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Abstract

The mouse clinical frailty index and the mouse frailty phenotype assessment are two recently developed tools used to assess frailty in mice.
The objectives of this study were to investigate whether the same mice are identified as frail with both tools and to examine the association
of each of the assessment tools with age and frailty-related outcomes. Frailty was measured using both tools in old (~24 months; 7z = 36)
C57BL/6 male mice. After 2 weeks, blood pressure and heart rate were measured and serum samples were collected for analysis of alanine
aminotransferase, creatinine, and albumin levels. The mouse frailty phenotype assessment identified no mice as frail but modification of the
assessment tool identified six mice as frail. The mouse clinical frailty index identified 16 mice as frail and the agreement between the two scales
was 50.0%. Increasing clinical frailty index scores were correlated with low serum alanine aminotransferase, as well as decreased heart rate,
and reduced heart rate variance. We conclude that, consistent with equivalent frailty assessment scales in humans, both tools have value but

do not necessarily identify the same mice as frail.
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Frailty is generally considered a state of high vulnerability for
adverse global health outcomes and a reduced capacity to react to
stressors (1). Frailty is associated with old age and increases the risk
of falls, dependency, disability, institutionalization, hospitalization,
and mortality in humans (2—4).

Two of the most commonly used clinical frailty assessments in
humans are the phenotype model (5) and the frailty index (FI) (6). The
phenotype model was developed by Fried and colleagues (5) and they
define frailty as the presence of three or more criteria including weight
loss, exhaustion, weakness, slow walking speed, and low physical
activity. It conceptualizes frailty as a biological syndrome and defines
patients as nonfrail (no criteria present), prefrail (one or two criteria
present), or frail (three or more criteria present). The FI was originally
developed by Rockwood and colleagues (6) and conceptualizes frailty
as a “multidimensional risk state” (7). It measures the proportion of
accumulated health deficits in a person, with a focus on the number of
deficits rather than the precise nature of the deficits (8,9). A higher FI

indicates a greater degree of frailty. When these two frailty assessment
tools have been investigated in the same populations, they identify
some but not all of the same patients as frail (10,11). The scales do,
however, both predict adverse outcomes (7,12,13).

There has been a recent focus on developing mouse frailty assess-
ment tools (14), to enable preclinical research into frailty. Parks
and colleagues (15) developed a tool based on the clinical FI, which
assesses a mouse as frail based on measures of deficits including
activity, body composition, hemodynamic factors, and metabolic
status. Whitehead and colleagues (16) continued this work by devel-
oping a noninvasive mouse FI based on 31 clinically evident health
deficits. Liu and colleagues (17) developed a tool based on the clini-
cal phenotype model, which assesses a mouse as frail based on its
grip strength, walking speed, physical activity, and endurance. As
these tools are newly developed, studies have not yet investigated
the relationships between them. The relationship between these tools
and potential serum markers of poor prognosis and aging including
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serum alanine aminotransferase (ALT) (18,19), albumin or creati-
nine (20,21), or with changes in cardiovascular factors that have
been clinically associated with aging or frailty, such as heart rate or
blood pressure (22), has not been explored.

This aim of this study was to determine, in a cohort of ~2-year-old
C57BL/6 mice, whether the mouse frailty phenotype assessment and
the mouse clinical FI identify the same mice as frail. Furthermore, we
aimed to correlate the scales with serum markers and cardiovascular
outcomes previously associated with aging or frailty. We also suggest
potential ways the assessment tools could be optimized for use in
aging and frailty research in animal models.

Methods

Animals

C57BL/6 male mice were obtained from and aged at the Kolling
Institute of Medical Research, Sydney, Australia, until 101.8 = 2.9
weeks of age (7 = 36). This corresponds to an age of about 70-735 years
in humans (23) and mice in this age range have been used in previous
frailty studies (24,25). The primary outcomes (polypharmacy inter-
vention effects) for 7 = 21 of the mice (cohort 1) have been reported
previously (26) and this is a secondary analysis of the control data for
these mice. Data from the other # = 15 mice has not been previously
published. Animals were maintained on a 12-hour light—dark cycle,
in boxes of 1-4 with ad libitum access to food (Standard Meat Free
Mouse and Rat Feed, Specialty Feeds, Western Australia, Australia)
and water. The study was approved by the Northern Sydney Local
Health District Animal Care Ethics Committee, Sydney, Australia.

