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ARTICLE INFO ABSTRACT

Keywords: Frailty syndrome is hypothesized to arise from malfunction in feedback mechanisms among interacting phy-
Frailty siological systems. However, empirical evidence to support this hypothesis is not yet available. We present
Sarcopenia evidence of a feed-forward loop relationship between certain components of the frailty syndrome: body com-

Body composition
Physical activity
Grip strength

position, strength and physical performance level.

The evidence has been found by performing statistical analysis on measures from 878 females and 588 males
aged 60-97, participating in the Rancho Bernardo Study, followed for at least three visits over 12 years. In the
analysis, we have used fat mass and lean mass (measured by whole body DXA scans), grip strength (measured by
dynamometer) and time to get up and walk a certain distance. The results provide evidence of a feed-forward
loop between these variables. The results also suggest that adverse changes in body composition would not only
reduce the physical performance and grip strength, but the changes would further result in adverse changes in
body composition. Our findings support the hypothesis that feed-forward loops are present between the com-
ponents of the frailty syndrome at the time of development of frailty, which itself may be a manifestation of

dysregulated energetics.

1. Introduction

Frailty is a geriatric syndrome that identifies vulnerable older adults
with an underlying distinct pathophysiology (Fried et al., 2009) who
are at increased risk for poor health outcomes (Fried et al., 2001;
Morley et al., 2013). This syndromic phenotype includes five symp-
toms: weakness, slowness, physical inactivity, unintentional weight
loss, and fatigue (Fried et al., 2001). Those having at least three of the
symptoms are designated as “frail”, consistent with the definition of a
syndrome.

Using this definition, the prevalence of frailty among community-
dwelling adults = 65 in the Cardiovascular Health Study (CHS) was
6.9% (Fried et al., 2001), 11.3% among women 70-79 in the Women’s
Health and Aging Studies I & II combined (WHAS) (Bandeen-Roche
et al., 2006), and 8% in community-dwelling men in the Osteoporotic
Fractures in Men Study (MrOS) (Cawthon et al., 2007). Frail older
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adults have a 2-fold higher risk of falls, fractures, hospitalizations,
disability, and early death (Fried et al., 2001; Cawthon et al., 2007).
Likewise, this phenotype has been useful in identifying patients who
may recover poorly after surgery and require institutionalization
(Makary et al., 2010).

Numerous physiologic changes are seen in phenotypically frail
adults, including sarcopenia, or decreased lean body mass; increased
pro-inflammatory markers, decreased immune response, elevated oxi-
dative stress (Walston et al., 2002), multiple hormonal deficiencies
(Cappola et al., 2009), altered autonomic nervous system and nutrition
status (Semba et al., 2006), and insulin resistance (Barzilay et al.,
2009). It is hypothesized that frailty results, in part, from loss of
function in feedback mechanisms among the interacting systems reg-
ulating these physiologic changes. Dysregulation of these components
of complex systems may impair the dynamic inherent in maintaining
homeostasis and resilience.
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However, empirical evidence that the phenotype of frailty is a
manifestation of multisystem dysregulation is not yet available. To
date, some studies have shown acute dysregulation of multiple phy-
siologic systems in the frail subjects in response to stressors (Kalyani
et al., 2012a,b; Gonzalez-Fernandez et al., 2014). Furthermore, most of
the demonstrated biological relationships have largely been cross-sec-
tional, focused on a single-system, using analytic models that have
generally been unidirectional, simplified, and/or static. Most studies of
multisystem vulnerability to stressors, to date, are constrained by lim-
itation of data and methods used.

Two approaches to analyze multisystem dysregulation in older
adults have been proposed to overcome these limitations. First, a gen-
eral framework using dynamic systems modeling over short time in-
tervals was proposed (Varadhan et al., 2008). This stimulus-response
paradigm could examine the timing of recovery from a single stimulus,
but would not address most dynamic systems where multiple stimuli
occur repeatedly over time and on different time scales. Cohen et al.
(2013) also introduced a distance-based approach for predicting and
detecting multisystem impairment. This method, however, does not
explicitly model multiple influences between variables and cannot be
used to model feedback mechanisms or loop structures that are inherent
to complex dynamical system.

