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Abstract Frailty is an age-related condition charac-
terized by a multisystem functional decline, increased 
vulnerability to stressors, and adverse health out-
comes. Quantifying the degree of frailty in humans 
and animals is a health measure useful for transla-
tional geroscience research. Two frailty measure-
ments, namely the frailty phenotype (FP) and the clin-
ical frailty index (CFI), have been validated in mice 
and are frequently applied in preclinical research. 
However, these two tools are based on different con-
cepts and do not necessarily identify the same mice 

as frail. In particular, the FP is based on a dichoto-
mous classification that suffers from high sample size 
requirements and misclassification problems. Based 
on the monthly longitudinal non-invasive assessment 
of frailty in a large cohort of mice, here we develop 
an alternative scoring method, which we called physi-
cal function score (PFS), proposed as a continuous 
variable that resumes into a unique function, the five 
criteria included in the FP. This score would not only 
reduce misclassification of frailty but  it also makes 
the two tools, PFS and CFI, integrable to provide an 
overall measurement of health, named vitality score 
(VS) in aging mice. VS displays a higher association 
with mortality than PFS or CFI and correlates with Supplementary Information The online version 
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biomarkers related to the accumulation of senes-
cent cells and the epigenetic clock. This longitudinal 
non-invasive assessment strategy and the VS may 
help to overcome the different sensitivity in frailty 
identification, reduce the sample size in longitudinal 
experiments, and establish the effectiveness of thera-
peutic/preventive interventions for frailty or other 
age-related diseases in geriatric animals.

Keywords Biomarkers of aging · Biogerontology · 
Cellular senescence · Epigenetic clock · Physical 
performance

Introduction

It is widely recognized that people age at different 
rates, with the health status of the elderly varying 
from healthy to frail. Frailty is generally defined as a 
clinical geriatric syndrome characterized by a state of 
significant vulnerability resulting from the age-asso-
ciated decline in multiple physiological systems [1, 
2]. Clinical studies demonstrated that frailty is associ-
ated with adverse outcomes (such as an increased risk 
of hospitalization, disability, and ultimately death), 
prompting the need to identify the frail individuals 
correctly. The most widely used tools in humans are 
the “Fried’s frailty phenotype” and the “Rockwood’s 
clinical frailty index.” Fried’s frailty phenotype (FP) 
defines frailty as a clinical syndrome characterized by 
three or more altered criteria, including unintentional 
weight loss, self-reported exhaustion, weakness, slow 
walking speed, and low physical activity [3]. The 
presence of one or two of these criteria identifies 
subjects as prefrail, thus allowing subject categoriza-
tion into three distinct subgroups of risks (i.e., frail, 
prefrail, and robust). On the other hand, Rockwood’s 
clinical frailty index (CFI) defines frailty as a state 

of accumulating clinical deficits, and the estimation 
of frailty is performed by counting the actual num-
ber of health deficits divided by the total number of 
items measured [4]. This way, CFI is rated from 0 to 
1 (where a higher FI indicates greater frailty).

However, little is still known about the mecha-
nisms underlying the development of frailty and 
potential interventions for its treatment or prevention. 
In this scenario, murine models represent a valuable 
option for understanding the biology of this complex 
phenomenon and for evaluating the effect of new 
therapies to counteract, slow down, or prevent the 
frailty phenotype. For this reason, FP and CFI have 
been recently reverse-translated from humans into 
assessment tools for mice [5].

In 2014, Liu and colleagues [6] translated Fried’s 
method to mice, by emulating the measurement of four 
of the five criteria. This original mouse FP was recently 
modified with the inclusion of body weight and the 
improvement of endurance analysis with a more estab-
lished test [7, 8]. As in humans, it is used to categorize 
mice into robust (none of the criteria), pre-frail (one or 
two criteria), and frail (three or more criteria).

Similarly, Parks and colleagues [9] published a tool 
for the preclinical assessment of a continuum CFI in 
aging mice. However, this method was time-consum-
ing and required specific equipment as well as inva-
sive procedures, thus making it unsuitable for longitu-
dinal studies. Building on this, Whitehead et al. [10] 
continued this work by developing a non-invasive 
CFI based on a checklist of 31 easily observed defi-
cits related to biological systems (integument, muscu-
loskeletal system, auditory system, urogenital system, 
ocular/nasal system, respiratory system) and signs of 
discomfort. Although CFI has sometimes been con-
verted into a categorical variable by identifying cutoff 
points, its main advantage over FP lies in its continu-
ous nature. Indeed, a continuous variable is subject 
to less risk of misclassification as it does not need to 
define risk thresholds (cutoff points). Moreover, when 
the two assessment instruments were compared in the 
same population, they did not necessarily identify the 
same subject as frail [11–13]. However, both FP and 
CFI predicted adverse outcomes and death [14, 15].

Here, we present, in a cohort of 546 naturally aged 
C57BL/6 mice, an alternative scoring method, which 
we called physical function score (PFS), proposed as 
a continuous variable that resumes into a unique func-
tion, the five criteria identified by Fried. This score 
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would reduce misclassification of the frail subjects and 
make the two tools (PFS and CFI) integrable with each 
other. In line with this, we tested an overall score, the 
vitality score (VS), that would consider both the clinical 
and physical parameters, allowing unambiguous health 
assessment of mice and a more precise identification 
of the frail population. We also computed the ethical 
benefits, in terms of reduction of sample size, that can 
be obtained from introducing these scores in preclini-
cal intervention studies aimed to improve health span. 
Furthermore, we assessed the correlation between the 
newly created frailty assessment scores and two bio-
logical aging indices: epigenetic age and senescent cell 
accumulation.

Materials and methods

Animals and experimental design

All experiments were performed according to the Euro-
pean Community Council Directives of 2010/63/UE. 
The protocol was approved according to current Ital-
ian law (D.Lgs. n. 26/2014) by the Organismo Preposto 
al Benessere Animale (OPBA, animal care and health 
committee) of IRCCS INRCA and by the General 
Direction of Animal Health and Veterinary Drugs of 
the Italian Ministry of Health with the authorization no. 
392/2019-PR (n = 446 mice explicitly recruited for this 
study, of which n = 53 carrying the p16-3MR transgene 
in the same background), authorization no. 130/2018-
PR (n = 50, control mice used in a longitudinal study 
aimed to assess the effects of gene therapy with the 
Longevity-Associated Variant-LAV of BPIFB4), and 
approval no. 1074/2021-PR (n = 50, control mice used 
in a longitudinal study aimed to assess the effects 
of natural bioactive compounds with a nutritional 
supplement).

