-14.1, p<0.01 respectively). Frailty and pre-frailty were associated with reduced health-related quality-of-life and physical function (p<0.05).
Conclusions: Frailty and pre-frailty are common in SSc and contribute to morbidity and mortality. Both SSc and non-SSc determinants of frailty exist. Frailty in SSc is a dynamic phenomenon with potential to deteriorate or improve over time.
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Key Points
· In a large cohort, frailty or pre-frailty was identified in two-thirds of individuals with systemic sclerosis (SSc) at any time.
· Frailty is a dynamic phenomenon in SSc, with 60% of initially frail participants improving over time, and one-third of those who were initially robust progressing to pre-frailty or frailty. 
· Frailty was associated with poorer physical function and health-related quality of life, as well as increased mortality; the presence of frailty was associated with an almost 10-fold increase in mortality.





Introduction
[bookmark: _Hlk178863744][bookmark: _Hlk178863513][bookmark: _Hlk178932638][bookmark: _Hlk178970566]Systemic sclerosis (SSc) is an autoimmune disease which can cause fibrosis, inflammation and vasculopathy in key organ systems, particularly the heart, lungs and gastrointestinal tract.[1-3] SSc confers a significant increase in mortality,[4] with organ involvement contributing to increases in both morbidity and mortality.[5, 6] Digital ulceration and contractures may also impede hand function and limit activities of daily living.[6-8] Frailty is a clinical syndrome of reduced physiological reserve characterised by reduced lean body mass, strength, physical endurance and physical activity[9, 10]. Frailty is typically defined as at least three of unintentional weight loss, self-reported exhaustion, weak grip strength, slow walking speed and low physical activity[10]. Frailty indicates that an individual has reduced resistance to stressor events and is thereby at increased risk of adverse outcomes which has been demonstrated in general population cohorts[9, 10]. However, frailty is potentially reversible with targeted intervention, prompting efforts to increase screening in general populations, particularly in the elderly[9, 11]. 

Individuals with SSc may have less physiologic reserve as a result of multi-system disease specific effects, and thus be more vulnerable to frailty and damage accrual, including the accumulation of multiple small “hits” over time[12, 13]. Given the potential for reversibility or modification of frailty and its impact, increasing efforts have been made to screen for and quantify frailty in SSc cohorts[12, 13]. In one large SSc cohort, frailty defined using a complex SSc-specific frailty index was associated with increased mortality[13]. Much of the current knowledge about frailty in SSc focuses on cohorts with interstitial lung disease (ILD)[14, 15], with evidence indicating more than 50% of patients with SSc-ILD meet criteria for frailty[14]. However, patients with SSc and ILD are likely to be systematically different from those without, and so data in general SSc cohorts are needed. 

[bookmark: _Hlk166668562]Multiple instruments exist to screen for frailty, many of which have been applied in SSc[12].  The FRAIL Scale is a simple, 5-item questionnaire that can be self-administered[16]. The five items include Fatigue, Resistance (ability to walk up 10 steps without rest), Ambulation (difficulty walking 300 metres or one block), Illness (comorbidity burden), and Loss of weight (more than 5kg or 5% of body weight in the last 12 months) (Table 1). Each item is scored as a yes (1) or no (0), with total scores of 0 indicating a robust physiologic state, 1-2 pre-frail and ≥3 as frail. Preliminary data in a cross-sectional SSc cohort suggest that the FRAIL Scale can detect frailty with relative accuracy compared to more complex and laborious tools[12]. 

Accordingly, given the importance of frailty identified in general population cohorts, we applied the FRAIL Scale criteria to a longitudinal SSc cohort, to identify the frequency, clinical correlates and implications of frailty. Furthermore, given the potential for frailty to be reversible, we sought to examine the progression or regression of frailty over time.

Materials and Methods
[bookmark: _Hlk178843214][bookmark: _Hlk119476858]Participants
[bookmark: _Hlk178970395][bookmark: _Hlk178846191]The Australian Scleroderma Cohort Study (ASCS) is a multicentre, longitudinal study of risk and prognostic factors in SSc. Study visits are performed annually during routine outpatient clinic visits, with clinical data, investigation results and patient reported outcome measures (PROMs) collected during these appointments. The ASCS has been approved by all human research ethics committees of participating sites (HREC-A 020/07), and written informed consent was obtained from all participants. ASCS participants meeting American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) criteria for SSc[17] recruited and followed between 2007 and August 2023 were included. All participants had a definable disease subclass according to the LeRoy criteria (diffuse (dcSSc) or limited (lcSSc))[18]. 

[bookmark: _Hlk182247894]Definition of Frailty
[bookmark: _Hlk182247182]The FRAIL Scale scoring system was modified and applied retrospectively to the ASCS using the variables defined in Table 1, using a combination of patient-reported fatigue (SF-36 Vitality Scores of 20 or less), patient-reported dyspnoea after one flight of stairs (Borg Dyspnoea Index Scores of severe dyspnoea or higher, to estimate dyspnoea specifically after one flight of stairs as in the Resistance domain of the FRAIL scale), physician-reported functional class (World Health Organisation Functional Class III/IV as a measure of overall physical function), multimorbidity (≥5 comorbidities) or weight loss between study visits. Modified FRAIL Scale scores were calculated at each study visit: scores of 0 were defined as “robust”, scores of 1-2 defined as “pre-frail” and scores of ≥3 defined as “frail”. Participants were excluded if ≥4/5 FRAIL scale variables were not present concurrently on at least one study visit, and the modified FRAIL Scale scores was only calculated at visits where ≥4/5 FRAIL scale variables were available for analysis to minimise the impact of missing data. Participants were grouped according to their highest (worst) recorded modified FRAIL Scale score as “Frail”, “Pre-frail” or “Robust” to compare disease features between groups. In longitudinal analyses examining survival and physical function, modified FRAIL scale scores were calculated at each study visit.

