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We previously quantified frailty in aged mice with frailty index (FI) that used specialized equipment to measure health
parameters. Here we developed a simplified, noninvasive method to quantify frailty through clinical assessment of
C57BL/6J mice (5-28 months) and compared the relationship between FI scores and age in mice and humans. FIs
calculated with the original performance-based eight-item FI increased from 0.06+0.01 at 5 months to 0.36+0.06
at 19 months and 0.38+0.04 at 28 months (n = 14). By contrast, the increase was graded with a 31-item clinical FI
(0.02+0.005 at 5 months; 0.12+0.008 at 19 months; 0.33+0.02 at 28 months; n = 14). FI scores calculated from 70
self-report items from the first wave of the Survey of Health, Ageing and Retirement in Europe were plotted as function
of age (n = 30,025 people). The exponential relationship between FI scores and age (normalized to 90% mortality) was
similar in mice and humans for the clinical FI but not the eight-item FI. This noninvasive FI based on clinical measures
can be used in longitudinal studies to quantify frailty in mice. Unlike the performance-based eight-item mouse FI, the
clinical FI exhibits key features of the FI established for use in humans.
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XPERIENCE tells us that people age at different

rates. Because chronological age does not necessarily
reflect biologic age, the health status of older adults var-
ies from fit to frail (1,2). The concept of frailty, which is a
state of increased vulnerability to adverse health outcomes
for people of the same age, was developed to explain the
heterogeneity in clinical outcomes for older patients (3).
Frailty is a major challenge in health care as frail indi-
viduals have higher mortality and use more health care
services than do fit people (4). Still, little is known about
the biology of frailty, in part because until recently frailty
had not been quantified in animal models of aging. Indeed,
the need to develop measures of frailty in aging animal
models has been identified as a key step to translate basic
mechanisms of cellular dysfunction in aging into mean-
ingful treatments (5).

How best to measure frailty in people is controversial
(6). In fact, more than 20 different instruments have been
used to measure frailty clinically (7). One approach to
quantify frailty in older people is to construct a “frailty
index,” in which an individual’s potential health deficits
(eg, clinical signs, diseases, laboratory abnormalities)
are counted and divided by the total number of items
measured (1,8,9). Recently, we modified this approach to

develop a new method to quantify frailty with a frailty
index based on deficit accumulation in a mouse model of
aging (10). We measured 31 health-related variables that
provided information about activity levels, hemodynamic
status, body composition, and metabolism. We found that
aged mice (30 months) had substantially higher frailty
index scores than younger (eg, 12-month-old) animals
(10). We also found that deleterious changes in individual
cardiac myocytes, including hypertrophy and contractile
dysfunction, occurred only in cells from 30-month-old
mice with the highest frailty index scores (10). These
results demonstrate that a frailty index based on the
concept of deficit accumulation can be used to quantify
frailty in aging mice and suggest that a high frailty index
predicts adverse outcomes in these animals. They also
provide a link between frailty measured at the level of the
whole organism and structural and functional changes at
the level of the cell (2).

In our earlier study, the parameters used to construct the
frailty index were measured with specialized equipment
and required invasive techniques. For example, activity
was measured with a video tracking system, hemodynamic
parameters with a tail cuff, body composition with a dual
energy x-ray absorptiometry scanner and metabolism with
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a blood sample in an i-STAT portable clinical blood ana-
lyzer (10). This requirement for specialized equipment
limits the routine measurement of a frailty index in many
laboratory settings. Furthermore, this frailty index cannot
be used in longitudinal studies of frailty in mice due to the
invasive nature of some of the techniques employed (eg,
volume of blood required, repeated exposure to x-rays). We
did report that a noninvasive performance-based eight-item
frailty index based on fewer measures (eg, activity levels
and weight) could be used to create a frailty index in mice
although the magnitude and variance of the frailty index
increased when fewer items were measured (10). This is
not surprising. When frailty indices are constructed with
fewer than 30 variables in humans, commonly a ceiling
effect occurs where people can have all possible deficits
and graded levels of frailty cannot be distinguished (11,12).
The contrasting case also holds; if a frailty index is made up
of only low-prevalence items, the mean value of the frailty
index is low (13).

To facilitate the use of the frailty index to quantify frailty
in acute and longitudinal studies of aging animals, there is
a need to develop a procedure that is noninvasive, simple to
implement, and based on a sufficient number of parameters
(eg, >30) to provide a robust estimate of frailty. To advance
the use of the frailty index in translational studies, it is also
important to compare features of a frailty index developed
for use in experimental animals with the frailty index in
humans. The objectives of this study were (a) to develop
a simple, noninvasive frailty index based on the clinical
assessment of more than 30 potential deficits in aging mice
and compare it with the basic eight-item frailty index based
on activity levels and weight as previously characterized
by our group and (b) to compare the relationship between
the frailty index and age in mice and humans. The murine
clinical frailty index was developed in consultation with
a veterinarian, based on readily apparent signs of clinical
deterioration in mice that have previously been described in
the literature. These data were then compared with human
frailty index scores calculated from the Survey of Health,
Ageing and Retirement in Europe (SHARE).