Based on the date of enrolment in the study, we sub-
divided the population into two cohorts of n = 152 
(2018–2019 cohort) and n = 394 mice (2020–2021 cohort).

Mice functional phenotype

Measurement of clinical frailty index and clinical 
health score

We measured both the clinical frailty index (CFI) and 
physical frailty in mice as previously described [10, 
16–18]. All frailty measurements were performed 

within the SPF animal facility of INRCA in a dedi-
cated area. The CFI score for each mouse was cal-
culated using the previously published checklist and 
method [10]. The clinical health score (CHS) was 
computed as 1-CFI. This value ranges from 1 (opti-
mal health) to 0. However, there are very few cases 
below 0.4, and those are usually mice that require 
immediate humane suppression.

Measurement of physical function score and frailty 
phenotype

The measurement of the PFS and FP in mice was 
performed following the same procedure described 
to translate the FP screening performed in humans 
[3] to mice [6, 8, 15]. To ensure testing reliability, 
we performed multiple measurements for each of 
the five criteria of the frailty assessment (shrinking, 
weakness, exhaustion, slowness, and sedentarily). All 
measurements performed to define FP and PFS are 
schematically described in Supplementary Table S1.

1) Body Size Score: This criterion was assessed 
through a composite score reflecting the body 
condition of the mice that included current body 
weight and body length. The weight was cor-
rected to the previous measurement in the case 
we detected an increase in weight due to a tumor 
or distended abdomen. The body length (nose 
to base of tail) was measured during the loco-
motor activity test when the mouse was walk-
ing straight. The locomotor activity area was 
calibrated with a ruler, and the mean of 3 length 
measurements was performed using the video 
analysis software Tracker (v. 5.1.5, https:// physl 
ets. org/ track er/).

2) Strength Score: This criterion was assessed 
through a composite score reflecting the forelimb 
grip strength of the mice, including the measure-
ments from 4 different tests.

a) Grip strength meter test (Ugo Basile, Var-
ese, Italy) with a plastic grid [16, 19].

b) Grip strength meter test (Ugo Basile, Var-
ese, Italy) with an iron bar.

c) Home cage lift test. The mouse gently held 
by the base of the tail to the top of an empty 
cage put above a scale with rapid response 

https://physlets.org/tracker/
https://physlets.org/tracker/
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and the mean of the two most negative 
peaks from about ten attempts is collected.

d) Gripping weights lift test [20] with the 
modification described elsewhere [16, 21, 
22]. To maximally motivate the mice, we 
used two different sets of weights. A first set 
constituted (as previously reported) of balls 
of tangled fine gauge stainless steel wire 
used to prevent limestone scale formation 
in domestic kettles, and a second set con-
stituted of balls of tangled gauge stainless 
steel wire of the same diameter as the cage 
of the mice (2 mm). We observed that once 
the mice terminated the trial with the first 
set of weights, they were usually able to lift 
one or more heaviest weights of the second 
set. So, we recorded both scores and used 
the mean as the final score.

3) Endurance Score: This criterion was assessed 
through a composite score reflecting the endur-
ance capacity of the mice that included treadmill 
distance (program: starting at 5  rpm for 2  min 
and increasing speed from 5 to 50 m/s in 2700 s), 
mean time to fall at rotarod test (program: start-
ing at 5 m/s for 2 min and increasing speed from 
5 to 40 rpm in 300 s), and the score of the gripping 
weights lift test normalized to body weight. As pre-
viously observed [16], this last measurement was 
indeed correlated with the other endurance meas-
urements (as the test includes an endurance com-
ponent due to the repeated lifting of weights) [20]. 
When a mouse was unable to perform a test due to 
severe illness and required humane suppression, it 
was assigned the minimum value for the test.

4) Speed Score: This criterion was assessed through 
a composite score reflecting four different meas-
urements related to the speed of the mice during 
their normal locomotion.

a) We analyzed the distribution of the time spent 
by the mouse in different speed intervals in an 
open field test (whole test duration 5 min). The 
speed intervals considered were as follows: 
I1 (0–1 cm/s), I2 (1–5 cm/s), I3 (5–10 cm/s), 
I4 (10–15  cm/s), I5 (15–20  cm/s), I6 (20–
25 cm/s), I7 (25–30 cm/s), I8 (30–35 cm/s), I9 
(35–40 cm/s), I10 (40–90 cm/s). We recorded 
the highest speed interval that the mouse ran 

for at least 3  s and assigned the mean speed 
of the interval as the value of the test (e.g., 
12.5 for I4 and 37.5  cm/s for I9) as previ-
ously described [21, 22]. Locomotor activity 
was conducted by a 5-min open field test on 
a white wood chamber (72 × 72 × 30 cm) sur-
mounted by a Logitech Brio Ultra HD Web-
cam 4 K 1080 P 60FPS (Logitech Lausanne 
Switzerland). Tracking and analysis were per-
formed with Biobserve Viewer3 (Biobserve 
GmbH, Germany) [21, 22].

b) An additional measurement for speed was 
obtained by recording the maximum speed 
of the rotarod test.

c) As previously reported, there is a strong 
rationale in support of the relationship 
between walking speed and stride length, 
especially in older individuals [23]. There-
fore, we also included in this score the mean 
of the measurements of the stride length of 
the mice obtained from the footprint test 
[24] and video tracking. This last measure-
ment was obtained by calculating the dis-
tance between two consecutive hindlimbs 
paws during a straight walk in the open field 
arena (manual tracking of the paws was per-
formed with Tracker v. 5.1.5, https:// physl 
ets. org/ track er/).

5) Activity Score: This criterion was assessed 
by recording two measurements related to the 
dynamic behavior of the mice during a locomotor 
activity test:

a) total track length (total distance in cm) and
b) the time the mice were not resting (speed 

above 1  cm/s) during the locomotor activ-
ity test. Both measurements were recorded 
automatically by Biobserve Viewer3 (Biob-
serve GmbH, Germany).