In this context, a feedback mechanism is a mechanism with multiple
steps from multiple changing systems. That is, a feedback mechanism
between the systems is a part of dynamic systems. Thus, an evidence for
feedback mechanism is also an evidence for dynamic systems.
Therefore, it is important to seek evidence for feedback mechanism.

We have recently introduced a third statistical approach to examine
feedback mechanisms in frailty. This method incorporates feed-forward
loop (FFL) structures—a salient feature of complex systems whereby a
variable influences its own future values directly or indirectly through
other variable(s) (RoyChoudhury et al., 2014).

The objective of our current study was to examine whether feed-
forward loops exist between measures of muscle mass, fat mass,
strength, and/or speed of physical performance in frail community-
dwelling older men and women. Specifically, we hypothesize that there
is a positive feedback mechanism between muscle mass and strength/
speed of physical performance; and between lean mass/fat ratio,
strength and speed of physical performance. We examine here the hy-
pothesis that feed-forward loops exist between components of frailty:
body composition and strength, as physiologic and phenotypic com-
ponents of the frailty syndrome

2. Materials and methods
2.1. Participants

The Rancho Bernardo Study (RBS) is a longitudinal observational
cohort study, based in Rancho Bernardo, California. Any community
dwelling adults in Rancho Bernardo Community between 1972 and
1974 were eligible for enrolment in the study. As this was primarily a
retirement community, the residence had higher median age than the
general population. Eighty two percent of the participants were 30
years of age or older. In 1992, surviving participants were invited to
participate in a study to understand the epidemiology of osteoporosis. A
subset of participants returned for reexamination at Visit 7, undergoing
body composition and physical performance assessments (Castillo et al.,
2003). The subjects were subsequently followed for 12 years with re-
peated measurements of body composition and physical performance
approximately every 4 years.

For this analysis, Visit 7 is considered the baseline visit. We have
studied 1466 older adults who were 60 years or older in Visit 7, and had
their physical performance and physiological measures recorded in
Visit 7. All participants provided written informed consent. The
University of California San Diego Institutional Review Board approved
the study protocol.
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2.2. Body composition

At each examination whole body scan using fan-beamed dual en-
ergy x-ray absorptiometry (DXA) were used to measure fat mass and
lean mass (Castillo et al., 2003). The same scanner model was used at
all visits (Hologic 2000, Hologic, Inc., Bedford, MA, USA). Standardized
procedures for participant positioning and scan analysis were followed
for all scans. All DXA operators were centrally certified on scanning and
analysis techniques. The validity and reproducibility of DXA have been
reported previously (Salamone et al., 2000; Visser et al., 1999). The
ratio of lean and fat mass was then computed. Appendicular lean mass
(ALM) was calculated as the sum of non-bone lean mass from both arms
and legs. Participants missing lean mass measurements for an arm or leg
were excluded. These measurements were recorded longitudinally over
at least three visits.

2.3. Grip strength and physical performance

Grip strength was measured for each hand twice using a handheld
dynamometer (Sammons Preston Rolyan, Bolingbrook, IL, USA); for
each subject, the maximum value from each hand was recorded. The
average of the maximum grip strengths of the two hands was used for
analysis (Héarkonen et al., 1993). As a measure of physical performance
we used a commonly-used measure of mobility and lower extremity
function: the timing in Timed “Up and Go” test (TUG) (Herman et al.,
2011). For the TUG, participants were instructed to rise from a chair,
walk 3m, and return to a sitting position. Two trials of the TUG were
performed by each participant and each recorded to the tenth of a
second; the average of time from these two trials were used for the
analyses. This measure describe walking and rising speeds. Increasing
time to perform these activities reflect poorer performance. Like body
composition measures, this measurement was also obtained long-
itudinally over three or more visits.

