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Abstract: Force–velocity profiling (F-v) evaluates muscle function through the identification of
maximum force (F0), velocity (V0), power (Pmax) and optimal velocity (Vopt). The purpose of this
study was to investigate the validity and feasibility of loaded 5 Sit-to-Stand (5STS) force-velocity
profiling compared to the gold standard instruments (isokinetic Dynamometry, ISO) and asses the
relationship between the 5STS-derived muscle function indexes with clinical markers of muscle
mass and strength. Forty-six older adults (21 females: 63.8 ± 3.9 yrs) performed 5STS (four different
weight conditions) and ISO tests (five different velocities). Paired t-tests, regression analyses, and
Bland–Altman analysis were conducted. The results showed significant differences in F0, V0, and
Vopt (p < 0.001) but no difference in Pmax (p = 0.259) between tests. Only F0 and Pmax were highly
correlated between tests (r = 0.71, r = 0.84, respectively). Bland–Altman analysis showed a not
significant bias and good precision (p = 0.260, 34 W) only for Pmax. Large to very large correlations
(r = 0.53 to 0.81) were found between F0 and Pmax and clinical markers of muscle mass and strength.
In conclusion, loaded 5STS profiling could be a feasible, valid, and cost- and time-efficient alternative
to ISO for the characterization of clinically relevant markers of muscle function in healthy older adults.

Keywords: force–velocity; sit-to-stand; aging; strength test; field test; validation; clinical evaluation;
muscle power

1. Introduction

Muscle function (i.e., strength and power) is positively correlated with overall health,
independence, and quality of life in aging [1]. The rate of decay of muscle function parallels
the progressive loss in muscle mass from age 65 (1.4–2.5% per year for strength and ~3.5%
per year for power) leading to adverse health outcomes and reduced ability to carry out
functional tasks of daily living (e.g., recovering balance, walking, sitting and standing from
a chair) [2–8]. This, in turn, triggers a vicious cycle of reduced mobility, frailty, and loss of
independence that further amplifies the deterioration of health [9]. To stop this cycle, early
identification of individuals at high risk of loss of muscle mass (sarcopenia) and muscle
function (dynapenia) allows a timely and effective intervention for those most in need.
Low-cost/accessible assessment and periodic monitoring of muscle function in older adults
are instrumental to this aim.

Force–velocity (F-v) and power–velocity (P-v) profiling are typically used to charac-
terize muscle function. Compared to methods that rely on maximal effort (such as one
repetition maximum (1RM) or the estimation of 1RM with the repetition-based method),
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this indirect approach is less affected by motivation, less physically demanding, and re-
duces the risk of acute injury. Moreover, these relationships allow a full characterization of
muscle function: maximum force (F0), velocity (V0), power (Pmax), and optimal velocity
(velocity eliciting maximum power, Votp) [5,8]. In turn, these indexes inform us of the
prevailing limitation in a given individual (e.g., a loss of maximal or specific strength would
suggest a loss in muscle mass or contractile quality; a prevalent loss of velocity would
indicate that the prevalent problem resides in the efficacy of neuromuscular activation) [5],
and provide the bases for individualized exercise programs [10,11]. These characteristics
make F-v and P-v profiling particularly valuable approaches for assessing maximal strength
and power in older adults [8].

Typically, the F-v/P-v relationship is detected either by assessing velocity during
a movement executed at different loads (isotonic evaluation) or by collecting force data
during a movement executed at different velocities (isokinetic evaluation) [1,10]. The gold
standard method for the determination of the lower-limb F-v relationship consists of a
knee-extension test performed on an isokinetic dynamometer (ISO) [1]. However, this
method requires expensive equipment and qualified personnel and is poorly correlated
with everyday life activities, as it only examines single-joint movements [12].

In the search for more cost-effective and ecological approaches, alternative multi-joint
movements (e.g., leg press, Nottingham power rig) with increasing loads have been used for
“field” F-v profiling in older adults [10,13]. Still, this requires the use of relatively expensive
and/or non-portable machines. Furthermore, the guidance offered by the machine during
the movement nullifies the expression of coordination and balance ability.

The 5 Sit-to-Stand (5STS) test is a simple, low-cost testing approach that is widely
used in clinical settings to indirectly assess lower limb muscle power [14]. It evaluates a
multi-joint, everyday life movement and its results are strongly associated with markers
of physical function (i.e., handgrip strength, walking speed, short physical performance
battery score) in older adults [15]. These promising features have suggested the use of a
modified version of the 5STS test for the determination of the F-v profiling in a group of
predominantly female older adults [12]. While the study did not find a correspondence
between indexes derived from 5STS test F-v profiling and isokinetic F-v profiling, we
speculate that the use of non-gold standard instruments and protocol for the 5STS (i.e.,
video camera analysis, number of trials, and choice of load condition) may have affected
the correspondence between measures.

Therefore, the purpose of the present study was to replicate the above study including
both males and females using different F-v protocols and equipment for 5STS evaluation.
Then, the first aim was to investigate the feasibility and validity of the loaded 5STS test
compared to the gold standard for the assessment of F0, V0, Pmax, and Vopt through F-v
profiling in older adults. The second aim was to investigate the relationship between F0
and Pmax, as measured with both loaded 5STS and the gold standard approach, with
clinical markers of muscle mass and strength.