METHODS

Animals

Young female C57BL/6] mice were purchased from
Charles River (St. Constant, Quebec) and aged in groups
in microisolator cages in the Carlton Animal Care Facility
(Dalhousie University). Mice were maintained on a 12-hour
light/dark cycle, with free access to food and water. Three
groups of mice were used: young adults (161 days old or
~5 months), older adults (566 days old or ~19 months), and
aged mice (839 days old or ~28 months). In a few experi-
ments, young adult and aged male C57BL/6] mice also
were used. All experiments followed the Canadian Council

on Animal Care Guide to the Care and Use of Experimental
Animals (14). Animal protocols were approved by the
Dalhousie University Committee on Laboratory Animals.

Quantification of Frailty With a Performance-Based
Eight-Item Frailty Index

We quantified frailty in each mouse with a performance-
based frailty index based on eight items that reflected over-
all activity levels plus weight as previously described by
our group (10). Open-field assessments were performed
between 10 AM and noon each day. Two separate trials were
conducted 10 days apart. Mice were weighed and activ-
ity was recorded with automated Ethovision video track-
ing software for 10 minutes in an open-field arena (43.5 x
21.5cm). Videos were later digitized with an analog-to-dig-
ital converter (DVDXpress DX2; ADS Tech Inc.) and ana-
lyzed with Ethovision analysis software to obtain values for
the parameters used to create the eight-item frailty index.
This software detects the center point of the animal and
tracks its movements, activity, and behavior in the open-
field arena over a specified time frame.

Videotapes of open-field behavior were analyzed for the
following parameters: (a) total distance moved in 10 minutes
(cm); (b) maximal distance moved between bouts of inac-
tivity (cm); (c) total duration of movement (seconds); (d)
percent of total time spent moving; (e) the change in direc-
tion per unit distance moved, called meander (degrees/cm;
from 0° to 180°); (f) the average velocity of movement over
10 minutes (cm/s); and (g) rearing frequency (number of
occurrences/10 min). The final item in the eight-item frailty
index was weight. Mean + SD values for each of these eight
parameters were calculated for two separate trials, as shown
in Supplementary Table 1. These data were homogenous
(low variance) and were used as reference values to allow
calculation of a unique eight-item frailty index score for
each mouse. Individual values for each parameter measured
in each mouse were compared with reference values for the
appropriate trial (Supplementary Table 1) and a frailty index
score was calculated as described previously (10). Briefly,
values that differed from the reference values by less than
1 SD were given a score of 0. Values that were =1 SD with
respect to the mean reference value were given a frailty
value of 0.25. Those that differed by +2 SD were scored as
0.5, values that differed by +3 SD were given a value of 0.75,
and values that were more than 3 SD above or below the
mean received the maximal frailty value of 1. These values
were summed, and the total was divided by the number of
parameters measured, in this case eight, to provide a frailty
index score between 0 and 1 for each animal.

Quantification of Frailty With a 31-Item Clinical
Frailty Index

A novel 3l-item frailty index based on established
clinical signs of deterioration in mice was developed in
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consultation with a veterinarian (B.A.H.). Clinical assess-
ment included evaluation of the integument, the musculo-
skeletal system, the vestibulocochlear/auditory systems,
the ocular and nasal systems, the digestive system, the uro-
genital system, the respiratory system, signs of discomfort,
the body weight (g), and body surface temperature (°C).
Table 1 lists clinical signs of deterioration/deficits evalu-
ated in this study. To establish baseline clinical assessment
techniques, we first observed and evaluated young adult
mice that had few signs of clinical deterioration. With
training, an experienced investigator could perform clinical

frailty assessments in 3.8 +0.1 minutes per animal (n = 15
young adult animals).

