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Abstract Falls are a leading cause of morbidity in
older adults, and muscle weakness accompanied by
gait impairments is a major contributing risk fac-
tor. Although current guidelines refer to resistance
training, the literature lacks high-quality moderator
analyses to evidentially guide clinicians to best treat-
ment practice. This systematic review with meta-
analysis opposed pooled resistance training effects
to passive controls or active alternative interventions
to distinguish specific resistance training -effects
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from generally enhanced physical activity on gait
and falls relevant outcomes. Effect sizes (ES) were
pooled using robust variance estimation generally
and for potential moderators. Ninety-two (92) stud-
ies with 5932 participants (mean age 73.1 +4.9 years)
revealed large improvements in strength (ES=0.86,
p<0.001) and moderate magnitude effects on gait
outcomes (ES=0.59, p<0.001). Largest effects were
reached for timed up-and-go (ES=0.97), followed
by gait distance (ES =0.65), sit-to-stand (ES=0.42),
and gait speed (ES=0.41) when compared with pas-
sive control. Active comparator analyses (stretching,
walking, multicomponent exercises) outlined supe-
rior effectivity in the timed up-and-go performance
(ES=0.42) only. Supervision, progressive intensity
regulation, and inclusion of multi-joint lower-limb
exercises (leg press, squat, ankle plantarflexion, knee
extension) positively affected results. Spatiotempo-
ral and kinetic gait parameters were not significantly
affected in general. Although some positive effects
were observed when compared against a passive con-
trol, for most outcomes, the analysis questioned cur-
rent guidelines as the specificity of resistance training
effects was blurred by neglectable differences to alter-
native training interventions. This could be attributed
to a dearth of high-quality evidence (long-term stud-
ies, reasonable intensity, and volume) on gait param-
eters in older adults.
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Introduction

The demographic change is one of the biggest health-
economical challenges of our times [1]. Forecasts indi-
cate that individuals over 65 years will constitute more
than 20% of the population in many countries by 2050 [2]
facing societies—especially healthcare systems—with
unprecedented challenges. Herein, frailty is described as
a geriatric syndrome which manifests in a reduced func-
tion of numerous physiological systems and a generally
enhanced vulnerability to extrinsic stressors to cause seri-
ous health problems [3]. The frailty (index) classifica-
tion is based on the accumulation of age-related deficits
[4, 5]. Despite a generally increased mortality including
metabolic and cardiorespiratory diseases accompany-
ing aging populations [6], sarcopenia is closely linked
to frailty [7]. The age-related substantial muscle mass
and strength declines have fatal consequences for health
parameters including sociopsychological outcomes,
e.g. quality of life and independence [8], but also (and
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bilaterally related) orthopaedic risk factors, e.g. for falls
[9, 10].

Falls must be considered a multifactorial construct
influenced by, among others, medication, osteoarthritis,
depression, dizziness, or sarcopenia [11] inducing dis-
turbances in balance and gait. Related injuries reflect
a substantial percentage of orthopaedic indications in
older adults with a strong association [12]. In 2008,
the World Health Organization (WHO) estimates that
approximately 28-35% over 65 years and even up to
42% of people over 70 years fall once per year, causing
substantial financial costs with meaningful reductions in
quality of life [13]—with an increasing tendency prog-
nosed since decades [14]. One serious consequence of
falls is hip fractures, with about 250,000 cases alone in
the USA [15] and hospitalization times five times higher
than other injuries [16] such that about 17 million years
of life were lost from fall-related injuries [17].

Although frailty-related falls might be prevent-
able, evidence for interventions to prevent the onset
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or progression of frailty is scarce [18]. The WHO
has called for intensified research to identify predic-
tors of falls and to develop effective prevention and
rehabilitation strategies, including clinically relevant
exercise interventions for vulnerable populations—a
position supported by several geriatric researchers [3,
10, 13, 19]. A close epidemiological, biological, and
clinical link between frailty, sarcopenia, and falls has
been outlined [7]. This relationship finds application
in current frailty concepts, listing strength production
capability, unintentional weight loss, and gait velocity
as three out of five frailty criteria to differentiate older
adults having frailty from those with pre-frailty or no
frailty [3]. Accordingly, gait performance, described
as the interaction of neuromuscular strength, senso-
rimotor integration, balance control, and cognitive-
motor coupling [20], was significantly associated
with lower-limb force production [21].

When seeking for enhanced strength parameters,
resistance training is the most recommended and
applied exercise intervention to counteract age-related
muscle- [22] and strength loss [23-25] with indi-
cated positive effects on gait parameters (straight-line
walking speed) [26]. This previous review included
28 studies but herewith missed substantial body of
evidence on numerous physical function outcomes
in older adults [24]. Although resistance training is
included in the 2022 world guidelines for falls pre-
vention and management for older adults [27], a com-
prehensive review with effect size (ES) quantification
considering resistance training moderator variables
such as intensity, frequency, or intervened muscle
groups in combination with up-to-date meta-analyt-
ical procedures is urgently needed to avoid drawing
invalid conclusions for exercise recommendations in
older populations [18]. Furthermore, previous sys-
tematic reviews [23, 26] opposed resistance train-
ing to a passive control, which allows conclusions if
resistance training is one viable option, but effects
can hardly be specifically attributed to resistance
training. To differentiate resistance training effects
and explicitly recommend it as a necessary preven-
tion strategy, the effectivity must significantly surpass
effects of alternatives.

This work has therefore two objectives. Firstly,
the systematic review will synthesize currently avail-
able high-quality evidence on the effects of strength
training interventions on gait parameters and other
functional outcomes commonly implemented in older

adult testing batteries. Secondly, existing guidelines
calling for the implementation of resistance training
into prevention and treatment programmes will be
critically reviewed by opposing resistance training
to alternative interventions to differentiate specific
effects from generalized enhanced physical activity
effects on critical gait outcomes.

Methods

To answer the research question whether and to
which extent resistance training improved gait param-
eters, a systematic review with robust variance esti-
mation meta-analysis with subgroup analyses and
meta-regression was conducted. The exact proce-
dure adhered to ethical publishing standards [28]
and was pre-registered in the International Prospec-
tive Register for Systematic Reviews (PROSPERO)
(CRD42024587830). The structure of the review
follows the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [29] guide-
lines. The PRISMA-Checklist is attached in the Sup-
plemental Material; see SMO1.

The analysis is divided into two parts. In the first
part, the study investigates if resistance training is a
viable intervention to positively affect gait param-
eters. Therefore, resistance training routines are
opposed to a passive control condition. Since the
comparison to a passive condition does not provide
any information on specific resistance training effects,
as potential parameter moderation might stem from
solely enhanced physical activity, the second part
of the study opposes resistance training effects to an
active comparison to synthesize whether resistance
training is advisable compared to other interventions.
The detailed procedure is described in the following.