Assessments

At 101.8 = 2.9 weeks of age, frailty assessments were performed
on all mice as described below. For a subset of mice from cohort 1
(n = 8), after 2 weeks, blood pressure and heart rate were measured
and mice were euthanized for collection of blood. Blood pressure and
heart rate were measured by the tail cuff method using the CODA
Non-invasive Blood Pressure System (Kent Scientific Corporation,
CT), with appropriate acclimatization and training (27). In brief,
mice were exposed to the machine for 15 minutes for 3 days prior to
testing. Testing was completed on 2 consecutive days and mice were
acclimatized to the machine for 15 minutes, then 10 acclimatiza-
tion cycles were completed before the testing cycles for each experi-
ment. An estimate of heart rate variability was determined from the
standard deviation of 8-20 heart rate measurements for each mouse.

For one mouse, heart rate and heart rate variability was not avail-
able. Serum ALT, creatinine, and albumin were measured by the
Pacific Laboratory Medicine Services (Sydney, Australia). Vitamin
B6 was added to the ALT assay to account for age-related decline
in this cofactor of the assay (28). Further details can be found in
Huizer-Pajkos and colleagues (26).

Mouse Frailty Phenotype Assessment

The mouse frailty phenotype assessment was completed based on the
article by Liu and colleagues, with minor adaptations to allow assess-
ment with available equipment (Table 1). The functional phenotype
assessments included walking speed, grip strength, physical activity,
and endurance. The differences in assessment protocols between the
study by Liu and colleagues and the current study are summarized
in Table 1. Details of functional assessments are found in ref. (26).
We evaluated the performance of each mouse in each of these cri-
teria according to the methods outlined by Liu and colleagues (17)
to determine if a mouse was nonfrail or frail. In brief, we calculated
a cutoff point 1.5 SD below the baseline cohort mean for each cri-
terion. A mouse was assessed as frail if measures for three or more
criteria were below this cutoff point. A mouse was also assessed as
prefrail if two criteria were below the cutoff point.

As described in the Results section, no mice in either cohort were
identified as frail and only one mouse was identified as prefrail, with
the previously reported frailty phenotype assessment criteria (17). The
standard deviations and coefficients of variance of the four functional
assessments were compared between the Liu and colleagues (19) data
set and the current data set to understand this difference. Analysis was
also completed in the current data set with a modified frailty pheno-
type assessment in which a cutoff point 0.8 SD below the cohort mean
was used and a weight loss criterion was added. A cutoff point of 0.8
SD below the mean identifies approximately the lowest 20% of the
cohort for each criteria, as was done in the original frailty phenotype
assessment in humans (5). The addition of weight loss criteria also
more closely mimics the original clinical assessment in humans (5)
(Table 1). A continuous score counting the number of criteria (0-5)
below the 0.8 SD cutoff point using the modified frailty phenotype
assessment was used for correlation analysis.

Mouse Clinical FI Assessment

A FI score was calculated for each mouse using the 31-item FI (16).
Cutoff points were applied to the FI scores to estimate the number
of frail, and nonfrail, mice determined with this assessment tool.

Table 1. Comparison of Criteria Used for Frailty Phenotype Assessments Clinically and in Mice

Human Frailty Phenotype
Assessment

Mouse Frailty Phenotype Assessment

Modified Mouse Frailty
Phenotype Assessment

Fried et al. (5)
Lowest 20% of cohort

Reference Liuetal. (17)

Cutoff value
Criteria Grip strength
Activity

Walking speed

Endurance
(seconds)

Weight loss Not included

1.5 SD below cohort mean (approximately lowest 7%)

Four paw inverted hang (seconds to fall)
Voluntary wheel running (daily running distance)

Rotarod - training protocol (maximum speed)

Derived from four paw hang and rotarod measures

Current study

0.8 SD below cohort mean (approximately
lowest 20%)

Front paw wire hang (seconds to fall)
Open-field assessment (distance moved in
S min)

Rotarod - no training protocol (maximum
speed)

Derived from wire hang and rotarod measures
(seconds)

Low body weight

Note: SD = standard deviation.
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The cutoff points used were: <0.18 = nonfrail and >0.18 = frail,
which corresponds to the upper 50% confidence interval of the mean
FI score for this cohort of mice (29). The value is also similar to
cutoff points used for FI scores in previous clinical studies (30-32).

Statistics

Data are expressed as mean = SEM unless otherwise indicated.
Agreement of the two scales was assessed using Cohen’s K.
Correlations were assessed using the Pearson correlation coefficient
(r) and comparisons across frail and nonfrail groups were assessed
using Student’s 7 tests. Data analysis was completed using the statis-
tics program SPSS (Version 21.0, SPSS, Chicago, IL) and SigmaPlot
(Version 11.0, Systat Software, Germany).

