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Abstract

Objective: Frailty is a critical aging-related syndrome marked by diminished physiologic reserve
and heightened vulnerability to stress, predictive of major adverse clinical outcomes in HIV-
infected and uninfected adults. Frailty is adynamic state, yet little data exist on predictors and
consequences of frailty transitions.

Design/methods: Frailty was assessed semiannually among HIV-infected and uninfected
persons with prior injection drug use using the five Fried phenotype domains. An inflammatory
index score was constructed from IL-6 and soluble TNF-a receptor-1 data. Markov transition
models assessed determinants of frailty transitions. Cox proportional hazards models estimated
mortality risk.

Results: Among 1353 AIDS Linked to the IntraVenous Experience participants with 9559 frailty
transition assessments, 33% were HIV-infected. Younger age, higher education, employment,
reduced comorbidity, HIV virologic suppression, elevated CD4* nadir (>500cells/ul) and absence
of a prior AIDS diagnosis were significantly associated with both reduced frailty progression

and greater frailty recovery. Each SD decrease in inflammatory index score was associated

with decreased frailty progression [odds ratio 0.78; 95% confidence interval (ClI), 0.65, 0.92]

and increased frailty recovery (odds ratio 1.29; 95% CI, 1.08, 1.53). Being frail at one of two
consecutive visits was associated with increased mortality, compared with maintenance of a
nonfrail state. Being frail at both of two consecutive visits demonstrated the highest mortality risk
(hazard ratio 3.23; 95% Cl, 2.1, 4.96).

Conclusion: Sustained, and to a lesser degree, intermittent frail states are associated with
increased mortality. HIV virologic suppression with earlier antiretroviral therapy, reduced
comorbidity, and reduced inflammation may prevent frailty progression and promote frailty
recovery, consequently improving survival for persons aging with HIV and persons with prior
injection drug use.

Correspondence to Damani A. Piggott, MD, PhD, Division of Infectious Diseases, Johns Hopkins University School of Medicine,
2213 McElderry Street, M141, Baltimore, MD 21205, USA., Tel: +1 410 614 4406; fax: +1 410 614 9910; dpiggotl@jhmi.edu.
D.AP, KB.-R,, S.HM,, T.T.B,, S.X.L., J.D.W,, and G.D.K. contributed to the study concept and design. S.H.M., H.Y., J.D.W.,, and
S.X.L. contributed to the acquisition of data. D.A.P., K.B.-R., and G.D.K. assisted with data analyses. D.A.P. and G.D.K. drafted the
article. K.B.-R., S.H.M., T.T.B., H.Y., J.D.W.,, and S.X.L. provided critical revision of the article for important intellectual content.

Conflicts of interest
There are no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Piggott et al.

Keywords

Page 2

aging; frailty transitions; HIV; inflammation; injection drug use; mortality

Introduction

Methods

With combination antiretroviral therapy (ART), HIV-infected persons are living longer

[1,2]. With these shifts, older adults account for an increasingly greater proportion of
prevalent HIV cases worldwide, and the number of HIV-infected adults 50 years and

older is anticipated to triple over the next 2 decades [3,4]. Despite significant survival

gains, severe disparities in morbidity and mortality remain among HIV-infected persons,
particularly for persons with a history of injection drug use (PWID) [5,6]. Such disparities
have been attributed in large part to a rising burden of adverse aging-related conditions in the
HIV-infected population [7-10].

Frailty is a critical aging-related phenotype, characterized by decreased physiologic reserve
with diminished homeostasis, decreased resilience and heightened vulnerability to stress,
associated with major adverse clinical outcomes among older HIV-uninfected adults [11,12].
Recent studies show that frailty burden is heightened in HIV and predictive of key adverse
outcomes including increased hospitalization and death, independent of chronic comorbid
disease or HIV disease stage [13-19]. In our own prior studies among PWID, being both
frail and HIV-infected was associated with an over seven-fold increased risk of death [17].
Frailty is thus a critical target to reduce disparities and to promote healthy aging in HIV-
infected and PWID populations.

Prior studies have shown that frailty is a dynamic state with the potential for both frailty
progression over time, as well as opportunities for recovery from a frail to a nonfrail state
[20-22]. Understanding the factors that precipitate frailty transitions is critical to inform
interventions to reduce the marked frailty-associated disparities observed in HIV and among
PWID. However, sparse data exist on determinants of frailty transitions in these populations.