2. Materials and Methods
2.1. Participants

Forty-six elderly volunteers (25 males and 21 females; means ± SD: age 66.1 ± 5.7 years;
body mass 74.1 ± 16.5 kg; height 1.68 ± 0.09 m) were recruited. Participants included in the
present study were aged ≥ 60 and were free of cardiopulmonary, metabolic, musculoskele-
tal, and neurological diseases. Prior to study participation, all participants underwent a
medical screening, signed a written informed consent and were briefed on the experimental
procedures. The study was approved by the Ethics Board committee of the University of
Verona and conducted in conformity with the Declaration of Helsinki.

2.2. Study Procedures

A validity study was conducted to compare the 5STS and the ISO knee-extension test.
All participants attended the laboratory twice at the same time of the day for 1 h, separated
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by at least 72 h of recovery to allow the muscle fatigue and soreness to return to baseline
levels [16]. Participants were asked to avoid any strenuous activities in the 24 h before the
first visit and between the two visits and to avoid any type of exercise on the mornings
of the experimental visits. During the first visit, the following clinical markers of muscle
mass and strength were collected: anthropometric measures (height and weight), lean
mass of whole-body level through dual-energy X-ray absorptiometry (DXA), and handgrip
strength. Moreover, an ISO knee-extension strength test was performed at five different
velocities. During the second visit, participants performed the 5STS test at four different
weight conditions.

2.3. Data Collection
2.3.1. Clinical Markers of Muscle Mass and Strength

Body mass was measured to the nearest 0.1 kg using an electronic scale (Tanita elec-
tronic scale BWB-800 MA, Tokyo, Japan). Stature was measured to the nearest 0.005 m
using a Harpenden stadiometer (Holtain Ltd., Crymych, Pembs, UK).

Total body composition was assessed using a DXA scan on a QDR Explorer fan-beam
densitometer (Hologic Inc., Horizon C DXA System, Bedford, MA, USA). Quality control
of the DXA scan was performed daily with an encapsulated spine phantom (Hologic Inc.,
PDA/QDR-1, Bedford, MA, USA) to check for possible baseline drifts. Prior to scanning,
participants were asked to empty their bladder, wear underwear only, and remove any
metallic objects and reflective materials. The total-body DXA scan lasted about 7 min and
was carried out and analyzed by the same trained technician (to ensure consistency) in
accordance with “The Best Practice Protocol for the assessment of whole-body composition
by DXA” [17].

Isometric grip strength test of the dominant hand was conducted by using the Jamar
hand dynamometer (Model 5030 J1, Sammons Preston Rolyan, Bolingbrook, IL, USA). The
protocol was designed following the proposal of the American Society of Hand Thera-
pists [18]. Participants were positioned in a sitting position, with their shoulder adducted
and neutrally rotated, elbow flexed to 90 degrees, forearm mid-prone, and wrist between
15 and 30◦ of dorsiflexion and 0–15◦ of ulnar deviation. The instrument had been placed in
the hand with the handle placed in the second position. The operator was positioned in
front of the subject to set the peak needle to zero. All subjects performed 3 trials squeezing
as hard as possible. Each trial consisted of at least 3 seconds of isometric contraction, with
30 seconds of recovery between trials [18]. The operator read the grip strength measure
and recorded the result to the nearest 1 kg. Before testing, familiarization with 2 trials of
submaximal effort was conducted.

2.3.2. Isokinetic Strength Test

An isokinetic dynamometer (CMSi Cybex Humac Norm Dynamometer, Lumex,
Ronkonkoma, NY, USA) was used to assess participants’ maximum strength in ISO knee-
extension movement. Calibration and correction of the force of gravity were carried out
following the standard procedures of the instrument. Setting up of the seat and mechanical
arm was carried out in accordance with the participants’ anthropometric characteristics
to allow the alignment between the center of rotation of the knee and the fulcrum of the
dynamometer. Participants were asked to sit on the isokinetic dynamometer seat, keeping
the trunk straight and the thighs parallel to the ground in order to for the hip joint to be at
90◦. Subsequently, the trunk, hips, and dominant thigh were fixed with straps to the seat;
the dominant ankle was fixed with straps to the mechanical arm. Once the participant was
positioned correctly, the lever arm was measured with a tape between the fulcrum of the
dynamometer and the point of application of the force to be used for data analysis. Finally,
to keep the test safe, electronic and mechanical locks based on individual maximal knee
extension and flexion were set to limit the range of motion of the machine.

Participants performed a warm-up immediately before the ISO strength test consisting
of 2 sets of 5 consecutive knee extensions at moderate angular velocity (2.09 rad × s−1). The
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isokinetic strength test consisted of performing 3 maximal isokinetic contractions at 1.05,
1.57, 2.62, 3.14, and 3.67 rad × s−1 [5]. Each set was separated by a 3-min recovery. The
order of the sets was randomized and counterbalanced. An additional trial was performed
immediately before each set to familiarize the participants with the different velocities.

