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Abstract

Background

The representation of frailty in type 2 diabetes trials is unclear. This study used individ-
ual participant data from trials of newer glucose-lowering therapies to quantify frailty and
assess the association between frailty and efficacy and adverse events.

Methods and findings

We analysed IPD from 34 trials of sodium-glucose cotransporter 2 (SGLT2) inhibitors,
glucagon-like peptide-1 (GLP1) receptor agonists, and dipeptidyl peptidase 4 (DDP4)
inhibitors. Frailty was quantified using a cumulative deficit frailty index (FI). For each trial,
we quantified the distribution of frailty; assessed interactions between frailty and treat-
ment efficacy (HbA1c and major adverse cardiovascular events [MACE], pooled using
random-effects network meta-analysis); and associations between frailty and withdrawal,
adverse events, and hypoglycaemic episodes. Trial participants numbered 25,208. Mean
age across the included trials ranged from 53.8 to 74.2 years. Using a cut-off of FI > 0.2
to indicate frailty, median prevalence was 9.5% (IQR 2.4%-15.4%). Applying a higher
threshold of FI > 0.3, median prevalence was 0.5% (IQR 0.1%—1.5%). Prevalence was
higher in trials of older people and people with renal impairment however, even in these
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higher risk populations, people with FI > 0.4 were generally absent. For SGLT2 inhib-

itors and GLP1 receptor agonists, there was a small attenuation in efficacy on HbA1c

with increasing frailty (0.08%-point and 0.14%-point smaller reduction, respectively, per
0.1-point increase in FI), below the level of clinical significance. Findings for the effect of
treatment on MACE (and whether this varied by frailty) had high uncertainty, with few
events occurring in trial follow-up. A 0.1-point increase in the FI was associated with more
all-cause adverse events regardless of treatment allocation (incidence rate ratio, IRR 1.44,
95% CI 1.35-1.54, p < 0.0001), adverse events judged to the possibly or probably related
to treatment (1.36, 1.23, to 1.49, p < 0.0001), serious adverse events (2.09, 1.85, to 2.36,
p < 0.0001), hypoglycaemia (1.21, 1.06, to 1.38, p = 0.012), baseline risk of MACE (hazard
ratio 3.01, 2.48, to 3.67, p < 0.0001) and with withdrawal from the trial (odds ratio 1.41,
1.27, t0 1.57, p < 0.0001). The main limitation was that the large cardiovascular outcome
trials did not include data on functional status and so we were unable to assess frailty in
these larger trials.

Conclusions

Frailty was uncommon in these trials, and participants with a high degree of frailty were
rarely included. Frailty is associated very modest attenuation of treatment efficacy for
glycaemic outcomes and with greater incidence of both adverse events and MACE inde-
pendent of treatment allocation. While these findings are compatible with calls to relax
HbA1c-based targets in people living with frailty, they also highlight the need for inclusion
of people living with frailty in trials. This would require changes to trial processes to facil-
itate the explicit assessment of frailty and support the participation of people living with
frailty. Such changes are important as the absolute balance of risks and benefits remains
uncertain among those with higher degrees of frailty, who are largely excluded from trials.

Author summary
Why was this study done?

o Many people with type 2 diabetes are living with frailty, an age-related state of reduced
physiological reserve.

o Itis not known how the balance of risks and benefits of treatments for type 2 diabetes
differs in the context of frailty.

o This study assessed frailty in clinical trials for 3 treatments for type 2 diabetes and
assessed how common frailty was in these trials as well as whether the outcomes of trial
participants were different depending on frailty.

What did the researchers do and find?

o It was possible to measure frailty in 34 trials for type 2 diabetes treatments, in which
moderate frailty was present but people with the most severe degrees of frailty were not
included in these trials.

o Trial participants with higher degrees of frailty had higher rates of cardiovascular events,
adverse events (regardless of what treatment they were allocated to), and were less likely
to complete the trial.
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What do these findings mean?

o At modest levels of frailty, the efficacy of type 2 diabetes treatment on blood
glucose do not appear to differ; however, the baseline risk of both cardiovascular
events (which treatments aim to prevent) and adverse events is higher in people with
frailty.

o As people with severe frailty were generally excluded from these trials, there is greater
uncertainty around risks and benefits for these people.

o The main limitation of this work is that it was not possible to measure frailty in the larger
trials that assessed the impact of treatment on cardiovascular outcomes as these trials did
not assess functional status. We argue that we need both the inclusion of people living
with frailty, and more widespread reporting of the features required to assess frailty, to
inform the treatment of people living with frailty.

Background

Type 2 diabetes is an increasingly common condition associated with complications across
multiple organ systems and reduced quality of life [1]. Type 2 diabetes becomes more preva-
lent as people age, with approximately half of all adults with type 2 diabetes aged over 65 years
[2,3]. As a result, an increasing proportion of people with type 2 diabetes is living with frailty,
an age-associated state of reduced physiological reserve [4]. Frailty is more common in people
with type 2 diabetes than in similarly aged people without type 2 diabetes, affecting between
10% and 25% of people with the condition [5]. While the prevalence of frailty increases with
age, it is also present in younger people (<65 years) with type 2 diabetes in whom it is also
associated with adverse outcomes such as mortality, cardiovascular events, and hypoglycaemia
[5,6]. In older people living with frailty, international guidelines recommend adjusting glycae-
mic targets [7]. However, these recommendations are typically based on observational data or
extrapolating trial findings for older people in whom frailty has not been directly quantified
[8,9]. Optimal treatments for people living with frailty, seeking to balance risks and benefits,
often remain uncertain.

People with severe frailty are often explicitly excluded from randomized controlled trials
[10-12]. Such exclusion makes uncertain whether trial findings apply to people living with
frailty and type 2 diabetes. Frailty prevalence among participants is rarely quantified, as trials
generally do not measure or report it. One approach to overcome this challenge is to apply the
cumulative deficit frailty index (FI) retrospectively to trial data to estimate frailty among par-
ticipants [10]. An FI is a count of age-related health deficits spanning multiple organ systems
and functional domains [13]. This approach has been applied to individual trials including
for hypertension, heart failure, and vaccination [14-17]. More recent studies have applied
this approach across multiple trials [10,18,19]. However, these previous studies have neither
systematically identified eligible trials nor have they synthesized estimates of heterogeneity in
treatment efficacy across multiple trials.

This study aimed to identify frailty among participants of trials for newer glucose-
lowering therapies for type 2 diabetes. By applying an FI to individual-level participant
data, we aimed to assess (i) the prevalence and distribution of frailty across multiple
trials, (ii) whether the efficacy of treatments varies depending on the degree of frailty, and
(iii) the association between frailty and adverse events and whether individuals remain in
the trial.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025

3/18




PLOS MEDICINE

Frailty in randomized controlled trials of glucose-lowering therapies for type 2 diabetes

Outcomes (DGl Clinical until 2021), which in
the past 3 years has had contracts with pharma
and device manufacturers (Danone, Hollister,
INmune, Novartis, Takeda) on individualized
outcome measurement.

Abbreviations: DDP4, dipeptidyl peptidase 4;
Fl, frailty index; GLP1, glucagon-like peptide-1;
GRADE, grading of recommendations,
assessment, development, and evaluation;
IPD, individual participant data; IRR, incidence
rate ratio; MACE, major adverse cardiovas-
cular event; MedDRA, Medical Dictionary of
Regulatory Activities; OR, odds ratio; SGLT2,
sodium-glucose cotransporter 2.