Development of the composite functional scores 
and detection of the frailty phenotype

The results from the multiple measurements related to 
the same criterion were combined in a unique score 
following, separately for each sex, this procedure: (1) 

https://physlets.org/tracker/
https://physlets.org/tracker/
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the variables were normalized with the MIN–MAX 
method: Z = (Xi – Min) / (MAX – MIN) (where Xi 
is the measurement, Z the normalized data, MIN and 
MAX are the minimum and maximum values for X 
recorded in the population of mice); (2) the variables 
assigned to the same criterion were averaged to create 
a composite score for each criterium. This approach 
provided five quantitative composite scores: body 
size, strength, endurance, speed, and activity score. 
An overall score representative of physical decline, 
named PFS, was computed as the mean of the com-
posite scores of the five criteria.

To avoid bias due to potential outliers, we used as 
MAX value the 95th percentile for all measurements, 
excluding weight. In this last case, we used as MAX 
the reference weights for mice aged 10–20  months 
in our colony (28.4 and 33.8 for females and males, 
respectively). Indeed, the weight of C57BL6/J mice 
increases until 10  months, remains relatively sta-
ble from 10 to 20  months, and only later starts to 
decline. However, pathological conditions, such as 
distended abdomen and tumors, may induce a para-
doxical increase in weight in some old and very old 
mice. In the case we detected an increase in weight 
associated with the above-mentioned pathologi-
cal conditions, we used the weight value recorded 
in the previous observation (before the pathologi-
cal problem appeared). Hence, each measurement 
ranges from 1 (or slightly above) to 0. Following the 
percentiles used by Fried et  al. in humans [3] and 
by others in mice [6, 8, 15–17], mice that fell in 
the bottom 20% of our old cohort for the composite 
score computed for each criterion were considered 
positive for frailty for that given criterion. Mice with 
three or more positive frailty criteria were identified 
as frail.

Vitality score

The VS was obtained by calculating the arithmetic 
mean of the individual values of CHS and PFS. This 
process was used for each mouse studied at any given 
month of age. This newly created health assessment 
score ranges from 1 (optimal health) to 0.

Bioluminescence assay

Bioluminescence imaging (BLI) of experimental 
animals was performed with an IVIS Spectrum 

imaging system (PerkinElmer). Briefly, mice were 
intraperitoneally injected with 100 µl of Xenolight 
RediJect Coelenterazine h (PerkinElmer #760,506) 
and were immediately anesthetized in an oxy-
gen-rich induction chamber with 2% isofluorane. 
Images were captured after 20  min of incubation 
to allow substrate distribution. Bioluminescent 
images were obtained with mice in the dorsal posi-
tion. Anesthesia was maintained during the entire 
imaging process by using a nose cone isofluorane-
oxygen delivery device in the light-tight chamber. 
Bioluminescence, acquired by the CCD camera, 
was quantified by the Living Image® software 
drawing a region of interest (ROI) around the inter-
ested area and measuring the radiance (photons/
seconds/cm2/steradian) emitted by the surface 
within the ROI (Fig. S1a).

Epigenetic age analysis

DNA methylation levels were analyzed at three age-
associated CG dinucleotides (CpGs) as described 
previously [25]. Briefly, blood samples of C57BL/6 J 
mice of the chronologically aged C57BL/6  J mice 
(n = 44) were obtained by ocular bleeding (~ 200 μl) 
of living mice from the ocular vena and stored 
at − 80 °C until epigenetic analysis.

Genomic DNA from 200  µl murine whole blood 
was isolated by the QIAamp DNA Blood Mini Kit 
(Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. DNA was quantified by Nan-
odrop Spectrophotometers (ZYMO Research). Five 
hundred nanograms of extracted genomic DNA was 
subsequently bisulfite-converted with the epiTect Fast 
DNA Bisulfite kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions.

Converted DNA was quantified using Nanodrop 
spectrophotometer (ZYMO RESEARCH). Thirty 
nanograms of bisulfite-converted DNA was initially 
subjected to PCR amplification. Target sequences for 
Prima1, Hsf4, and Kcns1 were amplified by Pyro-
Mark PCR kit (Qiagen) using forward and reverse 
primers containing handle sequences for the subse-
quent barcoding step. PCR was run under the follow-
ing conditions: 95 °C for 15 min; 45 cycles of 95 °C 
for 30 s, 56 °C for 30 s, 72 °C for 30 s; final elonga-
tion at 72 °C for 10 min. Primers were purchased at 
Metabion and the sequences are provided in Supple-
mentary Table S2.
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Five microliters of PCR products was subsequently 
immobilized to 2 µl Streptavidin Sepharose High Per-
formance Bead (Cytiva) and finally annealed to 20 µl 
sequencing primer (0.375  μM) for 5  min at 80  °C. 
Amplicons were sequenced using PyroMark Q24 
Advanced Reagents (Qiagen) on PyroMark Q24 System 
(Qiagen, Hilden, Germany) and the methylation levels 
calculated by PyroMark Q CpG software (Qiagen).

Predicted age was calculated applying the coeffi-
cients obtained from a regression model developed in 
test samples from the same colony of mice (Fig. S1b).

Statistical analysis

Generalized linear mixed model analysis (SPSS 
26.0) was used to consider the longitudinal 
design of the study in mice. The identifier of 
each mouse, gender, and age were included in 
the model. The linear models were developed 
assuming linear distribution with the identity link 
function. The Satterthwaite approximation with 
a robust estimator was used for unbalanced data 
and violation of the assumptions. The correlation 
of frailty parameters with biomarkers was studied 
by Spearman and Linear Mixed models correla-
tion. Association with mortality was investigated 
by Linear Mixed models. Differential survival 
patterns were estimated by Cox-regression, tak-
ing into account possible confounder variables 
(age at inclusion and gender).

Sample size estimation for future studies with a longi-
tudinal design was performed with the online power com-
putation for linear models GLIMMPSE [26]. Sample size 
estimation for studies with a cross-sectional design was 
estimated with GPower 3.1 (Kiel University, Germany).