Clinical examinations were performed at approximately
the same time every day. Mice were briefly observed in
their home cage and then taken to an assessment room.
Each mouse was weighed, and body surface tempera-
ture was measured with an infrared temperature probe
(Infrascan; La Crosse Technology) directed at the abdo-
men (average of three readings was used). Then the mice
were assessed with a brief clinical exam to evaluate param-
eters described in Table 1. Details of the methods used for

Table 1. Clinical Signs of Deterioration in Aging C57BL/6J Mice

System and Parameter Potential Deficits References
Integument
Alopecia Hair loss due to age-related balding and/or barbering (fur trimming) (15)
Loss of fur colour Change in fur colour from black to grey or brown (15)
Dermatitis Inflammation, overgrooming, barbering or scratching causing skin erosion. Can result in open sores (17,18)
anywhere on the body
Loss of whiskers Loss of vibrissae (whiskers) due to aging and/or whisker trimming (16,19)
Coat condition Ruffled fur and/or matted fur. Ungroomed appearance. Coat does not look smooth, sleek, and shiny (17,20)
Physical/musculoskeletal
Tumors Development of tumors or masses anywhere on the body (17,18,21)
Distended abdomen Enlarged abdomen. May be due to tumor growth, organ enlargement, or intraperitoneal fluid accumulation (20)
Kyphosis Exaggerated outward curvature of the lower cervical/thoracic vertebral column. Hunched back or posture (15,17,20)
Tail stiffening Tail appears stiff, even when animal is moving in the cage. Tail does not wrap freely when stroked (15)
Gait disorders Lack of coordination in movement including hopping, wobbling, or uncoordinated gait. Wide stance. (17)
Circling or weakness
Tremor Involuntary shaking at rest or during movement (17)
Forelimb grip strength A decline in forelimb grip strength (15)
Body condition score Visual signs of muscle wasting or obesity based on the amount of flesh covering bony protuberances (15,17,20)
Vestibulocochlear/auditory
Vestibular disturbance Disruption in the ability to perceive motion and gravity. Reflected in problems with balance, orientation, (22,23)
and acceleration
Hearing loss Failure to respond to sudden sound (eg, clicker) indicative of hearing loss or impairment (18,23)
Ocular/nasal
Cataracts Clouding of the lens of the eye. An opaque spot in the center of the eye (18,24,25)
Corneal opacity Development of white spots on the cornea. Cloudy cornea (17,26)
Eye discharge/swelling Eyes are swollen or bulging (exopthalmia). They may exhibit abnormal secretions and/or crusting (16,17,20)
Microphthalmia Eyes are small and/or sunken. May involve one or both eyes (17,18)
Vision loss Vision loss, indicated by failure to reach toward the ground when lowered by the tail (18,27)
Menace reflex Rapid eye blink and closure of the palpebral fissure in response to a nontactile visual threat to the eye. (28)
Measures the integrity of the entire visual pathway including cortical components
Nasal discharge Signs of abnormal discharge from the nares (20)
Digestive/urogenital
Malocclusions Incisor teeth are uneven or overgrown. Top teeth grow back into the roof of the mouth or bottom teeth are a7
long and easily seen
Rectal prolapse Protrusion of the rectum just below the tail (17,29)
Vaginal/uterine/penile prolapse Vagina or uterus protrudes through the vagina and vulva. Penis cannot reenter the penile sheath. (17,29-31)
Diarrhea Feces on the walls of the home cage. Bedding adheres to feces in cage. Feces, blood, or bedding around (17)
the rectum
Respiratory
Breathing rate/depth Difficulty breathing (dyspnea), pulmonary congestion (rales), and/or rapid breathing (tachypnea) (17,32)
Discomfort
Mouse Grimace Scale Measure of pain/discomfort based on facial expression. Assessment of five facial features: orbital (33,34)
tightening, nose bulge, cheek bulge, ear position (drawn back), or whisker change (either backward or
forward)
Piloerection Involuntary bristling of the fur due to sympathetic nervous system activation (16)
Other
Temperature Increase or decrease in body temperature (16,35)

Weight

Increase or decrease in body weight

(15,16,35,36)
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clinical assessment are outlined in Supplementary Table 2.
The severity of each deficit was rated with a simple scale.
A score of 0 was given if there was no sign of a deficit,
a score of 0.5 indicated a mild deficit, and a score of 1
was given for a severe deficit (Supplementary Table 2).
Deficits in body weight (g) and body surface temperature
(°C) were scored based on deviation from reference val-
ues in young adult animals, as described for the eight-item
frailty index. Besides the infrared temperature probe, the
only additional equipment required was a clicker of the
type used to train dogs (used to evaluate hearing). Table 2
shows the Mouse Frailty Assessment Form we developed
for use in these studies.

Human Frailty Index Data

Frailty index data for humans was taken from the first
wave of SHARE (release 2.5.0 of May 24, 2011), which
began in 2004. There were 37,546 people (16,590 men;
20,956 women) from probability samples in 15 coun-
tries who participated in baseline interviews (wave 1:
Austria, Belgium, Denmark, France, Germany, Greece,
Italy, Netherlands, Spain, Sweden, Switzerland [2004—
05], Israel [2005-06]; wave 2: Czech Republic, Poland
[2006-07], Ireland [2007]). Frailty index scores were
calculated from 70 self-report items in the survey, includ-
ing measures from the physical health, behavioral risks,
cognitive function, and mental health sections of the
SHARE database, as reported previously by our group
(37). Frailty index scores were obtained by dividing the
number of deficits by the total number of measures (eg,
70). Frailty index scores were obtained for 30,025 people
(55% female) aged 25 and older and plotted as a function
of age. Values shown represent frailty averages at each
age.