Methods
Identifying eligible randomized controlled trials

We included randomized controlled trials of three drug classes: sodium glucose cotransporter
2 (SGLT2) inhibitors, glucagon-like peptide-1 (GLP1) receptor analogues, and dipeptidyl
peptidase-4 (DPP4) inhibitors. We first identified all potentially eligible trials through a sys-
tematic review before assessing the availability of individual participant data (IPD). The sys-
tematic review was conducted according to a pre-specified protocol as detailed elsewhere [20].
Briefly, two electronic databases (Medline and Embase) were searched from January 2002 to
November 2022, supplemented by manual searching of trial registries. Trials were eligible for
inclusion if they:

o Included adults (>18 years) with type 2 diabetes.

o Assessed the efficacy of SGLT2 inhibitors, GLP1 analogues, or DPP4 inhibitors, compared
with either placebo or an active comparator (excluding within-class comparisons).

o Assessed HbAlc, major adverse cardiovascular events, or change in body weight as outcomes.
« Were registered phase-3 or phase-4 randomized controlled trials.

For each eligible trial, we explored the availability of IPD through the Vivli analysis platform.
We then examined trial baseline data, metadata, and case report forms to identify variables
that could be used to construct an FI. Trials were included in our analysis if they included
data on a sufficient range of variables to allow valid construction of an FI (described in detail
below). Ethical approval for IPD use was obtained from the University of Glasgow MVLS
College Ethics Committee (Project: 200160070).

FI construction

We assessed frailty using the cumulative deficit model to calculate an FI as a count of health
deficits present within an individual divided by the number of possible deficits (in this case, the
number of deficits measured within a given trial). The index ranges from 0 (no deficits present)
to 1 (all possible deficits present) with higher numbers reflecting increased frailty. We selected
deficits based on established criteria: they must be health-related; increase in prevalence with
age; and be neither too rare (e.g., <1% in the target population) nor ubiquitous among older
people (e.g., >80% prevalence by age 70) [21]. Deficits typically include long-term conditions,
laboratory deficits, symptoms, and functional limitations. A valid FI should contain at least 30
deficits, spanning multiple domains and organ systems. The specific deficits included may vary
between datasets, providing that their selection is based on the criteria described above.

Using these criteria, we constructed an FI for each trial by applying the standard approach
to selecting deficits aligned with the baseline data of each trial. Deficits were selected from
comorbidities (assessed from medical history data), laboratory and physical measurements (e.g.,
blood pressure), and patient-reported deficits (e.g., symptoms or functional limitations, assessed
from baseline questionnaire data). To avoid an FI that was dominated by deficits from a single
domain, we only included trials with data on comorbidities (both cardiovascular and non-
cardiovascular), laboratory measures, and functional data. We excluded trials which did not col-
lect each of these types of data. We excluded deficits with >10% missing data within a given trial.

Outcomes

FI distribution. For each trial, we assessed the distribution of the FI. We also assessed
the distribution of deficits in each of the following domains: cardio-metabolic comorbidities;
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non-cardiometabolic comorbidities; laboratory deficits and physical measurements; and
symptoms and functional limitations. In each case, the FI for each individual was calculated as
the total number of deficits present divided by the total number of non-missing deficits.

Efficacy. For each trial, we assessed two outcomes: HbAlc and major adverse
cardiovascular events (MACE). We assessed HbA1c as the follow-up value, adjusted for
baseline HbAlc. End of follow-up was based on the primary endpoint of each respective trial.
In trials including cross-over designs or an open label phase, we assessed efficacy prior to the
cross-over period (which in each case was the primary endpoint). For our primary analysis, in
individuals who were lost to follow-up prior to the primary endpoint the last recorded HbA1lc
value was carried forward. Where MACE was not a prespecified outcome in the trials, we
identified MACE using Medical Dictionary of Regulatory Activities (MedDRA) codes applied
to adverse event data. For the MACE analysis, participants were censored at the date of
MACE, discontinuation of treatment, or end of trial follow-up (whichever happened earliest).

Adverse events. For each individual in each trial, we assessed the total number of
adverse events (all-cause, regardless of their relationship with the study treatment), the
number of adverse events assessed by the study investigators as being related to the study
treatment (including events judged possibly, probably, or likely to be causally related to the
study treatment), the total number of all-cause serious adverse events, and the number of
hypoglycaemic events reported. For each of these outcomes, total follow-up time was also
recorded based on the trial baseline, endpoint, and last available follow-up for participants
who withdrew before the primary endpoint.

Non-completion. We assessed non-completion as any participant not completing the final
trial visit for any reason (both intentional and unintentional withdrawal).

Statistical analysis

All analyses were conducted on a secure analysis platform. This allowed analyses to be
performed directly on the IPD but with export of summary data only, so that individuals
cannot be identified. Our analysis therefore took the form of a two-stage IPD-meta-analysis
approach, where sufficient statistics on covariates and model fits in each trial were extracted
from the secure environment in the first stage, before being meta-analysed in the second
stage [22].

Data on the distribution of the FI for each trial were summarized using statistical distribu-
tions. We fitted parametric cumulative distribution functions using the gamma, generalized
gamma, log-normal, and Weibull distributions to FI distributions for each trial. Goodness-of-
fit was assessed using the Kolmogorov-Smirnov test and by plotting observed FI distributions
against each parametric cumulative distribution function. Parameters for the best-fitting
cumulative distribution function models were exported to fully describe FI distributions.
Based on recent guidance for constructing an FI [23], we did not define “frailty” based on any
specific cut-off of the FI. Rather, we calculated the proportion of participants in each trial with
FI values above a range of different thresholds (0.1, 0.2, 0.3, and 0.4). We also provide param-
eters for the best fitting distributions of each FI, allowing re-calculation of the proportion of
participants above any given threshold of the FI.

To assess whether efficacy of treatment on HbA1c varied depending on the FI, we fitted
a linear model with HbA ¢ as the outcome variable and the FI as the explanatory variable
adjusted for baseline HbA ¢, age, and sex, and including interactions between treatment
allocation and each of FI, age and sex. We fitted a separate model in each trial directly on the
IPD and exported the estimated coefficients and their variance-covariance matrix as sufficient
statistics. We then meta-analysed these in a random-effects network meta-analysis using the
multinma package to produce drug-class-level estimates for the frailty-treatment interaction,
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adjusted for age and sex [24]. Multinma fits a separate intercept for each trial to ensure that
randomization is preserved.

To assess consistency between direct and indirect estimates of the frailty x treatment
interactions, we fitted further network meta-analysis restricting the dataset to trials in which
the comparator arm was placebo. We then compared these (direct) estimated to the overall
estimate (for which the comparator arms could include active treatment) from the primary
analysis.

We used a similar approach for MACE in which we fitted a Cox proportional hazards
model in each trial. For each trial, we fitted one model with a frailty-treatment interaction,
and a further model in including frailty-, age-, and sex-treatment interactions. We excluded
trials in which there were too few MACE overall to allow models to be reliably fit (typically <
15 events in total). We meta-analysed these models as described for HbA1lc above to estimate
drug-class level frailty-treatment interactions.