2.3.3. STS Test

A 3D MoCap system (Vicon, Oxford, UK) consisting of 8 Vicon cameras was used
to collect lower limb kinematics from a marker placed on the greater trochanter during
the test. Ground reaction forces (GRF) were measured using a force platform (AMTI Inc.,
Watertown, MA, USA) placed in front of a box. Participants were instructed to sit on the
box (height: 0.49 m), maintaining the trunk and shank perpendicular to the ground, arms
crossed to the chest, and feet placed on the force plate (Figure 1). At the “start” command
of the operator, participants had to stand (concentric phase) and sit (eccentric phase) from
the box five times consecutively as fast as possible. The trial was considered valid if (i) the
stance of the feet was unchanged throughout the test and (ii) the trunk reached the vertical
position at the end of all concentric and eccentric phases. Otherwise, the test was repeated.
To check for these requirements and to ensure safety, an operator was positioned close to
the participant. Before commencing the test, all participants performed a 5-min warm-up
on a cycle ergometer (Monark 814 E, Monark, Vargerb SE) at 50 W (60 rpm) and four
lower-limb active mobility exercises [19]. Following a familiarization session, participants
performed two trials of 5STS tests under four different conditions: body weight (BW),
+ 12.5% BW, + 25% BW, and + 32.5% BW. The additional weight consisted of a weighted
vest (Weight Vest bv30, Lacertosus, Parma, IT) worn immediately before the trial and
secured to the participants’ abdomen with a belt strap. The order of the trials at the
different weight conditions was randomized and counterbalanced. Participants were
instructed to perform a single sit-to-stand movement before each testing condition in order
to familiarize the participants with the different weights. To avoid fatigue accumulation,
each condition was repeated twice, with a 3-min recovery between trials and a 5-min
recovery between conditions.
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was seated on the box with the trunk and shank positioned perpendicular to the ground. The force
plate, weighted vest, and marker on the trochanter have been highlighted in the figure.
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2.3.4. Adverse Events

Adverse events were closely monitored during the data collection and the following
week. It was explained to the subjects that after the maximum strength assessments, they
felt tired and could feel muscle pain associated with physical activity. An adverse event
was defined as any episode evoking pain, discomfort, injury, or accident that occurred
during the study. In case an adverse event occurred, its origin and etiology would be
identified to classify it as study-related or not.

2.4. Data Analysis
2.4.1. Clinical Markers of Muscle Mass and Strength

Participants’ body mass index (BMI) was calculated as body mass × height−2 (kg × m−2)
(see Table 1 for participants’ characteristics).

Table 1. Anthropometrics, body composition, and clinical markers of muscle mass and strength of
the sample.

Female Male Total p-Value

# 21 25 46
Age (yrs) 63.8 ± 3.9 68.1 ± 6.3 66.1 ± 5.7 0.009 *
Weight (kg) 65.7 ± 12.1 81.2 ± 16.6 74.1 ± 16.5 0.001 *
Height (m) 1.61 ± 0.05 1.74 ± 0.06 1.68 ± 0.09 <0.001 *
BMI (kg × m−2) 25.3 ± 4.1 27.0 ± 5.9 26.3 ± 5.2 0.286
WBLM (kg) 39.4 ± 5.0 55.1 ± 8.9 48.4 ± 10.8 <0.001 *
d-LLM (kg) 4.6 ± 0.9 6.3 ± 1.1 5.6 ± 1.3 <0.001 *
nd-LLM (kg) 4.5 ± 0.6 6.2 ± 1.2 5.5 ± 1.3 <0.001 *
LLM (kg) 9.1 ± 1.5 12.5 ± 2.3 11.0 ± 2.6 <0.001 *
SMI (kg × m−2) 4.9 ± 0.6 5.9 ± 1.0 5.4 ± 1.0 <0.001 *
Handgrip strength (kg) 27.3 ± 5.6 41.2 ± 6.9 34.8 ± 9.4 <0.001 *

Mean ± SD values of anagraphic, anthropometric, and strength variables, in females, males, and in the total group.
BMI, body mass index; WBLM, whole-body lean mass; d-LLM, dominant lean leg Mass; nd-LLM, non-dominant
lean leg mass; LLM, lean leg mass; SMI, leg skeletal muscle index. The p-value of the unpaired t-test is displayed
on the right side. * indicates a significant difference with females (F).

The DXA scans were analyzed using Hologic Discovery version 12.6.1 (Holtain Ltd.,
UK). The technician localized the specific anatomical landmarks directly from the scans,
to differentiate the standard regions of interest (arms (right and left), legs (right and left),
and the trunk). The body composition variables of interest included whole-body lean mass
(WBLM), dominant lean leg mass (d-LLM), and non-dominant lean leg mass (nd-LLM). To
calculate lean leg mass (LLM), the lean mass of lower limbs was summed. Subsequently,
LLM was divided by height squared to find the leg’s skeletal muscle index (leg’s SMI) [17].
Finally, the dominant lean leg mass was used to normalize the force and power data.

Handgrip strength (kg) was calculated by averaging the measures of the three trials [18].

