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Abstract

We investigated the reliability of a newly developed clinical frailty index (FI) that measures frailty
based on deficit accumulation in aging mice. Fl scores were measured by two different raters
independently in a large cohort (n = 233) of 343-430 day-old male C57BL/6J mice. Inter-rater
reliability was evaluated with correlation coefficients, the kappa statistic, and intra-class correlation
coefficients (ICC) in three separate groups of mice (n = 45, 50, and 138 mice/group) sequentially
over 3 months. After each group was evaluated, descriptions of techniques used to identify health
deficits were amended. Mice had comparable overall Fl scores regardless of rater (0.213+0.002
vs 0.212+0.002; p = .802), although discordant measures declined as techniques were refined.
Correlation coefficients (r? values) between raters improved throughout the study and mean kappa
values increased (mean + SEM; 0.621+0.018, 0.764+0.017, and 0.836+0.009 for groups 1, 2, and
3; p < .05). Values for intra-class correlation coefficient also improved from .51 (95% confidence
interval = 0.11-0.73) to .74 (0.54-0.85) and .77 (0.67-0.83). Fl scores increased over 3 months (p <
.05), but did not differ between raters. These results show a high overall inter-rater reliability when
the clinical Fl tool is used to assess frailty in a large cohort of mice.
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OXFORD

Frailty can be defined as a state of increased vulnerability to adverse
health outcomes for people of the same chronological age (1). It rep-
resents a major challenge in the clinical care of older adults, as frail
individuals have longer hospitalizations, worse outcomes and higher
mortality than do fit people (2). Despite the recognition that frailty
is a major health care problem, the biology of frailty is not well
understood. The limited success in linking the basic biology of aging
with frailty arises, at least in part, because we lack scales to evaluate
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frailty in experimental models (3). The ability to quantify frailty in
aging animal models is essential if we are to understand its biology
and develop interventions that can attenuate frailty by targeting fun-
damental mechanisms of aging (3,4).

Several scales for the quantification of frailty have been used to
measure frailty in people (5). One common approach is to quantify
frailty with a “frailty index (FI),” in which an individual’s potential
health deficits (eg, clinical signs, diseases, laboratory abnormalities,
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etc.) are counted and divided by the total number of items measured
(6-8). We recently used a modification of this approach with a FI
based on deficit accumulation in aging mice (9). We measured more
than 30 health-related variables that provided information about
activity levels, hemodynamic status, body composition, and metabo-
lism in adult (12 month-old) and aged (30 month-old) mice of both
sexes. We found that aged mice had significantly higher FI scores
than did younger animals and that high FI scores predicted deficits
in the structure and function of individual heart cells (9). Thus, a FI
based on deficit accumulation can be used to quantify frailty and
predict adverse outcomes in aging mice.

The techniques used to construct the FI in our original study
were time-consuming, required access to specialized equipment and
employed invasive methods (9). These requirements limit the utility
of this method, especially in longitudinal studies of frailty in aging
animals. To address this concern, we recently developed a simplified,
non-invasive FI based on the clinical assessment of more than 30
potential deficits in a small cohort (7 = 14) of aging mice (10). We
used a checklist that combined readily apparent, published signs of
clinical deterioration in mice. Our results showed that this simplified
approach could be used to characterize frailty in aging mice (10) and
that the FI scores achieved with this approach were similar to those
measured in our original study (9). Importantly, we showed that the
relationship between FI scores and age was virtually identical in mice
and humans, when age was normalized to the maximal lifespan for
each group (10).

The scales used to construct the mouse clinical FI require assess-
ment across a range of domains, including the evaluation of integra-
tive measures such grooming, strength, mobility, and measures of
discomfort (10). Even though the article by Whitehead et al. (10)
describes a detailed scoring system, it is possible that clinical impres-
sions may vary from rater to rater. We have shown that the clinical
FI scores exhibit very little test-to-test variability when administered
by a single rater (10). Still, and especially if the clinical FI is to be
used as an outcome measure to determine whether interventions can
modify frailty in aging animal models, it must be reliable when used
by different raters. The objectives of this study were: (a) to evaluate
the mouse clinical FI in a large cohort of aging mice; (b) to determine
the inter-rater reliability of this instrument and identify discordant
measures; and (c) to refine the criteria used to construct the murine
FI. The study used 343- to 430-day-old male C57BL/6] mice. Inter-
rater reliability was measured in three groups of mice with standard
correlation coefficients, the kappa statistic and with intra-class cor-
relation coefficients (ICCs).