Clinical & investigative data
[bookmark: _Hlk172109570]Disease onset was defined as the date of onset of the first non-Raynaud’s phenomenon SSc manifestation. Disease manifestations and autoantibody results were considered present if ever reported from SSc diagnosis. Medication use, the presence of co-morbid diabetes, dyslipidaemia, hypertension, and smoking were recorded from patient-reported history and medical record review at each study visit. Ischaemic heart disease (IHD) was defined as an abnormal coronary angiogram or patient-reported angina/myocardial infarction. Patient-reported symptoms including gastrointestinal symptoms and digital ulceration were recorded by the study physician annually. Upper gastrointestinal symptoms were defined as the presence of reflux symptoms, Barret’s oesophagus, oesophageal dysmotility, oesophageal stricture, dysphagia, vomiting or gastric antral vascular ectasia. Lower gastrointestinal symptoms were defined as presence of bowel dysmotility, pseudo-obstruction, faecal incontinence, constipation, diarrhoea or bloating. Proximal muscle weakness was defined as muscle power <5/5 on examination at each visit. Modified Rodnan skin scores (mRSS) were calculated at each visit, and the presence of synovitis, tendon friction rubs and proximal muscle atrophy were recorded by the treating physician based upon clinical examination findings. Patients were weighed at each visit, with body mass index (BMI) calculated as weight (kg)/height (m) squared. Presence of myositis (yes/no) was determined on muscle biopsy. All participants underwent transthoracic echocardiography (TTE) and pulmonary function tests (PFT, including diffusing capacity for carbon monoxide (DLCO) and forced vital capacity (FVC)) annually. Interstitial lung disease (ILD) was diagnosed using high-resolution computed tomography (HRCT) of the chest performed at physician discretion in response to symptoms/signs of ILD on clinical examination or abnormal PFTs. Pulmonary arterial hypertension (PAH) was defined by right heart catheterisation (RHC) results consistent with revised PAH classification criteria[19], or previous criteria if pulmonary vascular resistance measurements were unavailable[20]. Participants were referred for RHC in response to symptoms/signs of PAH, or abnormal TTE/PFT results. Six-minute walk tests (6MWT) were performed at the treating physician’s discretion.  Scleroderma renal crisis (SRC) was diagnosed in the concurrent presence of two of three criteria: new-onset hypertension with no alternate cause, unexplained rise in serum creatinine or microangiopathic haemolytic anaemia. Blood testing was performed annually, with anaemia defined as haemoglobin levels lower than 120g/L, elevated C-reactive protein (CRP) as 5mg/L, and hypoalbuminaemia defined as levels <35g/L. Polypharmacy was defined as use of five or more concurrent medications recorded in the ASCS. The ASCS does not record a complete list of medications, but rather specific categories/groups (Appendix 1).

Patient-reported outcome measures (PROMs)
[bookmark: _Hlk119477371]At each annual visit, PROMs were collected, including Health Assessment Questionnaire Disability Index (HAQ-DI) and PROM Information System-29 (PROMIS-29) questionnaires. Participants were asked to rate their level of breathlessness using the Borg Dyspnoea Scale, on a numerical rating scale from 0-10 where 0=no breathlessness to 10=maximal breathlessness after climbing one flight of stairs. Scores were dichotomised: <5/10 (up to moderate dyspnoea) or ≥5/10 (severe dyspnoea). 
Statistical Analysis
[bookmark: _Hlk178856264]Characteristics of study participants are presented as mean (standard deviation (SD)) for normally distributed continuous variables, median (interquartile range (IQR)) for non-normally distributed continuous variables, and as a number (percentage) for discrete variables. Comparison of disease features between groups were performed based on highest recorded frailty status ever during follow-up, using analysis of variance (ANOVA) for normally distributed continuous variables, the Kruskal-Wallis test for non-normally distributed continuous variables and the chi-squared test for discrete variables. Acknowledging the potential for frail scale scores to fluctuate over time, data to assess associations of frailty over time were examined longitudinally. For longitudinal data involving repeated measures, random-effects ordinal logistic regression was used to assess the determinants of higher frailty category over time in the ASCS cohort, using “robust” as a reference category. Items that were clinically significant in univariate analyses and did not strongly correlate with modified FRAIL Scale scores or other items were included. To conceptualise the factors associated with a reduction in frailty category, we performed a subsequent random-effects ordinal logistic regression model using “frail” as a reference category. Random-effects linear regression modelling, using “robust” as a reference category, was performed to assess the impact of frailty status on PROMs.

Survival analysis was performed using the endpoint of all-cause mortality. We modelled survival using a time-varying covariate Cox hazard regression analysis to determine multivariate predictors of mortality using “robust” as a reference category. Covariates were chosen for the multivariate analysis if they were either clinically relevant or statistically significant on univariate analysis (p<0.05). The results are reported as hazard ratios (HR) with accompanying 95% confidence intervals (CI). Analyses were performed using STATA 17.0 (Statacorp LP, College Station, TX, USA).

Results
[bookmark: _Hlk178860732]Among 1975 potentially eligible ASCS participants, 1703 participants met the study inclusion criteria (Figure S1). Participants were predominantly female with median age at SSc onset 47.5 years (IQR 36.6-57.4 years). Among 1703 participants, 239 (14%) met criteria for frailty at any time (modified FRAIL Scale score ≥3), while 903 (53%) were ever pre-frail (modified FRAIL Scale score 1-2), and 561 (33%) were considered robust (modified FRAIL Scale score 0) at all study visits. Median time from SSc onset to first modified FRAIL scale score was 7.6 years (IQR 3.1-16.1 years), and most participants had a calculable modified FRAIL scale score within the first two study visits (96%). Seventy-seven participants (5%) were considered frail at their first visit where a modified FRAIL Scale score could be calculated, while 512 (30%) were considered pre-frail and 1114 (65%) robust. In 234 participants who met criteria for frailty during the study and had a recorded date of SSc onset, time to frailty from SSc onset was 14.7 years (IQR 7.2 to 21.6 years).