2.4.2. Isokinetic Strength Test

Angular velocity (rad × s−1) and torque (N × m) were obtained from the isokinetic
knee-extension strength test (ISO) (Figure 2a). The sampling rate was set at 1000 Hz.
The torque signal was filtered using a second-order low-pass Butterworth filter with
a cut-off frequency of 15 Hz. Zero-crossings of the angular velocity signal were used
to identify the beginning and the end of each extension phase (Figure 2a). The mean
torque for each repetition was subsequently calculated and the three values obtained
were averaged. In order to assess the F-v relationship, torque (N × m) and angular
velocity (rad × s−1) were converted into force (N) and linear velocity (m × s−1). To
do this, torque was divided by the length of individual lever arms and angular velocity
was converted in rad × s−1 and multiplied by the length of individual lever arms [20].
Since the force–velocity relationship of single-joint tasks is considered to be approximately
linear [20], the individual F-v relationship was assessed by fitting a linear regression
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through the force and velocity data obtained from the five angular velocities tested (linear
regression method) for each subject (Figure 2b). Maximum force (F0; force-intercept),
maximum velocity (V0; velocity-intercept), and slope of the relationship (a = F0/V0) were
detected. Finally, power and velocity values were fitted with a parabolic function (i.e.,
y = ax2 + bx + c) for the computation of maximum power as the apex of the parabola (i.e.,
Pmax= − (b2 − 4ac) × 4a−1) and the corresponding optimal velocity (Vopt= −b × 2a−1).
To fix the power–velocity relationship, the points of intersection of the parabola with the
x-axis were added (at null velocity and V0, the power corresponds to zero) [21].
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Figure 2. (a) Graph of the isokinetic knee-extension strength test at 1.05 rad × s−1 in a representative
subject. Torque (N × m; solid line — ), and angular velocity (rad × s−1; dotted line ····) are plotted
in function on time (s). Knee extension (light grey area) and flexion (dark grey area) phases were
identified when angular velocity was negative and positive, respectively. The start (•) and the end
(�) of knee extension repetitions were reported where angular velocity crosses zero. Peaks of torque
(#) were found for each knee extension. In (b) force–velocity (• F-v) and power–velocity (# P-v)
relationship of the 5 Sit-to-Stand test in a representative subject are reported. Maximum force (�
F0) corresponds to the intercept with the y-axis where velocity is null; maximum velocity (� V0)
corresponds to the intercept with the x-axis where force is null; maximum power (♦ Pmax) represents
the apex of the power–velocity curve; optimal velocity (� Vopt) is the velocity at maximum power.

2.4.3. STS Test

Vertical force, position, and velocity were extrapolated from kinetic and kinematics
data of the 5STS test in each of the four different weight conditions (Figure 3a). The
sampling rate was set at 1000 Hz and 100 Hz, and a second-order low-pass Butterworth
filter was used for both signals (frequency cut = 7 Hz and 20 Hz, respectively). Vertical
velocity was used to recognize the repetitions and each concentric and eccentric phase.
Then, positive and negative peaks of vertical velocity were identified, and thresholds were
calculated as 5% of the peaks. The start and end of repetition were found when the vertical
velocity reached the positive and negative threshold, respectively. Finally, the end of the
concentric phase was defined when vertical velocity crossed zero after a positive peak
(Figure 3a) [22]. For our purpose, only the concentric phases (i.e., the standing phases)
were considered to calculate mean concentric vertical velocity and mean concentric vertical
force [10], and the five values obtained from repetitions were averaged [23]. As a linear
equation was expected from the F-v relationship of multi-joint movement [21], when a
mean concentric vertical velocity of a repetition differed by more than 0.03 m × s−1 from
the estimated value (based on linear regression), the repetition was removed. If all five
repetitions differed by more than 0.03 m × s−1, the trial was deleted [10].
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Figure 3. (a) Graph of the 5 Sit-to-Stand test in a representative subject is shown. Vertical velocity
(m × s−1; solid line — ) and vertical force (N; dotted line ····) are plotted in function on time (s). The
5STS involves 5 repetitions, each of which is divided into concentric (light grey section) and eccentric
phases (dark grey section). The start (•) and the end (�) of a full repetition (concentric-eccentric
phase) are identified as the points at which the vertical velocity reaches 5% of positive (#) and
negative (�) peak vertical velocity, respectively. The end (�) of the concentric phase is identified as
the time when the vertical velocity crosses zero. In (b) force–velocity (• F-v) and power–velocity (#
P-v) relationship of the 5 Sit-to-Stand test in a representative subject are reported. Maximum force
(� F0) corresponds to the intercept with the y-axis where velocity is null; maximum velocity (� V0)
corresponds to intercept with the x-axis where force is null; maximum power (♦ Pmax) represents
the apex of the power–velocity curve; optimal velocity (� Vopt) is the velocity at maximum power.

Then, it was possible to fit the individual force–velocity and power–velocity rela-
tionships for each subject (Figure 3b). All parameters of interest (F0, V0, a, Pmax, and
Vopt) were identified with the same method used for isokinetic strength measurements
(see above). Finally, in order to facilitate the direct comparison between ISO and 5STS
tests, single-leg STS force and power were estimated by adding 23% and 20% of the total,
respectively (to consider the bilateral deficit [8]), and then dividing by 2.

All signal analyses of ISO and 5STS tests were performed by MatLab (Version R2021B,
MathWorks Inc., Natick, MA, USA) scripts, and the results were exported to an Excel
(Microsoft 365, Version 16.0.16501.20228, Microsoft Corporation, WA, USA) spreadsheet
with the anthropometric and body composition measures for subsequent calculations.

