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The goal of this study was to test whether the “loss of the complexity” hypothesis can be applied to compare the meta-
bolic patterns of mouse models with known differences in metabolic and endocrine function as well as life span. Here, we 
compare the complexity of locomotor activity and metabolic patterns (energy expenditure, VO

2
, and respiratory quotient) 

of the long-lived growth hormone receptor gene deleted mice (GHR−/−) and their wild-type littermates. Using approxi-
mate entropy as a measure of complexity, we observed greater metabolic complexity, as indicated by greater irregularity 
in the physiological fluctuations of the GHR−/− mice. Further analysis of the data also revealed lower energy costs of 
locomotor activity and a stronger relationship between locomotor activity and respiratory quotient in the GHR−/− mice 
relative to controls. These findings suggest underlying differences in metabolic modulation in the GHR−/− mice revealed 
especially through measures of complexity of their time-dependent fluctuations.
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SINCE the introduction of the loss of complexity 
hypothesis in aging and disease (1), there have been 

numerous studies that have demonstrated that aging leads 
to altered patterns of physiological activity. This seminal 
study demonstrated that although two individuals, one 
young and one old, could have the same mean and standard 
deviation in heart rate, that is, their beat-to-beat heart rate 
fluctuations, the manner in which the heart rate time series 
unfolded over time could not have been more different. 
The heart rate fluctuations of the young person were highly 
irregular making the time series more difficult to describe, 
changing on both short and long timescales, and thus mak-
ing the data more “complex.” The old person, on the other 
hand, exhibited only slow, long-range fluctuations in heart 
rate, characterized by greater regularity over time, hence the 
“loss of complexity.”

Many studies have shown data consistent with the loss of 
complexity hypothesis, including data from motor behavior 
(see Morrison and Newell [2] for review) and other physi-
ological variables (3). As a result, the loss of complexity is 
viewed as an indicator of declining health along the path 
to frailty (4), as the functional connections between dif-
ferent physiological systems or structures begin to weaken 
(5,6). An interesting issue that arises is whether increased 
physiological complexity can also be a marker of metabolic 
health. Effectively, if we were to test two individuals at the 
same chronological age, will a person who has the genetic 
potential to live longer exhibit greater complexity in their 

metabolic physiology in comparison with someone who 
does not?

A study of this type would be nearly impossible to con-
duct in humans owing to the length of the human life span 
and the many confounding variables of lifestyle including 
diet, exercise, socioeconomic status, etc. However, this kind 
of study is possible using animals that have a relatively short 
life span and known differences in longevity. Specifically, 
growth hormone receptor knockout mice (GHR−/−) are 
known to live significantly longer than their wild-type (WT) 
counterparts (7–9). Normally, growth hormone (GH) secre-
tion declines during normal aging, which in turn results in 
lower insulin-like growth factor-1 levels. Yet, stable lines 
of dwarf mice with diminished GH/insulin-like growth fac-
tor-1 activity, such as GHR−/−, Ames, and Snell mice have 
increased longevity (10). This suggests that at least in part, 
the effects of aging are associated with declines in the 
GH/insulin-like growth factor-1 axis (9,11).

As a consequence of elimination of GH-induced 
signaling, the GHR−/− mice are dwarf in terms of both 
length and body mass, although they possess a higher 
proportion of fat mass (12–14). The mice are also insulin 
sensitive with low levels of insulin-like growth factor-1. 
Potentially, the increased life span of the GHR−/− mice is 
owed to an improved metabolic system (15) that results in 
lower fasting glucose and insulin levels in comparison with 
WT littermates (7,9). This difference persists even when the 
GHR−/− mouse is challenged with a high-fat diet (13,16). 
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The intersection between the theoretical underpinnings 
of complexity and metabolic physiology is the concept of 
metabolic flexibility (see Galgani et al. [17] for a review). 
Effectively, a system with greater metabolic flexibility has a 
greater capacity to adapt to the availability of fuel substrates 
and switch between fuel sources to meet internal and 
external demands. Respiratory quotient (RQ), an indicator 
of the proportions of substrate utilization, thus becomes 
an important variable, especially when examined from the 
perspective of complexity.

