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Phenotypic Frailty Assessment in Mice:
Development, Discoveries, and
Experimental Considerations

The underlying mechanisms contributing to the onset of frailty, its progres-

sion, and its mortality risk remain unknown. Recently, the two most common

Cory W. Baumann,'*
Dongmin Kwak,?>* and
LaDora V. Thompson?

"Ohio Musculoskeletal and Neurological Institute (OMNI) and
Department of Biomedical Sciences, Ohio University, Athens,
Ohio; 2Division of Sport Science, Hanyang University, Ansan,

human frailty assessments were reverse-translated to mice. Here, we highlight

the development of the mouse frailty phenotype, unique discoveries, exper-

imental considerations, and future perspectives.
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Introduction

Frailty is generally defined as an age-associated
biological syndrome characterized by marked vul-
nerability to adverse health outcomes (16, 17), a re-
duced capacity to react to stressors, and an overall
loss in physiological function (7, 48). Over the past
two decades, the topic of human frailty has gained a
tremendous amount of popularity (FIGURE 1A). A
primary reason for the increased popularity was the
development of human frailty assessments in the
early 2000s. The two most widely used assessments
are the frailty phenotype and the frailty index pio-
neered by Fried et al. (17) and Rockwood et al. (47),
respectively. The frailty index conceptualizes frailty
by using a multidimensional approach and is based
on a comprehensive geriatric assessment that mea-
sures deficits in physiological, psychological, cogni-
tive, and social function (47). In contrast to the frailty
index, the frailty phenotype primarily focuses on
physical components of unsuccessful aging (i.e.,
physical frailty), including weakness, poor endur-
ance/exhaustion, slowness, and low activity (17). Al-
though these two clinical assessments provide
important information on frailty identification, we
and others developed preclinical mouse frailty as-
sessments (20, 40, 49). Preclinical mouse assess-
ments for frailty have the potential to address the
underlying physiological and cellular mechanisms
necessary for the development of interventions to
prevent or treat frailty. Because of the shortened
lifespan, preclinical mouse assessments are poised to
fully characterize the states within the frailty spec-
trum (e.g., pre-frail) across the lifespan for trajectory,
prediction, and prognosis, which are also needed to
devise effective interventions. Additionally, the de-
velopment of frailty assessment tools in mice pro-
vides an opportunity to investigate characteristics of
the assessment tool itself for discriminative power
across the lifespan.

The preclinical mouse assessments of frailty
were developed to recapitulate the human frailty
index and phenotype, and were published in 2012
(49) and 2014 (40), respectively. Since their de-
velopment, a growing number of mouse frailty
studies have been published (FIGURE 1B), mim-
icking the growth observed in the human litera-
ture (FIGURE 1A). As a consequence, these
preclinical models have made it possible to by-
pass many of the ethical, logistical, and biologi-
cal complications of working with older adults.

Recognizing how preclinical frailty assessments
were developed and optimized, the discoveries
achieved, the experimental considerations (possi-
ble limitations), and the future perspectives pro-
vides guidance to delve into questions underlying
mechanisms of frailty or treatment interventions.
In this review, we focus specifically on the mouse
frailty phenotype, since several recent reviews have
been published on the mouse frailty index (26, 28,
32). The overall goal of this review is to highlight
the key concepts we learned from its initial devel-
opment to our most recent publications. We hope
our unique outlook for this review sets a forward-
thinking attitude for preclinical reverse-transla-
tional research on frailty.