2.5. Statistical Analysis

The mean and standard deviation were calculated for all the variables. Unpaired
samples t-tests were run to determine the differences in age, anthropometrics, and clinical
markers of muscle mass and strength between sexes.

An unpaired samples t-test was run to determine the differences in velocity, force,
and power measured during 5STS and ISO evaluations in different weight and velocity
conditions, respectively, between males and females. Moreover, for each individual, we
calculated the coefficient of determination (R2) of the force–velocity relationship for both the
5STS and ISO evaluation. The mean coefficient of determination (R2

mean) of the subjects was
taken as an index of feasibility for both tests and compared by two-way repeated measures
analysis of variance (ANOVA) between tests (ISO vs. 5STS) and sexes (males vs. females).

Maximum force, velocity, power, and optimal velocity measured with 5STS and ISO
evaluation were compared by paired samples t-test. Moreover, Pearson’s correlation
coefficient was used to interpret the strength of the relationship between ISO and 5STS
test in maximum force, velocity, power, and optimal velocity. Finally, Bland–Altman
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analysis [24] was used to determine potential systematic bias, precision, and limits of
agreement (LOA) between ISO and 5STS measures. Bland–Altman analysis was followed
by a one-sided z-test on the bias to test its difference from zero.

Finally, a correlation between maximum strength and power and clinical markers
of muscle mass and strength (WBLM, d-LLM, LLM, SMI, and handgrip strength) was
calculated. The interpretation of correlation coefficient (r) was conducted according to the
following values: trivial (<0.1); small (0.10–0.29); moderate (0.30–0.49); large (0.50–0.69);
very large (0.70–0.89); extremely large (0.90–1.00) [25].

A significance level was set at p < 0.05. SigmaPlot 12.5 (SigmaStat, USA) was used for
all the statistical analyses.

3. Results

Age, weight, and height were significantly higher in males (M) than in females (F)
(p < 0.05), while body mass index (BMI) was not statistically different (p = 0.286). All lean
muscle mass indexes and handgrip strength showed a significant difference between sexes
(M > F, p < 0.001) (Table 1).

No adverse events were recorded during the study, either during the tests or in the
hours or days following them.

Velocity, force, and power measured during 5STS and ISO evaluations in different
weight and velocity conditions in males and females and in the total group is reported in
Table 2. R2

mean of the F-v relationship in ISO (0.97 ± 0.03; Table 2) and 5STS (0.97 ± 0.03;
Table 3) showed no effect for sex (p = 0.875), method (p = 0.581) and their interaction
(p = 0.674).

Table 2. Variables obtained in isokinetic strength test.

Velocity Condition
(rad × s−1)

Female Male Tot p-Value

MF (N) MP (W) MF (N) MP (W) MF (N) MP (W) MF MP

1.05 222 ± 32 74 ± 12 310 ± 66 113 ± 21 270 ± 69 95 ± 26 <0.001 * <0.001 *
1.57 201 ± 29 101 ± 15 272 ± 57 149 ± 27 240 ± 58 127 ± 33 <0.001 * <0.001 *
2.62 160 ± 24 134 ± 21 225 ± 48 205 ± 39 196 ± 51 173 ± 48 <0.001 * <0.001 *
3.14 147 ± 25 147 ± 25 200 ± 45 218 ± 43 176 ± 46 186 ± 51 <0.001 * <0.001 *
3.67 135 ± 20 157 ± 23 182 ± 42 232 ± 47 160 ± 41 198 ± 53 <0.001 * <0.001 *

F-v Relationship
a 255 ± 37 - 354 ± 74 - 309 ± 78 - - -
b −107 ± 21 - −139 ± 36 - −124 ± 34 - - -

R2 0.97 ± 0.04 - 0.98 ± 0.02 - 0.97 ± 0.03 - - -

Mean ± SD values of force and power variables during five different velocity conditions of isokinetic knee
extension, in females, males, and in the total group. MF, mean force; MP, mean power; int., interaction; F-v,
force–velocity relationship (y = ax + b); a, slope; b, y-intercept; R2, coefficient of determination. The p-values of
the unpaired t-test are displayed on the right side. * indicates a significant difference with females (F).

Comparison of means (t-test) of maximum force (F0), velocity (V0) and optimal velocity
showed a significant difference between tests (ISO vs. 5STS). On the contrary, maximum
power was not different between tests (Figure 4).

The correlation between parameters measured from ISO and 5STS test was signifi-
cant and very large for both maximum force (p < 0.001, r = 0.71) and power (p < 0.001,
r = 0.84). On the contrary, a not significant and small correlation was found between tests
for maximum velocity and optimal velocity (p > 0.05, r = 0.23) (Figure 4).
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Table 3. Variables obtained in the 5 Sit-to-Stand test.