Methods

Experimental Animals

Three- to four-week-old male C57BL/6] mice (7 = 233) were pur-
chased from Charles River (St. Constant, Quebec). The mice were
housed in groups in micro-isolator cages in the Carlton Animal Care
Facility at Dalhousie University and aged to approximately one year
before use in the present study. In a few experiments, young adult
mice (6 months of age) were used. Mice were exposed to a 12-hour
light/dark cycle and they had free access to food and water. The mice
were fed a standard laboratory rodent diet (ProLab RMH 3500,
Purina LabDiet, Aberfoyle, Ontario, Canada). Experiments followed
the Canadian Council on Animal Care Guide to the Care and Use
of Experimental Animals (CCAC, Ottawa, ON: Vol. 1, 2nd edition,
1993; Vol. 2, 1984); all protocols were approved by the Dalhousie
University Committee on Laboratory Animals.

Measurement of Frailty With the Clinical

Frailty Index

Two different raters independently calculated a unique FI score for each
mouse based on the murine clinical FI tool we described previously
and following the criteria outlined in that article (10). Assessments
were performed between 10 am and 2 pm each day. Briefly, mice were
placed in a fresh cage and moved to a dedicated small animal proce-
dure room in the Carlton Animal Care Facility for evaluation. This
procedure room was designed for behavioral testing, is located at the
end of a quiet hall in the facility and we were its sole occupants dur-
ing testing. Mice were weighed and their body surface temperature
was measured at the abdomen with an infrared temperature probe
(Infrascan; La Crosse Technology). An average of three temperature
readings was used. The hearing test used a clicker of the type used to
train dogs. The clinical FI score for each mouse was calculated using
the checklist published previously (10). Clinical assessment included
evaluation of the integument, musculoskeletal system, vestibulococh-
lear and auditory systems, ocular and nasal systems, digestive system,
urogenital system, respiratory system, signs of discomfort, as well as
the body weight (g) and body surface temperature (°C). A complete
list of the clinical signs of deterioration and/or deficits evaluated in this
study can be found in Supplementary Table 1.

Calculation of the FI Score

A simple deficit rating scale was used to compute the FI score for
each animal. For each parameter, a score of 0 was given if there was
no sign of a deficit, a score of 0.5 denoted a mild deficit and a score
of 1 indicated a severe deficit. Deficits in body weight (g) and body
surface temperature (°C) were scored based on their deviation from
average reference values obtained from the entire cohort. Mean (+SD)
reference values for weight were 48.6+4.8g and 48.7+4.8 g for raters
1 and 2, respectively; average reference values for temperature were
30.6+0.9°C for rater 1 and 30.2=0.8°C for rater 2. Values that dif-
fered from reference values by less than 1 SD were scored as 0. Values
that were =1 SD with respect to the reference value were given a frailty
value of 0.25; values that differed by +2 SD scored 0.5, those that
differed by =3 SD scored 0.75 and values that were >3 SD above or
below the mean received the maximal frailty value of 1. The frailty
score for each of the 31 items on the checklist were added and the
total was divided by the number of deficits measured (eg, 31 deficits)
to yield a FI score between 0 and 1 for each animal. The possible frailty
scores for each deficit are also illustrated in Supplementary Table 1.

Study Design

The mice were divided into three groups, an initial group with 45
mice (group 1), a second group with 50 mice (group 2), and a third
group with 138 mice (group 3) for a total of 233 mice. After each
group of mice had been evaluated by both raters, the scores were
compared and areas of discrepancy were identified. After discussion
between the two raters, techniques were refined and the descriptions
of the criteria for clinical assessment of deficits were revised and
clarified. Next, the second group of mice was evaluated and scores
compared between raters as above. The refinement procedure was
repeated and the final group of mice was evaluated.