Statistics

Data are presented as the mean + the SEM (or the SD
where indicated). The relative heterogeneity of frailty
index scores was calculated as the coefficient of variation
(standard deviation/mean). Differences in frailty index
scores between groups were evaluated with one-way analy-
sis of variance. To determine whether a linear relationship
existed between two variables, data were fit with a simple
linear regression and square of the correlation coefficient
(r*) was calculated. To evaluate the relationship between
age and the frailty index, data from mice and humans
were normalized to 90% mortality values and fit with an
exponential function. Differences between groups were
considered statistically significant for p < .05. Statistical
analyses were performed with MATLAB r2009b, SPSS
20 and Sigma Plot 11.0 software (Systat Software, Inc.,
Point Richmond, CA). Graphs were created with Sigma
Plot 11.0.

RESULTS

Relationship Between Age and Mortality

To illustrate the relationship between age and mortality
in our colony of C57BL/6J female mice, a Kaplan—Meier
survival curve was constructed (Figure 1). Mortality
occurred when animals either died unexpectedly or were
euthanized due to illness. At the start of this investigation,
the young adult mice used in this study were 161 days old
(~5 months; n = 5), the older adult group was 566 days old
(~19 months; n = 4), and the aged group was 839 days old
(~28 months; n = 5). The ages of the mice used at the start
of this study are indicated on the survival curve (Figure 1;
n =293 female mice).

Quantification of Murine Frailty With a
Performance-Based Eight-Item Frailty Index

The relationship between the eight-item frailty index
and age was calculated as described in the Methods.
Supplementary Table 3 shows the number of mice that
received frailty scores 0, 0.25, 0.5, 0.75, or 1 for each
parameter in all three age cohorts. These data show that
the number of mice with higher frailty scores increased
markedly in the older age groups (Supplementary Table 3).
Figure 2A shows the mean (= SEM) eight-item frailty index
scores in young adults, older adults, and aged mice. The
mean was calculated as the average eight-item frailty index
score for trials #1 and #2 for each mouse. Results showed
that the frailty index scores increased with age although the
increase was not graded and scores were similar in the two
older age groups (Figure 2A). Figure 2A shows that the
standard error of the mean increased with age. The stand-
ard deviation also increased with age (values of mean + SD
were 0.062+0.029, 0.367+0.116, and 0.384x0.095 for
young adult, older adult, and aged mice, respectively). This
shows that the absolute heterogeneity of the frailty index is
higher at older ages. By contrast, the coefficient of variation
(standard deviation/mean) declined with age (from 0.47 in
young adults to 0.32 and 0.25 in older adults and aged mice,
respectively), which indicates that the relative heterogene-
ity of the frailty index scores declined with age.

To evaluate the reproducibility of the frailty index scores
obtained with this approach, scores from trial #1 were plot-
ted against scores from trial #2, conducted 10-14 days after
the first trial (Figure 2B). A regression line fitted through
these data had an r* value of .68 (p = .0003). These data
demonstrate that the eight-item frailty index data were
reproducible from trial to trial.

Quantification of Murine Frailty With a Clinical
Frailty Index

To examine the relationship between the clinically derived
frailty index and age, we quantified frailty with a clinical
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Table 2. Mouse Frailty Assessment Form®

Date:

Mouse #: Date of Birth: Sex: F M
Body weight (g): Body surface temperature (°C):

Rating: 0=absent 0.5=mild 1 =severe

» Integument: NOTES:
¢ Alopecia 0 0.5 1
+* Loss of fur colour 0 0.5 1
+* Dermatitis 0 0.5 1
¢+ Loss of whiskers 0 0.5 1
+* Coat condition 0 0.5 1
» Physical/Musculoskeletal:
¢ Tumours 0 05 1
++ Distended abdomen 0 0.5 1
%+ Kyphosis 0 0.5 1
+ Tail stiffening 0 0.5 1
% Gait disorders 0 0.5 1
¢ Tremor 0 0.5 1
++ Forelimb grip strength 0 0.5 1
¢ Body condition score 0 0.5 1
» Vestibulocochlear/Auditory:
¢+ Vestibular disturbance 0 0.5 1
++ Hearing loss 0 05 1
» Ocular/Nasal:
%+ Cataracts 0 0.5 1
+* Corneal opacity 0 0.5 1
+* Eye discharge/swelling 0 0.5 1
¢ Microphthalmia 0 05 1
+* Vision loss 0 0.5 1
¢+ Menace reflex 0 05 1
% Nasal discharge 0 05 1
> Digestive/Urogenital:
%+ Malocclusions 0 0.5 1
¢+ Rectal prolapse 0 0.5 1
+«* Vaginal/uterine/penile prolapse 0 0.5 1
++ Diarrhoea 0 0.5 1
» Respiratory system:
¢+ Breathing rate/depth 0 05 1
» Discomfort:
%+ Mouse Grimace Scale 0 0.5 1
+¢+ Piloerection 0 0.5 1