Results

The characteristics of the study population

Two cohorts of C57BL/6 J mice (Table 1) housed in the 
Geriatric Mouse Clinic of INRCA under SPF condition 
from 2018 to 2021 were used in this study. Five-hundred 
forty-six mice (46% females), mean age at the inclusion 
of 23.02 ± 1.86  months (males: 23.04 ± 1.85  months; 
females: 22.99 ± 1.88  months), were included in the 
study. All mice underwent monthly phenotyping and 
most of them (483 mice; 252 males and 231 females) 
were followed longitudinally until natural death or 
euthanized for aging-associated diseases. The remaining 
mice (censored) were followed longitudinally until used 
for organ explants that served as controls in other his-
tochemical or molecular studies. Precisely, the follow-
up number (functional and frailty assessment, one each 
month) ranged from 1 to 19 and the mean age of the ani-
mals at death was 29.11 ± 3.84. Figure S2 shows the sur-
vival curve of the study population. The overall number 
of recorded phenotypes at each month of age is listed in 
Supplementary Table S3.

Table 1  Description of 
study population

Total 2018–2019 2020–2021

n 546 152 394
Male 293 102 191
Female 253 50 203
n recorded deaths (n censored) 483 (63) 141 (11) 342 (52)
Male 252 (41) 91 (11) 161 (30)
Female 231 (22) 50 (0) 181 (22)
Age at enrollment (Mean ± SD) 23.02 ± 1.86 22.01 ± 2.51 23.41 ± 1.36
Male 23.04 ± 1.85 22.35 ± 2.36 23.41 ± 1.38
Female 22.99 ± 1.88 21.32 ± 2.68 23.40 ± 1.35
Age at death (Mean ± SD) 29.11 ± 3.84 30.11 ± 3.90 28.69 ± 3.75
Male 29.03 ± 3.93 30.09 ± 4.05 28.43 ± 3.75
Female 29.17 ± 3.74 30.16 ± 3.63 28.92 ± 3.74
n follow-up (Mean ± SD) 7.43 ± 3.85 8.94 ± 4.62 6.85 ± 3.34
Male 7.17 ± 3.98 8.49 ± 4.67 6.46 ± 3.36
Female 7.73 ± 3.69 9.86 ± 4.43 7.21 ± 3.29



GeroScience 

1 3
Vol.: (0123456789)

Frailty phenotype

The longitudinal design of this study allowed us to 
assess the age-related variations in the health status 
of the same mice throughout the whole lifespan. The 
five criteria were analyzed to identify mice with a 
frail phenotype according to Fried’s frailty phenotype 
(FP). The prevalence of physical frailty was estimated 
at each month of age. As shown in Fig. S3a, the per-
centage of mice classified as frail after 20  months 
increased exponentially with age, with about 55% of 
the population being frail at 35  months. Moreover, 
using this approach, it is possible to predict mortal-
ity within 1, 2, 3, and 6  months (Supplementary 
Table S4). As a side note, categorizing mice as pre-
frail also predicts 6-month mortality (Supplementary 
Table S4).

To improve the frailty classification system in 
mice, we converted the classic categorical FP into a 
quantitative measurement of each physical criterion 
(Physical Scores). In our modified method, each esti-
mated parameter was assigned a value ranging from 1 
(highest functionality) to 0 (lowest functionality).

All five “Physical Scores” showed a significant 
age-related decline (Fig.  1a–e). Expressly, the Body 
Size Score (Fig. 1a) declined linearly with advancing 
age, with similar trends in both males and females. 
Similarly, the Strength Score (Fig. 1b), which repre-
sents the average of all measurements taken to detect 
grip strength, exhibited an age-related decline slightly 
more marked in females than in males. On the con-
trary, the Endurance Score (Fig. 1c) showed two dif-
ferent trends: it seems fairly preserved until the 25th 
month in both sexes and then accelerates the decay, 
particularly in female mice. Similar to Body Size and 
Strength Scores, the Speed Score (Fig.  1d) linearly 
declines with age in both males and females. The 
Activity Score (Fig. 1e) displays the highest variabil-
ity among the scores measured. Notwithstanding, the 
activity level declines with advancing age in females 
and, more markedly, in male mice.

We also computed an overall quantitative index of 
physical functionality that we named physical func-
tion score (PFS, Fig.  2a,b and Fig.  S4a,b). Interest-
ingly, this variable was not influenced by sex in 
its temporal decline; at the same time, it seems to 
follow two different slopes: a very gradual decay 
up to 26  months followed by a faster acceleration 
(Fig. 2a and Fig. S4a). Moreover, PFS is significantly 

associated with mortality: graphs in Fig.  2b  and 
Fig.  S4b show that PFS rapidly declines when the 
death outcome approaches. This association was 
independent of sex and remained significant even 
when chronological age was included in the analysis.

To test which frailty phenotype classification 
method best predicts mortality, we first sought to 
identify an optimal PFS cutoff value to define the 
onset of frailty based on the FP classification. Specifi-
cally, through the decision tree model and the ROC 
analysis, we identified a PFS cutoff point of 0.55. 
ROC curve analysis indicated that the AUC was 0.967 
(95% CI, 0.960–0.974) and that a PFS cutoff point of 
0.55 showed a sensitivity of 81.8% and specificity of 
94.10% for the prediction of frailty (data not shown). 
The analysis reported in Fig. S5 describes the results 
obtained with the decision tree model: the prevalence 
of frailty is 86.6% in animals with a quantitative value 
of PFS below 0.51, and the prevalence of frailty is 
still about 50% for a PFS value between 0.51 and 
0.55. Overall, this PFS cutoff identifies 72.7% of mice 
classified as frail by FP. The bar graph depicted in 
Fig. S3b showed the exponential increase with aging 
in the percentage of mice classified as frail.

Interestingly, when the original and the modified 
frailty classifications methods were compared in their 
ability to predict death, we found that both classifica-
tion methods powerfully predict mortality within 1, 2, 
3, and 6 months (Supplementary Table S5); however, 
when a restricted population of younger old mice 
(24–25 months of age) was selected, PFS cutoff point 
of 0.55 was more effective in predict mortality than 
FP and age (Table  2). Moreover, when a 0.63 PFS 
cutoff point (Fig.  S5) was used to identify pre-frail 
status in younger mice, PFS was more effective than 
FP in predicting 6-month death (Table 2 and Supple-
mentary Table S5).