Statistics

Data are presented as either the mean =+ SEM or the mean = SD,
as indicated. Differences in FI scores between raters were calcu-
lated with a Student’s #-test. Inter-rater reliability was measured in
each of the three groups of mice in three ways: (a) Reliability was
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compared with standard correlation coefficients. FI data obtained by
raters 1 and 2 were fit with a simple linear regression and square of
the correlation coefficient (72) was calculated to determine whether
a linear relationship existed between scores measured by the two
raters. (b) Inter-rater reliability was also calculated with the Cohen’s
kappa statistic, which takes into account agreement between raters
that would occur by chance. An individual kappa value was calcu-
lated for each mouse and differences between the three groups of
mice were evaluated with one-way analysis of variance. (c) The final
test used to evaluate inter-rater reliability was the ICC with a two-
way random model and consistency analysis; the 95% confidence
interval (CI) was calculated for each ICC. In all cases, differences
between groups were considered statistically significant when p <
.05. Statistical analyses were performed either with SPSS (IBM SPSS
Statistics, Version 21) or with Sigma Plot 11.0 (Systat Software, Inc.,
Point Richmond, CA). Graphs were created with Sigma Plot 11.0.

Results

Mean (+SD) physical characteristics of the three groups of mice as
determined by each of the raters are shown in Table 1. As animals
were rated on the same day by each rater, age was identical for
both raters but increased significantly over the course of the study
(Table 1). Mean values for weight did not differ between groups or
raters (Table 1). Body surface temperature did vary between raters
and in some cases between groups (Table 1). Even though tempera-
ture varied significantly, the variation was very small and is not likely
to be biologically significant.

Figure 1A shows a scatterplot of the relationship between the
FI and age for all the mice examined in this study by both raters.
The figure shows that the FI scores generally increased with age,
but individual scores at each age were highly variable (Figure 1A).
Figure 1B shows that that there were no significant differences in the
average (+SEM) FI scores obtained by raters 1 and 2 for any of the
groups of mice examined in this study. Furthermore, the overall FI

Table 1. Characteristics of Male C57BL/6J Mice Used in this Study

Characteristic* Rater 1 Rater 2
Group 1

Age (days) 349.6+6.3 349.6+6.3
Weight (g) 47.6=5.6 47.5+5.8
Body surface temperature (°C) 31.3+0.8 30.9+0.61
Number of mice 45 45

Group 2

Age (days) 374.8+3.8* 374.8+3.8%
Weight (g) 48.9+4.0 49.0+3.9
Body surface temperature (°C) 30.7+0.9¢ 30.1+0.8H%
Number of mice 50 50

Group 3

Age (days) 405.2+11.8%5 405.2+11.8%5
Weight (g) 48.9x4.8 49.0=4.7
Body surface temperature (°C) 30.4+0.9% 30.0=0.80F
Number of mice 138 138

Notes: *Values represent the mean = SD. Weight and body surface tem-
perature data were evaluated with two-way ANOVA with rater and group as
main factors; differences between groups for age were assessed with a one-way
ANOVA on ranks.

Denotes significantly different from rater 1.

Denotes significantly different from group 1.

SDenotes significantly different from group 2.

scores for all the mice used in the study were not significantly dif-
ferent between the two raters; values were 0.213+0.002 for rater 1
and 0.212+0.002 for rater 2 (mean = SEM; p = .802; # = 233). On
the other hand, Figure 1B shows that mean (+SD) scores for rater 1
increased with age (0.18 £0.03 for group 1; 0.21+0.04 for group 2;
0.22+0.03 for group 3); average scores for rater 2 increased between
group 1 and group 2 (0.18+0.03 to 0.22+0.03) and then plateaued
for group 3 (0.22+0.03). Of note, FI scores were significantly higher
in groups 2 and 3 when compared to group 1 as the mice increased
in age (Figure 1B).