Weight
Condition

Female Male Tot p-Value

McV (m × s−1) McF (N) MP (W) McV (m × s−1) McF (N) MP (W) McV (m × s−1) McF (N) MP (W) McV McF MP

BW 0.46 ± 0.05 517 ± 171 241 ± 70 0.55 ± 0.08 658 ± 135 356 ± 66 0.51 ± 0.08 595 ± 150 305 ± 89 <0.001 * <0.001 * <0.001 *
BW + 12.5% 0.42 ± 0.13 589 ± 188 247 ± 100 0.51 ± 0.13 745 ± 203 375 ± 110 0.47 ± 0.07 674 ± 159 317 ± 96 0.012 * 0.011 * <0.001 *
BW + 25% 0.38 ± 0.09 633 ± 209 244 ± 78 0.46 ± 0.12 825 ± 158 377 ± 106 0.43 ± 0.07 739 ± 185 318 ± 95 0.014 * <0.001 * <0.001 *
BW + 37.5% 0.34 ± 0.04 713 ± 231 239 ± 47 0.42 ± 0.07 904 ± 174 378 ± 83 0.39 ± 0.07 819 ± 197 316 ± 98 <0.001 * <0.001 * <0.001 *

F-v
relationship

Main Effect
sex test int.

a - 1277 ± 302 - - 1859 ± 602 - - 1593 ± 565 - - - -

b - −1669 ± 663 - - −2263 ± 1143 - - −1992 ± 991 - - - -

R2 - 0.97 ± 0.02 - - 0.97 ± 0.03 - - 0.97 ± 0.03 - 0.875 0.581 0.674

Mean ± SD values of velocity, force and power variables during four different weight conditions of 5STS, in females, males, and in the total group. BW, body weight; McV, mean
concentric velocity; McF, mean concentric force; MP, mean power; int., interaction; F-v, force–velocity relationship (y = ax + b); a, slope; b, y-intercept; R2, coefficient of determination.
The p-values of unpaired t-test (males vs. females) and 2-way ANOVA (sex x test) are displayed on the right side. * indicates a significant difference with females (F).
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Figure 4. Comparison of means (left side), correlation graph (in the middle), and Bland–Altman 
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(Vopt), referred to the isokinetic strength test (ISO) and the 5 Sit-to-Stand test (5STS) are reported. 

Figure 4. Comparison of means (left side), correlation graph (in the middle), and Bland–Altman
analysis (right side) of maximal strength (F0), velocity (V0), Power (Pmax), and optimal velocity
(Vopt), referred to the isokinetic strength test (ISO) and the 5 Sit-to-Stand test (5STS) are reported. In
the bar graphs, * indicates a significant difference (p < 0.05) from ISO. In the correlation plots, the
equation, Pearson’s correlation coefficient (r), and p-value are reported along with regression lines
(dashed line). In Bland–Altman plots, bias (solid lines), p-value, and precision are reported along
with the limits of agreement (dashed lines).
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Bland–Altman analysis showed a significant bias between ISO and 5STS measures
of maximum force, velocity, and optimal velocity (bias = 650 N, −1.60 m × s−1 and
−0.83 m × s−1, respectively; (p < 0.001)). On the contrary, Bland–Altman analysis con-
firmed a not significant bias (bias = 5.7 W (p = 0.259)) between measures of maximum
power performed with the two tests (Figure 4).

A large to very large correlation was found between maximum force and power
measured from ISO and 5STS tests and all clinical markers of muscle mass and strength
(WBLM, d-LLM, LLM, SMI, and handgrip strength) (Table 4).

Table 4. Correlation coefficients between strength and power indexes and clinical markers of muscle
mass and strength.

F0 (N) Pmax (W) Handgrip
Strength (kg)ISO 5 STS ISO 5STS

WBLM (Kg) 0.75 0.73 0.84 0.81 0.74
d-LLM (Kg) 0.69 0.70 0.81 0.78 0.68
LLM (Kg) 0.71 0.71 0.82 0.79 0.68
SMI (kg × m−2) 0.66 0.69 0.74 0.65 0.50
Handgrip strength (kg) 0.70 0.53 0.74 0.75 1.00

Pearson’s correlation coefficients between the indicated variables as measured in the isokinetic strength test (ISO)
and the 5 Sit-to-Stand test (5STS) are reported: F0, maximum force; Pmax, maximum power; WBLM, whole-body
lean mass; d-LLM, dominant lean leg mass; LLM, lean legs mass; SMI, leg skeletal muscle index.

4. Discussion

The first aim of the present study was to investigate the feasibility and validity of the
5STS test compared to the ISO test to assess maximum force, velocity, and power through
F-v and P-v profiling in older adults. The second aim was to investigate the relationship
between maximum force and power with markers of muscle mass and strength that are
typically used in a clinical setting. The main findings of the present study are as follows:
(i) 5STS profiling is a feasible and valid alternative to isokinetic testing for the characteriza-
tion of muscle function in healthy older adults of both sexes; (ii) while the absolute values
of maximum force and maximal and optimal velocity are significantly different between
the two tests, the maximum power values measured in 5STS and ISO are similar and highly
correlated; (iii) both maximal muscle strength and power are significantly and highly
correlated with the most commonly used clinical markers of muscle mass and strength.