Clinical frailty index analysis

Alongside the frailty phenotype, Rockwood’s clini-
cal frailty index (CFI) measures the proportion of 
accumulated deficits in an individual among a list of 
all potential ones, i.e., symptoms, signs, disabilities, 
diseases, and laboratory test results. As expected, 
the CFI in our study population increases with aging 
(Fig.  S6a) following a linear trend (Fig.  S6b), espe-
cially in female individuals. Moreover, the CFI was 
closely associated with mortality (Fig. S6c,d).
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Based on previous studies, mice were categorized 
as frail using a CFI’s cutoff of 0.25 [27]. Indeed, 
using this threshold we found that, at 21 months, only 
a small percentage of mice were classified as frail 
(Fig. S3c). However, this percentage increased expo-
nentially with aging, and about 65% of the population 
was found to be frail at 35 months.

Vitality score

We found that PFS and CFI do not identify the 
same mice as frail (Fig.  S7). The quantitative 
parameter, PFS, provides an additional advantage 
in the analysis of health in a longitudinal study of 
mice: creating a unique index that summarizes the 
frailty phenotype and frailty index. To this aim, the 

CFI was converted to its complementary (1-CFI) 
renamed clinical health score (CHS, Fig.  2c,d and 
Fig. S4c,d), and used to compute the vitality score 
(VS, Fig.  2e,f and Fig.  S4e,f) as reported in the 
methods section. VS displays a gradual decline with 
age up to 28 months, followed by a faster accelera-
tion (Fig. 2e and Fig. S4e). As already observed for 
PFS and CFI, VS also maintains its association with 
mortality, declining rapidly when the death out-
come approaches (Fig. 2f and Fig. S4f). This asso-
ciation is independent of sex and remained signifi-
cant even when chronological age was included in 
the analysis.

ROC curve analysis reported in Fig. S4g–i showed 
that VS was consistently more effective than the 
other quantitative scores (PFS and CFI) in predicting 

Fig. 1  Quantitative estimation of the five Physical Scores. 
C57BL/6  J mice (n = 546) were monitored each month from 
the inclusion (20 months) up to death. Graphs show the trend 
of Body Size Score (a), Strength Score (b), Endurance Score 
(c), Speed Score (d), and Activity Score (e) with advancing 
age, both in male (blue line) and female (red line) mice. Time 

is expressed in months. Values are reported as the mean esti-
mates obtained by linear mixed model analysis for longitudinal 
data using sex, cohort, and age (months) as fixed factors. Test 
of fixed effects parameters (sex and age) are reported inside the 
figure
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mortality at 1, 2, and 3  months, highlighting the 
validity of using this parameter.

Intending to identify a cutoff point for frailty clas-
sification, we related the animals identified as frail 
either by FP or by the CFI (Combined Frailty Param-
eter, CFP) to their quantitative value of VS (Fig. S8a). 
The analysis in Fig.  S8b described the results 
obtained with the decision tree model: the prevalence 
of frailty is 67.0% in animals with a quantitative value 
of VS below 0.68, and the prevalence of frailty is still 
about 40% for a VS value between 0.68 and 0.71. 
Overall, this PFS cutoff identifies 88.45% of mice 
classified as frail by the CFP. By ROC curve analysis 
(AUC = 0.963; 95% CI = 0.957–0.970), a PFS value 

of 0.71 shows a sensitivity of 89.70% and specific-
ity of 89.60% for the prediction of frailty (data not 
shown).

The bar graph depicted in Fig.  S3d and Fig.  S3e 
shows the exponential increase with aging in the per-
centage of mice classified as frail by CFP and VS.

Analysis of mortality prediction (Supplementary 
Table S6) shows that both CFP and VS classifications 
methods powerfully predict 1-, 2-, 3-, and 6-month 
mortality. However, when a time-restricted subpopu-
lation of mice (24–25  months of age, Table  3) was 
selected, CFP lost mortality prediction effectiveness; 
in contrast, VS cutoff point of 0.71 not only predicted 

Fig. 2  Association of the physical function score (PFS), clini-
cal health score (CHS), and vitality score (VS) with aging and 
mortality. C57BL/6  J (n = 546) mice were monitored each 
month from the inclusion (20 months) up to death. (a–f) PFS, 
CHS, and VS decline with advancing age. Data of PFS (a, b), 
CHS (c, d), and VS (e, f) are reported as a function of age (a, 

c, e) or months to death (b, d, f). Values are reported as the 
mean estimates obtained by the linear mixed model analysis 
for longitudinal data. Tests of fixed effects parameters (sex, 
age, or months to death) are reported inside the figure. Data 
from male (blue line) and female (red line) mice are presented
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1-, 2-, 3-, and 6-month mortality but was also more 
effective than age.

Sample size estimation

The sample size of preclinical studies in geriatric 
mice is one of the critical limit and ethical issues 
as regards the “Reduction” from the 3Rs princi-
ples (Replacement, Reduction, and Refinement). In 
order to understand if the introduction of the new 
scores can provide ethical benefits, we used the data 
(means, variance and co-correlations) originating 
from the 2020–2021 cohort to compute the sample 
size required to estimate the efficacy of an interven-
tion expected to improve 10%, 20%, or 30% of the 
three health measurements described in this study 
(CFI, PFS, and VS) compared to a control group. 
We used GLMMSI [26] to estimate the sample size 
in the case of a prospective longitudinal study (con-
trol vs treatment) with a 3- or 6-month follow-up 
starting with mice aged 24 months, and GPower for 
a cross-sectional design aimed at detecting differ-
ences between the treated and control groups at 27 
or 30 months. Interestingly, we found that the sample 

size is relatively large when using only CFI as the 
outcome, but it is reduced using PFS and even more 
for VS (Table 4). As expected, a longitudinal design 
can further help reduce the study’s sample size.

Biomarkers

The association between PFS and VS with some bio-
markers of aging such as senescent cell accumulation 
(analyzed by total body luciferase activity in p16-
3MR mice) and epigenetic age was investigated.