Figure 2A shows the number of differences between raters for
each individual item used to make up the FI score. The data are
expressed as a percentage of the differences between raters in each
of the three groups of mice examined. Items that differed by more
than 25% were identified, as shown by the dashed line (Figure 2A).
Figure 2A shows that the number of discrepancies between raters
was highest for Group 1. Items that differed by more than 25%
were: distended abdomen, gait, tremor, grip strength, body condi-
tion, head tilt, hearing loss, menace reflex, breathing rate/depth,
and piloerection. Raters compared rating procedures, expanded the
descriptions of techniques used for clinical assessment and evaluated
mice in group 2. Figure 2A shows that the number of discrepan-
cies declined for group 2, but still included hunched posture, tremor,
hearing loss, menace reflex, and piloerection. The raters again refined
and expanded the assessment criteria and evaluated group 3. The
number of discrepancies again declined and only the hearing test and
temperature varied by more than 25% between raters.

As shown in Figure 2A, the most disagreement between raters
occurred with respect to body surface temperature and hearing loss.
Importantly, these discrepancies were not resolved over the course
of the study, so additional experiments were performed. The mice
were originally tested in the experimental room in groups of 10. To
determine whether the mice habituated to the sound of the clicker in
the room, a separate group of young adult mice (z = 11) that could
hear at baseline were repeatedly exposed to the clicker. Figure 2B
shows that the percentage of mice responding to the clicker declined
as the number of clicks increased. This demonstrates that the hearing
test was not reliable unless the sound was novel. Differences between
raters with respect to body temperature were also investigated fur-
ther. Discrepancies were due to differences in the position of the
probe relative to the mouse. We found that reliable and consistent
recordings of body temperature could be made when the probe was
positioned 2 cm directly above the centre of the abdomen. Based on
the results of these investigations, the criteria and descriptions of the
procedures used to construct the FI were modified. These modifica-
tions are shown as the entries in italics in Supplementary Table 2.

Reliability between raters was initially assessed with standard
correlation coefficients, as shown in Figure 3. FI scores from rater
1 were plotted as a function of scores from rater 2 for each mouse
and the data were fit with a simple linear regression (Figure 3A). For
group 1, the square of the correlation coefficient (r?) was .12 (p =
.02). Figure 3B and C shows the values of 7* increased from .34 (p
<.001) for group 2 to .39 (p < .001) for group 3. We also used the
kappa statistic to compare inter-rater reliability. Figure 4A shows
that the mean kappa values improved over the course of the study
(values increased from 0.61+0.13 to 0.75+0.11 and 0.82+0.10 in
groups 1, 2, and 3, respectively; p < .05). Figure 4B shows the aver-
age values for the ICC also increased from .51 (95% CI = 0.11-0.73)
in group 1 to .74 (CI = 0.54-0.85), and .77 (CI = 0.67-0.83) in
groups 2 and 3. This increase in ICC was statistically significant
(Figure 4B; p < .05).
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Figure 1. Frailty index scores in C57BL/6J mice. (A) Scatterplot of the relationship between the frailty index and age for scores from both raters shows that frailty
index scores increased with age. Data from all mice evaluated in the study are illustrated in this panel (n = 233); each subgroup is identified at the top of this
panel. (B) Values for the frailty index did not differ between raters for any of the groups used in this study, although there was an overall increase in frailty as
mice increased in age. Frailty index scores for mice in group 1 were significantly lower than frailty index values in groups 2 and 3. Values represent the mean
+ SEM. *Denotes significantly different from group 1 (p <.05; n =45, 55, and 138 mice in groups 1, 2, and 3, respectively). Data were analyzed with a two-way

ANOVA with rater and group as main factors.