Our current study also allows us to test whether meta-
bolic flexibility and physiologic complexity could in fact 
be synonymous. In general, metabolic flexibility has been 
tested under challenging conditions such as the transition 
to fat from carbohydrate metabolism under a hyperinsu-
linemic clamp (17). Here, we examine whether metabolic 
flexibility can be captured through the dynamics of fluctua-
tions in metabolic patterns over days. Related to the con-
cept of complexity in physiology is a proposal that studying 
intraindividual variability provides greater insight into 
physiological health and well-being than averages of multi-
ple physiological traces over time and across multiple ani-
mals. West (18) states that if the appropriate physiological 
intraindividual-dependent variables are selected and ana-
lyzed appropriately, there will be greater between-subjects 
variability and a stronger ability to detect group differences.

A second aspect to the comparison of metabolic flexibil-
ity between the GHR−/− and WT is the relationship between 
locomotor activity (LMA) and metabolic variables. It is an 
open question as to whether greater metabolic flexibility in 
the GHR−/− mice (19) is exclusively a function of inherent 
differences in metabolic physiology or if it associated with 
LMA both in terms of magnitude and fluctuations over time. 
One of our goals was to test whether differences exist in the 
LMA–metabolism relationship across the WT and GHR−/− 
mice. It is possible that GHR−/− exhibit greater complexity 
in LMA and also possess different levels of independence 
between fluctuations in LMA and the metabolic variables. 
The data presented here were published in a previous study 
(19) that compared daily energy balance, that is, feeding, 
energy expenditure (EE), LMA, and heat loss. The current 
study employs an entirely novel approach to analyzing and 
interpreting the LMA and metabolic data. Here, we com-
pare differences in patterns of (i) LMA, (ii) EE, (iii) oxy-
gen consumption (VO

2
), and (iv) RQ; between GHR−/− and 

WT littermates. Using conventional analyses (comparison 
of group mean differences) as well as nonlinear time series 
analysis, we will test two main hypotheses.

First, we test the hypothesis that complexity in LMA and 
the metabolic variables is higher in the GHR−/− mice than 
controls. Increased metabolic complexity is also indicative 
of greater metabolic flexibility as it demonstrates the capac-
ity of the system to be modulated over shorter timescales. 
To date, virtually all of the studies that have examined 
metabolic physiology between GHR−/− and WT mice have 

focused on comparing between-animal or between-subjects 
variance (eg, using t tests or analyses of variance) but do not 
regularly examine within-subjects or intraindividual vari-
ability. The complexity of metabolic fluctuations provides 
insight into the underlying pattern of intraindividual varia-
bility over time. Second, we test the hypothesis that there is 
greater independence between LMA and EE in the GHR−/− 
mice when compared with WT animals. Conventionally, 
group averages of each variable are obtained over blocks of 
time and then subjected to correlation analysis, providing 
the between-subjects correlation. Here, we use a different 
approach, where we compare the intraindividual correla-
tions between metabolic variables and LMA across the 
entire testing period and compare the strengths of the corre-
lations between groups. This approach allows us to evaluate 
the degree to which they are modulated alongside LMA. 
Our results show a more complex pattern of fluctuations in 
the metabolic variables of the GHR−/− mice. Furthermore, 
we observed that the GHR−/− are more energy efficient in 
that they are able to traverse a greater distance with lower 
EE. Our data suggest that the GHR−/− mice modulate RQ as 
a function of LMA more so than the WT.

Methods
This study compared mice divided into two main cohorts; 

GHR−/− (n = 13) and WT (n = 12). All mice were female and 
17 months old. The body mass (M ± SD) of the GHR−/− mice 
was 13.8 ± 1.4 g, whereas the body mass of the WT (M ± 
SD) was 31.2 ± 2.7 g. Nasoanal length was not measured in 
the original Longo and colleagues’ (19) study, but is a criti-
cal piece of information. As a result, we used approximate 
data obtained from an existing colony of GHR−/− and WT 
mice of the same age and sex, with the same number of mice 
(13 GHR−/−; 12 WT) in each group. The nasoanal length (M 
± SD) of the GHR−/− mice was 6.1 ± 0.2 cm, whereas the 
nasoanal length of the WT (M ± SD) was 8.9 ± 0.2 cm.