% Temperature score:
+ Body weight score:

Total Score/ Max Score:

© Susan E. Howlett, 2013
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Figure 1. Kaplan—-Meier survival curve for mortality in C57BL/6J female
mice. Mice were aged in the Carlton Animal Care Facility at Dalhousie
University. Mortality occurred when mice died unexpectedly or were eutha-
nized due to illness. The ages of mice used in the present study are indicated
(n =293 female mice).

frailty index as described in the Methods. Supplementary
Table 4 shows a tally of the number of individual mice that
received frailty scores of 0, 0.5, or 1 for each parameter in
each of the three groups. It is readily apparent that the num-
ber of mice with frailty index scores of 0.5 or 1 for each
parameter increased with age, in particular in the oldest
group (Supplementary Table 4). The clinical frailty index
scores for the first two trials were averaged for each animal
and used to calculate a unique frailty index score for each
mouse. Figure 3A shows that the average clinical frailty
index scores increased progressively with age, and this
increase was most pronounced in the oldest age group. The
clinical frailty index scores were significantly higher in the
older adult and aged groups compared with the young adult
group (Figure 3A). Furthermore, unlike the performance-
based eight-item frailty index, the frailty index scores were
significantly higher in the aged group compared with the
older adult group (Figure 3A). As with the eight-item frailty
index, the standard error (Figure 3A) and standard deviation
increased with age (values of mean + SD were 0.018+0.013,
0.116+0.016, and 0.329 +0.054 for young adult, older adult,
and aged mice, respectively), whereas the coefficient of vari-
ation declined (from 0.72 in young adults to 0.14 and 0.16 in
older adults and aged mice, respectively).

The data described in the preceding paragraph were
obtained in female mice. We also investigated whether the
clinical frailty index approach could be used to estimate
frailty in a subset of male C57BL/6J mice. We found that
the clinical frailty index scores were 0.013+0.003 (mean
+ SEM; n = 3) in young adult male mice (~3 months). By
contrast, the frailty index was 0.300+0.015 (n = 3) in aged
male mice (~29 months). Interestingly, the frailty index
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Figure 2. Scores obtained with the eight-item frailty index. (A) Mean
(= SEM) eight-item frailty index scores were higher in both older age groups
compared with young adults. (B) Scores from trial #1 were plotted against scores
from trial #2. These data were a good fit to a straight line (* = .67; p = .0003;
n =5 young adult mice, 4 older adult mice, and 5 aged mice). *Indicates signifi-
cantly different from young adults (p < .05).

scores in aged male mice were actually lower than the
scores in 28-month-old female mice, suggesting that frailty
may differ between the sexes.

The reproducibility of the clinical frailty index was eval-
uated by plotting the frailty index score for trial #1 against
the score for trial #2, performed 11-15 days after the first.
Figure 3B shows that the relationship between the two trials
was clearly linear, as demonstrated by the regression line with
an r* value of .97 (p <.0001). These data show that the clinical
frailty index was highly reproducible from trial to trial.

Comparison of the Eight-Item Frailty Index and the
Clinical Frailty Index

To compare the relationship between the performance-
based eight-item frailty index and the clinical frailty index,
we plotted the scores for the eight-item index against those
for the clinical index as shown in Figure 4A. The rela-
tionship between these two indices was generally linear
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Figure 3. Scores obtained with the clinical frailty index. (A) Mean (+ SEM)
clinical frailty index scores increased with age. (B) The clinical frailty index
scores from trial #1 were plotted against those from trial #2. These data were
fitted with a linear regression (r* = .97; p < .0001; n = 5 young adult mice,
4 older adult mice, and 5 aged mice). *Indicates significantly different from
young adults; fIndicates significantly different from older adults (p <.05).

although the data were not a good fit to a straight line
(”* = 43; p = .01; Figure 4A).