The accumulation of senescent cells is consid-
ered the primary cause of chronic inflammation 
underpinning aging and age-related diseases. In 
fact, the cells expressing p16(Ink4a), the princi-
pal gene regulating cellular senescence, gradually 
increases during the mice’s lifetime. To evaluate 
the correlation between our frailty scores and the 
total accumulation of senescent cells in the body, 
the dorsal luminescence of p16-3MR mice was 
analyzed. Indeed, in this murine model, p16(Ink4a) 
drives the expression of the renilla luciferase, 
allowing us to quickly identify the presence of 
senescent cells through in vivo BLI. Data reported 

Table 2  The association between prefrail and frail status, defined according to Fried’s method (FP) or physical function score (PFS), 
and mortality in 24- to 25-month-old mice

* Coefficient table of fixed effects parameters obtained by fitting the linear mixed model. Significant coefficients are highlighted in bold

Coefficient* Sig 95% Confidence 
Interval

Exp  
(coefficient)

95% confidence 
interval for 
exp(coefficient)

Lower Upper Lower Upper

24–25 months Frail 1 month Age (months)  − 0.062 0.717  − 0.398 0.274 0.940 0.671 1.315
FP 1.032 0.049 0.004 2.061 2.808 1.004 7.852
PFS 2.036 p < 0.001 1.085 2.987 7.658 2.958 19.821

2 months Age (months)  − 0.134 0.318  − 0.396 0.129 0.875 0.673 1.138
FP 1.224 0.004 0.384 2.064 3.400 1.468 7.875
PFS 1.339 p = 0.001 0.526 2.152 3.816 1.692 8.604

3 months Age (months) 0.245 0.037 0.015 0.476 1.278 1.015 1.609
FP 1.107 0.009 0.283 1.931 3.026 1.328 6.896
PFS 0.948 0.019 0.158 1.739 2.582 1.171 5.691

6 months Age (months) 0.012 0.913  − 0.199 0.223 1.012 0.819 1.249
FP 1.901 0.009 0.476 3.326 6.693 1.609 27.836
PFS 1.587 0.006 0.466 2.708 4.887 1.593 14.996

Pre-frail 6 months Age (months)  − 0.033 0.768  − 0.252 0.186 0.968 0.777 1.205
FP 0.357 0.081  − 0.044 0.758 1.429 0.957 2.134
PFS 1.308 p < 0.001 0.756 1.860 3.698 2.129 6.421
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in Fig.  3a–c  showed that dorsal bioluminescence 
increases as physical function and vitality score 
decrease and, consistently, as CFI increases.

The associations between epigenetic age and 
frailty scores (Fig.  3d–f) showed a statistically 
significant negative correlation between epige-
netic age and mouse PFS or VS and a positive 

correlation with CFI, confirming that epigenetic 
age decreases significantly with increasing frailty 
status. Interestingly, the highest R2 was obtained 
from the correlation between the epigenetic age 
and VS, thus confirming that this parameter may 
better represent the health status in aging than any 
single measurement of frailty.

Table 3  The association between frail status, defined according to the Combined Frailty Parameter (CFP) or vitality score (VS), and 
mortality in 24- to 25-month-old mice

* Coefficient table of fixed effects parameters obtained by fitting the linear mixed model. Significant coefficients are highlighted in 
bold

Coefficient* Sig 95% Confidence 
Interval

Exp (coefficient) 95% confidence 
interval for 
exp(coefficient)

Lower Upper Lower Upper

24–25 months 1 month Age (months) 0.034 0.837  − 0.292 0.360 1.035 0.747 1.434
CFP 0.576 0.131  − 0.172 1.325 1.779 0.842 3.761
VS 1.637 p < 0.000 0.932 2.341 5.138 2.541 10.388

2 months Age (months)  − 0.067 0.620  − 0.331 0.197 0.935 0.719 1.218
CFP 0.549 0.103  − 0.112 1.211 1.732 0.894 3.357
VS 1.191 p < 0.000 0.604 1.779 3.292 1.829 5.924

3 months Age (months) 0.282 0.017 0.050 0.515 1.326 1.051 1.673
CFP 0.441 0.170  − 0.190 1.072 1.555 0.827 2.923
VS 0.846 0.005 0.262 1.430 2.331 1.300 4.180

6 months Age (months) 0.071 0.513  − 0.142 0.285 1.074 0.867 1.330
CFP 0.416 0.228  − 0.261 1.093 1.516 0.770 2.982
VS 1.451 p < 0.000 0.795 2.107 4.267 2.213 8.226

Table 4  Estimated total sample size for two groups of mice (control vs treatment) starting at age 24 months on the basis of different 
outcomes and study designs (longitudinal or cross sectional) with 3- or 6-month follow-up

* Expected improvement is considered with respect to the data of normal aging mice computed at age 27 or 30 months. N corr., sam-
ple size corrected for mortality attrition, estimating the loss from the respective survival curves

Outcome Expected 
improvement*

27 months (3-month follow-up) 30 months (6-month follow-up)

Health measurements % Longitudinal Cross sectional longitudinal Cross sectional

N (N corr.)a N (N corr.)a N (N corr.)a N (N corr.)a

Clinical frailty index (CFI) 10% 186 (238) 404 (518) 294 (554) 412 (778)
20% 48 (62) 104 (134) 76 (144) 106 (200)
30% 24 (30) 48 (62) 36 (68) 48 (90)

Physical function score (PFS) 10% 52 (66) 80 (102) 140 (264) 164 (310)
20% 16 (20) 22 (28) 38 (72) 44 (84)
30% 8 (10) 12 (15) 18 (33) 20 (38)

Vitality score (VS) 10% 16 (20) 40 (52) 46 (86) 68 (128)
20% 8 (10) 12 (16) 14 (26) 20 (38)
30% 6 (8) 8 (10) 8 (15) 10 (18)
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Validation model

To assess the efficiency of our modified frailty 
scores to discriminate between different treatments/
conditions, we subdivided our original cohort of 
mice into two groups with different age at death: 
short-lived (mice that died within 27  months of 
age) and long-lived (mice that died after 33  months 
of age). The mean age at death was 25.09 ± 1.54 
and 34.91 ± 1.75  months for short-lived and long-
lived, respectively (Supplementary Table  S7). Cox 
regression survival curve confirmed the reduced 
lifespan in short-lived group compared to the long-
lived (Fig.  4a). To test whether differences in lifes-
pan correlated with a significantly reduced physical 

functionality, PFS was analyzed longitudinally for 
each animal in the two life-classes. Interestingly, the 
function depicted in Fig.  4b, showed that the two 
groups under analysis differed significantly in PFS 
trend (short-lived vs long-lived: p < 0.001): short-
lived mice showed an accelerated decline in PFS as 
early as 23 months of age, unlike long-lived mice in 
which it was observed later in life, after 31 months. 
A deeper analysis also revealed that these significant 
differences between the two classes under analysis are 
related to a significant reduction in Body Size, Endur-
ance, Speed, and Activity Scores, while the Strength 
Score is maintained between the two groups, con-
sistently with data already reported in literature [28] 
(Fig. S9a–e).