Progression of frailty over time
The progression of frailty in 1406 participants (83%) with serial modified FRAIL scale scores available was examined. Between visits, approximately two-thirds of participants had stable modified FRAIL Scale scores, with around 15% experiencing an improvement and 20% experiencing worsening (Supplementary Table S1). The overall progression of frailty throughout the study is summarised in Figure 1. Of 940 initially robust participants, 633 (67%) were robust at their final modified FRAIL Scale assessment, while 268 (29%) were pre-frail and 39 (4%) were frail. Of 411 initially pre-frail participants, 133 (32%) improved to become robust at their final modified FRAIL Scale assessment, while 218 (53%) remained pre-frail and 60 (15%) progressed to frailty. Of 55 participants who were initially frail, 9 (16%) improved to become robust at their final modified FRAIL Scale assessment, while 24 (44%) improved to pre-frailty and 22 (40%) remained frail. 

Of 802 participants with at most pre-frailty during the study period, 370 (46%) improved to become robust at their final modified FRAIL Scale assessment while 432 (54%) remained pre-frail. Of 121 participants ever assessed as frail during the study, 18 (8%) improved to robustness at their final modified FRAIL Scale assessment, while 78 (36%) had improved to pre-frailty and 121 (56%) had remained frail.

Description of participants meeting criteria for frailty
[bookmark: _Hlk178862199][bookmark: _Hlk172109340]Participants ever meeting frailty criteria were older at SSc onset, more likely to be male with dcSSc, and have higher peak mRSS scores (all p<0.05; Table 2). Frail participants were less likely to be ANA centromere positive, and more likely to have RNA polymerase-3 antibody positivity (both p<0.05). This group had longer SSc duration at recruitment and longer follow-up (p<0.01). Frail participants were more likely to have multiple comorbidities including hypertension, diabetes, dyslipidaemia, IHD, impaired left ventricular function and a history of malignancy (all p<0.01). PAH, ILD and abnormal spirometry were all more frequently observed in frail participants (all p<0.01). Digital ulceration, nailfold capillary dilatation, tendon friction rubs, synovitis and gastrointestinal symptoms were also more common in frail participants (all p<0.01). Frail participants were most likely to have recorded raised inflammatory markers, anaemia and polypharmacy (all p<0.01). Use of both prednisolone and non-corticosteroid immunosuppression were more common in this group (both p<0.01).

Associations of Frailty
In a multivariable analysis for the determinants of frail or pre-frail status at each study visit using robustness as a reference category (Table 3; univariable analyses in Table S2), general population factors including older age (OR 1.1, 95%CI 1.1-1.2, p<0.01), raised CRP (OR 1.7, 95%CI 1.4-2.0, p<0.01) and anaemia (OR 1.4, 95%CI 1.2-1.7, p<0.01) were associated with higher frailty category. SSc-associated cardiopulmonary disease was associated with higher frailty category, particularly PAH (OR 7.1, 95%CI 5.1-9.9, p<0.01) as well as ILD (OR 1.6, 95%CI 1.3-2.0, p<0.01). Lower-tract gastrointestinal symptoms (OR 1.5, 95%CI 1.3-1.8, p<0.01) and hypolbuminaemia (OR 1.6, 95%CI 1.3-2.0, p<0.01) as markers of gastrointestinal pathology were associated with higher frailty category, as were dcSSc (OR 1.4, 95%CI 1.1-1.8, p<0.01), proximal weakness (OR 1.5, 95%CI 1.2-2.0, p<0.01) and current prednisolone use (OR 1.6, 95%CI 1.3-2.0, p<0.01). 

In a subsequent multivariable model assessing the determinants of robustness at each study visit using frailty as a reference category, the same variables associated with frailty were inversely associated with robustness (Table 3).

Impact of frailty status on survival
In a multivariable model using frailty as a time-varying covariate to assess the dynamic impact of frailty status on survival at each study visit, both frail and pre-frail status were associated with significantly poorer survival compared to robust participants (Table 4, univariate analyses in Table S3). Frail participants were almost 10-times more likely to die than robust participants following the visit where frailty criteria were satisfied (HR 9.8, 95%CI 6.8-14.1, p<0.01). Pre-frail participants were 3.5-times more likely to die following the visit where pre-frailty criteria were satisfied compared to robust participants (HR 3.5, 95%CI 2.6-4.8, p<0.01). Increasing age at each visit (HR 1.3, 95%CI 1.2-1.4, p<0.01), male sex (HR 1.4, 95%CI 1.0-1.9, p=0.03), PAH (HR 2.7, 95%CI 2.1-3.5, p<0.01) and ILD (HR 1.5, 95%CI 1.2-1.9, p<0.01) were associated with poorer survival, although dcSSc was not (HR 1.2, 95%CI 0.9-1.6, p=0.16).

[bookmark: _Hlk178847286]Impact of frailty status on physical function and health-related quality of life (HRQoL)
[bookmark: _Hlk178968977]The dynamic impact of modified FRAIL Scale category on PROMs at each study visit was assessed in multivariable modelling adjusting for age at each review, sex, dcSSc, PAH and ILD. Participants who were pre-frail or frail were significantly more likely to have poorer physical function and health-related quality of life (HRQoL) than robust participants in adjusted analyses at each study visit (Table 5, unadjusted analyses in Table S4), with a graded increase in the impact of pre-frailty and frailty observed. Compared to robust participants, frail participants experienced a 10.7 unit increase in PROMIS-29 Fatigue scores (95%CI 9.2-12.3, p<0.01), while pre-frail participants experienced a smaller but significant worsening in PROMIS-29 fatigue scores (4.9-unit increase, 95%CI 4.2-5.6, p<0.01). HAQ-DI scores were 0.5 units higher in frail participants (95%CI 0.4-0.5, p<0.01) and 0.2-units higher in pre-frail participants (95%CI 0.2-0.2, p<0.01) compared to robust participants, indicating poorer function. 6MWDs were 74.0m shorter in frail participants compared to robust participants (95%CI -86.5 to -61.5m, p<0.01) and 38.1m shorter in pre-frail participants (95%CI -32.1 to -25.6m, p<0.01).