Figure 4B shows the results obtained when clinical frailty
index scores were evaluated a third time, 36 days after the first
trial. The percent increase in the clinical frailty index score
was plotted as a function of time for the aged mice used in
this study. Interestingly, one of the aged mice died 2 days after
the last frailty index measurement (Figure 4B, filled symbols).
This mouse exhibited acceleration in the clinical frailty index
immediately prior to death, unlike the aged mice that survived
and showed little increase in frailty over this time (Figure 4B).

Relationship Between the Frailty Index and Age in Mice
and Humans

To compare the relationship between the frailty index
and age in mice and humans, we used human frailty index
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Figure 4. Comparison of the eight-item frailty and clinical frailty indices.
(A) The scores for the eight-item frailty index were plotted as a function of the
clinical frailty index scores. A regression line fitted through these data has an
r* value of .43 (p = .01). (B) The clinical frailty index was repeated on three
separate trials in the oldest group. For 4/5 mice, the relationship showed little
change with time (open symbols). However, one mouse that died 2 days after the
final trial (filled symbols) showed a marked increase in the clinical frailty index.

scores from the SHARE survey and mouse frailty index
scores described in this study. Figure 5A shows frailty
index scores calculated from the SHARE database plot-
ted as function of age; each point represents the average
frailty at each age. These data demonstrate that the frailty
index increased exponentially with age in humans (r* = .97,
p <.0001; n=30,025), as shown previously (38). Figure 5B
shows values for the eight-item frailty index (open sym-
bols) and the clinical frailty index (filled symbols) in mice
plotted as a function of age. The clinical frailty index data
were well described by an exponential function (> = .91;
p <.0001; n = 14). By contrast, the eight-item frailty index
data were not a good fit to an exponential function (> = .49)
but were a better fit to a straight line (> = .59; p < .001).
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Figure 5. Comparison of the relationship between the frailty index and age in mice and humans. (A) Frailty index scores from the Survey of Health, Ageing and
Retirement in Europe survey were plotted as function of age fit with an exponential function. Frailty increased exponentially with age (> =.97; n = 30,025 people).
(B) Frailty index scores for the eight-item frailty index (open symbols) and the clinical frailty index (filled symbols) were plotted as a function of age and fit with
an exponential function (n = 14 mice). The clinical frailty index data were well described by an exponential function (r* = .91), but the eight-item frailty index data
were not (r* = .49). (C) When age was normalized to the 90% mortality level in each group, the relationship between the frailty index and age was similar in mice
and humans. (D) The natural logarithm frailty index was plotted as a function of age. The slopes of the regression lines through these data, which represent the rate
of deficit accumulation, were similar in mice and humans although analysis of covariance showed that the slope was significantly higher in mice than in humans.

Next, we directly compared the relationship between the
clinical frailty index and age in mice and humans by nor-
malizing age as a percentage of the 90% mortality values in
each group. The 90% mortality value used for the human
data was 102 years (39), whereas the 90% mortality value
used for C57BL/6J mice was 925 days (40). As shown in
Figure 5C, the relationship between the clinical frailty index
and normalized age was similar in the two groups. Finally,
the rate of deficit accumulation in mice and humans was
compared by plotting the natural logarithm of the frailty
index as a function of age and fitting the resulting relation-
ship with a linear function (Figure 5D). This approach has
previously been used to illustrate the rate of deficit accumu-
lation in studies of older humans (38). The slopes of these
lines, which represent the rate of deficit accumulation, were

0.034 and 0.038 in humans and mice, respectively (the
y-intercepts were —4.06 in humans and —4.60 in mice). To
test whether these lines differed between mice and humans,
analysis of covariance was performed. Results showed that
slope was slightly, but significantly, higher in the mouse
compared with humans (p < .04; Figure 5D).

DiscuUssION

It is well established that frailty can be quantified in older
humans based on deficit accumulation, where various defi-
cits in health (eg, symptoms, signs, diseases, and disabili-
ties) are simply counted and combined in a frailty index
(41). Studies in humans have shown that a simple, practi-
cal frailty index score can be derived even from routinely
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used comprehensive geriatric assessment tools (42,43).
Therefore, assessment of frailty in older adults in a clini-
cal setting does not require specialized testing. Our group
recently showed that the deficit accumulation approach
also could be used to quantify frailty in aging mice (10).
However, the parameters used to construct the full 31-item
frailty index in our earlier study were measured with equip-
ment that is not readily available in most research labora-
tories (10). Furthermore, as the full frailty index required
the use of invasive techniques, it is not suitable for lon-
gitudinal studies of frailty in mice. A key advance in this
study is the development of a simplified, noninvasive frailty
index based on readily apparent signs of clinical deteriora-
tion that can be used to characterize frailty in aging mice.
With the use of a simple 31-item check list, an individual-
ized frailty index score was easily and quickly calculated
for each mouse. Importantly, the values of frailty obtained
with this new clinical frailty index were similar to those
measured with the full 31-item index in our previous study.
Scores between 0.3 and 0.5 were observed in 30-month-old
female mice with the full frailty index in our original study
(10), whereas scores between 0.3 and 0.4 were measured in
28-month-old female mice with our clinical frailty index.
This simplified, noninvasive clinical frailty index may be
useful not only in longitudinal studies of frailty in aging
mice but also in studies of genetically manipulated mice
and other murine models of disease.