2.4. Statistical analysis

We analyzed the whole cohort for Visits 7-10, which spanned over
approximately 12 years. We employed the feed-forward loop model of
RoyChoudhury et al. (2014) for two-variable loop, as well as general-
izing it to three-variable loops. In particular, we explored several two-
and three-variable feed-forward loop models between appendicular
lean mass (ALM) (g), lean mass/fat ratio, TUG (sec) and grip strength
(kg). Lean mass/fat ratio was converted to log,, so that one unit de-
crease (or increase) in the converted variable is equivalent to halving
(or doubling) of the ratio. TUG was not recorded in Visit 7, and
therefore we only used the data from Visits 8-10 to estimate the models
involving TUG. Each variable was separately standardized within each
visit, before the analyses were performed. After the analyses, the sta-
tistical relations between variables were converted back to the original
units, for ease of interpretation.

A graphical representation of our two- and three-variable feed-for-
ward loop models is given in Fig. 1a and b. In this representation the
examples of loops between ALM, grip strength and TUG are used.
However, the same underlying models were used for the other analyses
as well. Separately for each analysis, we excluded any subjects with at
least one missing variables that were needed for the analysis. As the
missing values were missing completely at random, our results are not
significantly affected by the missing values. The models were fitted by
structural equation modeling (SEM) using the package “sem” of the
software R v4.4.0.

3. Results
The baseline characteristics of the cohort are reported in Tables 1

and 2. Mean age of the participants was 75 = 8 (range 60-97 years) at
baseline, and 60% were female. They also had a mean weight of 154
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Fig. 1. (a) Feed-forward loop between appendicular lean mass or ALM(X) and
grip strength or GS(Y).The Indices in ALM and GS correspond to different points
in time( = 1,2,3,...). (b) Feed-forward loop between appendicular lean mass or
ALM(X),timed” up and go” or TUG (Y) and grip strength or GS(Z).The Indices in
ALM,TUG and GS correspond to different points in time( = 1,2,3,...).

lbs., a mean height of 66 in. and a mean BMI of 25. Among the parti-
cipants, 31% reported hypertension, 24% had a history of cancer, 1%
had a history of stroke, and 2% had a history of coronary bypass sur-
gery. Their mean appendicular lean mass was 17,377 g, grip strength
was 24 kg, and log, scaled lean mass/fat mass ratio was 1.16, which is
about 223%. The data on timed “up and go” were not collected on Visit
7. On Visit 8, their mean timed “up and go” time was 11.3s.

We tested for the hypothetical feed-forward loop relationship
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Table 2
Baseline Age Distribution in 1992 (1466 Subjects).
Age 60-69 70-79 80-89 90-99
% (n) Overall 28.04 (411) 39.50 (579) 29.33 (430) 3.14 (46)
Male 32.31 (190) 38.10 (224) 27.38 (161) 2.21 (13)
Female 25.17 (221) 40.43 (355) 30.64 (269) 3.76 (33)

between components of frailty: physiology (ALM) and phenotype (grip
strength). We first evaluated the relationship between appendicular
lean mass and grip strength. A significant two-variable FFL was de-
tected between ALM and grip strength (Fig. 2a). After converting to
original units, it is estimated that 1 g lower ALM and 1 kg lower grip
strength at time 1 are associated with, respectively, 0.79¢g and 65¢g
lower ALM at time 2 (p < 0.001 for both). The loop also estimated that
1 g lower ALM and 1 kg lower grip strength at time 1 are associated
with, respectively, 0.27 g and 0.81kg lower grip strength at time 2
(p < 0.001 for both).

Another significant two-variable FFL was detected between lean
mass/fat ratio and grip strength (Fig. 2b). After converting to original
units, it is estimated that 1 kg lower grip strength and 1 unit lower log,
scaled lean/fat ratio (one unit decrease in log, scale is equivalent to
halving the ratio) at time 1 are associated with, respectively, 0.03 and
0.92 unit lower log, scaled (" 2% and ~ 47% lower raw values, re-
spectively) lean mass/fat ratio at time 2 (p < 0.001 for both). The loop
also estimated that 1 unit lower log, scaled lean mass/fat ratio and 1 kg
lower grip strength in time 1 are associated with, respectively, 28 g and
0.92 kg lower grip strength at time 2 (p < 0.001 for both). These are
significant findings as well and provide insight into mechanism of
frailty by providing evidence that grip strength and lean mass/fat ratio
affect each other as a feed-forward loop.