In our study, the feasibility of the 5STS test in terms of safety performing the pro-
tocol and building a proper F-v and P-v profile was verified. In fact, all participants
completed all the trials for both ISO and 5STS tests without experiencing any adverse out-
comes. Furthermore, the R2

mean of F-v profiling in 5STS (0.97 ± 0.03) was high and similar
(p = 0.581) to the ISO (0.97 ± 0.03). Moreover, the values for 5STS are similar to the R2

mean
presented in the literature for other lower limb multi-joint exercises performed by older
adults (e.g., leg press, R2

mean from 0.95 to 1.00) of both sexes [10]. These results suggest that
it is possible to use the 5STS test not only as a generic screening tool but, in its modified
version which includes the use of overloads, for the full characterization of muscle function.

The values of F0 from ISO are typically presented in the literature in peak torque
units [5,26,27]. However, as our study focused on the comparison of F0 between ISO and
5STS tests, we used mean rather than peak data and converted torque and angular velocity
from ISO into force and linear velocity [20,28]. For these reasons, direct comparison with
the literature data may be difficult. To the best of our knowledge, only Grbic et al. [20]
presented F0 values for the isokinetic test in Newton units derived from both peak and mean
values. The above study conducted in young females found F0 values (~350 N) similar to
those observed in the present study (309 ± 78N). When our F0 values are converted into
torque units (by multiplying force by the mean lever arm) the values found in our study
(309 N × 0.34 m= 105 N × m) are lower than the literature (~155 N × m) in a comparable
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population [5,26,27]. This may be due to the fact that we used mean rather than peak values
for F-v profiling.

To the best of our knowledge, only Piche et al. investigated F0 derived from STS
movement [12]. The values for that study are much lower (62 ± 42 N vs. 980 ± 348 N) than
our values. This difference could lie in the fact that Piche et al. calculated by methodological
differences using different instruments (gravitational force of body weight vs. force plate)
and populations (predominantly female older adults vs. both sexes). However, when
considering other knee–hip extension movements (i.e., leg press, Nottingham power rig),
our results are similar to those found in the literature (females: 751 N vs. 785 N, males:
1859 vs. 2145 N) [8,29].

The F0 between the 5STS and ISO tests showed a significant difference (p < 0.001) and
bias (bias= 670 N, p < 0.001) with a high limit of agreement (L.O.A.= [87 to 1300 N]) and yet
a high correlation between measures (r = 0.71). We speculate that the difference between the
expression of lower limbs’ maximum muscle strength between tests is due to the difference
in muscle action (in terms of neuromuscular and biomechanical characteristics, e.g., muscle
coordination of single vs. multi-joint movements and different contraction lengths) [8]
required by the two movements (single-joint vs. multi-joint), and difference in the applied
load (weight-bearing versus non-weight-bearing) between tests [13]. These discrepancies
could have affected the slope of the force–velocity relationships and consequently the
computation of F0. Moreover, our results differ from the only previous study that compared
F0 values from these tests [8,29] and found no difference and a low correlation between
tests. Again, this discrepancy could be related to methodological differences cited in the
previous paragraph (i.e., methodological differences, indirect force estimation based on
body mass) as well as to the high variability of measures in Piche et al. [12]. In summary, the
measures of F0 as derived from 5STS, while highly correlated with ISO, are not an accurate
and precise surrogate of the maximum isokinetic strength of the unilateral lower limb.

As previously mentioned regarding F0 measures, ISO maximum power (Pmax) data
are typically computed based on peak rather than mean force data [5,26,27]. Therefore, it
is not surprising that our Pmax values are lower than those reported in the literature in a
comparable population [5,26,27]. Interestingly, the results derived from our ISO test and
calculated from mean force (194 ± 54 W) (Figure 4) were similar to those computed using
mean force values in young females [20].

The bilateral STS Pmax found in this study (333 ± 104 W) was closer to that found by
other authors in bipedal multi-joint exercises (e.g., leg press) (~350 W) [2,11] in a comparable
population. In comparison with the only other study that computed unilateral STS Pmax
in young women (187 ± 147 W) [12], we found similar values with a considerably lower
variability (200 ± 63 W).

The comparison of Pmax between the ISO and 5STS tests showed a non-significant
difference and a high correlation (p = 0.259, r = 0.84). Bland–Altman analysis reported a
non-significant and constant bias (bias = 5.7 W, p = 0.259) with small limits of agreement
(L.O.A. = [−60 to 71 W]). Our correlation results between 5STS- and ISO-derived Pmax are
in contrast with those found in the literature (r = 0.31) [12]. This discrepancy may lie in the
factors discussed above for F0 and in the high variability (CV > 75%) of the 5STS-derived
maximal power [12]. In summary, the F-v profiling of 5STS appears an accurate and precise
alternative to ISO for the measurement of the maximum power of the lower limbs.

Maximum (V0, 7.5 ± 0.9 rad × s−1) and optimal (Vopt, 3.8 ± 0.4 rad × s−1) angular
velocities for the isokinetic test are considered, and these values are similar to Piche et al.
(7.1 ± 2.1 and 3.6 ± 0.8 rad × s−1, respectively) who, like us, used a linear F-v profiling.
Other authors, who used a hyperbolic or hybrid fitting of the F-v profile, found higher
values (~10 and ~4.5 rad × s−1, respectively) than ours [5,26]. This difference is likely
due to the fitting model. Even though hyperbolic fitting is likely more appropriate for
single-joint movement, we decided to use a homogeneous linear fitting for both tests and
chose the linear model that is preferable for the multi-joint sit-to-stand action [21]. This
is clearly an arbitrary decision. Interestingly, if we use a hyperbolic fitting to build the
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F-v relationship in ISO tests, our data align well with the latter authors (V0 ~10 and Vopt
~4.25 rad × s−1).