Eligibility criteria

The search term was built following the PICO (Par-
ticipants/Patients, Intervention, Comparison, Out-
come) guidelines [30, 31]: Original Research articles
in English language were included if they used:

P: generally healthy participants with a mean age
older than 65 years

I: lower body resistance training interventions.
To discriminate resistance training interventions
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from alternative treatments, the resistance training
definition from Rath [32] was adopted. “Strength
training is a type of physical exercise specializing
in the use of resistance to induce muscular contrac-
tion which builds the anaerobic endurance, size
of skeletal muscles and strength. [...] The terms
weight training and resistance training are also
called strength training and used synonymously
by coaches and trainers for the development of
strength. Resistance training is any exercise that
causes the muscles to contract against an exter-
nal resistance with the expectation of an increase
in strength, tone, mass and muscular endurance.
The external resistance can be dumbbells, free
weights, rubber bands, your own body weight (...).
Weight training is also performed through barbell
with weight plates, single station weight machines,
multi gym, dumbbells (...). Strength training is a
method of improving muscular strength by gradu-
ally increasing the ability to resist force through
these free weights, machines and players’ own
body weight.” (P. 37).

C: The analysis was divided into two parts. Firstly,
resistance training effects were opposed to a pas-
sive control (is resistance training a viable inter-
vention to improve gait parameters). Secondly,
an active control comparison was opposed to
discriminate specific resistance training effects
against sole enhanced physical activity effects in
older adults. Active control condition was defined
as comparison to another group with an alternative
training (e.g. walking, stretching, multicomponent
exercises without resistance training).

O: gait and walking parameters (Specifically: gait
speed, distance or time to cover a certain distance
or climb a certain stair; single repetition sit-to-
stand as part of the timed up-and-go test; other
spatiotemporal step parameters, e.g. length, width,
cadence; joint moments during walking; phase
distributions of stand and swing phase). Strength
output development was extracted as a secondary
control variable to investigate the general effectiv-
ity of the training intervention.

Studies on patients were not considered eligible.
Furthermore, if authors did not report mean (M) or
standard deviations (SD), nor could these be imputed
from graphical illustrations or the authors did not
respond to our request to provide the original values,
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the evidence could not be considered under high-
est quality standards to this analysis. Also, studies in
which the active control group performed the same
intervention but modified the intensity (e.g. high ver-
sus low intensity resistance training) or combined
interventions were excluded. Training interventions
were considered combined or multicomponent exer-
cises if the resistance training intervention was just a
by-product, meaning that the objective of the study
was to investigate not sole resistance training effects.
If a study applied different exercises as a warm-up,
the study remained eligible, as warm-up routines are
oftentimes considered a mandatory component of
safe resistance training programmes.

Literature search

The search-term guided literature screening was con-
ducted in three online databases (Web of Science™,
MEDLINE (PubMed), and Scopus) in February
2025. Specific search terms based on the require-
ments of each database were produced with the exem-
plary PubMed database search term provided in the
following:

(“Strength training”[Title/Abstract] OR “Power

training " [Title/Abstract] OR  plyometrics[Title/

Abstract] OR  “resistance training” [Title/

Abstract] OR “muscle training” [Title/Abstract]

OR  strengthening  [Title/Abstract])  AND

(“dynamic balance”[Title/Abstract] OR “Timed

up and go’[Title/Abstract] OR “Time up and

go”[Title/Abstract]OR Walking[Title/Abstract]

OR walk[Title/Abstract] OR Gait[Title/Abstract]

OR  Stride[Title/Abstract] OR  “functional

mobility” [Title/Abstract]) AND (Elderly OR elder-

lies OR seniors OR senior OR old)

Further database-specific search terms are pro-
vided in the Supplemental Material (Supplemental
Table STO01). The search was conducted indepen-
dently by three researchers (DJ, GP, and LF).

Methodological study quality and risk of publication
bias

The Physiotherapy Evidence Database (PEDro) scale
[33, 34] was used to assess risk of bias by two inde-
pendent investigators (DJ and GP). In case of no
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consensus, the final decision was made by a third
examiner (SDS).

Additionally, the risk of publication bias [35] was
assessed by visually inspecting the modified funnel
plots for multiple study outcomes [36]. Quantification
was supplemented via the Egger’s regression tests
with an extension for intra-study effect size depend-
ence [36].

Certainty of evidence

Recommendations, Assessment, Development, and
Evaluation (GRADE) criteria [37] were applied to rate
certainty of evidence. As per guidelines, certainty of
evidence including randomized controlled trials was
classified as high and potentially downgraded by one to
two levels in case of the risk of bias score (—1 if PEDro
score indicated moderate risk of bias and —2 in case of
high risk of bias), inconsistency (—1 if some heteroge-
neity is present and —2 if severe heterogeneity is present
but it has not been possible to identify through subgroup
analysis why variability is present), indirectness (—1 if
some indirectness regarding population, intervention,

Training mode

gy )
mMachine
ﬁ Free-Weight
[ ]
A7 Free-Weight (Resistance band)

comparator or outcomes exists and —2 in case of severe
indirectness from several sources), imprecision (—1
if not more than 400 participants are available), and
reporting bias (—1 if few studies are included and fun-
nel plots appear asymmetrical). In contrast, large effect
sizes (41 if studies yield large magnitude intervention
effects,+2 if studies yield very large and consistent
magnitude intervention effects) indicated dose-response
gradient (41 if there is a relationship between training
intensity and the ES) and plausible confounders (+ 1
if all confounding factors were controlled). Accord-
ingly, potential certainty of evidence categorization
comprised: “very low” (effect estimate very uncertain),
“low” (further research very likely changing the effect
estimate), “moderate” (further research may change the
effect estimate), or “high” (further research unlikely to
change the effect estimate).

Treatment characteristics

Resistance training was typically described with the
following parameters presented in Fig. 1.

Training setting
Number of exercises

@ Sets

M Repetitions

Included Exercises

e @
Yy Leg Press

fﬂ‘ Weekly volume
E Duration (weeks)

j{ Lunge
*ﬁ* Squat

‘ Dorsiflexion / Plantarflexion

L

} Extension / Flexion

& Abduction / Adduction / Extension / Flexion

Training characteristics

4=t Intensity
L Lower Limb Exercises (%)
®® Sypervision

Attendance rate (%)

Fig. 1 The descriptive parameters of resistance training interventions
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Definitions and terms

Gait outcomes generally included parameters assess-
ing walking performance through measures of gait
speed or walking distance. These outcomes were
based on direct measurements of walking velocity,
the time required to cover a predefined distance,
the distance covered within a fixed time interval,
or combinations of these. In addition, several stud-
ies reported outcome measures that combined gait
performance with elements of functional strength
or strength endurance [38, 39]. To provide a com-
prehensive clustering, the following categories were
evaluated:

Gait speed (level walking) was defined as either
a direct measure of walking velocity or the time
required to cover a predefined distance on level
ground. This category included short-distance
walking tests commonly used to assess habitual
or fast-paced walking performance [40-42].
Walking Distance (flat) was defined as the dis-
tance covered within a fixed time period during
continuous walking. These outcomes were used to
quantify endurance-related walking performance
and sustained mobility capacity [43, 44].
Sit-to-stand (single repetition) quantifies the
time required to rise from a seated position for one
complete repetition. This task represents a funda-
mental functional movement frequently assessed in
older adults and reflects lower-limb functional per-
formance [45, 46].