The association between the baseline FI and adverse events (total, serious, and hypogly-
caemia) and trial withdrawal were assessed using negative binomial regression (estimating
incidence rate ratios [IRR]) and logistic regression models (estimating odds ratios [OR]),
respectively. Negative binomial models included an offset for follow-up time for each indi-
vidual. We adjusted all models for age and sex. Coefticients for frailty (per 0.1-point increase)
were exported from the analysis platform, along with their standard errors, and combined in
a random-effects meta-analysis using the generic inverse variance method to estimate the IRR
or OR of each outcome per 0.1-point increase in the FI. Finally, we used this same modelling
approach to fit a separate model for each arm in each trial and combined these in a drug-class
level network meta-analysis. This allowed us to estimate a frailty-treatment interaction for
adverse events and attrition for each class (i.e., whether the association between any drug class
and adverse events or trial non-completion was modified by the FI).

Results
Study selection and characteristics

We identified 34 trials of relevant drugs (SGLT?2 inhibitors [# =10], DPP4 inhibitors [n=15],
or GLP1 receptor analogies [n=10]) for which we could obtain IPD and that collected data on
a sufficient number and range of deficits to construct an FI.

The trial screening and inclusion process is summarized in Fig 1 and reported elsewhere
[25]. Out of the 672 eligible trials, we were able to obtain IPD for 103 trials. Of these, most
trials did not collect data on any patient-reported functional limitations (66/103, 64%) mean-
ing that it was not possible to identify a sufficient range of deficits to assess the FI in these
trials (as we judged assessment of functional status to be a prerequisite for our assessment of
frailty among participants). A further 3 trials did assess functional deficits but did not include
data on non-cardiometabolic comorbidities. These trials were also excluded from the analysis
of frailty, as we were not able to assess comorbidities across multiple physiological systems.
The trials for which we could assess frailty were similar to the wider body of eligible trials in
terms of mean age, sex distribution, treatments assessed, and type of comparison (S1 Table).
However, while we identified 23 trials that were designed and powered to assess cardiovascu-
lar outcomes and obtained IPD for 6 of these, none of these larger trials had sufficient data on
function (5/6) or non-cardiometabolic comorbidities (1/6) for us to assess frailty. Change in
HbA1c was the primary outcome in all of the studies included in this FI analysis.

Eligibility criteria for all trials are detailed in the supplementary appendix (S1 Appendix).
Trials either reported no upper age limit (21/34) or excluded participants aged >80 (13/34).
All trials included both male and female participants. All trials included participants with
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“inadequate glycaemic control”, although the precise thresholds differed between the trials as
did the background therapy on which this control was assessed. For 6/34 trials, participants
could be drug naive or on no current oral therapy; 18/34 trials included participants on the
basis of being currently established on oral therapy with suboptimal glycaemic control; and
4/34 trials included participants who were already established on insulin therapy. The remain-
ing 5/34 trials assessed specific sub-populations including older people (aged > 70, 2/34 trials)
and people with kidney impairment (3/34 trials).

Availability of deficits for the FI

The deficits included in the FI for each trial are summarized in Fig 2. The number of deficits
within the FI in each trial ranged from 42 to 51. Comorbidities were consistently coded across
all included trials using the MedDRA coding system. Most laboratory deficits were compa-
rable across all trials. Symptoms and functional limitations were more variably quantified
between trials, as different trials used different symptom and quality of life questionnaires.

FI distribution

The distribution of the FI in each trial is shown in Fig 3 within categories indicating the target
population of each trial. Frailty was rare in most trials. The proportion of trial participants for
whom the FI was >0.2 ranged from 0.6% to 88.9% (median 9.5%, interquartile range 2.4% to
15.4%). Applying a higher cut-off of >0.3, the range was 0.004%-34.5% (median 0.5%, inter-
quartile range 0.07%-1.5%). For 32/34 trials, less than 1% of trial participants had an FI >0.4
(52 Table). The FI was higher, on average, in women compared with men, and in participants
over 65 years (S3 and S4 Figs). When considering deficits from different domains separately,
cardiovascular were more common compared with non-cardiometabolic comorbidities, labo-
ratory deficits, and functional limitations (S5 Fig).

The mean age in these trials ranged from 53 to 75 years. However, even in trial participants
aged >65 years, the prevalence of frailty was typically low (median 12.4% with FI > 0.2, inter-
quartile range 4.6%-23.1%; median 0.7% with an FI > 0.3, interquartile range 0.1%-2.5%). In
trials focused on older people (>70 years, 2 trials) or people with chronic renal impairment (3
trials, one of which focused on severe renal impairment), frailty prevalence was more variable
with some trials showing a greater degree of frailty among trial participants (14.3%-88.9%
with FI values above 0.2, 1.3%-34.5% with FI values above 0.3). In these trials, the upper limit
of frailty (assessed by calculating the 99th percentile of the FI distribution) was between 0.31
and 0.48.

Treatment efficacy

In all the included trials, change in HbA1lc was the primary outcome. None of the included
trials assessed MACE as a primary or secondary outcome (of the 6 MACE trials for which we
had IPD, none collected sufficient data on function and/or comorbidity to allow the calcula-
tion of the FI). After identifying MACE within the adverse event data in the IPD, we were able
to estimate MACE-treatment interactions in 12 of the 34 trials (models did not converge for
the remining 22, which had <15 events each, precluding reliable estimation of covariate—treat-
ment interactions). Findings from drug-level and drug class-level network meta-analyses of
the interaction between FI and treatment efficacy are shown in Fig 4 (networks shown in S1
and S2 Figs).

In the main analysis for HbA1lc, summarized in Fig 4, the pooled change in HbA1c with
treatment was —1.2% (95% credible interval —1.4% to —1.0%), —1.2% (-1.6% to —1.1%),
and —0.4% (—0.6% to —0.2%) for SGLT?2 inhibitors, GLP1 receptor analogues, and DPP4
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Deficit Cardiometabolic
category comorbidity

Laboratory/physical
measurements

Non-cardiometabolic l Participant

L reported
comorbidty function/symptoms

Dyslipidaemia -
Heart frailure - -
Hypertension -

Ischaemic heart disease -
Peripheral vascular disease - -
Stroke -

Thromboemolism -

Valvular heart disease - -

Cancer- -

COPD-

Dementia -

Depression - -

Diverticular disease -

Epilepsy -

Glaucoma - -

Gout -

Hepatic disorder -

Inflammatory arthritis - -
Osteoarthritis

Osteoporosis

Parkinsonism -

Peripheral neuropathy = -

Thyroid disorder -

Albumin -

Albumin creatinine ratio (urinary) - -
Alkaline phosphatase -

C-reactive protein -
Calcium - -
Estimated glomerular filtration - -
Haemoglobin - -
LDL cholesterol -
Platelets -
Potassium - -
Sodium -
Uric acid -
White cell count - [l
Anxiety and depression -
Diff. dressing - - -- .
Diff. getting from ground to floor - -- - - -
Diff. getting up from chairs - - -- -
Diff. housework - -- - - -
Diff. moiity - [N e e oy o EEEEEEEEENNEE B
Diff. moderate physical activity = -- - - -
Diff. picking up objects - - --
oit. setf care - [ NI N NN EEEEESE e
Diff. squatting and kneeling - -- -
[ |
|