We examined a three-variable FFL and detected significant FFL
between ALM, TUG, and grip strength (Fig. 2c). After converting to
original units,1 g lower ALM and 1 g lower grip strength at time 1 are
associated with, respectively, 0.79 and 0.07 g lower ALM at time 2
(p < 0.001 for both). The loop also estimated that 1 s increase in TUG
and 1kg lower ALM at time 1 are associated with, respectively, 0.58
and 0.11 s increase in TUG at time 2 (p < 0.001 for both). Finally, the
loop also estimated a third equation which showed that 1 kg lower grip
strength and 1s increase in TUG at time 1 are associated with, re-
spectively, 0.90 and 99 g lower grip strength at time 2 (p < 0.001 for
both).

Finally, we found a significant three-variable feed-forward loop
between lean/fat ratio, TUG, and grip strength (Fig. 2d). After con-
verting to original units, it is estimated that 1 unit lower log, scaled
lean mass/fat ratio (one unit decrease in log, scale is equivalent to

Table 1
Baseline Characteristic in 1992 (1466 Subjects™).
Characteristics Mean + SD (range) or % (n)
Overall Male Female
Age (year) 75 * 8 (60, 97) 74 = 9 (60, 95) 75 * 8 (60, 97)

Weight (Ib)

Height (in)

BMI (kg/m?)

Gender % (n)

Diabetes % (n)
Hypertension % (n)

History of cancer % (n)
History of stroke % (n)
History of coronary bypass surgery % (n)
Appendicular Lean Mass (g)
Log,(lean mass/fat mass)
Grip strength (maximal, kg)

154 =+ 30 (85, 278)

66 *= 3.7 (53, 77)

25 *= 3.9 (16, 45)

F: 60 (878); M: 40 (588)
Y: 96 (946); N: 4 (41)

Y: 31 (329); N: 69 (725)
Y: 24 (252); N: 76 (797)
Y: 1 (13); N: 99 (1027)
Y: 2 (18); N: 98 (1036)
17,377 + 4,734 (8,280 39,872)
1.16 = 0.57 (-0.66, 2.90)
24 + 10 (3, 60)

177 = 25 (127, 278) 138 + 22 (85, 230)

69 = 2.5 (61, 77) 63 * 2.3 (53, 71)

26 = 3.6 (17, 43) 25 + 4.0 (16, 45)

Y: 95 (381); N: 5 (21) Y: 97 (565); N: 3 (20)
Y: 31 (136); N: 69 (300) Y: 31 (193); N: 69 (425)
Y. Y.

Y. Y

+ =+
=+ *

: 24 (106); N: 76 (328) : 24 (146); N: 77 (469)
12 (8); N: 98 (423) : 1 (5); N: 99 (604)
Y: 3 (12); N: 97 (424) Y: 1 (6); N: 99 (612)
22,111 + 3,379 (13,531, 39,872) 14,168 = 2,090 (8,280, 23,389)
1.61 = 0.39 (0.09, 2.90) 0.86 + 0.46 (-0.66, 2.42)
34 = 8 (9, 60) 18 = 5(3,32)

2 The data for each characteristic has missing observations.
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halving the ratio), and 1 kg lower grip strength at time 1 are associated
with, respectively, 0.91 and 0.03 unit lower log, scaled (" 47% and "2%
lower raw value, respectively) lean mass/fat ratio at time 2 (p < 0.001
for both). It is also estimated that 1 s increase in TUG and 1 unit lower
log, scaled lean mass/fat ratio at time 1 are associated with, respec-
tively, 0.47 and 0.03 s increase in TUG at time 2 (p < 0.001 for both).
Finally, the loop also estimated that 1kg lower grip strength and 1s
increase in TUG at time 1 are associated with, respectively, 0.90 and
99 g kg lower grip strength at time 2 (p < 0.001 for both).