Results

Mice Identified as Frail With the Two Frailty
Assessments
To determine which mice were identified as frail with the two assess-
ment tools, FI values and phenotype scores were determined for each
mouse. The application of a cutoff point for the mouse clinical FI
(16), identified 16 mice as frail (Figure 1A). The mean FI for all of
the mice was 0.19 = 0.06 (nz = 36). The number of mice scored for
each of the individual FI items is shown in Supplementary Table 1.
The mouse frailty phenotype assessment (17) identified no mice as
frail (Figure 1B). One mouse was identified as prefrail (with two cri-
teria below the cutoff point). The standard deviations and coefficients
of variance were compared between the original (19) and current data
set for the assessments included in the phenotype tool (Supplementary
Table 2). There was less variance in the current data set, compared to
the original study and to account for this and more closely mimic the
clinical assessment, we re-evaluated using a modified mouse frailty
phenotype assessment with a cutoff 0.8 SD below the cohort mean
and the addition of a weight loss criterion. This identified six mice
as frail (Figure 1C). Seven additional mice were assessed as prefrail.
Using the modified frailty phenotype assessment, the number of mice
identified as either frail or nonfrail by both assessments was 18/36
(50%), as shown in Figure 1D. There was no agreement between the
two scales compared with Cohen’s kappa, k = -0.08 (p = .55).

Correlation of Frailty With Serum Markers

Mouse clinical FI values and the modified frailty phenotype scores
(0-5) were correlated with potential serum markers of frailty
(Figure 2A and B). There was a negative correlation between mouse
clinical FI scores and serum ALT (r = -0.70, p = .05) but no cor-
relation between FI and serum creatinine or albumin (Figure 2A).
There was no correlation between the frailty phenotype score and
any serum marker (Figure 2B).

Mean values for the serum markers were also compared between
frail and nonfrail mouse groups identified with the two tools but
there were no significant differences for any of the markers for either
assessment tool (Supplementary Table 3).

Correlation of Frailty With Cardiovascular Outcomes

To investigate the association of each frailty assessment tool with
age-related cardiovascular changes, the correlations between the
frailty scores and systolic blood pressure, diastolic blood pres-
sure, heart rate, and variation in heart rate were determined. There
was no association between either mouse frailty phenotype score
or mouse clinical FI and blood pressure. Mouse clinical FI scores
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Figure 1. Visualization of which old (101.8 + 2.9 weeks, n = 36) male C57BL/6
mice were identified as nonfrail or frail by either the mouse clinical frailty
index (A, black square), the original mouse frailty phenotype assessment
(B, gray circle), the modified mouse frailty phenotype assessment (C, white
diamond), or by the mouse clinical frailty index and/or the modified mouse
frailty phenotype assessment (D).

were negatively correlated with heart rate and heart rate deviation
(Figure 3A). Similar trends were seen for the frailty phenotype scores
(Figure 3B), although this was not statistically significant.

Mean values for the cardiovascular changes were also compared
between frail and nonfrail mouse groups identified with the two
frailty assessment tools. Heart rate and heart rate variance were sig-
nificantly lower in frail mice compared to nonfrail mice as identi-
fied with the mouse clinical FI but not the phenotype assessment
(Supplementary Table 3).

Discussion

In this study, we report for the first time on the relationship between the
mouse clinical FI(16) and the mouse frailty phenotype assessment (17).
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Figure 2. The correlation of (A) mouse clinical frailty index scores and (B)
modified frailty phenotype scores, with potential poor prognostic serum
markers creatinine, alanine aminotransferase (ALT), and albumin, for old
(99.6 + 1.2 weeks) male C57BL/6 mice. Pearson correlation coefficient values
(r) and p values are shown on each of the graphs. n =8 for all graphs.

We found that, as with the equivalent frailty assessment scales used
in humans, these tools do not necessarily identify the same mice as
frail. Increasing mouse clinical FI scores were correlated with low
serum ALT, as well as decreased heart rate, and reduced heart rate
variance.

The use of the original mouse frailty phenotype assessment in
this study classified none of the mice as frail and only one mouse
(2.8%) as prefrail. This may be because the mice were 3—4 months
younger in the current study compared to the original study (17)
(23-24 vs 27-28 months). This age difference represents an approxi-
mately 75% survival rate compared to a 50% survival rate in terms
of the mouse life span (33) and would correspond to approximately
70-75 years old compared to 80-85 years old for humans (17,23).
However, the original human frailty phenotype assessment identified
3%-10% of people as frail and up to 46% as prefrail even at ages
of 65-75 years (5). The age difference or the larger sample size of
the current study may also explain the reduced variance seen in the
current data set compared to the original study (17). Modification
of the frailty phenotype assessment to more closely resemble the
clinical tool (5) identified 16.6% of the mice as frail. By comparison,
44.4% of mice were identified as frail with the mouse clinical FI
Interestingly, these numbers are similar to human studies that iden-
tified 6%-16% of older adults (70-85 years old) as frail with the
phenotype and 22%-32% with the FI (65 years and older) (1,34).
The agreement between the two assessment tools in our study was
also reasonably similar to human studies, with 50% agreement seen
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Figure 3. The correlation of (A) mouse clinical frailty index scores and
(B) modified frailty phenotype scores, with systolic blood pressure (SBP),
diastolic blood pressure (DBP), heart rate (HR), and HR deviation, for old
(99.6 + 1.2 weeks) male C57BL/6 mice. Pearson correlation coefficient values
(r) and p values are shown on each of the graphs. n =8 for all BP graphs and
n=7 for HR graphs.