Fig. 3  Correlation between frailty scores with some biomark-
ers of aging. (a–c) Bioluminescent average radiance (photons/
seconds/cm2/steradian) emitted by a cohort (n = 53) of chrono-
logically aged p16-3MR mice significantly correlates with PFS 
(a), CFI (b), and VS (c). The average radiance for individual 
mice are depicted. (d–f) Epigenetic age evaluated in a cohort 

(n = 44) of chronologically aged C57BL/6 J mice significantly 
correlates with PFS (g), CFI (h), and VS (i). The R2 coefficient 
is shown on each of the graphs. Correlation coefficient and p 
values analyzed by Spearman correlation and mixed model 
analysis are reported
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Furthermore, similarly to PFS, a significant dif-
ference is also observed for VS (short-lived vs long-
lived: p < 0.001), with short-lived animals showing an 
earlier decline than long-lives (Fig. 4c).

Discussion

The employment of aging mice in the study of 
frailty provides an indispensable model to under-
stand the biological mechanisms underlying this 
complex phenomenon and to develop new strate-
gies to improve human healthspan and lifespan. 
Indeed, preclinical studies limited to the sole 
lifespan extension are inadequate to establish 
and validate interventions with the potential to 
improve human health throughout aging [29]. To 
this end, the translation of the screening tools cur-
rently used in humans, namely Rockwood’s CFI 
and Fried’s FP, into tools for studying naturally 
aging rodent models represents an important step 
forward [6–10].

The mouse CFI measures frailty as a continuum 
between 0 (very fit) and 1 (severely frail) and has 
already emerged as a promising new preclinical 
model for frailty assessment. In fact, from 2012 to 
date, it has been applied in a wide range of research 
areas such as the study of the impact of strain, dietary, 
pharmaceutical interventions, and pathologies on 
aging [16, 30–38].

Conversely, the translation of FP to the murine 
model was first introduced by Liu and colleagues in 
2014 [6] and subsequently expanded and optimized 
by the same authors and others [7, 8, 39]. This murine 
FP adapts to mice the same five functional criteria 
used in Fried’s human model (i.e., shrinkness, weak-
ness, poor endurance/exhaustion, slowness, and low 
activity); the identification of a specific cutoff point 
for each criterion [6–8, 28, 39] allows to categorize 
an animal as frail if at least three criteria are below 
the established cutoff point, pre-frail if one or two 
frailty criteria are altered, and robust if no markers of 
frailty have been identified. This method has already 
been used in murine models to analyze the effects of 
exercise interventions, senolytics, and chronic medi-
cations on frailty [7, 38–40]. However, this categori-
cal approach usually requires a very high sample size 
and it is subject to misclassification due to the need 
for specific threshold values. In addition, relatively 
few mice have been used in previous studies, and only 
one functional test is usually chosen to evaluate a sin-
gle frailty criterion, thus reducing the assessment’s 
reproducibility. Over time (longitudinally) assessment 
of the FP in mice, as well as sex-related frailty differ-
ences, have been poorly studied [28, 41].

The primary purpose of this study was to propose 
a new non-categorical method for assessing the physi-
cal phenotype of frailty in aging mice as an alterna-
tive to Fried’s method. Specifically, the five functional 
criteria of frailty were analyzed longitudinally, every 

Fig. 4  PFS and VS validation. (a–c) Survival function 
of short-lived (green line, n = 164) vs long-lived (orange 
line, n = 90) mice (e). PFS (e) and VS (f) were monitored 
from 20  months up to death in short-lived and long-lived 
groups. Time is expressed in months. Values are reported as 

mean ± SD. Statistics to compare data between groups was per-
formed by mixed model analysis for longitudinal data, using 
group, sex, and age (months) as fixed factors. Test of fixed 
effects parameters (sex and age) are reported inside the figure. 
*p < 0.05; **p < 0.01; ***p < 0.001
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month until death, in a cohort of naturally aging mice 
(n = 546). Unlike current assessment tools, which cate-
gorize mice as fulfilling or not a specific frailty criterion 
(categorical method), we rescaled each functional crite-
rion into an intuitive continuous value (Physical Score), 
ranging from 1 (highest functionality) to 0 (lowest func-
tionality). Our results showed an age-related decline in 
the five Physical Scores, with significant sex-related 
differences in the Strength and Endurance Scores. A 
recent investigation in humans highlighted the rele-
vance of studying different subtypes of prefrailty which, 
in turn, are suspected to belong to different biological 
syndromes [42]. As the present method quantifies each 
individual frailty criterion with an intuitive score, it 
can be perfectly suited to help the investigation in this 
field of research. However, the main advantage of this 
analysis lies in the possibility of combining the five 
Physical Scores into a unique quantitative index that we 
have called physical function score (PFS): the result is 
a continuous variable enabling the overall physical per-
formance to be traced longitudinally, that declines sig-
nificantly with age and that strongly associates with the 
overall mortality.

Notwithstanding the advantage of having a con-
tinuous variable, we additionally identified cutoff 
points for the PFS to create categories (frail, pre-frail, 
healthy) that could be compared with the FP results. 
Similar to evidence in the literature [8, 28, 41, 43], the 
FP predicts mortality effectively in our mouse cohort; 
however, our data highlighted that PFS, using a frailty 
cutoff point of 0.55, associated with mortality better 
than the classical PF method when tested in a subpop-
ulation of time restricted mice (24–25  months). Fur-
thermore, introducing a cutoff of 0.63 for categorizing 
the pre-frail phenotype makes it possible with our new 
score to predict 6-month mortality, whereas PF fails in 
this aim. These features make PFS particularly inter-
esting in the study of frailty biological processes and 
in the identification of innovative treatments for frailty.