Note that, even though most of the above findings are presented in
terms of association between lower levels in time 1 and a change (in-
crease or decrease) in time 2, these are equivalent to the same amount
of associations between increase in time 1 and an appropriate change in
time 2, as long as the direction (positive/negative) of association is
unchanged. (Positive association is when both variables increase and
decrease together; negative association is when one variable increases,
and the other decreases, and vice-versa.)

4. Discussion

We have estimated the relationship between physiologic precursors
and phenotypic components of frailty in a population of older adults
over a period of 12 years when the components of frailty may be in the
process of worsening. Worsening of these components lead to devel-
opment of frailty. As a result, our estimated relationships are realistic
representation of mechanisms of development of frailty. In this com-
munity-dwelling population of older adults, we found evidence for a
feed-forward loop relationship between appendicular lean mass and
grip strength.

Furthermore, we found an even greater feed-forward loop re-
lationship between appendicular lean mass (and lean/fat mass ratio),
grip strength, and lower extremity performance. Specifically, we found
that appendicular lean mass contributed directly and indirectly to grip
strength and the timing in Timed “Up and Go” test (TUG) and that both
grip strength and TUG influence future values of appendicular lean
mass, suggesting co-regulation of all three variables cross-sectionally
and over time. These variables are all components of and precursors to

GS41=-0.04TUG+0.90GS;

Grip strength
(GS)

Sub lean/fat ratio
(LFR)

frailty, and their FFL relation provide valuable insight on how frailty
develops.

In two of our analyses, a decrease in TUG is found to be in asso-
ciation with an increase in grip strength. This suggests that these
variables are coregulated. A decrease a TUG, a measure of lower ex-
tremity performance, may increase ability to perform physical activ-
ities, which in turn may increase grip strength, a measure of upper
extremity strength.

The results of this study provide evidence for FFL relationships in
physiological systems and potential for understanding how the char-
acteristics of frailty are related to each other. These findings provide
additional evidence that feedback mechanisms are integral in the pro-
cess of development of frailty. Moreover, it provides empirical evidence
of interactions between physiologic and phenotypic measures, such that
changes in physiologic measures (e.g. muscle mass) at one point in time
may mediate changes in the phenotypic measures (e.g. grip strength) at
a later time point. These data support our hypothesis that frailty is due
to multi-system dysregulation of a complex dynamical system that has
many positive and negative feedback loops critical to maintaining
homeostasis.

These results support and expand on our previous findings
(RoyChoudhury et al., 2014). Among 436 women in the Women’s
Health and Aging Study II (WHAS II), there were feed-forward loops
between physical performance and physical activity, suggesting that
feedback mechanisms are important between components of the frailty
phenotype (RoyChoudhury et al., 2014). In WHAS, we detected a feed-
forward loop between grip strength and self-reported physical activity
levels (measured in units of hour/day or kcal/day), such that lower grip
strength and physical activity at time 1 is associated with lower phy-
sical activity at time 2. Here, we detected in a different cohort, of both
men and women, similar feed-forward loops between grip-strength,
measures of speed and measures of body composition, which added to
our previous findings. The two results together suggest the possibility of
existence of a larger feed-forward loop between strength, physical ac-
tivity, fitness and body composition. Further study is required to in-
vestigate existence of such loops among components of frailty.

It has been well established that body composition characteristics
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affect strength and mobility. This work uses such well understood
pairwise relationships to establish validity of a novel method. The novel
method evaluates interactions of three measures within a likely com-
plex system of mutual regulatory effects essential to resilience. The
biologic plausibility of the findings strengthen the evidence that this
method could be useful in probing such systems further. Beyond that,
this provides initial supporting evidence that the phenotype and clinical
syndrome of frailty results from the dysregulation of multiple reg-
ulatory systems that mutually affect each other in a complex adaptive
system that maintains robustness of the human organism and resulting
resilience.

These findings are the next step forward from our previous findings;
here we establish existence of a feed-forward loop encompassing phy-
sical activity, physical performance, as well as body composition, in a
combined data of older women and men. Thus, we are closer to our goal
of a system-wide understanding of how frailty develops. Moreover,
previous findings were from data on older women only. Here we extend
those findings on data from both older women and men.