Discussion
[bookmark: _Hlk172213346][bookmark: _Hlk182251112][bookmark: _Hlk182250713][bookmark: _Hlk182251182]Frailty is no longer considered an inevitable consequence of aging, but rather a dynamic phenomenon associated with adverse outcomes that must be recognised by a broader range of medical specialities[21]. Among a large longitudinal SSc cohort, 14% of participants met criteria for frailty at any time, with a further 53% identified as pre-frail. Significant implications of frailty in SSc were identified. Participants identified as frail at any given timepoint had a 10-fold increase in risk of death, and a significant reduction in physical function and HRQoL. To our knowledge this is the first study to report the progression of frailty in SSc over time, facilitated by a large and longitudinal SSc cohort, identifying the dynamic nature of frailty in SSc. Eleven percent of participants not initially identified as frail became frail during the study period, and 35 percent of initially robust participants developed pre-frailty. Furthermore, 60% of initially frail participants improved to become pre-frail or robust. This indicates that frailty in SSc is not a static phenomenon, suggesting that intervention may help to ameliorate frailty status. To help target this intervention, we identified important factors that were both determinants of frailty, and were inversely associated with robustness, including cardiopulmonary disease, hypoalbuminaemia, anaemia and gastrointestinal symptoms. A focus on optimising these factors may reduce the burden of frailty, with potential for associated improvement in function and HRQoL

[bookmark: _Hlk172104115][bookmark: _Hlk182247925]There is no single consensus screening or diagnostic tool for frailty in the general population, let alone in SSc. Certain elements in general population frailty scores e.g., grip strength may be fraught in systemic sclerosis because of joint contractures which disproportionately affect grip strength in the absence of a broader syndrome of frailty. We applied a modified version of the FRAIL scale, a simple tool using five parameters to estimate frailty that could be readily applied as part of clinical care. In a cohort of 94 participants with SSc, the FRAIL Scale was shown to have good diagnostic accuracy compared to more complicated frailty indices[12], supporting the use of the FRAIL scale as a practical screening tool for frailty in SSc[12]. We modified the FRAIL Scale to be able to apply it retrospectively to the large, longitudinal ASCS cohort. While this study has identified important correlates and implications of frailty, these modifications to the FRAIL scale may limit the reliability of our findings. In particular, we adapted the Resistance and Ambulation domains to utilise existing ASCS variables (Borg Dyspnoea Index Scores, and physician-reported WHO Functional class), using stringent definitions for these items to ensure we did not overestimate the frequency of frailty. Borg Dyspnoea Index scores were deliberately chosen to reflect the resistance domain of the FRAIL Scale’s emphasis on stairclimbing. Applying WHO III/IV functional class in place of a specific assessment of ambulation may underestimate reduced mobility; however, WHO Functional class is a global estimate of physical function which is likely to be a useful marker of frailty status. Additionally, we did not include SSc as a comorbidity. We intentionally applied the FRAIL Scale conservatively to avoid overestimating the burden of frailty in our cohort. Furthermore, there are SSc-specific impediments to mobility that may be difficult to capture using general population assessments, for example joint contractures that may impede stair climbing or grip-strength assessment. However, even accounting for these limitations, we have observed the frequency of frailty in SSc to be significantly higher than general population estimates of around 7%[10]. Despite modifying the FRAIL Scale which may limit its accuracy and reproducibility, we have identified meaningful impacts of frailty. It would be difficult to otherwise prospectively assess this tool in such a large, longitudinal cohort.

[bookmark: _Hlk172213377][bookmark: _Hlk182250886]Frailty in the general population is increasingly recognised as a dynamic phenomenon and an important area for intervention to improve outcomes. In the general population, key factors associated with frailty are multimorbidity, older age, polypharmacy, undernutrition, reduced physical activity and chronic inflammation[22-25]. While we did not have a general population control group with whom to compare our findings, exploring the determinants of frailty and pre-frailty within an SSc cohort has facilitated a detailed analysis of SSc and non-SSc contributors to frailty. We also showed these factors were negatively associated with robustness, highlighting the potential that optimising treatment of these associations may improve morbidity and mortality. SSc-associated cardiopulmonary disease was associated with frailty, as was dcSSc, and proximal weakness as a marker of skeletal muscle pathology[14]. Raised CRP as a marker of systemic inflammation was associated with development of frailty in our cohort, as has been seen in general population studies[26]. Furthermore, corticosteroid use either as a marker of severe, inflammatory SSc features, or steroid-associated morbidity, was associated with frailty. Both hypoalbuminaemia, possibly as a marker of nutritional status[12], and lower gastrointestinal symptoms were associated with frailty in SSc highlighting the importance of SSc-associated gastrointestinal complications in the development of frailty and adverse outcomes[27]. Multiple well-recognised contributors to frailty in general population cohorts were also associated with frailty in SSc, including increasing age, anaemia and polypharmacy[28-30]. Polypharmacy in our cohort could also reasonably be considered a marker of more severe SSc as these participants are likely to have more multi-system involvement and require a larger number of medications. This highlights the multifactorial nature of frailty in SSc, with contribution from both SSc complications and general population factors which may be less visible to the treating clinician. Accordingly, a screening tool like the FRAIL scale may help to increase visibility of non-SSc associated contributors to frailty, and thus facilitate early intervention.