Deficit

[ | [ |
| |
Diff. tying shoes -

|| HE N |
Dif. usual activites - NN N N o v ENEEEEEEEEEEE =
| [ | [ ] | | | |

Diff. walking flights stairs =
Fatigue - -
Impaired social functioning -

||
Pain-----------------=- =------------ |

Painful or stiff joints -

| [
Seff-rated health ------=----------=- =------------.-

Short of breath on mild exertion -
Swollen and ankles - - -- - -

Trial

Diff. standing for hours - --
Diff. strenuous activity - --

Fig 2. Deficits included in the FI per trial. This figure indicates, for each trial, what deficits were available within the trial IPD to be included within
the FI. Colour is used to indicate the broad category of deficits (cardiometabolic comorbidities, non-cardiometabolic comorbidities, laboratory mea-
sures, and functional impairments). Each column indicates a single trial.

https://doi.org/10.1371/journal.pmed.1004553.9002
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Frailty index distribution

Total n Mean age Mean FI  99th centile FI
NCT01648582 Dulaglutide vs Insulin 774 55 0.08 0.21
NCT00798161 Linagliptin vs Placebo 857 552 0.08 0.19
NCT01558271 Dulaglutide vs Placebo 487 574 0.08 0.19
NCT00996658 Linagliptin vs Placebo 278 538 0.09 0.22
NCT00621140 Linagliptin vs Placebo 503 557 0.09 0.23
NCT00641043 Linagliptin vs Placebo 589 57.5 0.09 0.22
NCT01177813 Empaglifiozin vs Placebo ?:g4 :g 5 ggg gzg
NCT01159600 Empaglifiozin vs Placebo - - -
NCT00602472 I:ngag\lptln vs Placebo 1058 58.1 01 0.21
701 56.5 0.1 0.23
NCT00601250 Linagliptin vs Placebo
NCT01210001 Empaglifiozin vs Placebo 499 54.5 01 0.24
NCT01167881 Empaglifiozin vs Glimepiride 1549 559 01 0.22
c NCT01719003 Empaglifiozin vs Metformin :11223(3) ggg 81 ggg Target population
O NCT00622284 Linagliptin vs Glimeparide - - - .
2 . 227 565 011 026 B oo reive
© NCT00740051 Linagliptin vs Placebo
g NCTO00819091 Linagliptin vs Placebo fggz gi? 81; g;g = On oral therapy
8 NCT00734474 Dulaglutide vs Sitagliptin - - . On insulin
2 NCT01194830 L\:ag\lptln vs Plagcepbo 284 58.9 0.12 028 Older people (>70)
% NCT01106677 Canaglifiozin vs Sitagliptin 1284 554 0.13 0.29 . Chronic renal impairment
= NCT00954447 Linagliptin vs Placebo 1263 60 0.13 0.28
NCT01306214 Empaglifiozin vs Placebo 566 567 0.13 0.27
NCT01106625 Canagliflozin vs Placebo 469 56.7 0.13 031
NCT01624259 Dulaglutide vs Liraglutide 599 567 0.13 0.31
NCT01075282 Dulaglutide vs Insulin 810 567 0.14 0.32
NCT01126580 Dulaglutide vs Metformin 807 556 0.14 0.3
NCT01084005 Linagliptin vs Placebo 241 749 0.14 0.31
NCT01137812 Canaglifiozin vs Sitagliptin 756 56.5 0.14 0.83
NCTO01768559 Lixisenatide vs Insulin 23: ::3 81: ggi
NCT01064687 Dulaglutide vs Placebo - - -
NCT01164501 Empa;lﬂozln vs Placebo 741 63.9 016 032
884 59.4 0.16 0.33
NCT01191268 Dulaglutide vs Insulin
NCT01798706 Lixisenatide vs Placebo 350 74.2 017 032
NCT01087502 Linagliptin vs Placebo 241 66.9 0.23 041
NCT00800683 Linagliptin vs Placebo 113 644 0.28 048
0.0 0.2 0.4 0.6 0.8

Frailty index

Fig 3. Trial characteristics and FI distribution. This figure shows the distribution of the FI among participants for each trial. All randomized participants
are included. Colour indicates the target population of the trial based on the inclusion criteria. The y-axis indicates the treatment comparison and the trial
registration. The 99th centile of the FI is reported as an upper limit of the FI within the trial population.

https://doi.org/10.1371/journal.pmed.1004553.9003

inhibitors, respectively, compared with placebo. For SGLT2 inhibitors and GLP1 receptor
analogues, there was a small attenuation in the reduction in HbAlc with increasing frailty;
however, the magnitude of this attenuation was small and below the threshold for clinical
significance. In SGLT?2 inhibitors, this reduction in HbA1c was slightly attenuated with
increasing frailty (0.08% [0.02%-0.14%, p = 0.029] smaller reduction per 0.1-point increase

in the FI). For GLP1 receptor analogues, there was also a small attenuation in the treatment
effect (0.14% [0.04%-0.22%, p = 0.019] smaller reduction per 0.1-point increase in the FI). For
DPP4 inhibitors, the frailty-treatment interaction included the null (0.04% [-0.01 to 0.10, p
=0.23]). These interaction terms were similar after limiting the analysis to trials the 23 trials
with placebo comparisons (S6 Fig).

For MACE, the trials were small with few events and the estimates of overall efficacy were
highly uncertain (Fig 4), limiting any inference about the association between frailty and
efficacy. There was no statistically significant interaction between frailty and any treatment in
terms of efficacy for MACE.

Association between frailty and adverse events

The association between the FI and the overall incidence of adverse events (all-cause—
regardless of perceived relationship with the study treatment), adverse events related to the
study treatment (as judged by the trial investigators), serious adverse events, hypoglycaemic
events, and trial non-completion are summarized in Fig 5. These associations do not take into
account treatment allocation (i.e. they are expressing the association between the FI and the
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HbA1c (%)
1
1
1
1
:
SGLT2- 1
le
1
1
1
1
1
1
_._ :
GLP1- !
| o
1
1
1
1
1
1
1
+ I
DPP4 - |
:'
1
— 1
c ' effect
[0 1
€ . . i
- MACE (log hazard ratio) —o— Frailty-treatment interaction
g : —*— Main effect
1
1
1
|
SGLT2- 1
P
1
1
1
1
1
1
T 4
GLP1- !
& 1
1
1
1
1
1
1
1
DPP4 - |
° 1
1
1
1
1
1 I 1 1
-1 0 1 2

Frailty-treatment interaction per 0.1-point increase in frailty index

Fig 4. Frailty and treatment efficacy. This figure shows the results of the network meta-analysis for HbAlc (34 trials, top panel)
and for MACE (11 trials, bottom panel). For each network, estimates for each class of drug are shown compared to placebo. Blue
points indicate the estimated main treatment effect, with 95% credible intervals, in %-point reduction in HbAlc or log hazard ratio
for HbAlc and MACE, respectively. These estimates indicate the treatment effect at FI=0. Red points indicate the extent to which
this treatment effect changes for each 0.1-point increase in the FI. These estimates are adjusted for age and sex.

https://doi.org/10.1371/journal.pmed.1004553.9004
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Association between frailty and adverse outcomes

Outcome N trials Estimate (95% Cl)

Adverse events (all) 34 IRR 1.44 (1.35t0 1.54) [ |

Adverse events (treatment related) 34 IRR 1.36 (1.32 to 1.49) |

Serious adverse events 34 IRR 2.09 (1.85 to 2.36) |
Hypoglycaemia 34 IRR 1.20 (1.06 to 1.38) ]