In this study, we sought to characterize the relationship of sociodemographic factors,
comorbid disease, HIV clinical factors, and inflammation to transitions between frailty states
among HIV-infected and uninfected PWID. Then, we evaluated the relationship of frailty
transitions to mortality.

Study participants

The AIDS Linked to the IntraVenous Experience Cohort (ALIVE) cohort has prospectively
followed PWID in a community-recruited cohort on a semiannual basis since 1988.
Participants aged at least 18 years were recruited through street-based efforts as previously
detailed [23]. The ALIVE study has been continually approved by the Johns Hopkins
Institutional Review Board.
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Frailty assessment

Frailty assessments were incorporated into ALIVE in 2005 and subsequently assessed
semiannually as previously described using the five Fried physical frailty phenotype criteria:
slow gait, decreased grip strength (weakness), poor endurance (exhaustion), low physical
activity, and physical shrinking (weight loss) [17,24].

Other measures/covariates

Additional detailed information obtained at each visit included socioeconomic, behavioral,
and clinical parameters for the prior 6-month period as previously described [17,19].
Comorbid conditions ascertained included obesity (BMI=30) and participant self-report of
any provider diagnosis of diabetes, hypertension, or cerebrovascular, cardiovascular, renal,
chronic lung, malignant, or liver disease. Depressive symptoms were assessed using the
Center for Epidemiological Studies Depression Scale [25]. Hazardous alcohol use was
assessed using the Alcohol Use Disorders Identification Test [26]. Participants provided
blood specimens for testing, which included antibodies to HIV-1 assayed by ELISA, with
Western blot confirmation. CD4" cell counts were measured on HIV-infected persons at
each visit using flow cytometry, and plasma HIV-1 RNA levels determined using reverse-
transcriptase PCR methods (Roche Amplicor, Branchburg, New Jersey, USA; limit of
detection: 50 copies/ml). Mortality was assessed through linkage to the National Death
Index with review of death certificates to confirm correct matches.

Inflammatory index assessment

IL-6 and soluble tumor necrosis factor receptor 1 (STNFR1) were measured on 800
participants with available specimens at three study visits, each 1 year apart. Testing

was performed on serum samples collected and stored at —80°C using ELISA kits (R&D
Systems, Minneapolis, Minnesota, USA). IL-6 was measured using a High-Sensitivity
Quantikine kit with a detection range of 0.156-10.0 pg/ml and interassay coefficient of
variance of 5.7%. sSTNFR1 was measured using a DuoSet ELISA kit with a sensitivity of
12.5 pg/ml and an interassay coefficient of variance of 4.9%. Measurements were performed
in duplicate and repeated if the measures differed by more than 15% or were out of the
measurable range. The average of the two measures was log-transformed to account for
nonnormal distribution, as previously performed. The inflammatory index score (I1s) was
constructed from the IL-6 and STNFR1 measurements as previously described and validated
(1/3 log IL-6+2/3 log STNFR1) [19,27].

Statistical analysis

Frailty was considered as both a three-tier categorical variable: robust, 0; prefrail, 1-2;
frail, at least three criteria, and as a binary variable: nonfrail, 0-2 and frail, at least three
criteria. Markov transition models were employed to evaluate the factors associated with
frailty progression: namely, the likelihood of transitioning from a robust to a frail state
compared with maintenance of a robust state, as well as the likelihood of transitioning
from a nonfrail to a frail state compared with maintenance of a nonfrail state. We also
evaluated factors associated with frailty recovery: namely, the likelihood of transitioning
from a frail to robust state and from a frail to nonfrail state compared with maintenance
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of a frail state. Multinomial regression was employed to assess transitions from one frailty
state to the next consecutive frailty state as a function of individual covariates prior to each
transition, using models in which current frailty status was regressed on prior frailty status,
covariates and interactions between prior status and covariates. Only statistically significant
interactions were retained. Age, sex, and race were included a priori. We note here that

a ‘transition’ could be from a given state to that same state. To additionally evaluate the
independent relationships of baseline Ils and 1-year interval change in Ils to frailty status
at 1 year, multinomial logistic regression was employed. This score was approximately
normally distributed (Supplemental Fig. 1, http:/links.lww.com/QAD/B701). To evaluate
the relationship between the frailty transition between two adjacent visits and subsequent
mortality (time from the latter visit), Kaplan—Meier survival analyses and Cox proportional
hazards regression models were performed. First, we performed analyses with observation
from the time of first frailty transition assessment (baseline) until date of death or for
those remaining alive, 31 December 2014. Then, we performed mortality analyses treating
each adjacent-visits frailty transition assessment as a time-varying covariate. Models were
adjusted for factors previously found or considered a priorito be associated with mortality
[17,19]. The proportional hazards assumption was confirmed using Schoenfeld residuals.
Analyses were performed using STATA (version 15; Stata Corp., College Station, Texas,
USA).