[bookmark: _Hlk182251291]We have identified important impacts of both frailty and pre-frailty by applying the FRAIL scale to a large SSc cohort, mirroring findings in general population cohorts[9, 10]. Both survival and physical function were significantly worse in those identified as frail and pre-frail compared to robust participants, with the most significant impact on survival and physical function seen in frail participants. This suggests that this modified FRAIL Scale is a clinically meaningful assessment of frailty status in SSc. While we identified a lower frequency of frailty than in other reports, given the clinical importance of pre-frailty identified in this study, it may be that both frailty and pre-frailty present an opportunity for intervention targeted at improving survival and physical function. General population studies support the idea that frailty is a dynamic and modifiable phenomenon and recommend intervention in both frail and pre-frail groups[31, 32]. Current guidelines suggest that that frail or pre-frail individuals should be offered a multicomponent physical activity program including progressive resistance training to help combat sarcopenia[33]. Furthermore, these individuals require a comprehensive care plan targeted at polypharmacy, avoidance of weight loss and management of fatigue and sarcopenia[33]. Frail or pre-frail individuals may also require increased social supports depending on their individual circumstances[33]. Whilst there are a paucity of SSc-specific data, based on the determinants of frailty identified in our study, its dynamic nature and concordance with findings from general population studies, it follows that intervention may include optimisation of nutritional status and gastrointestinal symptoms, physical therapy and rehabilitation, and cardiopulmonary function.

[bookmark: _Hlk178845740][bookmark: _Hlk178968619][bookmark: _Hlk178863161][bookmark: _Hlk178846076]This study has limitations. We applied a modified version of the FRAIL scale retrospectively to ASCS data. This was because we could only use variables routinely collected in the ASCS rather than applying all parameters as originally designed. There are no data that validate our modifications to the FRAIL Scale score.  However, we have endeavoured to match ASCS data as closely as possible to the original FRAIL Scale definition to ensure the constructs assessed by our modified scale are consistent with those included in the FRAIL Scale. We have intentionally applied a conservative definition of each FRAIL scale item in our study, however these changes may have led to the miscalculation of frailty and therefore misclassification of patients and possible underestimation of frailty in SSc. It is also possible that other unmeasured confounders exist that accentuate the impact of frailty on morbidity and mortality. Furthermore, the FRAIL Scale was developed and validated in general population cohorts; therefore, thresholds that define frailty in the general population do not necessarily apply to SSc. Prospective studies are required to validate a disease-specific definition of frailty in SSc. However, despite this, we have still been able to identify strong clinical and functional correlates of frailty. Therefore, our results provide preliminary evidence that this modified tool applied to SSc can identify clinically meaningful impaired physiological states of pre-frailty and frailty. Our cohort is predominantly a prevalent cohort of SSc, with those who have rapid onset and deterioration less likely to survive to recruitment. Accordingly, there is significant survivor bias in this study population which may underestimate the mortality impact of frailty. Furthermore, frailer participants may have had more difficulty attending clinics and completing PROMs, which could underestimate the frequency and impact of frailty on HRQoL and physical function. However, these results are likely to be generalisable to a stable, outpatient cohort with SSc. Not all medications are recorded in the ASCS, which may underestimate the frequency of polypharmacy in SSc. FRAIL Scale scores may have fluctuated during episodes of acute illness which we could not control for in our analyses as intercurrent illness is not collected as part of the ASCS protocol. However, as ASCS study visits are performed in an ambulatory care setting, this is unlikely to have had a large effect. Our cohort is predominantly Caucasian, with PROM data only collected in English. This means that our findings may not be applicable to other racial groups or those participants of a non-English speaking background.

Conclusion
[bookmark: _Hlk178864004]Approximately 1 in 7 people with SSc will meet criteria for frailty over time, and 1 in 2 criteria for “pre-frailty”. In our cohort, frailty in SSc was dynamic, with pre-frailty conferring a 20% risk of progression to frailty. Both frailty and pre-frailty are associated with increased mortality and impaired physical function. Risk factors for increasing frailty in SSc include age, polypharmacy, chronic inflammation and anaemia, as well as SSc-specific factors such as cardiopulmonary disease and gastrointestinal involvement. Screening for frailty in SSc may facilitate interventions to improve function and quality of life.


Table 1: Application of the FRAIL Scale to Australian Scleroderma Cohort Study (ASCS)
	Domain
	FRAIL Scale Scoring
	ASCS definition

	Fatigue


	How much of the time during the past 4 weeks did you feel tired?
	1 = All or most of the time
0 = Some, a little or none of the time
	SF-36 Vitality Scores of 20 or less (“most of the time” or “all of the time”)


	Resistance


	In the last 4 weeks by yourself and not using aids, do you have any difficulty walking up 10 steps without resting?
	1 = Yes
0 = No
	Borg Dyspnoea Index score after one flight of stairs: severe dyspnoea or higher (≥5/10)

	Ambulation

	[bookmark: _Hlk172107474]In the last 4 weeks by yourself and not using any aids, do you have any difficulty walking 300m or one block?
	1 = Yes
0 = No
	World Health Organisation Functional Class III/IV 


	Illness

	History of hypertension, diabetes, cancer (non-skin), chronic lung disease, asthma, heart attack, angina, congestive cardiac failure, asthma, arthritis, kidney disease.
	1 = 5-11 answers
0 = 0-4 answers


	Comorbidity data in the ASCS.
· History of hypertension, diabetes, cancer (non-skin) all routinely collected.
· Chronic lung disease defined as PAH, ILD or COPD (1 point for each).
· Ischaemic heart disease data collected as patient-reported angina or myocardial infarction, or abnormal coronary angiogram. Thus 2 points applied if patient-reported angina/AMI, or abnormal coronary angiogram.
· Congestive cardiac failure defined as LVEF<50%.
· Kidney disease defined as eGFR≤60.
Excluded: arthritis (only synovitis collected).