Development

The clinical human phenotype developed by Fried
etal. (17) includes five measures: four components
of physical function (weakness, poor endurance/
exhaustion, slowness, and low activity) and unin-
tentional weight loss. Defining frailty begins with
identifying physical performance tests in mice that
measure strength, endurance, walking speed, and
physical activity levels. The next step in defining
frailty requires determining the cutoff percentile,
which Fried and colleagues (17) identified as the
lowest 20% of the cohort’s baseline (or the lowest
quintile). Being in the lowest 20% within a measure
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gave a positive frailty marker, with more positive
markers indicative of greater frailty. Frailty states
or subgroups included non-frail, intermediate (i.e.,
pre-frail), and frail. Our preclinical mouse pheno-
type was developed to mimic Fried’s frailty pheno-
type, be simple to use, be noninvasive, and have
the potential to translate to clinical settings (4, 36,
40). Here, we briefly describe the development of
the original mouse frailty phenotype and how it
has been modified in recent years.

Our original frailty phenotype was completed on
11 male C57BL/6 mice at 27-28 mo of age (50%
survival rate) (61) and published in 2014 (40). It
included measures of strength (inverted grip
hang), walking speed (rotarod), physical activity
(voluntary wheel running), and an endurance
score (inverted grip hang plus rotarod). Mice with
three or more positive frailty markers were identi-
fied as frail, mice with two positive markers were
identified as pre-frail, and mice with one or no
positive frailty marker were considered non-frail.
In this initial frailty phenotype, we selected a cutoff
percentile corresponding to 1.5 standard deviation
(SD) below the cohort mean (i.e., the lowest sev-
enth percentile of the group.) Following this sem-
inal publication, several other groups, including
our own, modified our original frailty phenotype
for the C57BL/6 mouse strain (4, 5, 20, 24, 36, 42).

We began conducting two studies in 2015; the
first in males (n = 29) and the second in females
(n = 27) (4, 36). In these studies, we made four
significant modifications to our original preclin-
ical frailty phenotype: we I) included body
weight, 2) added a measure of endurance that is
reliable and valid (treadmill fatigue test), 3) re-
placed the inverted grip hang test for strength

FIGURE 1. Frailty publications have drastically increased from 2000 to

2019

Publication searches were done in PubMed using “((human[tw] OR humans[tw]) AND
frailty[tw])” (A), and “((mouse[tw] OR mice[tw]) AND frailty[tw])" (B).
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with the electronic grip meter test, and 4) ad-
justed our cutoff to the lowest 20th percentile
(versus 7th percentile). Most important, because
we were interested in investigating the relationship
between frailty status and mortality risk, we also
used a longitudinal research design, testing mice
every 3 months starting at a younger age. The
longitudinal research design also provided us the
opportunity to detect changes in physical function
and body weight of our mice at both the frailty
subgroup and the individual mouse levels, and
allowed us to establish prevalence of frailty across
the lifespan and the age at which frailty was first
observed (4, 36). Although we acknowledge cross-
sectional studies are important, they typically pro-
vide a “snapshot” of frailty at a single moment in
time (i.e., specific age) (1, 33, 44, 56). Furthermore,
without a longitudinal approach, it is difficult to
determine what has happened before or after the
snapshots. We discovered, by using the mouse
frailty phenotype assessment, frailty characteristics
in mice parallel many frailty characteristics ob-
served in humans.

Discoveries

By using additional frailty measures (i.e., body
weight and endurance), a more liberal cutoff per-
centile, and a longitudinal research design, we
were able to describe many additional characteris-
tics of frailty, including the onset of frailty, preva-
lence of frailty, and mortality risk of frail mice (4,
36). The onset of frailty represents the age at which
frailty is first observed and is useful for determin-
ing the biological mechanisms leading up to frailty,
which could ultimately be used to design interven-
tions to prevent or delay frailty. In male and female
C57BL/6 mice, the onset of frailty occurred at ~17
mo, an age when the survival rate is ~100% (4, 36).
Another important characteristic of frailty is prev-
alence, which reflects the proportion of a particu-
lar population that is affected by frailty. We
observed that the prevalence of frailty increased
from 3% to over 60% across 17-32 mo of age in
male and female C57BL/6 mice (FIGURE 2A).
These findings are consistent with those seen in
humans, where the prevalence of frailty in males
and females increases from 3 to 11% at 65-75 yr old
to 60% at 90 yr old (11, 12, 18). Last, we demon-
strated that non-frail mice live longer than frail
mice in both sexes. In fact, non-frail male and
female mice lived 20% (6.7 mo) and 7% (2.1 mo)
longer than frail mice, respectively (4, 36). Similar
to the findings reported by Fried and colleagues
(17), we confirm that measures of physical func-
tion in the C57BL/6 mouse are valuable indicators
and predictors of frailty.
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Experimental Considerations
Measures of Physical Function