Timed up-and-go (TUG) integrates sit-to-stand per-
formance, dynamic balance, turning capacity, and

short-distance walking into a single indicator of tran-
sitional mobility [47].

Stair climbing performance was defined as either
the velocity or the time required to ascend a prede-
fined number of steps. Stair negotiation was con-
sidered a demanding functional mobility task and
was included when assessed as a timed or velocity-
based outcome [48, 49].

Step-based and obstacle negotiation tests were
defined as tasks requiring walking over obstacles
or elevated surfaces within a predefined distance
or time. These outcomes were used to assess task-
specific walking performance under increased
mechanical or coordination demands [50, 51].
Spatiotemporal parameters were analyzed as a
separate category. These included spatial param-
eters (e.g. step length) and temporal parameters
(step time and cadence), phase-related parameters
(temporal parameters as a percentage of total gait
cycle) as well as measures of gait variability and
kinetic parameters such as joint moments. Muscle
activity during walking was not involved.

Strength parameters generally included a meas-
ure of external load or resistance that was moved
in the following clustered joint or functional move-
ments according to specific strength training exer-
cises (see Fig. 2). Noteworthy, multiple repetitions
sit-to-stand tests were classified as strength param-
eters [52] and distinguished from the functional
single repetition sit-to-stand gait parameter.

Data processing and statistics

Data were extracted independently and double-
checked by DJ, GP, and LF. For further processing,

Q 29 ¢ P
Gait % Spatiotemporal QD Strength Comparison éiﬂ
(] (]
™ Distance El Step length &Leg Press w‘ Passive Control
(]
@ Speed ™ Step width w‘ Sit-to-Stand § Active Control
£ Stair @ Step time w Squat
(J
ﬁ-“ Sit-to-Stand M cadence i‘.,,\__Ankle dorsiflexion / plantarflexion
2 o . .
,l. Step test 'R Phases } Knee extension / flexion
‘_"R Timed up-and-go Kinetic Hip abduction / adduction / extension / flexion
Q Joint moment g;!% Trunk extension / flexion / lateralflexion / rotation

Fig. 2 An overview of the parameters investigated in the review
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collected means (M) and standard deviations (SD)
were inserted in an Excel spreadsheet, and mean dif-
ferences as well as pooled standard deviations were
calculated using the following formulas, as required
for the robust variance estimation (RVE) package in
R [53]:

Mprr = M(posttest) — M (pretest)

Standard deviations were pooled as follows:

(ny = 1) % SD} + (n, — 1) = SD;

SD
(np=1)+m—-1

pooled =

As suggested by Fisher and Tipton [53], the RVE
meta-analytical calculation model was chosen to
account for dependent multiple study outcomes with
unknown origin of variance [54-56]. The effect sizes
(ES) for the resistance training group and compari-
sons (passive control and alternative intervention) are
given as standardized mean differences (SMD) and
95% confidence intervals (CI).

Pooled ES were interpreted as follows: 0<ES <0.2
trivial, 0.2<ES <0.5 small, 0.5 <ES <0.8 moderate,
and ES>0.8 large [57]. All calculations were per-
formed using R and the robumeta package [53], con-
sidering study design (parallel and cross-over design).
Results were visualized with Microsoft Excel (Version
16.84, Microsoft Corporation, Redmond, WA, USA).

Sensitivity analyses

To minimize methods and outcome heterogeneity (%),
subgroup analyses were performed for controls (passive,
active), further active controls (walking, stretching), sex
(women, men), training mode (machine-based, free-
weight, resistance bands) [58], supervision (supervised,
unsupervised) [59], studies with blinded assessors, incor-
porated exercises (leg press, lunge, squat, ankle dorsiflex-
ion, ankle plantarflexion, knee extension, knee flexion,
hip abduction, hip adduction, hip extension, hip flexion),
and intensity assessment (percentage of 1RM, rating of
perceived exertion, colour of resistance band, feeling).

Meta-regression

Furthermore, meta-regression was conducted to
assess ES correlation with participants’ mean age,

the proportion of lower-limb strength exercises, the
PEDro score, the intensity (%1RM), strength train-
ing frequency (weekly volume, total sessions), and
the reported attendance rate. Additionally, the ES of
the strength measurements was used to investigate if
higher strength increases (leg press, sit-to-stand, knee
extension, knee flexion, ankle plantarflexion, ankle
dorsiflexion, hip extension, hip flexion, hip adduction,
hip abduction, trunk extension, trunk flexion, trunk lat-
eral flexion, trunk rotation) led to higher effects on gait
parameters.

Results
Qualitative analysis
Search results

Figure 3 illustrates the literature search procedure,
which resulted in 92 studies [40-46, 48-51, 60-140]
meeting the inclusion criteria. Study characteristics
are summarized in Supplemental Table STO02.

In case of missing original values (M and SD),
data were requested from the authors or imputed from
graphics if possible. Accordingly, studies could exclu-
sively be considered for further inclusion if (1) authors
sent the requested data, or (2) M and SD could be
imputed from graphics [115, 128, 131]. Some studies
reported standard error (n=9) [42, 50, 51, 61, 63, 75,
122, 130, 131] or 95% CI (n=4) [64, 113, 123, 129],
from which the SD was calculated [141].

Participants

In total, 92 studies were included that incorpo-
rated 5932 participants with a peak sample size of
388 participants [85]. Analysis was performed on
5260 participants (minimum, n=16 [49]; maxi-
mum, n=2352 [85]) with 3545 females and 1645
males as the overall drop-out rate summed up
to 672 participants (maximum, 64 [121]). This
number is influenced by reporting, as some stud-
ies described the sex distribution including later
drop-outs (women=>558, men=361), while most
studies reported them without (women=2987,
men=1284). Four studies did not account for
sex distribution [46, 62, 76, 77, 90]. Twenty stud-
ies included just women (n=965) [45, 69, 72, 75,
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Identification of studies via databases and registers

)
= . .
.§ Records |dent|_f|ed from 3 Records removed before
S databases (n = 6731): screening:
= Web of Science (n = 2237) > Duplicate records removed
b= PubMed (n = 2413) (n = 2436)
2 Scopus (n = 2081)
Records excluded based on the
(F:]ejjrggss)"ree”ed L »| Title (n = 3390)
Non-detected duplicates (n = 36)
Reports sought for retrieval Reports excluded based on
=2 (n=869) Abstract (n = 423)
=
(]
e
: !
(7}
Reports assessed for eligibility
(n = 445) —— »| Reports excluded based on the
Full text (n = 352):
Combined Intervention (n = 30)
Language barrier (n = 5)
No Control (n = 100)
No Data (n = 21)
No Elderly (n = 33)
No Gait (n =4)
) No Healthy (n = 151)
° No Strength training (n = 1)
'g Studies included in review Paper form (n = 4)
5 (n=92) Two Resistance Groups (n = 4)
[=
—

Fig. 3 The PRISMA flow chart with the search procedure including title, abstract, and full-text screening