Discussion

The overall goals of this study were to evaluate the newly described
mouse clinical FI in a large cohort of 343- to 430-day-old mice, to
determine the reliability of this instrument and to refine the tech-
niques used to construct the index. When FI scores were compared
across a range of ages in a large number of C57BL/6] mice, results
showed that there were considerable differences in health status
for mice of the same chronological age. This is consistent with the
definition of frailty as variable vulnerability in animals of the same
age. Interestingly, scores did not differ between raters for any of the
three groups examined, although the number of discordant measures
between raters declined as the techniques used to evaluate frailty

were refined. This improvement in reliability was quantified as an
increase in the correlation coefficients (7> values) between raters as
the study progressed. Furthermore, both the average kappa values
and the ICC values increased throughout the study. These data dem-
onstrate that the relationship between health status, as assessed by
the clinical FI, and chronological age is highly variable in older, 343-
to 430-day-old C57BL/6] mice. Despite this variability, similar FI
scores were obtained by two different raters and refinement of the
techniques used to evaluate health deficits that make up the index
led to a very high level of inter-rater reliability. These enhancements
should improve the utility of this index as a tool to assess frailty in

aging mice.
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Figure 2. Refinement of techniques reduced differences between raters in the parameters used to construct the frailty index. (A) The number of differences
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items, differences between raters declined from group 1 to 3. The dashed line indicates a difference between raters of 25%; the asterisks indicate items that
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The ability to quantify frailty in aging animal models has been iden-
tified as a key step in the effort to link the biology of aging with frailty
(3). Indeed, several groups have recently developed different approaches
to recognize and quantify frailty in aging animal models (9-12). These
studies have generally adapted frailty scales that are commonly used

to quantify frailty in people. For example, Liu et al. (12) developed a
novel murine frailty scale based on the 5-point clinical “frailty pheno-
type” proposed by Fried et al. (1
fication of the approach developed by Rockwood, Mitnitski et al. in

3). In contrast, we have used a modi-

humans (6,7), where frailty in mice is quantified in a FI measured as
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Figure 3. Reliability between raters compared with standard correlation
coefficients. (A) Frailty index scores were obtained by each rater for mice in
group 1. Data from rater 1 were plotted as a function of data from rater 2 and
fit with a simple linear regression. The square of the correlation coefficient
() was .12 (p = .02). (B, C) A similar approach was used to compare inter-
rater reliability with correlation coefficients for groups 2 and 3. Values for r?
increased from .34 (p < .001) for group 2 to .39 (p <.001) for group 3. (n =45,
55, and 138 mice in groups 1, 2, and 3, respectively).

deficit accumulation (9,10). These novel assessment tools are an excit-
ing development in the biology of frailty as they can potentially be used
to quantify frailty and investigate the success of treatments to attenuate
frailty in pre-clinical models. However, for clinically based frailty scales
to be useful in different settings, they must be reliable (14-16). We
previously showed that the murine clinical FI developed by our group
showed little test-to-test variability when administered by a single rater
(10). A major advance made in the present study is the demonstration
that this clinical FI exhibits a high degree of inter-rater reliability when
used in a large cohort of mice, so it is a reliable assessment tool.

In our initial study, we developed a standardized scoring system
to measure health deficits in aging mice with a brief clinical exam
(10). In the present study, when two independent raters used this
scoring system to measure frailty, we found that there was some ini-
tial disagreement between raters on several health deficit measures
in the first clinical evaluation. An important contribution made by
the present study is that we have identified those items most likely to
cause disagreement and we have more fully described the assessment
procedure for each of these items. The expanded descriptions of the
criteria used to define health deficits should help other laboratories
operationalize this clinical FI.

When the FI is used to assess health status in humans, the rela-
tionship between health status and chronological age is highly
variable (17,18), even though relative heterogeneity (coefficient
of variation) declines with age (18). In our original description of
the clinical FI, we found that the absolute variability of the index
appeared to increase with age in a very small cohort (z = 14) of
aging mice (10). In the present study, we have extended these obser-
vations to include data from a large number of C57BL/6] mice (1 =
233) between the ages of 343-430 days of age. When we used the
FI to assess the health status of these mice, we found that there was
a great degree of variability in the health status of mice of the same
age. These data demonstrate that the link between chronological
age and health is highly variable, even in mice with similar genetic
backgrounds, and suggest that population aging is diverse in these
animals. Studies of interventions designed to influence frailty in ani-
mal models could select mice with different initial frailty levels to
investigate the impact of potential treatments on mice with initial
high or low frailty loads.