Study population and frailty transitions

Among 1353 participants, the mean age at initial frailty assessment was 48 years and

33% were HIV-infected (Table 1). Over a median number of eight visits [interquartile
range (IQR) 5, 11; Avisits = 10 912], there were 9559 frailty transition assessments
(Supplemental Table 1, http://links.lww.com/QAD/B701). Of all transitions from a nonfrail
state, 8% constituted progression to a frail state; 3.4% of robust transitions constituted
progression to a frail state; 68% of frail transitions comprised recovery from a frail to a
nonfrail state; 7.5% of frail transitions comprised recovery from a frail to a robust state;
49.6% remained robust; and 32% remained frail. There were 61 deaths before the first
transition could be observed.

Sociodemographic and comorbid disease factors associated with frailty progression and

recovery

In multivariable analysis, younger age, having attained a high school education or greater,
being employed, not having depressive symptoms, and the absence of hazardous alcohol use
were significantly associated with a reduced likelihood of frailty progression and increased
likelihood of recovery to a nonfrail or robust state (Table 2, Model A). Having fewer than
three chronic comorbid disease conditions was also significantly associated with reduced
frailty progression and increased recovery to a nonfrail or robust state. Of these conditions,
diabetes, hypertension, obesity, prior stroke, and kidney disease were all significantly and
independently associated with increased frailty progression and reduced frailty recovery
(Supplemental Table 2, http:/links.lww.com/QAD/B701). Active injection drug use was
associated with reduced frailty progression and increased frailty recovery. Adjusting for
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sociodemographic and behavioral factors and number of comorbid disease conditions, being
HIV infected was significantly associated with greater frailty progression and reduced frailty
recovery.

HIV clinical factors associated with frailty progression and recovery

We next evaluated the relationship of HIV clinical factors to frailty progression and
recovery. Compared with HIV-infected patients with detectable viremia, achieving HIV
virologic suppression was significantly associated with reduced frailty progression and
increased recovery to a nonfrail or robust state, with point estimates approaching that of
what was observed for HIV negative individuals (Table 2, Model B). Having a high CD4"*
nadir (>500 cells/ul) also was significantly associated with reduced frailty progression and
increased frailty recovery (Table 2, Model C). Finally, compared with having a prior AIDS
diagnosis, not having had a prior AIDS diagnosis was significantly associated with reduced
frailty progression and increased recovery to a nonfrail or robust state (Table 2, Model D).
Overall, these results appeared clinically meaningful, ranging from 30 to 70% decreased
odds of frailty progression and 34-300% increased odds of frailty recovery for those with
less advanced HIV disease, relative to an advanced HIV disease state.

Role of inflammation in frailty progression and recovery

In multivariable analyses, for each SD decrease in the Ils, there was a 22% reduced
likelihood of progression from a nonfrail to frail state and 30% reduced likelihood of
progression from a robust to frail state (Table 3). Conversely, for each SD decrease in the

Ils, there was a 29% increased likelihood of recovery from a frail to nonfrail state and

44% increased likelihood of recovery from a frail to robust state. In further multivariable
analysis, a lower lls at baseline and a 1-year interval decrease in Ils were both independently
associated with a lower likelihood of being frail at 1 year (Supplemental Table 3, http://
links.lww.com/QAD/B701). The interaction terms between inflammation and HIV status for
these models were not statistically significant. Further, when using more refined estimates of
HIV clinical status, the risk estimates for the relationships between inflammation and these
frailty transitions remained unchanged and were in fact, remarkably stable irrespective of
HIV clinical parameters (Supplemental Fig. 2, http://links.lww.com/QAD/B701).