Metabolic and LMA data were collected at 14-minute 
intervals over a continuous 4-day period, yielding 400 
data points for data analysis using a 16-chamber indirect 
calorimetry system (Oxymax, Columbus Instruments, 
Columbus, OH). We selected the 4-day testing period as it 
was the longest possible period of time that the mice could 
be housed within the metabolic cages without having to be 
removed for cage cleaning or the replenishment of food 
to the hopper. Having a continuous stream of data that is 
undisrupted by external factors is particularly important for 
analysis of metabolic dynamics. The cages were maintained 
in a temperature- and humidity-controlled room and exposed 
to a 12-hour light/12-hour dark cycles. Each cage held one 
mouse, and ad libitum access to water and powdered chow 
(Lab Diet 5001, Purina, St. Louis, MO) was provided. The 
cage dimensions were 30 × 20 × 24 cm (x, y, and z), and the 
interbeam distance in the x-axis was every 1.27 cm, which 
was used to measure LMA. The calorimeter’s O

2
 and CO

2
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sensors were calibrated before each experiment using a 
compressed gas with a highly defined mixture of O

2
 and CO

2
. 

We calculated RQ as the quotient of CO
2
 production (VCO

2
) 

and O
2
 consumption (VO

2
). Body mass levels of the mice 

were also measured pre- and postcalorimetry, where only a 
0.5% decline in body mass was observed across both groups 
of mice (see Table 1 from Longo et al. [19]), suggesting that 
the mice were acclimated to their new environment.

All procedures were approved by the Ohio University 
Institutional Animal Care and Use Committee. For more 
complete details of the experimental protocol, please refer 
to Longo and colleagues (19).

Conventional Measures
The means of all of the dependent variables over the test-

ing period were obtained. In terms of LMA, beam breaks are 
collected on an absolute scale, that is, a set distance between 
two beams. These measures are identical to that of Longo 
and colleagues (19), to maintain consistency with our pre-
vious research, as were the EE calculations, measured as 
[(3.815 + (1.232 × RQ)) × VO

2
]. In addition, because the 

GHR−/− are dwarf mice and thus, considerably shorter than 
their WT counterparts, we conducted an additional compari-
son of mean LMA by correcting for the difference in nasoa-
nal length of the two groups of mice, where the GHR−/− mice 
are approximately 68.5% shorter than the WT.

Correlation Analysis
Instead of testing for between-subjects correlations of 

mean LMA and metabolic variables, we conducted correla-
tions between the dependent variables as a within-subjects 
analysis, as proposed by West (18). Pearson product-moment 
correlations for each individual animal were obtained over 
the testing period. Relationships between the dependent vari-
ables for each mouse provided r values that were later subject 
to statistical comparisons to detect significant group differ-
ences. The correlation and other analyses represent the novel 
approaches to data analysis employed in this current study.

Permutation Analysis
We conducted further analyses to determine the possi-

bility that systematic outliers in the data led to significant 

group differences in the intraindividual correlation values. 
To test the probability of chance difference, we ran 1,000 
random permutations of the data points of one variable 
while holding the other constant. These permutations were 
conducted on the data of each mouse. For each permutation, 
we compared the group r value means using a two-sample 
t test.

Approximate Entropy
To quantify the complexity or irregularity of the unit 

variance normalized (mean subtracted, divided by standard 
deviation) LMA and metabolic time series, we used approx-
imate entropy (ApEn), as presented in Pincus and Singer 
(20) and Lipsitz and Goldberger (1).
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The ApEn algorithm presented in equation (1) measures the 
log of the probability ratio of the recurrence of data points 
of length m within the threshold set by r. More specifically, 
C

m
(r) and C

m+1
(r) provide the average recurrence count of 

vectors of length m and m + 1, respectively, within a given 
time series X. Shorter vectors naturally have a higher likeli-
hood of recurring as there will be more of them (eg, more 
pairs than trios) within any time series. If the time series 
has a regular pattern, values of C

m
(r) will be more similar to 

C
m+1

(r), indicative of greater similarity in their recurrence 
characteristics. If the time series is complex, the recurrence 
of the shorter vectors, as a ratio of the longer vectors will 
be much larger, yielding higher ApEn values. As recom-
mended by Pincus and Singer (20), the value of m was set at 
2, whereas r was set to 0.2.