	Loss of weight

	Have you lost more than 5kg or 5% of your body weight in the past year?
	1 = Yes
0 = No
	[bookmark: _Hlk172110539]Weight loss between study visits – either 5kg or 5% of body weight.


Abbreviations: AMI (acute myocardial infarction), ASCS (Australian Scleroderma Cohort Study), COPD (chronic obstructive pulmonary disease), eGFR (Estimated glomerular filtration rate), ILD (interstitial lung disease), kg (kilogram), LVEF (left ventricular ejection fraction), m (meters), PAH (pulmonary arterial hypertension), SF-36 (Short Form-36 Survey).


[bookmark: _Hlk178861154]Figure 1: Sankey diagram illustrating the progression of frailty status over time in the study cohort. Robust participants are represented in green, pre-frail participants represented in yellow and frail participants represented in red. First node represents frailty status at baseline, followed by second node representing the highest-recorded frailty status, and the third node representing the final-recorded frailty status (including those where this was missing, represented in grey). The number of participants in each category at each timepoint is noted adjacent to each node.
[image: ]
Note: all participants had FRAIL Scales calculable for Baseline and “Highest” FRAIL Scale scores, however 297 participants had missing FRAIL Scale score at final visit (denoted by grey section).

Table 2: Characteristics of study cohort.
	Variable&
	Overall Cohort (N=1703)
	Frail (N=239, 14.0%)1
	Pre-Frail (N=903, 53.0%)1
	Robust (N=561, 32.9%)1
	p-value

	Age at SSc onset (years) (n=1628)
	47.5 (36.6-57.4)
	49.6 (40.2-59.0)
	47.3 (36.3 -58.0)
	47.2 (35.4-55.2)
	 0.01

	Male sex (n=1703)
	245 (14.4%)
	43 (18.0%)
	111 (12.3%)
	91 (16.2%)
	0.03

	Diffuse cutaneous SSc (n=1703)
	442 (26.0%)
	84 (35.1%)
	216 (23.9%)
	142 (25.3%)
	<0.01

	Non-Caucasian Ethnicity (n=1624)
	140 (8.6%)
	24 (10.3%)
	73 (8.4%)
	43 (8.2%)
	0.59

	Disease duration at recruitment (years) (n=1626)
	6.9 (2.4-15.5)
	9.4 (3.6-17.9)
	6.8 (2.5-15.5)
	6.0 (2.2-13.8)
	<0.01

	Follow-up (years) (n=1703)
	5.0 (2.1-8.9)
	5.6 (3.0-9.2)
	6.0 (3.0-9.6)
	3.2 (1.2-7.0)
	<0.01

	Died (n=1702)
	373 (21.9%)
	144 (60.3%)
	186 (20.6%)
	43 (7.7%)
	<0.01

	MRSS (highest)* (n=1688)
	8 (4-15)
	11 (6-22)
	8 (5-14)
	8 (4-14)
	<0.01

	ANA Centromere* (n=1677)
	776 (46.3%)
	81 (34.0%)
	429 (47.9%)
	266 (48.9%)
	<0.01

	ENA*
	
	
	
	
	

	Scl70 (n=1657)
	246 (14.8%)
	44 (18.6%)
	121 (13.7%)
	81 (15.0%)
	0.18

	Jo-1 (n=1654)
	9 (0.5%)
	0 (0.0%)
	6 (0.7%)
	3 (0.6%)
	0.45

	Ro (n=1656)
	164 (9.9%)
	30 (12.7%)
	81 (9.2%)
	53 (9.9%)
	0.27

	La (n=1656)
	33 (2.0%)
	7 (3.0%)
	17 (1.9%)
	9 (1.7%)
	0.49

	U1RNP (n=1657)
	109 (6.6%)
	15 (6.3%)
	49 (5.6%)
	45 (8.4%)
	0.12

	Scl/PM (n=1651)
	29 (1.8%)
	3 (1.3%)
	14 (1.6%)
	12 (2.2%)
	0.55

	RNA polymerase-3* (n=1624)
	173 (14.0%)
	40 (20.5%)
	85 (12.4%)
	48 (13.6%)
	0.02

	Comorbidities and SSc disease features
	
	
	
	
	

	Hypertension* (n=1703)
	857 (50.3%)
	157 (65.7%)
	492 (54.5%)
	208 (27.1%)
	<0.01

	Diabetes* (n=1703)
	151 (8.9%)
	30 (12.6%)
	90 (10.0%)
	31 (5.5%)
	<0.01

	Dyslipidaemia* (n=1703)
	683 (40.1%)
	120 (50.2%)
	391 (43.3%)
	172 (30.7%)
	<0.01

	Ischaemic heart disease*2 (n=1703)
	252 (14.8%)
	75 (31.4%)
	140 (15.5%)
	37 (6.6%)
	<0.01

	LVEF<50%* (n=1629)
	91 (5.6%)
	25 (11.1%)
	51 (5.8%)
	15 (2.8%)
	<0.01

	PAH* (n=1703)
	165 (9.7%)
	74 (31.0%)
	85 (9.4%)
	6 (1.1%)
	<0.01

	ILD*3 (n=1703)
	502 (29.5%)
	139 (58.2%)
	259 (28.7%)
	104 (18.5%)
	<0.01

	DLCO<70%* (n=1575)
	998 (63.4%)
	211 (93.4%)
	562 (65.5%)
	225 (45.8%)
	<0.01

	FVC<80%* (n=1668)
	575 (34.5%)
	159 (67.4%)
	297 (33.4%)
	119 (21.9%)
	<0.01

	Malignancy* (n=1703)
	427 (25.1%)
	77 (32.2%)
	239 (26.5%)
	111 (19.8%)
	<0.01

	Digital ulcers* (n=1703)
	918 (53.9%)
	161 (67.4%)
	492 (54.5%)
	265 (47.2%)
	<0.01