Physical function is an important component in
laboratory and clinical settings. Measures of phys-
ical function are generally conducted for the pur-
pose of training or performance in healthy, young
individuals, whereas in the old, it is more common
for physical function to be assessed for general
health (29) or determination of frailty (17). Regard-
less of the specific purpose, various components of
physical function are assessed using a wide array of
equipment and methods. Components of physical
function often include tests that incorporate mul-
tiple whole-body systems (e.g., neuromuscular,
cardiorespiratory) to measure aspects of strength,
endurance, and coordination (51). These tests can
be as intensive as a maximal treadmill test with
simultaneous analysis of gas exchange to as basic
as a timed walk/run over a set distance. When
considering all ages and their respective health
status (or limitations), the availability of equip-
ment, cost, and general expertise of the individuals
conducting the assessments, the more basic ap-
proaches are typically utilized (6). By using these
basic approaches, it is well documented that phys-
ical function declines with age and that physical
dysfunction leads to increased morbidity and mor-
tality in humans (37, 43, 59). For example, age-
related reductions in muscular strength (43) and
walking speed (59) have both been linked to dis-
ability and mortality in older adults. Importantly,
and as noted above, Fried’s frailty phenotype in-
cludes several measures of physical function (e.g.,
weakness, poor endurance/exhaustion, slowness,
and low activity) that not only identify frailty states
but also predict mortality (17). Collectively, mea-
sures of physical function are valuable when de-
terminants of longevity are studied.

The human aspects of physical function, aging,
and mortality are also observed in mice. Indeed,
our laboratory and many others have reported
physical function declines in aging C57BL/6 mice
(4, 20, 30, 36). Some mouse assessments may not
completely recapitulate those used in humans, yet
they remain fundamentally translatable and valu-
able (30). As previously mentioned, we used a vol-
untary running wheel, motorized treadmill, grip
meter, and rotarod to test activity level, endurance,
strength, and walking speed, respectively. In
FIGURE 3, we have depicted a simplified visual of
how these various measures of physical function
decline in aging C57BL/6 mice. These measures of
physical function should therefore be able to iden-
tify frailty states (i.e., non-frail, pre-frail, and frail)
and predict mortality, similar to that of Fried’s
human frailty phenotype (17). We confirmed this
concept by using our updated frailty phenotype
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and indeed observed that physical dysfunction
(and body weight) could be used to identify frailty
and subsequently predict mortality in male and
female C57BL/6 mice, as described above in Dis-
coveries (4, 36).

We and others have published the value of using
a phenotype that emphasizes physical function to
assess markers of frailty, including identification,
onset, prevalence, and mortality risk in C57BL/6
mouse strain (4, 5, 20, 36). In recent years, the
phenotypic assessment tool has also been utilized
to determine mechanisms of frailty and the effi-
cacy of potential therapies (56, 60). With usage
increasing, we would like to point out several sig-
nificant factors to consider when developing or
implementing a frailty phenotype. First, it is im-
portant to incorporate a battery of measures that
will assess multiple components of physical func-
tion. Second, the metabolic demand (i.e., aerobic
versus anaerobic) should also be considered when
selecting these measures. Tests that challenge the
mouse, such as a treadmill run to exhaustion, may
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FIGURE 2. Prevalence of frailty in C57BL/6 mice