Although we found that the eight-item and clinical frailty
indices both increased with age, the clinical frailty index
was less variable and exhibited little test-to-test variability
compared with the performance-based eight-item index.
The clinical frailty index also showed a progressive increase
with age, whereas the eight-item index did not distinguish
between different levels of frailty in the two oldest groups
of mice. Thus, the clinical frailty index was able to detect
graded levels of frailty in aging mice, whereas the eight-item
index was not. One reason the clinical frailty index may per-
form better than the eight-item frailty index is because the
31-item index allows more pieces of information to contrib-
ute to the overall understanding of the level of frailty in an
individual. Allowing the impact of small pieces of informa-
tion to accumulate is well accepted in many mathematically
based disciplines such as computer science (44) and in phys-
ical modeling of biologic systems (45,46). Interestingly,
previous studies in humans have shown that graded lev-
els of frailty cannot readily be distinguished when fewer
than 30 variables are used to create a frailty index (10,11).
Furthermore, the exact items that make up the frailty index
appear to be less important than measuring at least 30 defi-
cits (47,48). This suggests that small changes in many dif-
ferent items can accumulate and contribute to biologically
important differences in the level of frailty in an individual.

A second reason that the clinical index may perform bet-
ter than the eight-item index is that, where a few items are
selected from many, the basis of their selection tends not to

be stable, at least for the most part. In other words, applying
the same statistical criteria in a second data set will tend
to select different measures as being most informative; the
results are internally valid but may not be generalizable
(49-51). Itis possible that some items in a frailty index inte-
grate a great deal of information—mobility, for example,
requires initiative, integration of pyramidal, extrapyramidal,
cerebellar, spinal, motor unit, muscular, joint, bone, sen-
sory, respiratory, cardiac, and metabolic inputs. Impairment
in any of these items can result in motor slowing, which is
likely to be selected by any data reduction technique. Even
s0, the information value will be less than knowing what is
associated with the slowing. This too will vary by the popu-
lation from which the sample is taken. For these reasons,
we see a significant value to the frailty index in including
a large number of items and then studying their behavior
in the aggregate (52). In short, the frailty index integrates
a great deal of information quantitatively, so as to get a rel-
evant and nonarbitrary measure of the overall health status
of individual animals. This is not achieved when very few
parameters are measured. In this study, the clinical frailty
index considers deficits from a large number of different
systems in the body (eg, integument, musculoskeletal, ves-
tibulocochlear, auditory, ocular, nasal, digestive, urogenital,
respiratory). By contrast, the eight-item index is focussed
almost exclusively on physical activity. A recent system-
atic review concluded that broadly based assessment tools
like the frailty index are more likely to capture the multiple
and dynamic factors that give rise to frailty in humans than
instruments that rely on measures from one or two domains
(7). Our data suggest that the more broadly based clinical
frailty index in mice may provide a better estimate than the
eight-item index that focuses on physical activity measures.

Frailty has been viewed as the variable vulnerability of
adverse outcomes for organisms of the same age (2,4,53).
In humans, there is controversy about how to operational-
ize this variable vulnerability. Although many different
measurement instruments have been proposed, most com-
mentary generally has focussed on two approaches, deficit
accumulation and the frailty phenotype (reviewed by de
Vries et al.) (7). The deficit accumulation approach we pro-
pose here for use in mice accords with the deficit accumu-
lation approach used in many previous studies in humans
(2,4,53). It includes integrative measures such as grooming,
strength, mobility, and measures of discomfort, so it meas-
ures deficits constituted broadly. In this way, this clinical
frailty index provides an estimate of frailty in ageing mice.