Because EE is linearly derived from RQ and VO
2
, we used 

cross-approximate entropy (CrossApEn [21]) to measure 
joint unpredictability or asynchrony within the VO

2
 and RQ 

signals. CrossApEn uses the identical algorithm to ApEn, 
but, instead of comparing pairs of data points within a time 
series, it compares the recurrence of pairs of data points 
across two time series (see Hong et  al. [22] for a more 
complete explanation). Thus, when CrossApEn values 
are high, the corecurrence of data across two time series 
is low, indicative of asynchronous fluctuations. When the 

Table 1. Summary of Results for the Group Comparisons of the Average Value of Each Dependent Variable Over the 4-Day Testing Period

Dependent Variable GHR−/− (M ± SD) WT (M ± SD) t(18) p

LMA (No. of beam breaks)* 310.6 ± 55.0 467.8 ± 130.1 3.88 .002
LMA (adjusted for nasoanal length) 453.5 ± 80.3 467.8 ± 130.1 0.33 .734
VO

2
 (mL/kg/min)** 99.5 ± 10.5 72.9 ± 4.6 8.29 <.001

RQ 0.86 ± <0.0001 0.86 ± <0.0001 0.82 .422
EE (kcal/h)** 0.29 ± <0.001 0.49 ± 0.002 11.92 <.001

Notes: EE = energy expenditure; LMA = locomotor activity; RQ = respiratory quotient; WT = wild-type.
Significance at *p < .01; **p < .001.
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corecurrence of data points is high, CrossApEn values are 
low, indicative of high levels of synchrony in the fluctuations 
of both variables.

Statistical Analysis
Comparisons between groups on all of the dependent 

variables were conducted using two-sample t tests assum-
ing unequal variances in Microsoft Excel.

Results

Conventional Measures
On an absolute scale, the GHR−/− mice exhibited a sig-

nificantly lower number of beam breaks during the testing 
period than the WT. However, once LMA is corrected for 
the fact that GHR−/− mice are approximately 68.5% shorter 
(unpublished data—see Methods section) than the WT 
mice, the difference is no longer apparent. This correction 
allows the treatment of the LMA as a relative measure, 
that is, in terms of the number of body lengths moved, as 
opposed to a distance measured in centimeters. During the 
testing period, the mean EE of the GHR−/− mice was sig-
nificantly lower, whereas their mean VO

2
 was significantly 

higher than the WT mice. Results of the statistical analyses 
are summarized in Table 1.

Correlations
There were two statistically significant group differ-

ences in the intraindividual correlations across the depend-
ent variables (Table 2). First, the mean correlation between 
LMA and RQ was significantly higher for the GHR−/− mice. 
Second, the mean correlation between LMA and EE was 
significantly lower for the GHR−/− mice. Interestingly, 
there were no significant group differences for the r val-
ues obtained across pairs of metabolic variables. Exemplar 
data obtained from a single mouse from each group with r 
values closest to their group mean were selected (Figure 1). 
Note the stronger relationship between LMA and RQ in the 
GHR−/− mouse and the stronger correlation between LMA 
and EE in the WT mouse in Figure 1.

Permutation Analysis
The permutation analysis of the correlations revealed that 

there was a less than 5% likelihood of significant group dif-
ferences for the LMA–EE (4.8%; average p value = .517) 
and LMA–RQ (4.5%; average p value = .498) correlations. 
Random permutations also eliminated the correlations 
between LMA and EE (average r value = −.0002) with a 
similar effect on LMA and RQ (average r value = −.0005).

Approximate Entropy
The complexity of two metabolic variables was sig-

nificantly different between the two groups (Table 3). The 
GHR−/− mice exhibited significantly more complex patterns 
of VO

2
 and RQ over the testing period. There were no sig-

nificant group differences, however, for LMA and EE com-
plexity. Exemplar plots of the unit variance normalized VO

2
, 

RQ, and EE time series can be seen in Figure 2. Presented 
are data obtained from a single mouse from each group. The 
left and middle panels provide a visual illustration of higher 
ApEn values, where the GHR−/− exhibit a more unpredict-
able pattern of fluctuations in VO

2
 and RQ over time, but 

exhibit similarly unpredictable fluctuations in LMA.
The CrossApEn results revealed significantly greater 

asynchrony (t(18) = 3.99; p < .001) between VO
2
 and RQ 

in the GHR−/− mice (2.02 ± 0.004) in comparison with WT 
(1.93 ± 0.002). Exemplar plots from a single mouse from 
each group can be seen in Figure 3.