Prevalence of frailty using a 20th percentile (A) or 7th percentile (B) cutoff in
C57BL/6 mice will yield different results. For male and female mice, prevalence of
frailty was determined in the same cohort across a lifespan by using identical
frailty criteria with the exception of the cutoff percentiles. Data is from Thompson

and colleagues (4, 36).
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yield more information about how the neuromus-
cular and/or cardiorespiratory systems respond to
stress. Third, it should be accepted that not all
measures of physical function decline at the same
age or similar rate. This fact can clearly be seen in
FIGURE 3 when comparing physical activity as-
sessed by voluntary wheel running distance to
strength measured with a grip meter. Last, not
every mouse will become frail or demonstrate
frailty in the same manner. For example, one
mouse may be observed as frail by weakness and
walking speed, whereas in a different mouse it may
be endurance and physical activity, but, nonethe-
less, both mice would be considered frail. Kane et
al. (34) articulated this concept by writing, “there
are different ways to become frail and each of them
is valid for the person or mouse who becomes frail
in that way.”

In summary, physical function declines with age
and is associated with morbidity and mortality. In
this way, measures of physical function can be
used to predict or identify frailty. However, no
single measure can accurately test for frailty;
rather, the power of the frailty phenotype relies on
using a battery of assessments that examine dis-
tinct components of physical function. Further-
more, measures of physical function decline at
different ages and various rates. If these salient
factors are considered, we believe the frailty phe-
notype can be a powerful tool for researchers to
assess frailty in rodents (and in humans).
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FIGURE 3. Aged-related changes are observed in measures of physical
function in C57BL/6 mice

For male and female mice, measures of physical function were expressed relative to
values obtained at 17 mo of age (i.e., 17 mo was set as 100%). Walking speed,
strength, endurance, and activity level were assessed using a rotarod, grip meter,
motorized treadmill, and voluntary running wheel, respectively. Data is from Thomp-
son and colleagues (4, 36).
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Body Weight

An important and novel component of our mouse
frailty phenotype is the measure of a high or heavy
body weight (4), which does not follow uninten-
tional weight loss outlined by Fried et al. (17). As
previously published (4), we would like to empha-
size several key concepts. First, with our frailty
phenotype and the conclusions published by other
laboratories, mice that are heavy during mid- to
late-adulthood are prone to dying earlier in life (4,
14, 45, 46). Our reports further indicate that high
body weight in C57BL/6 mice is largely due to an
excess of body fat not fat-free mass (4, 36). These
findings support the use of heavy body weight (or
a high body fat percentage) as one of the measures
within the mouse frailty phenotype. Human data
may also support this concept, since Blaum et al.
(8) reported obesity was associated with the frailty
syndrome in older women, suggesting that weight
loss is a possible but not necessary component of
the frailty phenotype. Second, body weight steadily
decreases in aging mice (55), and, under the right
circumstances, unintentional weight loss can be
used as a frailty marker (20). In fact, mice may lose
a dramatic amount of weight in a fairly short pe-
riod before dying. But, to capture this rapid body
weight loss, it is critical to measure body weight
weekly or even daily. Therefore, it is possible heavy
adult mice that were identified as frail in our recent
studies did lose weight before dying, but it was not
captured due to the time between assessments (3
mo) (4, 5, 36). The third concept emphasizes the
important role measures of frailty play across the
lifespan (i.e., heavy body weight in mid- to late-
adulthood versus low body weight near death). In
our work, when using heavy body weight as a
marker of frailty, it became impossible for this
measure to be a positive frailty marker in old mice
because of steady age-associated weight loss. We
did observe that, at the older ages, measures of low
physical function became very important positive
markers in frailty identification. The last concept
focuses on designing interventions to prevent
frailty where it is advantageous to initiate the in-
tervention as soon as possible, before any weight
loss. Hence, the measure of heavy body weight in
mid- to late-adulthood can be effective within the
mouse frailty phenotype.