An important advance made in this study is our observa-
tion that the behavior of the clinical frailty index in mice
was similar to the frailty index in humans. Previous stud-
ies in humans (54) have reported that the frailty index is
less than 0.04 in younger adults (between the ages of 15
and 39 years), which compares to the young adult val-
ues of approximately 0.02 observed in young adult mice
in our study. Rockwood et al. (54) also reported that the
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frailty indices increased to 0.125 in middle-aged adults
(40-69 years) and rose to between 0.30 and 0.40 in the very
old. These values are close to those reported here in mice,
where we found an average frailty index near 0.112 in the
older adults and a frailty index of 0.329 in the aged group.
We also found that the frailty index increased exponentially
with age in mice as it does in humans aged 15-102 years
(54). Indeed, both murine and human frailty indices showed
similar exponential increases with age when age was nor-
malized to the 90% mortality levels. Furthermore, when the
rate of deficit accumulation was compared by plotting the
natural logarithm of the frailty index as a function of age,
the slopes of the lines fitted through these data were com-
parable in humans and in mice. Previous studies have used
this approach to show that community-dwelling older adults
accumulate deficit at a rate of approximately 3% per year,
which corresponds to a slope of approximately 0.03 (38).
This study found the slope of the line was 0.034 for older
adults in the SHARE database, which is similar to results
reported previously (38). Interestingly, this is slightly lower
than the slope of 0.038 observed in mice. It is possible that
the rate of deficit accumulation with age is actually some-
what higher in mice than in humans although additional
experiments in a larger sample and across a wider age range
would be required to investigate this fully.

Our study provides additional evidence for similarities
between the murine and human frailty index data. Previous
studies in humans have shown that the absolute heteroge-
neity of the frailty index, indicated by measures such as
the standard deviation or standard error, increases with
age (55,56), as shown in our study in mice. By contrast,
the relative heterogeneity, as indicated by the coefficient of
variation, declines (56). Again, similar results were seen in
this study in the mouse model. The age-related decline in
the heterogeneity of the frailty index has been interpreted
to indicate a loss of redundancy as the system ages (56).
Our results suggest that this loss of physiological reserve
or redundancy in frailty may also occur in the mouse. Our
study also suggests that the frailty index may be higher in
female mice than in males. Interestingly, this agrees with
studies in humans that have reported that women have a
higher frailty index than men (57,58) although evidence
for a sex difference in the frailty index at the youngest
(<75 years) and oldest (>95 years) ages is inconstant (59).
However, clearly this finding is preliminary, and a larger
study of sex differences in frailty in the mouse model is
now warranted.

The clinical frailty index used in this study was devel-
oped by considering established signs of clinical deterio-
ration in mice (15-18,20). Although most of these signs
can occur in all aging mouse strains, our study specifically
evaluated aging C57BL/6J mice. Other mouse strains may
exhibit characteristic diseases and signs of clinical dete-
rioration (60), and these could be used to tailor the frailty
index to particular mouse strains. It also is possible that

this general approach for creating a frailty index has more
widespread applicability. For example, it may be useful to
quantify frailty in other animal models of aging such as rats
although the index would need to be adapted to each spe-
cific species of interest.

Previous studies have provided evidence that inflam-
mation plays a key role in the development of frailty in
humans (reviewed by Fulop et al. and Walston et al.)
(53,61). Furthermore, the interleukin-10 knockout mouse
(IL10"™) has been proposed as a model for human frailty
as these animals exhibit inflammation and develop an age-
related decrease in skeletal muscle strength (62—-65). As we
designed our frailty assessment tool to be noninvasive, we
did not directly evaluate the level of inflammation in the
mice used in our study. Even so, we did find that the occur-
rence of dermatitis, which has been linked to inflammation
(66), increased markedly with age. This provides indirect
evidence that the level of inflammation may increase with
age in our frail older mice. It would be interesting to experi-
mentally evaluate the link between inflammation and frailty
in mice with this new clinical frailty index.

There are several limitations to the experimental
approach outlined in this study. Due to the relatively small
sample size, we did not determine whether the frailty index
was associated with underlying pathology or whether it
was a predictor of mortality. We did observe acceleration
of mortality in one animal that died shortly after the last
frailty index measure was completed, but a large scale
study is needed to explore this idea fully. In addition, the
oldest mice we used were approximately 2.5 years old
by the end of our study, an age where fewer than 40% of
the mice would be expected to be alive based on our sur-
vival data. Still, it would have been interesting to obtain
frailty index scores on even older animals to explore the
limits of frailty in the murine model. Finally, it is possible
that investigator bias may play a role in determination of
the clinical frailty index, and this may affect the ability to
compare results across studies. The question of interrater
reliability should be addressed experimentally in future
studies.

In summary, the results of this study demonstrate that
a simple noninvasive clinical frailty index can be used to
quantify frailty in aging mice. This approach was much
simpler than our initial 31-item frailty index, which
required specialized equipment and invasive measures that
would limit its use in longitudinal studies. Unlike our ear-
lier performance-based eight-item murine frailty index, this
novel clinical frailty index was highly reproducible from
trial to trial and revealed graded increases in frailty with
age. We also found that there were important similarities
between the clinical frailty index developed here for use
in mice and the frailty index used to characterize frailty in
people. This clinical frailty index may be useful to quantify
frailty in experimental studies designed to investigate novel
treatments for frailty in mouse models.
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