Discussion
The significant differences in ApEn values between the 

GHR−/− and WT mice provide evidence of the association 
between greater physiologic complexity and better health 
(1,4). This is reflected in the significantly higher ApEn 
values in the GHR−/− in comparison with the WT. This 
builds upon our previous work that found higher VO

2
 in WT 

and lower RQ in the GHR−/−, but only during the light phase 
when the mice were least active (19). These results are 
indicative of greater irregularity in VO

2
 and RQ fluctuations 

over the testing period. Churruca and colleagues (23) 
found a similar pattern of differences in blood glucose 
fluctuations over a 48-hour period when they compared 
healthy controls against insulin-dependent diabetics 
and people with metabolic syndrome. Blood glucose 
fluctuations were the most irregular in the healthy controls, 
followed by the participants with metabolic syndrome, with 
the diabetics exhibiting the least complex fluctuations. In 
addition, there is evidence to show that increased metabolic 
flexibility following habitual physical activity also led to 
decreased insulin variance, but increased RQ variance 
(24). This suggests that increased complexity in metabolic 
variables could be an indicator of better metabolic function 
and health. Our results provide convergent evidence that 
complex fluctuations in metabolic variables could be a 

Table 2. Summary of Results for the Group Comparisons of the 
Average r Value Obtained From the Intraindividual Correlations 

Across the Dependent Variables

r Value GHR−/− (M ± SD) WT (M ± SD) t(18) P

LMA–VO
2

0.69 ± 0.07 0.70 ± 0.04 0.32 .754
LMA–RQ* 0.42 ± 0.12 0.21 ± 0.28 2.49 .025
LMA–EE** 0.47 ± 0.02 0.62 ± 0.11 3.21 .004
VO

2
–RQ 0.31 ± 0.12 0.34 ± 0.17 0.35 .731

VO
2
–EE 0.84 ± 0.04 0.85 ± 0.03 0.70 .492

RQ–EE −0.23 ± 0.13 −0.19 ± 0.17 0.70 .491

Notes: EE = energy expenditure; LMA = locomotor activity; RQ = respira-
tory quotient; WT = wild-type.

Significance at *p < .05; **p < .01.
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marker of better health (1,4,23) and that the altered energy 
metabolism in GH mutant mice is likely to play a critical 
role in the aging process and life span (15).

One of the main benefits of using measures of complex-
ity in physiology and behavior is that they are able to pri-
marily distinguish high frequency and short timescale shifts 
in the data (1). This is viewed as a reflection of a physiologi-
cal system’s capacity to respond more quickly and adapt to 
internal and external perturbations (4). Despite this, ApEn 
values for LMA and EE were not significantly different 
across the two groups. With regard to LMA, it suggests that 
both animals engage in physical activity with similar pat-
terns. Interestingly, even though EE is linearly derived from 
both VO

2
 and RQ, we did not observe any significant dif-

ference between the groups. Moreover, we did not observe 
a significant group difference for the correlation between 
VO

2
 and RQ (see Table 2). The CrossApEn analysis of the 

VO
2
–RQ data revealed greater asynchrony in the fluctuation 

patterns of the GHR−/− mice.
What these findings show is that while on average, the 

VO
2
–RQ relationship is not different between the two 

groups, the manner in which their fluctuations are syn-
chronized over time is different. The GHR−/− mice show 
greater independence between VO

2
 and RQ over time, as 

evidenced by higher CrossApEn values that are indicative 

of greater asynchrony. This finding supports the hypothesis 
of that “connectivity” or communication between different 
physiological systems is an important indicator of health, 
especially in aging (4–6). The permutation analysis gives 
us confidence that the significant differences in r values 
between groups were not obtained by chance or due to arti-
fact from the calorimetry devices. After 1,000 random per-
mutations, we observed significant group differences in less 
than 5% of all occasions, and also, the correlations between 
variables were near zero. One would speculate at this time 
that the modulation of VO