In summary, investigating frailty across the lifes-
pan with a longitudinal research design to identify
characteristics of frailty (e.g., onset, mortality), the
measure of body weight, and its cutoff value within
the frailty phenotype requires careful consider-
ation because of well-established, age-associated
changes in body weight. When identifying frail
mice in mid- to late-adulthood, our data strongly
suggest that heavy body weight is a positive marker
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for frailty. In contrast, when identifying frailty in
old mice, rapid unintentional weight loss becomes
a positive marker for frailty.

Cutoff Values

Various methods have been used to determine
suitable cutoff values in mice (4, 20, 33, 36, 40). In
general, establishing the cutoff value for each
frailty measure comprises 1) selecting a cutoff per-
centile or a standard deviation (SD) and 2) identi-
fying a specific age at which the designated cutoff
percentile is applied. For example, in our updated
mouse frailty phenotype, cutoff criteria in males
corresponded to values determined at 23 mo of age
based on the lowest 20th percentile for activity
level, endurance, strength, and walking speed, and
the top 20th percentile for body weight (4). By
using the values obtained at this percentile and
age, mice at other ages were classified as non-frail,
pre-frail, and frail, according to the number of
positive frailty markers they possessed. See
FIGURE 4 for a general schematic of a mouse frailty
assessment.

Selection of how stringent or liberal the cutoff
percentile is will impact the prevalence of frailty.
For example, our initial frailty phenotype used a
strict cutoff of the lowest seventh percentile (40).
Using this percentile, no mice were considered
frail at 24 mo (33), and 9% were frail at 27-28 mo
(40). In our more recent studies, we observed that
the seventh percentile was too stringent and likely
would underestimate the prevalence of frailty, as
reported by Kane et al. (33). To address this poten-
tial underestimation, we used a more liberal cutoff
of the 20th percentile, which corresponds to
Fried’s human model (17) and other mouse frailty
phenotypes (20, 33). With the cutoff of the 20th
percentile, we were able to accurately identify frail
mice and predict mouse mortality (4, 36). To depict
the impact of selecting different cutoff percentiles,
we compared the 20th versus 7th percentiles in
FIGURE 2.

The age at which to determine the cutoff values
requires careful consideration. We found that it
was important to consider the physical deficits ob-
served among the mouse cohort, where the age
falls on the mouse survival curve and how closely it
equates to Fried’s human model (17). As men-
tioned above, we initially selected mice at 27-28
mo of age (the only age group investigated); how-
ever, we recently published frailty cutoff values
using 23 and 20 mo of age for male and female
mice, respectively (4, 36). FIGURE 3 highlights that
measures of physical function begin to or have
declined at ~20 mo of age. This is an important
consideration because the age selected should rep-
resent a time when deficits in physical function
can be seen in the mouse cohort but before these
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deficits become too severe. Along with this reason-
ing, mouse survival rate requires consideration,
since identification should occur before the frail
mice begin to die. Furthermore, because frailty is
thought to be reversible, the age of 23 and 20 mo
for male and female mice also allows adequate
time to implement possible life-changing interven-
tions. Last, these ages within the C57BL/6 mouse
strain are equal to ~60-75 human years (13, 31),
which correspond to the initial age brackets as-
sessed by Fried et al. (17).

To reiterate, selecting an appropriate cutoff per-
centile and identifying the age at which the cutoff
is applied are essential to a successful frailty phe-
notype. We suggest that careful consideration go
into both these variables to ensure the prevalence
of frailty is not grossly underestimated (or overes-
timated). We and others have found that the 20th
percentile cutoff in 17- to 24-mo-old C57BL/6 mice
to be favorable (4, 20, 33, 36).