There is evidence that inflammation makes an important contri-
bution to the development frailty in humans (19,20). Indeed, some
studies that have investigated healthspan and frailty in animal mod-
els have focused on inflammation as a hallmark of frailty. For exam-
ple, the interleukin-10 knockout mouse (IL10™™), which exhibits
inflammation and an age-dependent reduction in skeletal muscle
strength, also has been used to model frailty (21-24). As we used
a non-invasive assessment tool to quantify frailty in this study, we
did not directly evaluate the level of inflammation in the mice used
in our study. However, in our previous work (10) we showed that
dermatitis, which has been linked to inflammation (25), increased
with age and frailty. This observation provides indirect evidence that
inflammation is increased in frail older mice.

There is also evidence that sarcopenia contributes to the develop-
ment frailty in humans (19,20). While sarcopenia was not investigated
here, our clinical FI tool includes assessment of grip strength, gait
disorders, and tremor, so it does reflect deficits in physical condition.
Furthermore, in a previous study we compared clinical FI data with
data from a FI based on performance measures in an open field (10).
We found that higher clinical FI scores were associated with impaired
performance as measured by activity levels (eg, total distance moved;
average velocity of movement; rearing frequency). Therefore, high
clinical FI scores are associated with functional impairment (10). We
also previously used a dual energy X-ray absorptiometry (DEXA)
scanner to demonstrate that changes in animal weight and body com-
position account for much of the FI variance when the FI is meas-
ured with a more invasive approach (9). Interestingly, Thompson and
colleagues have proposed both a neuromuscular healthspan scoring
system (11) and a FI based on physical signs of weakness (12) as tools
to evaluate frailty in aging mice. A direct comparison of frailty levels
obtained with our approach (10) and with the physical frailty meth-
ods described by others (11,12) in the same mice could be interesting.
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3, respectively.

There are some limitations to the data presented here. We report
FI data obtained from male C57BL/6] mice only, so results may not
be directly applicable to female mice or to other strains of mice. It
is possible that there are male—female differences in frailty in mice,
especially since there is some evidence for sex differences in frailty in
humans with most studies reporting that women have higher frailty
levels than men (26). Still, whether there are sex differences in frailty
in animal models is not yet clear. We did include a “head-to-head”
comparison of male—female differences in our initial, small scale
study of frailty in mice (9). Although we found that older males had
higher FI scores than older females, this effect was not statistically
significant (9). In a more recent study with the frailty assessment
tool used in the present manuscript we found the opposite trend,
with males somewhat less frail than females, although again this dif-
ference was not statistically significant (10). At present there is no
evidence for a sex difference in frailty in mice and it may be that any
sex difference is small and will only be detected in a larger sample.

Another potential limitation is the accuracy of the body sur-
face temperature measurements made with an infrared temperature
probe. To ensure the accuracy, we used an average of three tem-
perature readings from each mouse. We found that the variance for
temperature measurements was very low, which suggests that our
technique is reproducible. An alternative approach would be to use a
rectal probe to measure body temperature, although this would be a
more invasive approach. Body temperature is an important variable
to include in the FI as there is evidence that temperature declines
between the ages of 2 and 30 months in male C57BL/6] mice (27).
Importantly, studies have shown that a marked decline in body tem-
perature occurs during the last 16 weeks of life in the mouse model
(28), which suggests that a rapid decline in body temperature can be
used as a marker imminent death.

The results of this study demonstrated that, even though FI
scores increased with age, there was considerable variability in FI
scores for mice of the same chronological age in this large cohort
of C57BL/6] mice. This indicates that the link between chrono-
logical age and health is highly variable, even in mice with similar

genetic backgrounds. This study also showed that the clinical FI tool
exhibited high overall inter-rater reliability and that its reliability
increased as the techniques used to evaluate clinical deficits were
refined throughout the study. This novel assessment tool may be
useful in evaluating the success of treatments designed to attenuate
frailty and improve health in pre-clinical models, with the ultimate
goal of translating findings to frail older adults.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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