2
 and RQ differs across the two 

types of mice, potentially through different endocrine feed-
back loops, although further research will be needed to vali-
date this idea. Further evidence of underlying differences in 
metabolic control can be seen in the significant r value dif-
ferences between groups. On one hand, we observed signif-
icantly higher r values from the intraindividual correlations 
between LMA and EE in the WT mice. On the other, we 
observed higher r values for the GHR−/− mice for the corre-
lation between LMA and RQ (see Table 2). What these cor-
relation results illustrate is a situation where the WT mice 
modulate EE based on LMA levels, whereas the GHR−/− 
have a stronger association between RQ and LMA. This is 
suggestive of greater independence between physical activ-
ity demands and EE in the GHR−/− mice. This finding is also 
consistent with greater metabolic flexibility in the GHR−/− 
mice. Whereas the WT mice modulate EE as a function of 
LMA, there is greater RQ modulation of the proportion of 
metabolic substrate composition in the GHR−/− mice. These 
results present a case for the benefits of analyzing intraindi-
vidual patterns of variability as markers of health (18) while 
expanding upon our previous findings (19). Metabolic dif-
ferences remained evident in the conventional comparisons 
of mean values drawn over the entire testing period, which 
is an extension of the prior work showing EE differences 
during both light and dark phases (19). On average, the WT 

Figure 1. Exemplar scatterplots of intraindividual correlations between locomotor activity (LMA) and respiratory quotient (RQ; left panel) and LMA and energy 
expenditure (EE; right panel).

Table 3. Summary of Results for the Group Comparisons of the 
ApEn Values for Each of the Dependent Variables

Dependent Variable GHR−/− (M ± SD) WT (M ± SD) t(18) p

LMA ApEn 1.25 ± 0.03 1.22 ± 0.05 1.38 .186
VO

2
 ApEn* 1.24 ± 0.04 1.17 ± 0.08 2.63 .018

RQ ApEn** 1.10 ± 0.07 0.95 ± 0.09 4.72 <.001
EE ApEn 1.25 ± 0.04 1.26 ± 0.04 0.65 .524

Notes: ApEn = approximate entropy; EE = energy expenditure; LMA = loco-
motor activity; RQ = respiratory quotient; WT = wild-type.

Significance at *p < .05; **p < .001.
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mice have higher levels of EE and LMA, but lower VO
2
 

levels. But, when corrected for body length, the difference 
in LMA dissipates. On an absolute scale, the WT cover 
traveled a greater distance over the testing period. However, 
when the difference in nasoanal length is accounted for, 
both groups of mice traveled a similar distance in terms of 
body length. An interesting aspect to the LMA differences 
is that the energy cost of moving the same relative distance 
is much lower for the GHR−/− mice. Using the mean LMA 
and EE values, the number of beam breaks per kilocalorie 
can be estimated. On average, the GHR−/− have 311 beam 
breaks every 14 minutes or 1,331 crossings per hour while 
expending 0.29 kcal/h. This would mean the GHR−/− mice 
would have 4,590 beam breaks per kilocalorie used. Using 
the same calculation, the WT mice would have 4,092 beam 
breaks per kilocalorie used. If corrected for body length, 

the GHR−/− would be able to achieve 6,751 beam breaks per 
kilocalorie, more than 1.5 times that of the WT. These data 
indicate a much lower energy cost of LMA for the GHR−/− 
in comparison with WT, on both an absolute and relative 
distance scale. However, in terms of mass, the WT mice 
have to move 2.25 times more body mass than the GHR−/− 
mice. Correcting for this would leave the GHR−/− mice with 
3,000 beam breaks per kilocalorie, making the WT more 
efficient. This finding is consistent with Longo and col-
leagues (19) where GHR−/− mice were found to have higher 
EE during both light and dark phases, when body mass and 
LMA were used as covariates.

These corrections for body mass and length are important 
points to note as proportionally increasing LMA is a less 
efficient process in the GHR−/− where the slope of the LMA–EE 
relationship is much steeper in comparison with the WT (19). 

Figure 3. Exemplar unit variance normalized VO
2
–respiratory quotient (RQ) plots obtained from a single mouse from each group as an illustration of the dif-

ferences in synchrony between the GHR−/− and wild-type (WT) mice. Visually, the WT data (left panel) exhibit clear areas of overlap and a general synchrony in 
their fluctuations. The GHR−/− fluctuations are not only more unpredictable but also have fewer regions where the data overlap. Furthermore, it is clear that the two 
variables seem to fluctuate more independently of one another. Data are presented in arbitrary units (a.u.) due to unit variance normalization to place both data sets 
on the same scale.