Sex Differences

Many age-related biochemical, physiological, and
behavioral changes, including frailty, are already
known to be sex-specific (39, 41, 50, 52). In fact,
women have higher frailty index scores than men
at all ages but paradoxically have a lower mortality
risk, a concept termed the sex-frailty paradox (21,
22). These data suggest each sex may have different
physiological reserves, and the link between health
status and mortality is not necessarily fixed in hu-
mans. As with humans, many sex differences are
also observed in mice (3, 5, 34, 63). Therefore, sex
should be considered when developing and imple-
menting a mouse frailty phenotype.

In our recent investigations, we compared male
and female C57BL/6 mice by using our frailty phe-
notype (4, 36). These results revealed that the prev-
alence of frailty was greater in female mice but was
age-dependent and only transient (5). However,
regardless of sex, frail mice died at a similar rate
after the frailty assessment and had comparable
mean lifespans. In fact, nearly 50% of the frail male
and female mice died within 6 mo after being
identified as frail. It is essential to point out that, in
our hands, male C57BL/6 mice lived ~3—-4 mo lon-
ger than female C57BL/6 mice (mean lifespan; 31.8
versus 28.1 mo). This 13% difference therefore
prompted us to adjust the age of cutoff value de-
termination to 23 and 20 mo for male and female,
respectively.

Another sex-related aspect of frailty we uncov-
ered was that sex-specific anthropometric and
physical functional measures had significant influ-
ences on the frailty cutoff values. For instance,
although some frailty values were similar between
sex, others appeared to be dependent on being
male or female (5). Fried’s human phenotype (17)
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FIGURE 4. General schematic of a mouse frailty assessment

A: in Step #1, body weight and measures of physical function are assessed at regular testing intervals across a lifes-
pan. Measures of physical function include walking speed, strength, endurance, and activity level as assessed using a
rotarod, grip meter, motorized treadmill, and voluntary running wheel, respectively. B: during Step #2, selection of
mouse age occurs based on (1) survival rate and (2) rate of age-related deficits in physical function (pictured is endur-
ance). The age selected should correspond with an age with a high survival rate (i.e., prior to frail mice dying) and
when deficits in physical function can be seen in the mouse cohort but prior to these deficits becoming too severe.
We found that this age was ~23 mo for male C57BL/6 mice, as indicated by the check marks in the figure. (C and D
continue on next page.) C: in Step #3, (1) cutoff values are determined for body weight and each measure of physi-
cal function using the 20th percentile from 23-mo-old mice, and then (2) mice are categorized as non-frail, pre-frail,
and frail based on the number of positive frail markers. Each letter (e.g., B, T, Y) in (1) and (2) of Step #3 corre-
sponds to a mouse ID for each individual mouse in the study cohort. D: last, in Step #4, discoveries regarding frailty
characteristics can be made such as (1) the onset and prevalence of frailty and (2) mortality risk of frail mice. In the figure,
we demonstrate in male C57BL/6 mice that the onset of prevalence of frailty occurred at ~17 mo of age, that frailty (and
pre-frailty) increased with age, and that frail (and pre-frail) mice died early in life compared with non-frail mice.

acknowledged this by adjusting cutoff values ac-
cording to sex, and Antoch et al. (3) alluded to this
in mice with their physiological frailty assessment.
Collectively, these studies suggest that males and
females should be investigated separately (not
grouped together).

Together, we recommend that sex be considered
when frailty is assessed and emphasize that there
are different ways to become frail—one of which
may be sex. When designing a frailty study, being
cognizant of the anthropometric, physical func-
tional, and lifespan differences between males and
females is critical. Because these variables have

PHYSIOLOGY e Volume 35 ® November 2020 ® www.physiologyonline.org

significant sex differences, the identification of the
frailty cutoff values should be based on sex. Last,
because sex hormones fluctuate with age and are
known to influence function (e.g., physical activity)
(9, 23, 25), their impact on frailty identification
requires consideration.