Regarding V0 (0.9 ± 0.2 m × s−1) and Vopt (0.4 ± 0.1 m × s−1) results derived from
the 5STS test, we found lower values from those found in the literature (6 ± 7 rad × s−1 that
approximatively correspond to 1.9 ± 2.2 m × s−1) [12]. However, the V0 values are similar
to those found for a more comparable leg press exercise in older adults (~0.9 m × s−1) [10].

In order to compare movement velocity in the two tests, the angular velocity of the
ISO test was transformed into linear velocity. Maximum and optimal velocity results were
different and poorly correlated (r = 0.23, p < 0.001) between ISO and 5STS. Bland–Altman
analysis reported a significant bias (V0, bias = −1.6 m × s−1, p < 0.001; Vopt, bias = −0.8 m
× s−1, p < 0.001) with high limits of agreement (V0, L.O.A. = [−2.3 to −1.0 m × s−1]; Vopt,
L.O.A. = [−1.1 to −0.5 m × s−1]). Our results confirm that velocity parameters extrapolated
from the F-v relationship seem to have less concurrent validity and precision than other
indexes [21]. Therefore, these parameters could have less relevance in medical screening
and clinical assessment.

The second aim of this study was to investigate the relationship between maximum
force and power with markers of muscle mass and strength. In our study, F0 and Pmax
were highly correlated with all body and specific lean muscle mass for both tests (r from
0.65 to 0.82). These results are comparable to those found by Takai et al. [7] between STS
power and leg muscle mass (r = 0.80).

It is well known that grip strength is a strong predictor of mortality, disability, com-
plications, and length of stay [30]. Furthermore, this index represents the main reference
value of the general strength for the diagnosis of sarcopenia [31]. The force values for the
handgrip test (27.3 ± 5.6 kg for females; 41.2 ± 6.9 kg for males; 34.8 ± 9.4 kg tot) are
consistent with those presented in the literature for healthy older adults of both genders
(~26 kg for females; ~40 kg for males) [32,33]. Furthermore, Pmax was highly correlated
with handgrip strength for both tests (r = 0.75), as in Glenn et al. (r = 0.67) [34].

Recently, it has been asserted that handgrip strength alone would be insufficient
as a measure of overall muscle strength in clinical practice [35]. In fact, muscle power
would appear to be a better indicator of loss of muscle function than muscle strength
alone [36]. In addition, Winger et al. found that lower limb muscle power (from a jump
test) was approximately 2-fold more correlated with all physical performance tests than
handgrip strength [36,37]. Furthermore, a better association was found in this study
between lower limb strength/power and appendicular lean mass indices with respect to
handgrip strength. This suggests that lower-limb strength tests could better reflect both the
condition of physical function and appendicular lean mass in older adults.

The present study has some limitations. Due to logistic limitations, it was not possible
to divide the subjects into two groups to randomize the order of the tests. We used loads
computed as percentages of body weight to profile the F-v relationship independently of
the percentages of body fat. This could lead to a different ratio between overload and the
percentage of lean body mass. Usually, characterizing the F-v relationship requires two to
four weight conditions that lead to differences of at least 0.5 m × s−1 between the lightest
and heaviest weight [38]. To use a pragmatic and easy approach, we used four loading
conditions based on body weight that did not respect this velocity loss criterion. However,
we were able to characterize the P-v relationship well because the weight conditions
chosen were around the Pmax. Therefore, future studies may consider modifying the
weight condition to better describe F0. Another possible limitation was that we used
the same chair height for all subjects. In fact, different heights involve different vertical
displacements and therefore different mechanical effort. Future research on 5STS F-v
profiling could standardize the knee angle in the sitting position. Finally, although widely
used in the clinical setting, there are more accurate instruments to assess muscle tissue than
DXA. Other assessment methods may better describe the subjects’ body composition (i.e.,
magnetic resonance imaging or computed tomography scan).
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Future studies should investigate the feasibility and validity of the loaded 5STS
performed using inexpensive and portable tools (i.e., 3D inertial sensor, linear transducer,
phone app) to make the evaluation easier and more accessible. Furthermore, it would be
useful to investigate a shorter protocol (i.e., two weight conditions, BW and W3) for a less
time-consuming assessment.

5. Conclusions

In conclusion, muscle profiling based on loaded 5STS test is a feasible, valid, and cost-
and time-efficient alternative to isokinetic testing of the characterization of muscle power
in healthy older adults of both sexes. In addition, maximal force and power derived from
the F-v profile are significantly and highly correlated with the major clinical markers of
muscle mass and strength. It is well-known that the decline of these variables is associated
with adverse outcomes in aging (frailty, impaired physical function, and disability in daily
living activities). Therefore, muscle profiling could be used as a monitoring tool for the
early detection of individuals at higher risk of unhealthy aging and provide a valuable tool
for the individualization of training interventions [3].
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