78, 82, 84, 86, 94, 95, 101, 102, 106, 113, 117, Methodological quality, risk of bias, and certainty of
118, 128, 132, 135] and two studies included men evidence

only (n=165) [79, 140]. The overall mean age was

73.1+4.9 years (minimum, 65 years [124]; maxi- Overall, the quality of the 92 included studies aver-
mum, 90 years [69]). aged 54+1.4 (range 2-9) on the PEDro scale
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indicating fair methodological quality (Supplemen-
tal Table ST03). Certainty of evidence was initially
rated as high as almost all included studies were ran-
domized controlled trials and was downgraded for
risk of bias (1 level, PEDro score being fair). As the
heterogenous gait parameters reported similar effect
direction and as several subgroup analyses were per-
formed, inconsistency due to heterogeneity as well as
indirectness regarding comparators was diminished
but still need to be considered in the overall analy-
sis of all gait parameters. Further, as the population
(healthy older adults with a mean age>65 years),
intervention (resistance training), and outcomes
(clinically relevant gait parameters) present direct-
ness, we see no need to downgrade. Imprecision
seems unlikely due to the high number of participants
(n=5260) but seems reasonable in some subgroup
analyses with only a few studies. Publication bias
was reviewed using funnel plots and showed overall
(Fig. 4) a slight asymmetry, with more small studies
showing positive effects, but seems not severely dis-
torted. Therefore, as all other criteria did not lead to
either down- or upgrading, certainty of evidence was
finally rated as moderate for resistance training effects
on gait parameters.

Treatment characteristics

Most of the resistance training was supervised
(n=060) [40, 41, 44, 48, 49, 51, 61, 63, 6668, 70-72,
74-76, 78, 80-87, 89-92, 95, 97-103, 105-107, 109,
111-114, 118-120, 122-125, 127, 129, 133-138].
Four studies performed unsupervised training [93,
98, 132, 139], while six studies used a combined
approach [45, 46, 64, 77, 130, 131]. This includes,
for instance, one supervised session at the facility
and two home-based trainings [77]. The remaining
21 studies did not provide information about exercise
supervision [42, 50, 60, 62, 65, 69, 79, 88, 94, 96,
104, 108, 110, 115-117, 121, 126, 128, 140].
Training was performed on machines (n=26) [44,
50, 71, 79, 83, 86, 89-91, 99, 102, 103, 110, 116,
118, 121, 123, 124, 126, 128, 129, 133, 134, 136]
or with free weights (n=41) [45, or a mix of both
(n=14) [42, 68, 70, 72, 76, 78, 82, 95, 100, 111, 113,
114, 117, 119]. Combined with free-weight train-
ing, 28 studies incorporated resistance bands in their
training [45, 46, 49, 51, 65-67, 69, 74, 77, 84, 85, 92,
93, 96, 104, 106-108, 112, 115, 120, 122, 130, 132,

135, 138, 140]. Two studies did not report the mode
of training [48, 75].

The number of different exercises averaged around
7 exercises, ranging from 1 [124, 133, 134] to 21
[111] exercises. Three studies did not report the num-
ber of exercises [49, 112, 120].

From the description of exercises, lower body
exercises constituted on average 58.9% of the work-
out programme. Eight studies incorporated leg
exercises only [46, 51, 124-126, 128, 133, 134]. In
contrast, three studies focused exclusively on trunk
exercises [87, 127, 132]. Thirty-four studies used the
leg press [40, 41, 44, 60, 62, 68, 70-72, 79, 83, 85,
86, 89-91, 95, 98, 103, 110, 114, 116-119, 121, 123,
126, 128, 133-136], 33 involved the squat [46, 49,
65, 66, 70, 72, 73, 75, 77, 78, 80-82, 84, 88, 92, 94,
99, 102-104, 106, 111, 113, 119, 122, 124, 129, 130,
135, 137-139], and four studies performed lunges
[64, 84, 111, 115]. Furthermore, the knee extension
was trained in 43 studies [40-46, 48, 50, 62, 63, 67,
69, 71, 73, 74, 78, 79, 82, 86, 89, 90, 94-97, 100,
102, 105-109, 113, 117-119, 123, 125, 126, 128,
135, 136] and the knee flexion in 39 studies [40-45,
48, 50, 62, 63, 69, 71-75, 79, 82, 86, 89, 90, 94-97,
100-102, 107-109, 117-119, 123, 128, 130, 135,
136]. Ankle plantar flexors were targeted in 45 stud-
ies [40, 41, 44, 48, 50, 60, 62, 67-70, 74, 75, 77, 718,
80, 81, 85, 86, 89, 91, 92, 94-98, 100-102, 104, 105,
107,108, 113, 116, 120, 121, 123, 126, 128, 130, 135,
136, 139] and the ankle dorsiflexion in 15 studies [42,
44, 69, 74, 77, 85, 92, 96, 100, 104, 107, 108, 113,
120, 130]. The remaining studies were conducted to
strengthen the hip abduction (n=22) [42, 44, 45, 51,
67,69, 74, 77, 85, 92, 94, 96, 97, 101, 104, 107, 108,
113, 126, 135, 139, 140], hip adduction (n=14) [44,
45, 51, 67, 69, 74, 717, 78, 96, 104, 107, 108, 113,
126], hip flexion (n=26) [45, 46, 49, 50, 67, 69, 74,
77, 80, 81, 85, 94, 96, 99, 104-108, 113, 115, 129,
130, 138-140], and hip extension (n=15) [42, 45, 50,
69, 74,717, 85, 96, 97, 104, 107, 108, 111, 119, 126].

The training characteristics were typically
described in a target range, e.g. 8 to 12 repetitions
[92]. The training duration and load typically pro-
gressed over the course of the study, e.g. 30 min in
weeks 1 to 4 up to 60 min in weeks 16 to 24 with
weight increases when completing 12 repetitions eas-
ily [94]. For quantitative representation, the maxi-
mum value was used, normally at the end of the
study. On average, the studies comprised 3 sets (range
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Fig. 4 The funnel plot for
the overall gait parameter
analysis 0.001

0.251

0.501

Meta-analytic standard error

0.751

-2 -1

1 to 10) of 12 repetitions (range 1 to 45) in workouts
of 52 min (range 15 to 90 min). Participants were
asked to perform 2.6 sessions per week (range 1 to
14 sessions) over 15 weeks (minimum, 5 weeks [83];
maximum, 52 weeks [68]), averaging 41 sessions
(minimum, 10 sessions [83]; maximum, 364 [132].
Intensity of training was quantified using percent-
age of IRM (n=31) [42-44, 50, 63, 68, 73, 74,76, 79,
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80, 82, 86, 89-91, 99-101, 103, 106, 110, 116-118,
125, 126, 128, 133, 134, 136], percentage of maxi-
mum weight of several repetitions (e.g., 3RM) (n=6)
[40, 41, 62, 70, 71, 78], percentage of peak power
[83], rating of perceived exertion (n=14) [48, 64, 75,
84, 85, 88, 92, 94, 97, 105, 108, 113, 135, 138], other
feeling descriptions (n=6) [46, 77, 87, 107, 127, 130],
or the colour of the resistance band (n=4) [51, 67,
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115, 120]. Twenty-nine studies did not provide infor-
mation on intensity estimation [45, 49, 60, 65, 66, 69,
72, 81, 93, 95, 96, 98, 102, 104, 109, 111, 112, 114,
119, 121-124, 129, 131, 132, 137, 139, 140].
Attendance rate to exercise sessions was reported
in 65 studies [41, 42, 44-46, 48-51, 60, 61, 64-68,
70-72, 74, 75, 77-82, 84-87, 89, 90, 92, 93, 99-102,
106, 107, 110-114, 116-118, 121-131, 135-137, 139]
and averaged 86%. The lowest attendance rate was 43%
[121], while five studies reported 100% compliance
with the training programme [78, 86, 90, 118, 139].