Another critical point in frail status evaluation is 
the absence of a unique, comprehensive assessment 
method. In fact, several studies have shown that the 
two dominant approaches for measuring frailty either 
in humans or mice (FP and CFI) identify different 
subjects as frail [11–13]. Using a very large cohort of 
mice, we confirmed the concept that some animals are 
categorized as frail only by CFI and others only by PF. 
Clinical and physical parameters should be considered 
to standardize the classification method and to uniquely 

and more accurately identify frail subjects. To this end, 
we created a unique frailty assessment tool, the vitality 
score (VS), derived from the arithmetic mean of both 
parameters analyzed in this work, PFS and CFI. As 
for PFS, VS inversely correlates with advancing age, 
reflecting the age-related accumulation of deficits, and 
declines rapidly as the death outcome approaches. In 
addition, it is remarkable that this combined score pre-
dicts 1-, 2-, and 3-month mortality better than the two 
variables from which it is derived. One reason the VS 
may perform better than clinical or physical assess-
ments could be attributed to the ability of VS to provide 
more information for the overall health of the mice, 
thus enabling better identification of frail individuals. 
To further confirm the advantage of using our newly 
created score, a frailty cutoff point of 0.71 was iden-
tified to create ordinal values that could be compared 
with the results obtained by combining subjects classi-
fied as frail with the FP assessment or CFI (Combined 
Frailty Parameter, CFP). We found that both CFP and 
VS powerfully predict 1-, 2-, 3-, and 6-month mortal-
ity. However, when a time-restricted subpopulation of 
mice (24–25  months) was considered, only VS was 
associated with mortality outcomes, whereas both CFP 
and age lost their mortality prediction effectiveness. 
These data suggested a more significant potential of our 
newly created function to identify frail individuals with 
a higher risk of adverse events.

Therefore, the two newly developed scores pre-
sented in this paper display a remarkable ability to 
predict death compared to the currently available tools. 
The high requirement of sample size may be a limit for 
preclinical studies using geriatric mice [44]. This is the 
natural consequence of the significant phenotypic vari-
ations observed in aged laboratory mice [45]. When 
CFI is used as the primary outcome, it should be taken 
into account that this parameter displays an additional 
source of variation due to sex differences and to the 
subjective scoring of the deficits. However, as reported 
in Table 4, the assessment of PFS and VS may greatly 
help reduce the study’s sample size. To further validate 
the use of these assessment tools in preclinical studies, 
the two scores were (1) correlated with biomarkers of 
aging (i.e., senescent cells accumulation and epige-
netic age) and (2) tested on their ability to discriminate 
between different experimental conditions.

Using the p16-3MR transgenic mouse model, 
which allow senescent cell detection in living ani-
mals [46], we observed that both PFS and CFI 
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significantly correlated with increasing dorsal biolu-
minescence. Interestingly, this correlation was much 
more potent when VS was considered, thus suggest-
ing that this parameter could be a helpful tool in 
studies aimed at reducing senescent cell burden with 
senolytics [47]. Similar results were also obtained in 
the correlation between the three parameters and the 
epigenetic age. Also in this case, the best correla-
tion is observed with VS. Importantly, a recent study 
reported that the CFI outperforms DNA methylation 
age in predicting mortality [48]. Hence, the finding 
that the newly developed VS is a better predictor of 
survival than the CFI suggests that VS may be con-
sidered a reliable measurement of the biological age 
in mice. Moreover, one of the most relevant advan-
tages of the VS is that it can be obtained using non-
invasive tools, thus matching scientific and ethical 
requirements in the best way. The validation model 
(long-lived vs short-lived mice) demonstrated that 
both PFS and VS frankly discriminate between dif-
ferent experimental conditions, confirming the high 
potential of using these two tools in studying new 
strategies to improve healthspan and lifespan.

The main limitation of our study relates to the 
development of the VS: in fact, it was created by con-
sidering the arithmetic mean between CFI and PFS. 
Albeit, its computation could be improved, for exam-
ple, by assigning different weights to the individual 
components of the score, we deem that a simple 
procedure to develop the score can display practi-
cal advantages. Moreover, further studies are needed 
to determine whether one of the two areas of frailty, 
clinical and physical, has greater relevance and with 
what magnitude.

An important aspect that has not been thoroughly 
examined in our study and others is the connection 
between underlying pathology and frailty status in 
mice. A recent study on aging female mice found that 
none of the physical performance parameters was 
related to the presence of tumors or organ dysfunc-
tion, indicating that mice can maintain their physical 
function despite underlying diseases [49].

However, since mice primarly die from malig-
nant diseases, it is possible to assume that their pres-
ence may affect the evaluation of the five criteria 
included in the physical performance assessment 
[29]. One area of concern is the estimation of weight 
loss, as tumors or distended abdomen can cause a 

paradoxical increase in weight in some old and very 
old mice. For this reason, in case we detected an 
increase in weight associated to distended abdomen 
or tumor, we corrected the weight to the previous 
measurement to compute the “Body Size Score.”

Anyway, it still remains to be investigated the sen-
sitivity of the other individual frailty assessment cri-
teria to the consequences of malignancies.

Regardless of the limitation, this study dramati-
cally demonstrates the potential to apply a non-
categorical, non-invasive physical performance 
assessment tool in the study of aging, allowing 
longitudinal assessment of the five functional cri-
teria of frailty and the creation of a unique physical 
function variable, the so-called PFS. This model 
also sets the groundwork for integrating physical 
parameters with clinical assessment data. Indeed, 
both frailty phenotype and clinical frailty index 
have validity in frailty research, but they identify 
different mice as frail. The vitality score, herein 
presented, leads to the creation of a comprehensive 
function that overcomes the different sensitivity in 
frailty identification of the in-use assessment tools, 
allowing for a more thorough and precise analy-
sis of, for example, the prevalence of frailty or the 
effectiveness of therapeutic/preventive interven-
tions. Our future work aims to develop additional 
non-invasive cognitive, respiratory, and cardiac 
indexes that may provide extensive mouse health 
phenotyping associated with the physical perfor-
mance score and the clinical frailty index.
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