Trial non-completion 34 OR 1.41 (1.27 to 1.57) |

Major adverse cardiovascular event 12 HR 3.01 (2.69 to 3.37) |

r T T 1
0.50 1.0 2.0 4.0
Estimate of association

Fig 5. Association between FI and adverse events/trial attrition. This figure shows the estimates association between baseline frailty
and the incidence/odds of outcomes. Estimates are regardless of treatment allocation. Points indicate the estimate while bars show the
95% CI.

https://doi.org/10.1371/journal.pmed.1004553.9005

baseline rate of these events). In pooled analyses for all included trials, a 0.1-point increase
in the FI was associated with an increased incidence of adverse events (IRR 1.44, 95% CI
1.35-1.54, p < 0.0001), treatment-related adverse events (1.36, 1.23-1.49, p < 0.0001), serious
adverse events (2.09, 1.85-2.36, p < 0.0001), hypoglycaemia (1.20, 1.06-1.38, p = 0.012), and
greater odds of non-completion (OR 1.41, 1.27-1.57, p < 0.0001). Higher FI was also associ-
ated with a greater hazard of MACE (12 trials, hazard ratio 3.01, 2.68-3.37, p < 0.0001).
When assessing whether the FI modified the association between any specific treatment
and adverse events, there was no evidence that the association between any of the included
classes of medication and adverse events varied by frailty status (i.e. there was no statistically
significant frailty—treatment interaction when assessing adverse events or trials attrition).

Discussion

In this analysis of IPD from 34 trials of newer glucose lowering treatments for type 2 diabe-
tes, we found that, for most trials, frailty was rare among trial participants. Participants in
trials focussed on older people or those with chronic renal impairment had a greater degree
of frailty; however, even in these trials, severe frailty was uncommon and the upper limit

of frailty was lower than is generally observed in unselected populations [26,27]. This low
prevalence of frailty limits the inference that can be made about the efficacy and safety of these
treatments in people living with frailty. We found a very modest attenuation of the efficacy of
SGLT2 inhibitors and GLP1 receptor analogues on HbA1c with increasing frailty; however,
this was below the threshold for clinical significance indicating that, at the modest levels of
frailty observed in these trials, the efficacy of treatment on the surrogate endpoint of HbAlc
was similar regardless of frailty. Assessment of the association between frailty and efficacy on
cardiovascular outcomes was limited as the included trials had very few events and statistical
uncertainty for this outcome was high. Frailty was associated with greater overall incidence of
adverse events, serious adverse events, and hypoglycaemia and with greater odds of with-
drawal before the end of the trial, indicating that people with a greater degree of frailty had
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a higher baseline risk of these adverse outcomes. However, we found no evidence that frailty
modified the associations between any specific trial treatment and adverse events.

These findings suggest that frailty is under-represented in trials for type 2 diabetes.
Furthermore, the relatively low mean FI is some trials of older people (>70 years) in this
analysis also demonstrates that simply recruiting older participants does not guarantee the
inclusion of people living with frailty. This may be for several reasons. Trial exclusion criteria
may exclude those living with frailty or those with limited life expectancy. Some physicians
may be reluctant to put forward potential participants living with frailty when information
on adverse events emerged early (e.g. genital infections with SGLT-2 inhibitors and nausea
with GLP-1 receptor analogues). Furthermore, the demands of participating in trials, such as
frequent clinic visits or frequent self-monitoring of blood glucose, may act bas barriers to the
participation.

Judgements around treatment in people living with frailty therefore need to be based on
careful balance between risks and benefits. In this context, our findings suggest that differ-
ences in efficacy for HbAlc, at least in those with a moderate degree of frailty, are small in
magnitude and these judgements should therefore be based on the risk of adverse events and
of competing risks [28]. We found that a higher FI was associated with a range of adverse
health outcomes including hypoglycaemia and serious adverse events. This has important
implications when considering the absolute risks and benefits of treatment. While we did not
find any difference in the relative effect of treatments on adverse events by frailty status, where
the baseline risk of adverse events is higher (as we found to be the case with frailty), then the
absolute risk of any treatment associated with adverse events will be greater in these people.
Frailty adds the additional dimension of greater vulnerability to decompensation, and it is
possible that people living with more severe frailty may experience more severe consequences
of adverse events. In this context, the exclusion of those with the most severe frailty from
trials makes judging the absolute risks of treatment in this population challenging. It is also
important to consider the potential benefits of treatment in absolute terms, and with respect
to outcomes that are meaningful to patients. HbAlc is a surrogate marker which may pre-
cede clinical outcomes (of greater relevance to people with diabetes) by many years and may
therefore be a lesser priority for some older people living with frailty. People living with frailty
also had a higher risk of MACE. It is therefore possible that absolute benefits of treatment on
MACE may be greater in people with higher FI. However, the net-benefit of treatment also
depends on the balance between efficacy, adverse events, likelihood of treatment discontin-
uation, and competing risks such as non-cardiovascular death. The fact that cardiovascular
deficits were the most common in these trials, and non-cardiovascular and functional deficits
relatively rarer, may have influenced the magnitude of association with MACE, and may not
necessarily reflect the balance of deficits seen in routine care [29]. Our capacity to assess for
differences in efficacy for MACE was also limited by few events leading to lower power and
high statistical uncertainty.

We need clinical evidence that is applicable to the populations who are being treated. Our
findings demonstrate an important discrepancy between these trial populations (in which
higher degrees of frailty were rare, even in trials focusing on older populations) and clinical
practice (in which an increasing proportion of people with type 2 diabetes are living with
frailty). We also show that it was only possible to assess frailty in a small subset of trials that
assessed functional measures and not in the larger cardiovascular outcome trials which are
arguably most influential in terms of clinical practice and guidelines. There is a need for trials
including people with higher degrees of frailty, based on clinical outcomes which patients
prioritize. For this to happen, there is a need for trials to adopt inclusion and exclusion criteria
that enable people living with frailty to take part; to measure a broad range of comorbidities
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and functional status to allow frailty to be reliably assessed (and ideally including additional
domains, such as cognition, that were not assessed in these trials) [30]; to be designed to make
it easy for older people living with frailty to participate (including allowing sufficient time for
detailed baseline assessments and adopting approaches to outcome assessment that minimize
the burden on participants); and to measure clinical endpoints that are relevant to people
living with frailty rather than solely assessing surrogate markers [31].

Previous meta-analyses of treatments for type 2 diabetes have demonstrated that SGLT2
inhibitors and GLP1 receptor analogues reduce the risk of all-cause mortality, MACE, and of
end-stage kidney disease with high certainty of evidence according to the grading of recom-
mendations, assessment, development, and evaluation (GRADE) framework [32]. We did not
apply GRADE to this analysis as our aim was not to assess the overall efficacy of these agents
(which is well established, and for which our estimate would be very uncertain due to the
exclusion of the large, high-quality cardiovascular outcome trials that have established car-
diovascular benefits). Our analysis highlights an important limitation of this evidence base for
people living with frailty, which is that frailty can only be assessed in a small subset of trials.
Cardiovascular outcome trials typically recruit “higher risk” populations based on cardiovas-
cular disease or risk factors. It is currently not clear if these higher-risk trial populations also
have a greater degree of frailty. Our findings that trials focusing on older populations or peo-
ple with chronic kidney disease had higher degrees of frailty but excluded those with the most
severe degrees of frailty highlights that the adequate representation of people with frailty can-
not be assumed even when inclusion criteria target individuals with a greater health burden.