Quantitative analysis
Strength parameters

Resistance training induced strength effects were
monitored as a control parameter and confirmed the
effectivity of resistance training on force produc-
tion capacity in the overall analysis by a large effect
size (ES=0.86, p<0.001, 7 =0.65, n/ES =73/361)
(Fig. 5) as well as for individual muscle groups.
Most effects were reported for knee extension maxi-
mum strength (ES=0.59, p<0.001, 2=0.29, n/

ES=41/122) and knee flexion strength (ES =0.60,
p=0.030, 72=0.27, n/ES =16/53). Largest effects
were obtained for ankle plantarflexion (ES=1.25,
p=0.036, 2=1.38, n/ES= 10/25), hip abduction
(ES=1.07, p=0.014, 7°=0.00, n/ES =6/14), trunk
flexion (ES=0.62, p=0.003, 7*=0.00, n/ES =2/3),
and multi-joint movements leg press (ES=1.29,
p=0.012, 72=0.89, n/ES =11/22). Multiple mus-
cle groups were involved in the sit-to-stand test
showing large resistance training induced perfor-
mance increases (ES=0.93, p<0.001, 2=0.58, n/
ES=35/74). The overall strength effect of resist-
ance training was larger when compared to a pas-
sive control group (ES=0.97, p<0.001, 2=0.78,
n/ES =58/272) than an active control intervention
(ES=0.56, p=0.003, 7*=0.26, n/ES=20/89).
No further subgroup analyses were performed as
strength was used as a control parameter.

Gait performance and functional mobility

Moderate certainty of evidence revealed moderate
magnitude positive gait effects (Fig. 6) (ES=0.59,

Strength: Main effect size (95% Cl)
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SMD =0.62 (95%CI = 0.58 to 0.66), p = 0.003, T2 = 0.000, n/ES = 2/3
SMD =1.19 (95%CI = -2.06 to 4.45), p = 0.134, 12 =0.050, n/ES = 2/4
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SMD =1.29 (95%CI = 0.38 to 2.21), p =0.012, T2 = 0.890, n/ES = 11/22
SMD =0.93 (95%CI = 0.66 to 1.19), p < 0.001, T2 = 0.580, n/ES = 35/74
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Fig. S The meta-analysis results for resistance training effects against both active and passive controls on strength in older adults

extracted from the included gait studies with subgroup analyses
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p<0.001, 72=0.45, n/ES=91/360). Gait veloc-
ity was the most investigated gait parameter and
showed significant resistance training induced
improvements (ES=0.41, p<0.001, 12=O.28, n/
ES=61/137), while the largest effects were found
in the timed up-and-go performance (ES=0.97,
p<0.001, 72=0.75, n/ES=48/109). Also, in the
overall analysis, the other gait parameters such as
gait distance (ES=0.65, p=0.003, 2=0.42, n/
ES =20/56), stair climb (ES=0.29, p=0.028,
72=0.02, n/ES = 12/32), and single-repetition sit-to-
stand (ES=0.42, p=0.017, *=0.11, n/ES = 11/20)
were positively influenced as well.

To differentiate specific resistance training
effects from generally enhanced physical activity
effects, intervention effects were evaluated against
the passive control (Part I) and active control (Part
II) comparisons with a focus on most evaluated
parameters and where a sufficient number of stud-
ies were available. These comprise gait speed, gait
distance, sit-to-stand, and timed up-and-go.

Subgroup analyses against passive control Mod-
erate certainty of evidence exists for moderate mag-
nitude resistance training effects on gait param-
eters when opposed to passive controls (ES=0.73,
p=0.001, 2=0.48, n/ES=69/266). Further gait
analyses distinguished between velocity parameters
(ES=0.51, p<0.001, °=0.28, n/ES=48/101) and
walking distance (ES=0.81, p=0.003, °=0.37, n/
ES =15/46). Frailty-related neuromuscular strength/
power tests, e.g. the sit-to-stand (ES=0.62, p=0.008,
72=0.01, n/ES=8/13) and the timed up-and-go

revealed positive effects as well (Supplemental
Figure SFO1).

Subgroup analyses showed influence of sev-
eral moderators. With respect to training-related
parameters, higher ES were observed when train-
ing was performed using machines and free weights
(ES=0.45-1.14; p=0.005-0.031), while pro-
grammes relying on elastic resistance bands did
not significantly improve gait speed (ES=0.37,
p=0.132) and timed up-and-go performance
(ES=1.24, p=0.133). Training programmes incor-
porating leg press and plantarflexion exercises were
associated with moderate to large improvements in
gait speed, walking distance, and timed up-and-go
performance (ES=0.49-1.46; p<0.001-0.048).
Additional exercises, including squat, knee flexion,
knee extension, and hip flexion, were associated
with improvements in timed up-and-go and gait
speed (ES=0.53-1.26; p=0.001-0.031). Highest
effects were observed on gait speed, with hip abduc-
tion (ES=0.62; p=0.043) and leg press showing the
highest effects for the timed up-and-go performance
(ES=1.46; p=0.001). Regarding training intensity,
the largest effects were observed in programmes pre-
scribing resistance training based on a percentage of
IRM (ES=0.66-1.02; p<0.001-0.004). Further-
more, the effectivity of training was improved by
supervision (supervised: ES=0.45-1.37; p <0.001-
0.026; unsupervised: not enough studies for analy-
sis). In contrast, when assessors were blinded, ES
diminished (ES=0.36-1.09; p=0.006-0.499). Sex
subgroup analyses were not applicable due to miss-
ing sole male studies. For detailed information, see
Supplemental Tables ST04 —STO8.

Gait: Main effect size (95% CI)

(ES=1.20, p<0.001, *=0.82, n/ES=37/78),
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SMD = 0.59 (95%CI = 0.44 to 0.74), p < 0.001, T2 = 0.450, n/ES = 91/360
SMD = 0.65 (95%CI = 0.28 to 1.02), p 0.003, 12 = 0.420, n/ES = 20/56
SMD =0.41 (95%CI = 0.25 to 0.57), p < 0.001, T2 = 0.280, n/ES = 61/137
SMD =0.29 (95%CI = 0.04 to 0.53), p = 0.028, t2 = 0.020, n/ES = 12/32
SMD =0.42 (95%CIl = 0.1 to 0.74), p=0.017,t2=0.110, n/ES = 11/20
SMD = 0.52 (95%CI = -0.33 to 1.36), p = 0.118, 12 = 0.020, n/ES = 3/6