in this mouse study (using the modified phenotype assessment) com-
pared to 51% (7) and 38.2% (11) in human studies. The mouse
studies in the current article seem to support the conclusion, as with
the human studies, that the different frailty assessments identify dif-
ferent subpopulations as frail (13,34).

The mouse clinical FI was associated with the potential serum
marker of poor prognosis, ALT. Low serum ALT has been linked
to frailty, as assessed with the phenotype tool, in previous clinical
studies (18). It may be that ALT is a surrogate marker for reduced
liver size, changing morphology and generally reduced function that
is associated with ageing (19). The mouse clinical FI was also associ-
ated with decreased heart rate and a decline in heart rate variability.
Although some rodent and clinical studies have seen no difference
in resting heart rate with age (22), other mouse studies have seen
reduced heart rate with age (35). Reduced heart rate variance has
been seen in human studies with aging (22) and frailty as assessed
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with the phenotype tool (36,37). A similar trend was seen for the
mouse frailty phenotype assessment for these outcomes and perhaps
with a larger sample size an association may be seen. The association
of the mouse clinical FI with these changes previously seen in aging
and frailty in humans, provides further support of the index as a
validated measure of frailty in normal mouse aging, and a valuable
research tool.

As with their equivalent human frailty scales, each of the mouse
frailty assessment tools has advantages and limitations to its use in
research. Both scales have been shown to detect changes in frailty
with interventions (24,38), which is an important factor in their use
in frailty research. Additionally, both assessments are noninvasive and
can be performed at multiple time points in long-term studies. The
clinical FI requires no specialized equipment and is very fast to per-
form (16). By contrast, the frailty phenotype assessment (17) requires
some specialized equipment and time-consuming assessments but pro-
vides a cutoff to categorize a mouse as nonfrail or frail. The current
study used different assessment protocols to identify certain criteria
used in the frailty phenotype assessment, compared to the original
study (17) (Table 1). However, the effect of this on the interpreta-
tion of results should be minimal as the overall outcomes of activity,
grip strength, and walking speed were assessed in both studies and
the results stratified within the different mouse cohorts to identify the
worst performers. The adaptability of the criteria assessments to the
available tools in each research laboratory would be an advantage of
the phenotype assessment, enabling it to be a relevant and widely used
tool. This flexibility is consistent with the use of available tools for
analysis of the frailty phenotype in clinical studies. No mice were iden-
tified as frail by the original phenotype assessment in this old mouse
cohort. The modification of the frailty phenotype assessment used in
the current study, with the alignment of the cutoff values with the
clinically used tool and the inclusion of a weight loss criterion as in
humans, identified more mice as frail and prefrail. These modifications
may increase the applicability and use of this tool in aging mouse stud-
ies. The mouse FI, as with the human FI, provides a continuous value
for frailty, rather than a cut-off, which Cesari and colleagues (39) iden-
tify as a major strength. The current study did use cutoff points for the
FI to create ordinal values that could be compared with the pheno-
type results. Cutoff points for the index have also been used in clinical
FI studies (30-32), however more research is needed to confirm the
appropriate cutoff points that may be used for the mouse clinical FI.

Another, more conceptual, difference between the two scales is
that the phenotype assessment identifies mouse as frail based on
their performance relative to the current cohort of old mice (17). The
FI, however, compares to a young healthy mouse in determining if a
factor is counted as a deficit (16). This is consistent with the equiva-
lent clinical assessments but may explain some of the difference in
frailty assessment with the two different scales.

A limitation of this study is a lack of direct adverse outcomes
such as mortality or stress responses. Further studies are needed to
explore the association of these factors with the two mouse frailty
assessments. Another limitation of this study is the small group num-
bers for some assessments, as this was a secondary analysis of these
data considering only control groups (main results of this study pub-
lished in ref. (26)). The relationship between the two scales should be
confirmed in a larger cohort of old mice.

In conclusion, this study found that, as with clinical frailty assess-
ment scales, both the mouse frailty phenotype assessment and the
mouse clinical FI have value in frailty research but predict and iden-
tify different populations of mice as frail. Care is needed in choosing
and interpreting mouse frailty assessments and outcomes in research.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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