Other studies have applied the FI to IPD for single trials (including trials for heart fail-
ure, hypertension, and vaccination studies). These studies found no significant difference in
treatment efficacy across the spectrum of frailty included [14,15,33,34]. Analyses of single
trials are typically under-powered to detect differences in treatment efficacy by participant
characteristics. Two previous studies have applied the FI to multiple trials; however, these
did not assess treatment efficacy [10,19]. By combining 34 trials, our IPD network meta-
analysis provides considerably greater statistical power to assess differences in treatment
efficacy across individual-level characteristics than previous analyses and found a small but
statistically significant difference in efficacy on glycaemic outcomes by frailty. However, these
findings should be interpreted in light of the generally low prevalence of frailty in most of the
included trials and it is still possible that the balance of efficacy and safety may differ in people
living with more advanced frailty who are generally excluded from these trials.

Strengths of this study include the systematic identification of trials and the inclusion of
IPD from a large number of trials. However, our analysis remains limited by the fact that IPD
is not available for all eligible trials (103/672, 15%) and among those that we accessed, only
33% (34/103) collected sufficient data to calculate the FI. Notably, we were unable to assess
frailty in the larger trials for which MACE was the primary outcome. This highlights the
considerable challenge to analysing frailty across multiple trials, both in terms of data avail-
ability and in identifying a sufficient range of deficits within trial data. Our FI was constructed
according to established methods for selecting and analysing deficits. Comorbidities and
laboratory deficits were consistently recorded across the included trials. However, there was a
limited number and range of functional deficits. This limits the granularity of the FI based on
trial data and supports recent calls for standardizing the collection of functional data within
trial participants [30]. While the FI is designed to allow flexible application across datasets
with different variables, it remains possible that these differences in included deficits could
explain some of the differences between trials. The included trials also lacked any measures
in some domains, such as cognition. While the ability of the FI to predict adverse outcomes
is robust to the selection of deficits, provided they cover a range of domains and fulfil the

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025 14/18




PLOS MEDICINE

Frailty in randomized controlled trials of glucose-lowering therapies for type 2 diabetes

required criteria, omitting deficits from a domain entirely may have a greater impact on the FI
[35]. Finally, the FI is one of several measures of frailty, and we were not able to assess others
(e.g. the frailty phenotype [36]) due to a lack of relevant data within these trials.

In conclusion, our findings show that frailty is under-represented in these trials with
people living with the most advanced frailty largely excluded. We found a clinically negligible
reduction in efficacy for glycaemic outcomes of newer glucose-lowering treatments in people
living with frailty; however, in general, the low prevalence of frailty in these trials limited the
inference about efficacy in the context of frailty. Frailty is associated with greater baseline risk
of adverse events and with premature withdrawal from trials, but not with observable differ-
ence in the safety of specific treatments. Faced with these uncertainties, it is likely that with
greater degrees of frailty, the risk of adverse outcomes may increase further, and the time to
accrue benefits from treatment is likely to be less. Decisions of whether to initiate treatment
in people living with frailty should carefully reflect individual goals and priorities, consider
guideline recommendations to relax HbAlc-based treatment targets for people living with
frailty, and be cognisant of the limited randomized evidence for the balance of risks and bene-
fits in people living with frailty.

Supporting information

S1 Appendix. Detail of links to systematic review protocol, full results of data extraction
and risk of bias assessment for all trials, pre-specification of FI analyses, and definitions
for all FI deficits.

(DOCX)

S2 Appendix. Analysis code for all results presented.
(DOCX)

S1 Table. Comparison of all eligible trials, trials for which IPD were available, and trials
for which the FI could be constructed.
(DOCX)

S2 Table. Percentage of participants with FI values at a range of thresholds.
(DOCX)

S1 Fig. Network diagram for all trials included in the analysis of HbAlc.
(PNG)

S2 Fig. Network diagram for all trials included in the analysis of MACE.
(PNG)

$3 Fig. FI distributions for participants older and younger than 65 years for each trial.
(PDF)

S4 Fig. FI distributions for male and female participants for each trial.
(PDF)

S5 Fig. Distributions of deficits within each domain of the FI.
(PNG)

S6 Fig. Frailty x treatment interactions for HbA1lc based on the main analysis compared
to an analysis of direct comparisons only (restricted to trials versus placebo).
(PNG)

S1 Data. Underlying data exported from secure analysis platform.
(ZIP)

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025 15/18



http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s007
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s008
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s009
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s010
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s011

PLOS MEDICINE

Frailty in randomized controlled trials of glucose-lowering therapies for type 2 diabetes

S1 Checklist. PRISMA Checklist.
(DOCX)

Acknowledgments

This manuscript is based on research using data from data contributors Lilly, Boehringer
Ingelheim, Sanofi and Johnson, and Johnson that has been made available through Vivli,
Vivli has not contributed to or approved, and is not in any way responsible for, the contents
of this publication. This study was carried out under YODA project 2022-5124 and used data
obtained from the Yale University Open Data Access Project, which has an agreement with
Janssen Research and Development, LLC. The interpretation and reporting of the research
data are solely the responsibility of the authors and do not necessarily represent the official
views of the Yale University Open Data Access Project or Janssen Research and Development,
LLC.

Author contributions

Conceptualization: David A. McAllister, Peter Hanlon.

Data curation: Heather Wightman, Elaine Butterly, Lili Wei, Ryan McChrystal, Peter Hanlon.
Formal analysis: David A. McAllister, Peter Hanlon.

Funding acquisition: Peter Hanlon.

Investigation: Elaine Butterly, Ryan McChrystal, David A. McAllister, Peter Hanlon.

Methodology: David Phillippo, Sofia Dias, Nicky Welton, Andrew Clegg, Miles Witham,
Kenneth Rockwood, David A. McAllister, Peter Hanlon.

Project administration: Peter Hanlon.

Supervision: Peter Hanlon.

Visualization: Peter Hanlon.

Writing - original draft: Heather Wightman, Peter Hanlon.

Writing - review & editing: Elaine Butterly, Lili Wei, Ryan McChrystal, Naveed Sattar,
Amanda Adler, David Phillippo, Sofia Dias, Nicky Welton, Andrew Clegg, Miles Witham,
Kenneth Rockwood, David A. McAllister.