Frailty transitions and mortality

During prospective evaluation of the relationship of frailty transitions with mortality, we
observed 248 deaths over 8647 person-years for a mortality rate of 2.9 per 100 person-
years. The median follow-up time was 7.8 years (IQR 6.0, 8.2); similar for HIV-infected
and uninfected participants. Overall, participants who were frail at one or both of two
consecutive visits had a higher mortality risk than those who remained nonfrail (Figs. 1
and 2). Adjusting for sociodemographic factors, number of comorbid disease conditions,
and HIV disease status, being frail at one of two consecutive visits was associated with
significantly higher mortality risk than those who maintained a nonfrail state in both
baseline and time varying analyses (Table 4). In analyses treating each frailty transition

as a time varying covariate, the highest mortality risk was observed for those who remained
frail at both of two consecutive visits [hazard ratio 3.23; 95% confidence interval (Cl), 2.1,
4.96]. In analyses treating frailty as a three-tier variable, similar findings were observed
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(Supplemental Table 4, http:/links.lww.-com/QAD/B701). In these analyses, being frail at
both of two consecutive visits was associated with an almost six-fold increased risk of death
compared with maintenance of a robust state (hazard ratio 5.91; 95% Cl, 3.0, 11.6). The
interaction term for HIV status and frailty transition state with mortality was not significant.

Discussion

Frailty remains of major clinical importance for HIV-infected and uninfected populations
alike. There have been limited studies on the factors that determine transitions between
frailty states and very few longitudinal studies of frailty exist in HIV. This study provides
seminal data on the precipitants and consequences of frailty transitions in HIV-infected and
PWID populations.

We first show that reduced chronic comorbid disease, improved socioeconomic status, early
control of HIV infection, and successful attainment of virologic suppression are strongly
associated with both reduced frailty progression and increased frailty recovery. Our findings
suggest these factors may be key protective elements, and important intervention targets, in
preventing and ameliorating frailty in these populations.

Frailty and HIV both disproportionately burden socioeconomically challenged populations
[27,28]. Superimposed on this heightened burden are our findings of the independent
relationship of key socioeconomic factors, namely, lower educational attainment and
unemployment with greater frailty progression and reduced frailty recovery. Previous
studies have shown the association of psychosocial stress with activation of biological

stress pathways [29-31]. Whether such pathways mediate the relationship of socioeconomic
factors with frailty requires further investigation. Elucidating mediators of this relationship
may provide key additional targets for frailty intervention.

Multiple studies have demonstrated the heightened burden of chronic comorbid disease or
multimorbidity in the HIV-infected population [2,10]. Comorbid disease burden itself has
been predictive of adverse clinical outcomes in HIV, independent of frailty [17]. Our studies
suggest that reducing chronic comorbid disease burden or multimorbidity may improve
clinical outcomes in HIV through frailty-dependent pathways as well, independent of ART-
mediated virologic suppression. While the risk for progression or recovery varied somewhat
with specific diseases, our main finding was that each condition is independently associated
with the observed transitions, with likely added risk associated with the co-occurrence

of multiple comorbidities. Developing effective interventions to reduce chronic comorbid
disease burden in HIV remains a key priority that may be critical to improving frailty-related
outcomes in this population.

Achieving sustained virologic suppression remains a key challenge for many HIV-infected
populations, particularly PWID, exacerbated by behavioral factors and suboptimal care
engagement [32,33]. Our findings suggest that achieving not only contemporaneous
virologic suppression but also early control of HIV disease, as reflected in the observed
CD4* nadir and AIDS diagnosis frailty relationships, could be protective in preventing
frailty progression and promoting frailty recovery. These data suggest that both earlier
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ART initiation to achieve early control of HIV disease and enhanced efforts to achieve

and optimally sustain ART-mediated virologic suppression, particularly for PWID may be
critical to reducing adverse frailty-related outcomes. These findings reinforce the importance
of improving the HIV care continuum, particularly for HIV-infected persons at higher frailty
risk.

To our knowledge, we provide the first longitudinal and temporal assessment of the
relationship of inflammation to the frailty phenotype in HIV. We show that not only is a
reduced inflammation level at baseline predictive of reduced frailty progression, but also
that reductions in inflammation over time may significantly mitigate frailty progression and
promote frailty recovery, independent of comorbidity and HIV disease stage.