SMD =0.97 (95%CI = 0.62 to 1.32), p < 0.001, T2 = 0.750, n/ES = 48/109

Fig. 6 Resistance training effects on gait parameters, showing falls-related gait tests separately as subgroup analyses
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Subgroup analyses against active control Active
control conditions comprising stretching, walking,
agility, cycling, and multi-component exercise train-
ing were opposed to resistance training effects in 28
studies. With moderate certainty of evidence (Sup-
plemental Figure SF02), resistance training effects
still showed a significant but reduced ES against
all active control conditions (ES=0.22, p=0.013,
2=0.12, n/ES =28/94). The effects for walking dis-
tance (ES=-0.07, p=0.720, °=0.09, n/ES =6/10),
gait speed (ES=0.17, p=0.096, 7°=0.06, n/
ES=18/36), and sit-to-stand (ES=0.10, p=0.690,
72=0.02, n/ES=5/7) even dissipated when com-
pared to the active control. The only exception was
timed up-and-go performance, which dropped from
large (Passive: ES=1.20) to moderate (ES=0.42,
p=0.010, 72=0.03, n/ES=14/31) when opposed to
an active control condition. Exercise choice still mod-
erated the effectivity. Only free-weight (ES=0.32;
p=0.029) and resistance band training (ES=0.36;
p=0.038) had significantly superior effects compared
to alternatives (comprising walking, stretching, and
multi-component exercises with balance aspects),
with dorsiflexion training (ES=0.26; p=0.045)
and hip abduction (ES=0.29; p=0.020) being the
only exercises reaching the level of significance. For
timed up-and-go performance, supervision had supe-
rior effects (ES=0.48; p=0.029), while not enough
explicitly unsupervised studies were available for
analysis (n=2; ES=4). Remaining moderators, e.g.
sex, assessor blinding, or intensity did not moderate
effects (Supplemental Tables ST09 — ST14).

Meta-regression Meta-regression analyses identi-
fied several training-related determinants of resistance
training effects on gait and functional mobility out-
comes. A higher proportion of lower-body exercises
within the training programme was significantly asso-
ciated with greater improvements in gait outcomes
when compared with active control interventions
(b=-0.007; p=0,028; Supplemental Table ST16). In
addition, strength gains induced by resistance train-
ing were positively related to improvements in gait
and functional mobility (Supplemental Table ST22).
Specifically, improvements in sit-to-stand perfor-
mance were associated with greater effects across all
gait outcomes (b=0.440; p=0.010), as well as walk-
ing distance, gait speed, and timed up-and-go perfor-
mance (b=0.390-0.551; p=0.007-0.050). Further

associations were observed for hip abduction strength
in comparisons with active controls (b=7.571;
p=0.040), hip flexion strength for gait speed versus
passive controls (b=0.416; p=0.033), and trunk
extension strength for timed up-and-go performance
(h=1.633; p=0.019).

Beyond training-related factors, increasing age
was associated with a decline in resistance training
effects on gait outcomes overall and on timed up-and-
go performance (b=—0.041; p=0.041; Supplemental
Table ST15).

In contrast, no significant associations were
observed between gait outcomes and study quality
(PEDro score), participant attendance, prescribed
training intensity relative to one-repetition maxi-
mum, total number of training sessions, or weekly
training volume (p=0.125-0.989; Supplemental
Tables ST17-S21).

Spatiotemporal and kinetic parameters

Spatiotemporal and kinetic parameters were
not significantly influenced by resistance train-
ing (p=0.140-0.577) (Fig. 7). Only a few studies
(n=2-8, ES=4-25) could be clustered for the dif-
ferent kinematic parameters in comparison to both
active and passive controls.

Discussion

The progressing demographic change faces socie-
ties with serious health-economic burdens, as frailty-
related vulnerability increases falls risk, subsequent
hospitalization, and mortality, calling for specialized
and effective interventions targeting frailty preven-
tion [3]. In accordance with the frailty diagnosis pro-
posed by Fried et al. [4], frailty is conceptualized as
a physical phenotype defined by the presence of three
or more of the following criteria: muscle weakness,
slow gait speed, low physical activity, exhaustion, and
unintentional weight loss. Therefore, gait- and mobil-
ity-related outcomes and strength represent highly rel-
evant functional outcomes, not only as indicators of
peak performance, but as a marker for mobility and
the maintenance of independence under conditions of
multisystem biological aging [18]. Against this back-
ground, the present study synthesized the current
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Spatiotemporal & Kinetic Parameters: Main effect size (95% Cl)
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Fig. 7 Resistance training effects on spatiotemporal gait parameters

evidence on the effects of resistance training on gait-
and mobility-related outcomes in older adults. To com-
prehensively summarize and interpret the findings, the
study was divided into two study parts: Study part I,
comparing resistance training with a passive control
and study part II, comparing resistance training with
an active control, with particular attention to the chal-
lenges in interpreting the results of this meta-analysis.

Resistance training effects

Assuming a causal relationship between general joint
stability and functional strength capacity for daily
tasks, e.g. walking, it was hypothesized that resist-
ance training induced strength increases positively
affected gait parameters [142, 143]. The first premise,
therefore, is that resistance training induced significant
strength increases as a control variable in this meta-
analysis. The analysis of included resistance training
studies against a passive control revealed large magni-
tude and positive effects on maximal strength tests in
general (ES=0.59-1.29). In accordance with previous
analyses [144], this result confirmed the effectivity of
resistance training in older adults on strength capacity.

It remains debated whether age-related declines in
strength are driven primarily by biological aging or by
reduced physical activity in older adults [25, 145]. Irre-
spective of causality, losses in muscle mass, strength,
and neuromuscular control—together with neural and
sensory decline—contribute to impaired gait stabil-
ity and are central to frailty-related mobility decline
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[145-147]. In this context, it is well established that
resistance training can counteract sarcopenia and asso-
ciated strength loss in older adults [23, 142, 148-150].
Improvements in strength following resistance train-
ing are commonly attributed to neuromuscular adapta-
tions, including more efficient activation and coordina-
tion of muscle groups, as well as enhanced recruitment
and firing rate of motor units [151]. The physiological
intent of resistance training is to induce high levels of
neuromuscular tension [152], typically through pro-
gressive high-intensity loading approaching momentary
muscle failure or a defined percentage of 1RM. This
mechanical load activates anabolic signalling pathways
[150], which drive muscle protein synthesis and hyper-
trophy [142], and promote muscle satellite cells activa-
tion [23], thereby supporting muscle repair and growth.
However, in frail or inexperienced older participants,
such loading schemes may be difficult to realize safely
due to joint limitations, comorbidities, or lack of motor
control [25, 153]. Consequently, strength gains in these
populations may rely more strongly on neural and coor-
dinative adaptations, including enhanced neuromuscu-
lar coordination and muscle fibre recruitment, rather
than on maximal loading—induced hypertrophy [23].

Resistance training induced effects on gait and
mobility

Results from 69 studies including 3980 partici-
pants revealed moderate to large magnitude effects
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(ES=0.51-1.20) of resistance training on gait- and
mobility-related outcomes (> =0.01-0.48), with largest
magnitude effects on timed up-and-go. These findings
indicate that resistance training not only reduces muscle
weakness in older adults, but also improves gait speed,
walking distance, stair climbing, and sit-to-stand perfor-
mance—outcomes closely related to the second frailty
criterion. In contrast, both passive and active control
analyses revealed limited effects on spatiotemporal
and kinetic gait parameters, suggesting that resistance
training primarily enhances the capacity to perform
strength-dependent functional tasks, while habitual gait
control strategies remain largely unchanged.