References

1. Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa H, Al Kaabi J. Epidemiology of type 2 dia-
betes - global burden of disease and forecasted trends. J Epidemiol Glob Health. 2020;10(1):107-11.
https://doi.org/10.2991/jegh.k.191028.001 PMID: 32175717

2. Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, et al. Full accounting of diabetes and
pre-diabetes in the U.S. population in 1988-1994 and 2005-2006. Diabetes Care. 2009;32(2):287-94.
https://doi.org/10.2337/dc08-1296 PMID: 19017771

3. Bellary S, Kyrou |, Brown JE, Bailey CJ. Type 2 diabetes mellitus in older adults: clinical considerations
and management. Nat Rev Endocrinol. 2021;17(9):534—48. https://doi.org/10.1038/s41574-021-00512-2
PMID: 34172940

4. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty: implications for clini-
cal practice and public health. Lancet. 2019;394(10206):1365-75. https://doi.org/10.1016/S0140-
6736(19)31786-6 PMID: 31609228

5. Hanlon P, Fauré I, Corcoran N, Butterly E, Lewsey J, McAllister D, et al. Frailty measurement,
prevalence, incidence, and clinical implications in people with diabetes: a systematic review and
study-level meta-analysis. Lancet Healthy Longev. 2020;1(3):e106—16. https://doi.org/10.1016/S2666-
7568(20)30014-3 PMID: 33313578

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025 16/18



http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004553.s012
https://doi.org/10.2991/jegh.k.191028.001
http://www.ncbi.nlm.nih.gov/pubmed/32175717
https://doi.org/10.2337/dc08-1296
http://www.ncbi.nlm.nih.gov/pubmed/19017771
https://doi.org/10.1038/s41574-021-00512-2
http://www.ncbi.nlm.nih.gov/pubmed/34172940
https://doi.org/10.1016/S0140-6736(19)31786-6
https://doi.org/10.1016/S0140-6736(19)31786-6
http://www.ncbi.nlm.nih.gov/pubmed/31609228
https://doi.org/10.1016/S2666-7568(20)30014-3
https://doi.org/10.1016/S2666-7568(20)30014-3
http://www.ncbi.nlm.nih.gov/pubmed/33313578

PLOS MEDICINE

Frailty in randomized controlled trials of glucose-lowering therapies for type 2 diabetes

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Hanlon P, Jani BD, Butterly E, Nicholl B, Lewsey J, McAllister DA, et al. An analysis of frailty and mul-
timorbidity in 20,566 UK Biobank participants with type 2 diabetes. Commun Med (Lond). 2021;1:28.
https://doi.org/10.1038/s43856-021-00029-9 PMID: 35602215

Sinclair AJ, Abdelhafiz A, Dunning T, Izquierdo M, Rodriguez Manas L, Bourdel-Marchasson |, et al.
An international position statement on the management of frailty in diabetes mellitus: summary of
recommendations 2017. J Frailty Aging. 2018;7(1):10—20. https://doi.org/10.14283/ifa.2017.39 PMID:
29412437

Miller ME, Williamson JD, Gerstein HC, Byington RP, Cushman WC, Ginsberg HN, et al. Effects of
randomization to intensive glucose control on adverse events, cardiovascular disease, and mortality
in older versus younger adults in the ACCORD Trial. Diabetes Care. 2014;37(3):634—43. https://doi.
0rg/10.2337/dc13-1545 PMID: 24170759

Strain WD, Down S, Brown P, Puttanna A, Sinclair A. Diabetes and frailty: an expert consensus state-
ment on the management of older adults with type 2 diabetes. Diabetes Ther. 2021;12:1227-47.

Hanlon P, Butterly E, Lewsey J, Siebert S, Mair FS, McAllister DA. Identifying frailty in trials: an
analysis of individual participant data from trials of novel pharmacological interventions. BMC Med.
2020;18(1):309. https://doi.org/10.1186/s12916-020-01752-1 PMID: 33087107

Cruz-dentoft AJ, Carpena-Ruiz M, Montero-Errasquin B, Sanchez-Castellano C, Sanchez-Garcia E.
Exclusion of older adults from ongoing clinical trials about type 2 diabetes mellitus. J Am Geriatr Soc.
2013;61(5):734-8. hitps://doi.org/10.1111/jgs. 12215 PMID: 23590338

Ridda I, Lindley R, Maclntyre RC. The challenges of clinical trials in the exclusion zone: the case of
the frail elderly. Australas J Ageing. 2008;27(2):61-6. https://doi.org/10.1111/j.1741-6612.2008.00288.x
PMID: 18713194

Rockwood K, Mitnitski A. Frailty in relation to the accumulation of deficits. J Gerontol A Biol Sci Med
Sci. 2007;62(7):722-7. hitps://doi.org/10.1093/gerona/62.7.722 PMID: 17634318

Warwick J, Falaschetti E, Rockwood K, Mitnitski A, Thijs L, Beckett N, et al. No evidence that frailty
modifies the positive impact of antihypertensive treatment in very elderly people: an investigation of
the impact of frailty upon treatment effect in the HYpertension in the Very Elderly Trial (HYVET) study,
a double-blind, placebo-controlled study of antihypertensives in people with hypertension aged 80
and over. BMC Med. 2015;13:78. https://doi.org/10.1186/s12916-015-0328-1 PMID: 25880068

Pajewski NM, Williamson JD, Applegate WB, Berlowitz DR, Bolin LP, Chertow GM, et al. Charac-
terizing frailty status in the systolic blood pressure intervention trial. J Gerontol A Biol Sci Med Sci.
2016;71(5):649-55. hitps://doi.org/10.1093/gerona/glv228 PMID: 26755682

Butt JH, Dewan P, Docherty K, Inzucchi S, Ponikowski P, Martinez F, et al. Efficacy and safety of
dapagliflozin according to frailty in heart failure with reduced ejection fraction: a post hoc analy-
sis of the DAPA-HF trial. Eur J Heart Fail. 2022;24:138-9. https://doi.org/10.1002/ejhf.2569 PMID:
CN-02454188

Curran D, Kim JH, Matthews S, Dessart C, Levin MJ, Oostvogels L, et al. Recombinant zoster
vaccine is efficacious and safe in frail individuals. J Am Geriatr Soc. 2021;69(3):744-52. hitps://doi.
org/10.1111/jgs. 16917 PMID: 33197294

Wightman H, Quinn TJ, Mair FS, Lewsey J, McAllister DA, Hanlon P. Frailty in randomised controlled
trials for dementia or mild cognitive impairment measured via the frailty index: prevalence and
prediction of serious adverse events and attrition. Alzheimers Res Ther. 2023;15(1):110. https://doi.
org/10.1186/s13195-023-01260-3 PMID: 37312157

Farooqi MA, Gerstein H, Yusuf S, Leong DP. accumulation of deficits as a key risk factor for car-
diovascular morbidity and mortality: a pooled analysis of 154 000 individuals. J Am Heart Assoc.
2020;9(3):e014686.

Butterly E, Wei L, Adler Al, Almazam SAM, Alsallumi K, Blackbourn LAK, et al. Calibrating a net-
work meta-analysis of diabetes trials of sodium glucose cotransporter 2 inhibitors, glucagon-like
peptide-1 receptor analogues and dipeptidyl peptidase-4 inhibitors to a representative routine
population: a systematic review protocol. BMJ Open. 2022;12(10):e066491. https://doi.org/10.1136/
bmjopen-2022-066491 PMID: 36302574

Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. A standard procedure for creating a frailty
index. BMC Geriatr. 2008;8:24. https://doi.org/10.1186/1471-2318-8-24 PMID: 18826625

Riley RD, Ensor J, Hattle M, Papadimitropoulou K, Morris TP. Two-stage or not two-stage? That is

the question for IPD meta-analysis projects. Res Synth Methods. 2023;14(6):903—10. hitps://doi.
org/10.1002/jrsm.1661 PMID: 37606180