Understanding the pathophysiologic pathways that precipitate frailty onset and progression
is critical to developing interventions to combat frailty in HIV-infected and uninfected
populations alike. Dysregulated inflammation is central to HIV pathophysiology. Despite
ART-mediated virologic suppression, inflammation persists [34,35]. We and others have
previously demonstrated the cross-sectional association of inflammation with frailty in HIV
[19,37-39]. Through longitudinal analysis, we now provide novel evidence for a temporal
association of inflammation with frailty, highlighting the potential key role of inflammatory
pathways as a target to tackle frailty, even beyond ART-mediated virologic suppression. In
this study, we found both baseline inflammation and changes in inflammation level to be
important and independently associated with transitions in frailty status. Multiple upstream
biological drivers of persistent, heightened inflammation in HIV have been proposed
[8,34,37]. Specific elucidation of the upstream drivers of frailty-associated inflammation

in HIV may be critical to developing effective therapeutic modalities to reduce frailty
progression and promote frailty recovery.

Finally, building on our prior work, we demonstrate that both a sustained and intermittent
frail state predict mortality risk, supporting the critical importance of preventing and
ameliorating frailty to improve clinical outcomes in HIV-infected and PWID populations.

In this study, being frail at just one of two visits carried a higher mortality risk than being
not frail at all, emphasizing the importance of preventing frailty progression in the first
instance. A sustained frail state over two visits was associated with an even higher mortality
risk, suggesting interventions to avoid a sustained frail state once frailty is identified may
find additional benefit. Ultimately, the dynamic nature of frailty transitions that we observed
and the association of these dynamic changes with heightened mortality risk suggest

serial frailty assessments in clinical application may find utility for risk stratification and
ultimately targeted frailty intervention.

While our study supports temporal associations of inflammation and the other factors
observed with transitions between frailty states, as for any observational study, we are
unable to establish definitively a cause—effect relationship with these variables or potential
latency of effects. As inflammatory marker testing was performed on available repository
specimens, selection effects are also possible. Further studies evaluating inflammatory
marker trajectories over longer durations and investigation of the role of inflammation-
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targeted interventions on frailty could establish biological effect. In addition, frailty
transitions in this study were assessed at 6-month intervals. Transitions taking place within
the 6-month interval between frailty assessments were not ascertained, but this interval is
equivalent to or smaller than reported in other studies of frailty transitions to date. Further,
this cohort was a predominantly African American, urban cohort of PWID. Generalizability
of our findings to other HIV-infected populations warrants additional study. Nonetheless,
this population represents a key subset of the HIV-infected population who suffer the most
severe disparities in morbidity and mortality and for whom frailty interventions may find
greatest value.

In conclusion, there is increasing evidence that preventing frailty onset and promoting frailty
recovery are critical to reducing survival gaps and other adverse frailty-related outcomes

in HIV. In this study, we identified key putative targets to reduce frailty onset and support
frailty recovery. Our findings suggest that prevention or reduction of chronic comorbid
disease, targeted modulation of key socioeconomic factors, sustained efforts to improve the
HIV care continuum, pursuit of early and consistent ART, and development of targeted
modalities to reduce frailty-associated inflammation may all play a key role in reducing the
marked frailty-mediated disparities in clinical outcomes in HIV. These factors should be of
key focus in the development and investigation of future interventions to effectively prevent
and reverse frailty and its related adverse outcomes in HIV.
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Fig. 1. Survival by Frailty Transition State among 1353 Participants at Baselinein the AIDS
Linked to the IntraVenous Experience Cohort.

Kaplan—-Meier survival curve estimates by baseline (initial) frailty transition state.
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Fig. 2. Survival by Frailty Transition State across 9559 AIDS Linked to the IntraVenous
Experience Frailty Transition Assessments.

Kaplan—Meier survival curve estimates by frailty transition state across all transition
assessments in the AIDS Linked to the IntraVenous Experience Cohort.
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Table 4.

Mortality risk associated with frailty transitions in the AIDS Linked to the IntraVenous Experience Cohort®

Baselineb All transitions”
HR (95% CI)  HR (95% CI)
Transition N = 1353 N = 9559
Nonfrail to nonfrail Ref Ref
Frail to nonfrail 1.55(1.00,2.42) 2.17(1.48, 3.20)
Nonfrail to frail 2.08(1.44,3.01) 232(1.61,3.34)
Frail to frail 2.08(1.30,3.34) 3.23(2.10,4.96)

Cl, confidence interval; HR, hazard ratio. Bold text indicates £<0.05.

aData are given as adjusted HRs (95% CI); each model was adjusted for age, sex, race, education, no. of comorbid conditions, and HIV status;
nonfrail participants had a frailty score of 0-2; frail participants had a frailty score of 3-5.

Multivariable model examining the relationship of initial (baseline) frailty transition with mortality.

Multivariable model examining the relationship of frailty transitions as a time varying covariate with mortality.
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