Regarding training prescription, the results indicate
that exercise mode and task relevance are more influ-
ential for gait improvements than load-based prescrip-
tion. Programmes using free weights and machines
that focus on the lower extremity, such as leg press,
squat, and ankle strengthening, were associated with
greater effects. In contrast, programmes using resist-
ance bands showed limited or no effects, particularly
when compared with passive controls. In addition,
subgroup analyses indicated that both multi-joint (e.g.
leg press and squat) and single-joint exercises of the
lower limb were appropriate. This resonates with bio-
mechanical models of gait, which emphasize ankle
plantar flexor and knee extensor strength as key con-
tributors to propulsion [154, 155] and stability [156]
during walking. Although prescribed training inten-
sity nor methods of intensity monitoring emerged as
robust moderators of gait outcomes, supervised train-
ing was associated with larger effects. This may indi-
cate that, without supervision, participants were less
able to train within the prescribed workload.

While these results align, in parts, with previous
analyses showing increased habitual [157], straight-line
walking speed [26], and timed up-and-go [22, 158], the
earlier conducted research lacked the quantitative com-
parison against a passive [26] or an active control group
[159]. This is, however, necessary to determine whether
observed effects are attributable to resistance training
itself or merely reflect responses to generally enhanced
physical activity and related fitness increases.

Interpretation problems on resistance
training-induced strength effects on gait

When contrasted with active comparators, effects
were markedly reduced (ES=0.22) and remained

significant only for the timed up-and-go (ES=0.41).
Despite this attenuation, resistance training continued
to improve performance in time- and task-based out-
comes closely related to fall risk and functional inde-
pendence [160-163].

However, caution in interpretation is warranted.
All included studies were performed in untrained
participants, in parts community-dwelling popula-
tions [40, 41, 48, 49, 51, 60, 62, 63, 66, 70, 72, 82,
85, 87, 98-100, 105, 106, 110, 116, 122, 123, 125,
126, 129-134, 136-138] or were described as seden-
tary populations [43, 49, 71, 89]. Though some stud-
ies considered their participants as active [75, 78, 83,
111, 126], others described them as frail [46, 69, 97,
122, 138], limited in function [77, 91] or overweight
[61, 84, 89]. In such samples, recent years evidence
showed that so-called minimalist training approaches
(including almost every exercise routine) were also
sufficient to improve maximal strength [164]. These,
however, did not exclusively perform resistance train-
ing in its common sense (see definition in Methods)
but reached significant improvements even with few
seconds isometric contractions per day [165], stretch-
ing [166], or other types of “exercise snacks” [167]
which can hardly be understood as resistance training
routines. Nevertheless, it must be noted that resist-
ance training routines showed still positive effects
in the active comparator analysis only for the timed
up-and-go performance. However, ES magnitude
diminished to ES=0.42. This result calls current
recommendations that emphasize resistance training
specifically to improve gait speed and walking dis-
tance into question. Instead, these findings support
the alternative interpretation that overall engagement
in physical activity, rather than resistance training
per se, may be sufficient to counteract frailty-related
declines in habitual gait performance.

The intensity problem

Drawing valid conclusions from this type of resist-
ance training literature is complicated by several
methodological limitations. It is widely accepted that
innervation properties and related effects crucially
depend on the induced mechanical tension [152], thus
training intensity. Physiologically, the area of mecha-
notransduction describes how mechanical stimuli
were translated into specific physiological responses,
underscoring the relevance of specific training stimuli
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when seeking specific central nerval responses. The
large heterogeneity in training methods induced via
free weights [45, 46, 49, 51, 65-67, 69, 73, 74, 71,
78, 80, 81, 84, 85, 87, 88, 92-94, 96-98, 104-108,
112, 115, 120, 122, 127, 130-132, 135, 137-140],
some using resistance bands [45, 46, 49, 51, 65-67,
69, 77, 84, 85, 92, 93, 96, 104, 106-108, 112, 115,
120, 122, 130, 132, 135, 138, 140], exercise machines
[40, 41, 43, 44, 48, 50, 60-63, 68, 71, 79, 83, 86,
89-91, 102, 103, 109, 110, 116, 118, 121, 123-126,
128, 129, 133, 134, 136], or combined approaches
[42, 64,70,72,75,76, 82,95,99-101, 111, 113, 114,
117, 119] complicates performing comparable sub-
group analyses or meta-regression for intensity.
Obviously, intensity quantifications via the colour
of a resistance band [51, 67, 115, 120] lack scien-
tific quality standards, though similar training inten-
sity like machine-based training was proposed to be
achievable [168]. This may reflect the less accurate
load progression [169] achievable with elastic resist-
ance bands. From the included 92 studies, 14 deter-
mined the training intensity via rating of perceived
exertion [48, 64, 75, 84, 85, 88, 92, 94, 97, 105, 108,
113, 135, 138], while 31 studies provided 1RM per-
centage-based training intensity prescriptions.

The reliability—validity problem in the intensity

While being the most common form of intensity
determination, the validity of percentage-based
approaches using the 1RM determination must be
reasonably questioned in older, untrained, and, in
parts, sedentary populations. While 1RM testing
was described to be reliable in trained individuals
[144], reliability is highly dependent on prior expe-
rience, task familiarity, and habituation and can-
not be assumed to transfer across populations [170].
Evidence suggests that untrained older adults may
require multiple familiarization sessions to achieve
stable 1RM measurements [171, 172], raising con-
cerns about the appropriateness of percentage-based
intensity prescriptions in frail or exercise-inexperi-
enced populations.

It seems questionable that it was possible to deter-
mine the actual 1RM in participants at the mean age
of >65 years with a peak of >90 years [69]. This
limitation comes to a head as only a few studies [44,
71,76, 78,91, 96, 101, 116, 117, 124, 125, 136, 139]
provided their own reliability metrics to account for
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habituation effects and invested effort to prove their
data were internally valid. In turn, if the percentage-
based resistance training intensity determination is of
variable quality in the currently available evidence,
percentage-based approaches (although being com-
mon) might meaningfully under- or overestimate sub-
maximal intensities. Therefore, variability in already
highly heterogenous study protocols and intensities
(ranging from 40 to 90% of 1RM) even increased,
significantly hampering statements about intensity. In
front of this problem, the studies using “high load”
[74, 82, 86], which provided a reasonable stimu-
lus to improve neuromuscular parameters as well as
proprioceptive and balance-related capacity, in prin-
ciple, should be revisited carefully. Further caveats
can be reviewed in individual studies. De Carvalho
et al. [74] used elastic bands, dumbbells, and ankle
weights, while the resistance was determined as 80%
of a maximum repetition, individually through the 10
repetitions test [173]. Forte et al. [82] reached the tar-
get intensity of 80% 1RM by instructing participants
to reach for a RPE of 15-17 [174].