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025 17/18



https://doi.org/10.1038/s43856-021-00029-9
http://www.ncbi.nlm.nih.gov/pubmed/35602215
https://doi.org/10.14283/jfa.2017.39
http://www.ncbi.nlm.nih.gov/pubmed/29412437
https://doi.org/10.2337/dc13-1545
https://doi.org/10.2337/dc13-1545
http://www.ncbi.nlm.nih.gov/pubmed/24170759
https://doi.org/10.1186/s12916-020-01752-1
http://www.ncbi.nlm.nih.gov/pubmed/33087107
https://doi.org/10.1111/jgs.12215
http://www.ncbi.nlm.nih.gov/pubmed/23590338
https://doi.org/10.1111/j.1741-6612.2008.00288.x
http://www.ncbi.nlm.nih.gov/pubmed/18713194
https://doi.org/10.1093/gerona/62.7.722
http://www.ncbi.nlm.nih.gov/pubmed/17634318
https://doi.org/10.1186/s12916-015-0328-1
http://www.ncbi.nlm.nih.gov/pubmed/25880068
https://doi.org/10.1093/gerona/glv228
http://www.ncbi.nlm.nih.gov/pubmed/26755682
https://doi.org/10.1002/ejhf.2569
http://www.ncbi.nlm.nih.gov/pubmed/CN-02454188
https://doi.org/10.1111/jgs.16917
https://doi.org/10.1111/jgs.16917
http://www.ncbi.nlm.nih.gov/pubmed/33197294
https://doi.org/10.1186/s13195-023-01260-3
https://doi.org/10.1186/s13195-023-01260-3
http://www.ncbi.nlm.nih.gov/pubmed/37312157
https://doi.org/10.1136/bmjopen-2022-066491
https://doi.org/10.1136/bmjopen-2022-066491
http://www.ncbi.nlm.nih.gov/pubmed/36302574
https://doi.org/10.1186/1471-2318-8-24
http://www.ncbi.nlm.nih.gov/pubmed/18826625
https://doi.org/10.1002/jrsm.1661
https://doi.org/10.1002/jrsm.1661
http://www.ncbi.nlm.nih.gov/pubmed/37606180

PLOS MEDICINE

Frailty in randomized controlled trials of glucose-lowering therapies for type 2 diabetes

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Theou O, Haviva C, Wallace L, Searle SD, Rockwood K. How to construct a frailty index from an
existing dataset in 10 steps. Age Ageing. 2023;52(12):afad221. https://doi.org/10.1093/ageing/afad221
PMID: 38124255

Phillippo DM, editor. multinma: An R package for Bayesian network meta-analysis of individual and
aggregate data. Evidence Synthesis and Meta-Analysis in R Conference 2021; 2021.

Hanlon P, Butterly E, Wei L, Wightman H, Aimazam SAM, Alsallumi K, et al. Age and sex differences
in efficacy of treatments for type 2 diabetes: a network meta-analysis. JAMA. 2025:€2427402. https:/
doi.org/10.1001/jama.2024.27402 PMID: 39899304

Rockwood K, Mitnitski A. Limits to deficit accumulation in elderly people. Mech Ageing Dev.
2006;127(5):494-6. https://doi.org/10.1016/j.mad.2006.01.002 PMID: 16487992

Howlett SE, Rutenberg AD, Rockwood K. The degree of frailty as a translational measure of health in
aging. Nat Aging. 2021;1(8):651-65. https://doi.org/10.1038/s43587-021-00099-3 PMID: 37117769

McCaw ZR, Claggett BL, Tian L, Solomon SD, Berwanger O, Pfeffer MA, et al. Practical recom-
mendations on quantifying and interpreting treatment effects in the presence of terminal competing
risks: a review. JAMA Cardiol. 2022;7(4):450-6. https://doi.org/10.1001/jamacardio.2021.4932 PMID:
34851356

Hanlon P, Hannigan L, Rodriguez-Perez J, Fischbacher C, Welton NJ, Dias S, et al. Representation of
people with comorbidity and multimorbidity in clinical trials of novel drug therapies: an individual-level
participant data analysis. BMC Med. 2019;17(1):201. https://doi.org/10.1186/s12916-019-1427-1 PMID:
31711480

Denkinger M, Knol W, Cherubini A, Simonds A, Lionis C, Lacombe D, et al. Inclusion of functional
measures and frailty in the development and evaluation of medicines for older adults. Lancet Healthy
Longev. 2023.

Yudkin JS, Lipska KJ, Montori VM. The idolatry of the surrogate. BMJ. 2011;343:d7995. https://doi.
org/10.1136/bmj.d7995 PMID: 22205706

Shi Q, Nong K, Vandvik PO, Guyatt GH, Schnell O, Rydén L, et al. Benefits and harms of drug
treatment for type 2 diabetes: systematic review and network meta-analysis of randomised controlled
trials. BMJ. 2023;381:e074068. hitps://doi.org/10.1136/bmj-2022-074068 PMID: 37024129

Butt JH, Dewan P, Jhund PS, Anand IS, Atar D, Ge J, et al. Sacubitril/Valsartan and frailty in patients
with heart failure and preserved ejection fraction. J Am Coll Cardiol. 2022;80(12):1130-43. https://doi.
org/10.1016/j.jacc.2022.06.037 PMID: 36050227

Butt JH, Dewan P, Merkely B, Belohlavek J, Drozdz J, Kitakaze M, et al. Efficacy and safety of
dapagliflozin according to frailty in heart failure with reduced ejection fraction : a post hoc analysis
of the DAPA-HF trial. Ann Intern Med. 2022;175(6):820-30. https://doi.org/10.7326/M21-4776 PMID:
35467935

Shi SM, McCarthy EP, Mitchell S, Kim DH. Changes in predictive performance of a frailty index with
availability of clinical domains. J Am Geriatr Soc. 2020;68(8):1771-7. https://doi.org/10.1111/jgs.16436
PMID: 32274807

Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Frailty in older adults:

evidence for a phenotype. J Gerontol A Biol Sci Med Sci. 2001;56(3):M146-56. https://doi.org/10.1093/
gerona/56.3.m146 PMID: 11253156

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004553  April 7, 2025 18/18



https://doi.org/10.1093/ageing/afad221
http://www.ncbi.nlm.nih.gov/pubmed/38124255
https://doi.org/10.1001/jama.2024.27402
https://doi.org/10.1001/jama.2024.27402
http://www.ncbi.nlm.nih.gov/pubmed/39899304
https://doi.org/10.1016/j.mad.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16487992
https://doi.org/10.1038/s43587-021-00099-3
http://www.ncbi.nlm.nih.gov/pubmed/37117769
https://doi.org/10.1001/jamacardio.2021.4932
http://www.ncbi.nlm.nih.gov/pubmed/34851356
https://doi.org/10.1186/s12916-019-1427-1
http://www.ncbi.nlm.nih.gov/pubmed/31711480
https://doi.org/10.1136/bmj.d7995
https://doi.org/10.1136/bmj.d7995
http://www.ncbi.nlm.nih.gov/pubmed/22205706
https://doi.org/10.1136/bmj-2022-074068
http://www.ncbi.nlm.nih.gov/pubmed/37024129
https://doi.org/10.1016/j.jacc.2022.06.037
https://doi.org/10.1016/j.jacc.2022.06.037
http://www.ncbi.nlm.nih.gov/pubmed/36050227
https://doi.org/10.7326/M21-4776
http://www.ncbi.nlm.nih.gov/pubmed/35467935
https://doi.org/10.1111/jgs.16436
http://www.ncbi.nlm.nih.gov/pubmed/32274807
https://doi.org/10.1093/gerona/56.3.m146
https://doi.org/10.1093/gerona/56.3.m146
http://www.ncbi.nlm.nih.gov/pubmed/11253156
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