	Raynaud’s Phenomenon* (n=1703)
	1,694 (99.5%)
	239 (100.0%)
	898 (99.4%)
	557 (99.3%)
	0.44

	Nail fold capillary dilatation* (n=1689)
	1522 (89.4%)
	222 (92.9%)
	823 (91.1%)
	477 (85.0%)
	<0.01

	Tendon Friction Rubs* (n=1703)
	162 (9.5%)
	36 (15.1%)
	90 (10.0%)
	36 (6.4%)
	<0.01

	Synovitis* (n=1703)
	747 (43.9%)
	118 (49.4%)
	425 (47.1%)
	204 (36.4%)
	<0.01

	SSc Renal Crisis* (n=1703)
	62 (3.6%)
	11 (4.6%)
	37 (4.1%)
	14 (2.5%)
	0.20

	Upper Gastrointestinal Symptoms*4 (n=1703)
	1,550 (91.0%)
	232 (97.1%)
	835 (92.5%)
	483 (86.1%)
	<0.01

	Lower Gastrointestinal Symptoms*5 (n=1703)
	1,432 (84.1%)
	217 (90.8%)
	783 (86.7%)
	432 (77.0%)
	<0.01

	Proximal weakness6* (n=1692)
	386 (22.8%)
	98 (41.4%)
	225 (25.0%)
	63 (11.4%)
	<0.01

	Muscle atrophy* (n=1703)
	383 (22.5%)
	117 (49.0%)
	210 (23.3%)
	56 (10.0%)
	<0.01

	Biopsy-proven myositis* (n=1703)
	46 (2.7%)
	12 (5.0%)
	21 (2.3%)
	13 (2.3%)
	0.06

	Biochemistry
	
	
	
	
	

	CRP>5mg/L* (n=1663)
	906 (54.5%)
	197 (83.5%)
	519 (58.2%)
	190 (35.5%)
	<0.01

	ESR>13mm/hr* (n=1665)
	1,566 (94.1%)
	235 (98.7%)
	848 (95.3%)
	483 (89.9%)
	<0.01

	CK≥140IU/L* (n=1641)
	548 (33.4%)
	88 (37.4%)
	311 (35.4%)
	149 (28.3%)
	<0.01

	Anaemia (Hb<120g/L)* (n=1685)
	700 (41.5%)
	162 (67.8%)
	296 (44.1%)
	142 (26.0%)
	<0.01

	Treatments
	
	
	
	
	

	Polypharmacy*7 (n=1703)
	819 (48.1%)
	189 (79.1%)
	467 (51.7%)
	163 (29.1%)
	<0.01

	Prednisolone* (n=1703)
	789 (46.3%)
	152 (63.6%)
	447 (49.5%)
	190 (33.9%)
	<0.01

	Non-corticosteroid immunosuppression*8 (n=1703)
	820 (48.2%)
	135 (56.5%)
	457 (50.6%)
	228 (40.6%)
	<0.01

	Calcium Channel Antagonist* (n=1703)
	1,168 (68.6%)
	177 (74.1%)
	633 (70.1%)
	358 (63.8%)
	<0.01

	Lipid lowering agent* (n=1703)
	503 (29.5%)
	98 (41.0%)
	280 (31.0%)
	125 (22.3%)
	<0.01


[bookmark: _Hlk163462565][bookmark: _Hlk163461066]Abbreviations: ANA (antinuclear antibody), CK (creatinine kinase), CRP (C-reactive protein), DLCO (diffusing capacity for carbon monoxide), ENA (extractable nuclear antigen), ESR (erythrocyte sedimentation rate), FVC (forced vital capacity), Hb (haemoglobin), ILD (interstitial lung disease), LVEF (left ventricular ejection fraction), MRSS (modified Rodnan Skin Score), N (number), PAH (pulmonary arterial hypertension), SSc (systemic sclerosis). &Data presented as frequency (%), mean ±standard deviation or median (interquartile range) as appropriate.  1Frailty status according to summed FRAIL scale scores. 2Ischaemic heart disease defined as patient-reported angina/myocardial infarction, or abnormal coronary angiography. 3ILD defined on high-resolution computed tomography. 4Upper Gastrointestinal symptoms defined as ever reporting reflux symptoms, Barret’s oesophagus, oesophageal dysmotility, oesophageal stricture, dysphagia, vomiting or gastric antral vascular ectasia. 5Lower Gastrointestinal symptoms defined as reporting bowel dysmotility, pseudo-obstruction, faecal incontinence, constipation, diarrhoea or bloating. 6Proximal weakness defined as power <5/5 on examination. 7Polypharmacy defined as use of ≥5 medications routinely recorded in the ASCS concurrently. Note that the ASCS does not record a complete list of medications, but rather specific categories/groups (abatacept, ace inhibitors (any), ambrisentan, angiotensin II receptor blockers (any), beta-blockers (any), other antiarrhythmic drugs (any), aspirin or other antiplatelets (any), azathioprine, b-cell depletion including rituximab, bosentan, calcium channel antagonists (any), cisapride or other prokinetics, cyclophosphamide, cyclosporine, diuretics (any), epoprostenol, histamine receptor antagonist (any), hormone replacement therapy (any), hydroxychloroquine, leflunomide, lipid lowering therapy (any), macitentan, methotrexate, mycophenolate, non-steroidal anti-inflammatories (any), opioids (any), warfarin, other anticoagulation (any), penicillamine, prednisolone, proton pump inhibitors (any), riociguat, selexipag, sildenafil, sitaxasen, tadalafil, TNF-alpha inhibitors (any), tocilizumab, vitamin D supplementation). 8Non-corticosteroid immunosuppression defined as exposure to synthetic or biologic disease-modifying antirheumatic drugs other than prednisolone.