Forward Thinking

Frailty Domains

The frailty phenotype described in this review em-
phasizes the domain of physical frailty; however,
other domains such as cognition and depression
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FIGURE 4. Continued

influence the status of frailty (53, 58, 62). Clinically,
domains of cognitive frailty, social frailty, and psy-
chological frailty (encompassing motivation and
mood) also predict disability and mortality (2, 27).
Among these different domains, cognitive frailty is
increasingly recognized as a fundamental determi-
nant of an individual’s vulnerability and resilience
to stressors (2). To date, preclinical assessments for
frailty identification do not emphasize measures
for cognition, depression, motivation, etc. Because
these frailty domains share clinical characteristics
with physical frailty (e.g., exhaustion), it is impor-
tant to consider their impact on the assessment
power or discriminative power of the mouse frailty
phenotype in terms of identifying frailty onset,
prevalence, and mortality risk. Another important
consideration in preclinical assessments of frailty
is to determine whether the presence of multiple
frailty domains increases the risk for negative out-
comes of frailty. Collectively, understanding the
impact of these frailty domains may provide ave-
nues for potentially reversing or preventing frailty.

Frailty States and Transitions

Frailty is recognized as a dynamic syndrome that
exists on a continuum, in that movement can be
bi-directional between the frailty states (i.e., non-
frail, pre-frail, or frail) (19, 38). Characterizing the
frailty states should ultimately provide an avenue
by which to detect the underlying mechanisms,
delineate their etiology, identify risks factors as-
sociated with frailty transitions (i.e., pre-frail to
frail), and provide means for developing benefi-
cial treatment strategies. Significant changes in
physical function play a role in frailty states and
transitions. Although we stated that frailty is rec-
ognized along a continuum, it is possible there is
a threshold for physical function, i.e., a point at
which frailty is no longer remediable or revers-
ible. We believe further work with preclinical
assessments has the potential to enhance our
understanding of frailty states, their transitions,
and the presence of a threshold for physical
function.
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Frailty and Multimorbidity

With age, there is an increase in multimorbidity (hav-
ing two or more diseases), and its prevalence reaches
30% in people younger than 65 yr and ranges be-
tween 55 and 98% in people older than 65 yr (10).
Describing the co-occurrence of frailty and multi-
morbidity, and assessing their association have the
potential to further decipher the mechanisms
governing both the aging and the frailty pro-
cesses. Genetically modified mouse models have
been developed to understand the etiology and
treatment for numerous diseases (cardiovascular
disease, Alzheimer’s disease, various cancers,
Type 2 diabetes mellitus) (15, 34, 35, 57, 60), and,
now in parallel with the frailty phenotype assess-
ment, it is possible to describe the physical
health, the relationships between frailty progres-
sion and the specific disease, and the impact of
interventions (35, 54). One caveat in genetically
modified mouse models is that it is difficult to
mimic the timeline of disease development and
to assess the impact of the disease across the
lifespan that are observed in humans. Although
this caveat currently exists, the advancement
of biomedical technology in preclinical mouse
studies of multimorbidity and the assessments of
frailty across the lifespan should help define not
only associations but also causality among these
chronic conditions and frailty.

Conclusions

To make significant advancements in the field of
frailty, the well-established frailty phenotype de-
veloped by Fried et al. (17) was reverse-translated
using male and female C57BL/6 mice. Using the
mouse frailty phenotype that stresses measures of
physical function, we found that frailty character-
istics in mice parallel frailty characteristics ob-
served in humans (4, 5, 36). By investigating frailty
across the lifespan in mice, we report the onset of
frailty occurs in mid- to late-adulthood, the prev-
alence of frailty increases with age, and mice iden-
tified as frail have a high mortality risk. These
findings support the use of the mouse frailty phe-
notype to investigate the underlying mechanisms
associated with frailty and the development of ef-
fective therapies. The journey in developing the
mouse frailty phenotype has also yielded new con-
cepts to consider, including heavy body weight as a
frailty measure and implications when setting cut-
off values for each frailty measure to determine
positive frailty markers. ®
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