Note that we have assumed that the effects of multiple systems is
additive. In other words, we have assumed that the effects of multiple
systems add to up affect a system at a future time. (For example, effects
of strength (measured as grip strength) and body composition (mea-
sured as appendicular lean mass) add up to affect body composition at a
future time. This is the simplest of assumptions as far as model building
is concerned, and we have found evidence for significant feedback
mechanism assuming additivity.

We believe that the FFL analysis better models the true underlying
biology of aging and frailty that prior approaches. Our use of feed-
forward loop analyses using structural equation modeling provides
added advantage compared to standard regression models. In standard
regression, the causal effects are presumed to be unidirectional, so that
no two variables affect each other. For instance, a model could include
equations for either X—Y or Y—=X, but not both. Many biologic phe-
nomena, however, are bidirectional (or reciprocal), i.e. X«——Y.
Reciprocal paths, also known as feedback loops, occur when (i) X affects
Y at a later time (X; =Y 1); (ii) Y affects X at a later time (Y; =X;41);
additionally, (iii) X may affect itself at a later time (X;—X;+1); and/or
(iv) Y may affect itself at a later time (Y¢—=Y;.1). These reciprocal paths
may have cycles of mutual influence (e.g. relation between parental
behavior and child behavior, rates of incarceration and crime rates etc.)
and sets of variables can be specified to affect each other.

Understanding feed-forward loops provides insights into how mul-
tiple systems jointly affect each other and contribute to development of
frailty as a dysregulated dynamical system. For example, a reduction in
physical activity would not only degrade muscle mass and physical
performance, but it would reduce the ability to participate in physical
activity at a later time through declining mass and/or physical perfor-
mance. In other words, a change in a given system comes back to in-
fluence the same system at a future time, through its influence of a
different system. This mechanism has a number of implications.

A scientific implication of this loop mechanism is that each of these
components not only affects frailty unidirectionally, but their re-
lationship has a complex loop structure. The complex loop structure
points to the fact that frailty itself is a manifestation of mutual dysre-
gulation between physiologic systems.

These findings are of importance not only because of what they
reveal by themselves (that there are feed-forward relationships between
different systems), but also because these models are first steps towards
creating a system map of the development of frailty. Such a system
map, if developed, may provide understanding of which systems are
major drivers of what constitutes a critical mass of dysregulation in
development of frailty, as based on creation of targeted intervention to
prevent frailty.

Another scientific implication of the loop mechanism is that we
have the ability to examine whether one variable may have a stronger
effect in the loop compared to other variables. For example, FFL
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analyses may help identify which of the components of the frailty
phenotype (weakness, slowness, physical inactivity, weight loss, and
exhaustion) and/or a frailty physiotype (muscle mass, fat mass, hor-
mone dysregulation, insulin resistance, and inflammation) is more im-
portant in the development of frailty.

Even though we do not have information in this study about how
many of the subjects manifested the full frailty phenotype, all of the
subjects were older (60 + at baseline). Thus, our data are representative
of a cohort where frailty usually manifests. In the cohort, our study
investigated how precursive components of frailty interact with each
other. The relationship we inferred from studying these components
offers etiologic insight because it portrays mechanisms of initial de-
velopment of frailty (through the interrelations between its precursor
components), in a cohort where the likelihood of frailty is increasing.
Prior work has demonstrated in a different cohort of older women that
initial manifestations of the frailty phenotype are, in 90 percent, di-
minished grip strength, physical activity and/or walking speed (Xue
et al., 2011, 2010).

The ability to identify the strongest component has clinical im-
plications for geriatric care since we may be able to identify component
systems that have the largest impact and are most amenable to inter-
ventions. Identification of such component systems are important in
prevention and treatment of frailty. Once such a component system has
been identified, targeted intervention could be used to improve the
functionality of that component system. This could not only improve
functionality of that component, but it may also improve the other
component systems through the strong influence of the first component.
Using this type of intervention, potentially in combination with key
other components, it may be possible to prevent, treat or reverse the
frailty syndrome.
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