Figure 2. Exemplar plots from individual mice to illustrate differences and similarities in complexity across the different variables, normalized to unit variance. 
The left and middle panels show a difference in approximate entropy (ApEn), where the GHR−/− exhibit a more unpredictable pattern of fluctuations in VO

2
 and 

respiratory quotient (RQ) over time. The right panel shows energy expenditure (EE) fluctuations over time where ApEn values are virtually identical where both mice 
exhibit similarly unpredictable fluctuations. All of the data are presented on the same scale and have been offset in order to prevent the curves from overlapping. Data 
presented in arbitrary units (a.u.).
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Thus, in terms of relative distance travelled, the GHR−/− mice 
are able to cover a greater distance on a single kilocalorie. But, 
if body mass is accounted for, the WT mice are more efficient. 
Moreover, it is less costly for the WT mice to proportionally 
increase their LMA. Further research is still needed to 
determine whether the source of differences in absolute and 
relative locomotor energy efficiency in the GHR−/− and WT 
arise from differences in physiological, biomechanical, or 
neuromuscular factors, or some combination of the three. 
Potentially, comparing ad-lib fed WT against calorie restricted 
and GHR−/− mice might yield greater insight into locomotor 
efficiency as it would allow a more in-depth examination 
of the role of body mass and composition alongside genetic 
differences. Although there is still much to be learned 
regarding LMA and metabolic efficiency, the critical point 
is that although the GHR−/− have higher energy demands to 
increase LMA, they are able to “make up the difference” on 
an absolute scale by having greater flexibility in modulating 
substrate utilization through RQ.

Our findings show that the long-lived GHR−/− mice exhibit 
increased metabolic complexity that is consistent with the 
idea that metabolic flexibility and physiologic complexity 
are markers of healthy aging. There are a few important 
conclusions that can be drawn results of this study. First, 
the GHR−/− differ in the number of calories used, but also in 
the fluctuation patterns of RQ and VO

2
 over time. Second, 

a stronger association between LMA and RQ in the GHR−/− 
mice affords greater metabolic flexibility. Third, the GHR−/− 
have greater independence between VO

2
 and RQ that leads 

to similar patterns of fluctuations in EE. Fourth, the bioen-
ergetic cost of LMA in the GHR−/− mice is lower than the 
WT, especially when body length differences are taken into 
account. Fifth, there is reduced variance in intraindividual 
measures of metabolic complexity, as seen in the relatively 
small between-subjects standard deviation values.

One possible explanation for the increased metabolic com-
plexity in the GHR−/− mice is that they have lower fasting 
insulin levels and increased insulin sensitivity (8), similar to 
WT animals that have undergone calorie restriction (25). It is 
important to note here that calorie restriction in GHR−/− mice 
in general does not lead to increased longevity and only female 
GHR−/− mice exhibit an increase in maximal life span (26). 
Insulin dynamics would be greatly improved in the GHR−/− 
as having greater insulin sensitivity and secreting less insulin 
will reduce the amount of time needed for insulin clearance 
and uptake (see Duckworth et  al. [27] for a review). At an 
approximately similar age to the mice in our study, Panici and 
colleagues (28) have found lower insulin levels in GHR−/−, a 
difference that was maintained even with increased age (even 
though blood glucose levels were not different at this age and 
were in fact higher in the aged GHR−/− mice). What this sug-
gests is that the metabolic complexity might decline with age 
at a slower rate in GHR−/− mice. Unfortunately, we do not yet 
have data at later ages in this study to test the effects of aging 
on metabolic complexity in both types of mice.

The higher the insulin level, the more time the body needs for 
its clearance. Slower rates of clearance are related to the “loss 
of complexity” in that adaptive responses will take longer to 
occur, leading to slower oscillations and more regular patterns 
within the data, consistent with the finding of reduced insu-
lin variance following physical activity (24). Concomitantly, 
individuals with greater insulin sensitivity will be able to 
modulate both insulin and glucose along shorter timescales, 
leading to greater metabolic complexity, similar to the find-
ings of Churruca and colleagues (23). Interestingly, altered 
insulin dynamics have recently been shown to be a marker of 
frailty in aging (29), suggesting that protecting insulin sensi-
tivity and dynamics could be a component of healthy aging. 
Overall, our results are consistent with the loss of complexity 
hypothesis and raise the possibility that metabolic flexibility 
and complexity might be a component of the mechanisms that 
give rise to the extended life span in GHR−/− mice.
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