Table 3: Multivariable models for determinants of frailty and robustness using ordinal logistic regression.
	Variable at each study visit
	Odds Ratio
	95% Confidence Interval
	p-value
	Odds Ratio
	95% Confidence Interval
	p-value

	
	Model assessing determinants of a higher frailty category, using robust status as a reference category (N=6772)
	Model assessing determinants of a lower frailty category, using frail status as a reference category (N=6772)

	Age (5-year increments)
	1.1
	1.1-1.2
	<0.01
	0.9
	0.8-0.9
	<0.01

	Diffuse cutaneous SSc
	1.4
	1.1-1.8
	<0.01
	0.7
	0.6-0.9
	<0.01

	ILD on HRCT
	1.6
	1.3-2.0
	<0.01
	0.6
	0.5-0.8
	<0.01

	PAH
	7.1
	5.1-9.9
	<0.01
	0.1
	0.1-0.2
	<0.01

	Hypoalbuminaemia (Albumin <35g/L)
	1.6
	1.3-2.0
	<0.01
	0.6
	0.5-0.8
	<0.01

	Anaemia (Haemoglobin<120g/L)
	1.4
	1.2-1.7
	<0.01
	0.7
	0.6-0.8
	<0.01

	CRP>5 mg/L
	1.7
	1.4-2.0
	<0.01
	0.6
	0.5-0.7
	<0.01

	Lower gastrointestinal symptoms1
	1.5
	1.3-1.8
	<0.01
	0.7
	0.5-0.8
	<0.01

	Proximal Weakness2
	1.5
	1.2-2.0
	<0.01
	0.6
	0.5-0.8
	<0.01

	Prednisolone use at each study visit
	1.6
	1.3-2.0
	<0.01
	0.6
	0.5-0.8
	<0.01

	Polypharmacy at each study visit3
	1.6
	1.4-1.9
	<0.01
	0.6
	0.5-0.7
	<0.01



Abbreviations: CRP (C-reactive protein), HRCT (high resolution computed tomography), ILD (Interstitial lung disease), PAH (pulmonary arterial hypertension).  1Lower Gastrointestinal symptoms defined as confirmed bowel dysmotility, episodes of pseudo-obstruction, faecal incontinence, constipation, diarrhoea or bloating. 2Proximal weakness defined as power<5/5 on clinical examination. 3Polypharmacy defined as concurrent use of ≥5 medications. Note that the ASCS does not record a complete list of medications, but rather the following categories/groups (abatacept, ace inhibitors (any), ambrisentan, angiotensin II receptor blockers (any), beta-blockers (any), other antiarrhythmic drugs (any), aspirin or other antiplatelets (any), azathioprine, b-cell depletion including rituximab, bosentan, calcium channel antagonists (any), cisapride or other prokinetics, cyclophosphamide, cyclosporine, diuretics (any), epoprostenol, histamine receptor antagonist (any), hormone replacement therapy (any), hydroxychloroquine, leflunomide, lipid lowering therapy (any), macitentan, methotrexate, mycophenolate, non-steroidal anti-inflammatories (any), opioids (any), warfarin, other anticoagulation (any), penicillamine, prednisolone, proton pump inhibitors (any), riociguat, selexipag, sildenafil, sitaxasen, tadalafil, tnf-alpha inhibitors (any), tocilizumab, vitamin D supplementation). 

Table 4: Multivariable Cox Hazard Model for survival using frailty status as a time-varying covariate (N=7163).
	Variable
	Hazard Ratio
	95% Confidence Interval
	p-value

	Robust1
	.
	.
	.

	Pre-frail1
	3.5
	2.6-4.8
	<0.01

	Frail1
	9.8
	6.8-14.1
	<0.01

	Age at each review (5-year increments)
	1.3
	1.2-1.4
	<0.01

	Male
	1.4
	1.0-1.9
	0.03

	Diffuse SSc
	1.2
	0.9-1.6
	0.16

	PAH
	2.7
	2.1-3.5
	<0.01

	Radiographic ILD2
	1.5
	1.2-1.9
	<0.01


1Frailty status according to summed FRAIL scale scores. 2ILD defined on high-resolution computed tomography. Abbreviations: ILD (interstitial lung disease), N (number), PAH (pulmonary arterial hypertension) SSc (systemic sclerosis).



Table 5: Impact of frailty status on physical function and health-related quality of life, compared to “robust” participants, adjusted for age at each review, sex, diffuse SSc subtype, pulmonary arterial hypertension and radiographic ILD. 
	Variable 
	N^
	Pre-frail1
	Frail1

	
	
	Regression coefficient
	95%CI
	p-value
	Regression coefficient
	95%CI
	p-value

	PROMIS-29 Fatigue (standardised)
	2759
	4.9 units
	4.2 to 5.6
	<0.01
	10.7 units
	9.2 to 12.3
	<0.01

	HAQ-DI Score
	5663
	0.2 units
	0.2 to 0.2
	<0.01
	0.5 units
	0.4 to 0.5
	<0.01

	SF-36 PCS
	5986
	-3.7 units
	-4.1 to -3.2
	<0.01
	-8.3 units
	-9.5 to -7.1
	<0.01

	6MWD
	2556
	-32.1m
	-38.6 to -25.6
	<0.01
	-74.0m
	-86.5 to -61.5
	<0.01


1Frailty status according to summed FRAIL scale scores. ^Number of observations available. Abbreviations: 6MWD (six-minute walk distance), CI (confidence interval), HAQ-DI (Health Assessment Questionnaire-Disability Index), N (number), PROMIS-29 (Patient Reported Outcome Measures Information System-29), SF-36 (Short Form-36 Survey).
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