Low and, in parts, insufficient intensities to reason-
ably call the intervention “resistance training” [175]
could contribute to diminishing ES when opposing
the so-called resistance training protocols against
active comparators. For instance, Sayers et al. [149]
used only 40% of 1RM, but in a high-speed power
training approach distorting the intensity regression
as—though low load—it is intensive training. Mot-
alebi et al. [107] performed resistance training using
a subjective moderate intensity, with replacing the
resistance band with the next colour, when one par-
ticipant could perform three sets of eight repetitions
with little exertion (how is little exertion objectively
quantified?). Though this seems counterintuitive,
meta-regressions have shown similar strength gains
across a wide range of “repetitions in reserve” [176].
For aging populations, low- and moderate-intensity
resistance training had also advantages in terms of
efficacy, safety and also acceptance [177].

The training period problem

When individuals are exposed to novel and unfamil-
iar training stimuli, rapid performance improvements
are commonly observed during the initial weeks
of training, largely driven by neuromuscular adap-
tations such as improved inter- and intramuscular
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coordination and reduced co-contraction [140, 178,
179]. In untrained populations with low baseline per-
formance, these early adaptations can result in large
ES when interventions are compared with passive
control conditions. Importantly, such early strength
gains are not specific to resistance training, as com-
parable improvements have been reported following
alternative interventions such as stretching, endurance
training, or high-intensity interval training [58, 180,
181], highlighting that short-term strength increases
may reflect general responsiveness to physical activ-
ity rather than modality-specific effects.

From a practical perspective, in reasonably trained
participants, such large magnitude increases were
impossible, questioning the generalizability of spe-
cific resistance training recommendations based on
currently available evidence. In most of the included
studies, assuming the intervention induced an unfa-
miliar training stimulus, the training effects might be
attributable to improved neuromuscular task coor-
dination rather than structural and systematic resist-
ance training-specific adaptations. This speculation
is underpinned by significantly diminishing number
and magnitude of significant effects when contrasting
resistance training effects to active instead of passive
controls. The active control conditions, including 29
studies using walking (aerobic training), stretching,
cycling, and multi-component exercises as inter-
ventions, showed similar effectivity on gait speed
(ES=0.17), distance (ES=-0.07), and sit-to-stand
(ES=0.02) performance.

Further moderators

These examples illustrate a dearth of studies perform-
ing reasonably long intervention periods with training
intensities and exercises justifying the intervention
being called resistance training in older adults [175].
Naturally, there are some administrative burdens,
making extensive test and task habituation as well as
intervention supervision mandatory [182]. It is note-
worthy that supervision was not just necessary for
the participants’ safety [59]. The presented analysis
found significantly higher effects when training inter-
ventions were supervised (ES=0.76), underscoring
the importance to correct technique, adherence, and
progressive overload and maybe provide motivation
in older populations [183]. Results are in line with
previous works, pointing out that resistance training

supervision was necessary to positively affect balance
outcomes [59] as well as neuromuscular function and
structure [184]. In contrast, if exercise was unsuper-
vised, e.g. performed in a home-based and prescribed
exercise protocol, such benefits were not observed.
These effects might be attributable to improved inter-
vention adherences under supervised conditions. If
participants performed training on their own as pro-
tocoled, e.g. in training diaries [45, 46, 77, 93, 130],
safety and exercise execution concerns especially in
untrained participants might have caused extreme
caution when performing on their own. This might
have led participants to use less intensity or reduced
volume, while it can also not be excluded that move-
ment execution was inappropriate [59].

Clinical translation for frailty

Gait dysfunctions are proposed to accumulate func-
tional deficits that increase the risk of disability, hos-
pitalization, and mortality in older adults [5, 185].
Especially slowed gait speed and impaired tran-
sitional mobility reflect diminished physiological
reserve and neuromuscular vulnerability in the Fried
physical frailty model [4]. Although resistance train-
ing positively affects gait parameters, the heterogene-
ity of the listed study methods as well as diminished
effects when compared to active comparisons call for
future high-quality investigations in the frailty and
fall prevention programmes. Specific resistance train-
ing induced benefits were observed only for the timed
up-and-go test as a key combined test for neuromus-
cular control, strength, and mobility [186].

In a best-case scenario, based on the current
results, resistance training can be explicitly recom-
mended when seeking for timed up-and-go perfor-
mance enhancement, while especially for spatiotem-
poral and gait parameters had either no effect overall
(spatiotemporal parameters) or no additional benefits
over active controls. Therefore, for specific outcomes,
resistance training focusing on free-weight training
should be prioritized in older adults with manifest
lower-limb weakness, impaired transitional mobil-
ity, or early frailty. Improvements in task-specific
capacity and functional resilience are most likely to
translate into reduced vulnerability to prevent func-
tional decline [187]. For a more pessimistic perspec-
tive, the systematic review outlined meaningful and

@ Springer
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substantial methodological concerns that prohibit
clear evidence-based recommendations with neces-
sary scientific quality.

Limitations

Heterogeneity in intervention characteristics (e.g.
duration, frequency, and intensity) was consider-
able. While subgroup analyses and meta-regression
addressed some of this variability, residual hetero-
geneity remains and likely reflects the broad diver-
sity of training approaches in practice. Therefore, the
qualitative comparison of ES between overall and
subgroup analysis of several gait parameters might
be influenced by the number of included studies and
therefore by sphericity. Automatically, due to differ-
ing numbers of included studies per subgroup, it was
not possible to directly oppose subgroups to receive
a valid classification of the group differences (infer-
ence statistics). The statements concerning “higher”
or “similar” ES in comparison to the overall analysis
must therefore be interpreted with caution. Although
risk of bias was moderate for most studies, a consid-
erable proportion did not blind assessors or failed to
report training parameters, which may have inflated
effect estimates. In this manner, publication bias
cannot be ruled out, as suggested by asymmetries
in funnel plots. Lastly, three databases with>4000
hits were carefully screened. Nevertheless, due to
unclear and variating resistance training definitions
used in the literature, it cannot be entirely ruled out
that individual studies were not included in the sys-
tematic search and were missed in the manual search
performed afterwards. Due to the large number of
included studies, these individual effects would, how-
ever, not resolve outlined problems regarding hetero-
geneity. Therefore, evidence remains uncertain.

Conclusions

Although resistance training indicated some positive
tendencies on functional gait parameters, long-term
studies with appropriate intensity determination and
implementation in older adults are scarce. Meaning-
fully decreased positive effects of resistance train-
ing when opposing interventions to an active control
prohibit drawing clear and high-quality conclusions

@ Springer

about specific resistance training effects on various
gait parameters. As a practical recommendation, the
study provides evidence that (especially free-weight
and complex) resistance training might be a sufficient
exercise intervention, while to date, literature pro-
vides limited evidence to recommend it as a neces-
sary exercise modality, while it seems more important
to increase the general fitness level. Although over 90
studies were included in this systematic review, this
research area is an optimal fit to address the WHO
request on extending research effort to counteract
demographical change associated health problems
with a paramount relevance for quality of life, health
economics, and hospital care capacities. Accord-
ingly, high-quality long-term studies including, at
best, supervised free-weight resistance protocols on
functional (and morphological) associates to falls are
required that allow distinguishing between specific
resistance training effects and generally enhanced
physical activity.
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