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ABSTRACT:

Bone mass and quality declines with age, and can culminate in osteoporosis and increased fracture
risk. This investigation modelled associations between bone and physical, dietary, and metabolic
factors in a group of 200 pre-frail/frail older adults using factor analysis and structural equation
modelling (SEM). Exploratory (EFA) and confirmatory factor analysis (CFA) were conducted to
compose factors and to assess their robustness. SEM was used to quantify associations between bone
and the other factors. Factors arising from EFA and CFA were: Bone (whole body, lumbar and femur
bone mineral density and trabecular bone score; good fit), Body composition—lean (lean mass, body
mass, vastus lateralis and femoral cross-sectional area; good fit), Body composition—fat (total fat mass,
gynoid, android and visceral fat; acceptable fit), Strength (bench and leg press, handgrip and knee
extension peak torque; good fit), Dietary intake (kilocalories, carbohydrate, protein and fat;
acceptable fit), and metabolic status (cortisol, IGF1, GH and free testosterone; poor fit). SEM using
isolated factors showed that body composition (lean) (B=0.66, p<0.001), body composition (fat)
(B=0.36, p<0.001) and strength (B=0.74, p<0.001) positively associated with bone. Dietary intake
relative to body mass negatively associated with bone (f=-0.28, p=0.001), whereas in absolute terms
it showed no association (f=0.01, p=0.911). In a multivariable model, only strength ($=0.38, p=0.023)
and body composition (lean) (B=0.34, p=0.045) associated with bone. Resistance training programs
that focus on improving lean mass and strength in older individuals may benefit bone in this

population.

Keywords: exploratory factor analysis; confirmatory factor analysis; structural equation modelling;

lifestyle; bone-health.
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New & Noteworthy: We employed factor analysis and structural equation modelling, which are
rarely used in nutrition or exercise science, but constitute powerful tools that may overcome
limitations of traditional analyses, combining individual related variables into factors or constructs of

interest.

Our investigation represents a starting point on this progressive pathway, providing useful insight
and a working model for researchers and practitioners who wish to tackle complex problems such as

the multi-factorial causes of bone loss in older adults.
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INTRODUCTION

Bone mass and quality declines with age (1) and can eventually culminate in osteoporosis, a disease
characterized by decreased bone mass, compromised architecture and increased fracture risk (1, 2).
Osteoporosis risk is elevated in frail and pre-frail older adults (3), with the term frailty referring to a
multi-dimensional geriatric syndrome that affects multiple physiological systems, increasing
vulnerability to everyday stressors and risk of adverse events such as falls, incident disability,
hospitalization and mortality (4). The development of screening tools, along with targeted preventive
or treatment interventions, are essential to protect bone health of high-risk populations.
Development of such tools and interventions is, however, fraught with difficulty, given that a wide
range of factors contribute to bone metabolism and thus represent potential targets of interest. These
include dietary factors (e.g., energy availability, carbohydrate, protein, calcium and vitamin D intake
etc); physical function (e.g., aerobic capacity, strength, mobility, balance, functional capacity etc);
body composition (e.g., lean and fat mass and their distribution) and metabolic status (e.g., as

determined by levels of circulating hormones such as cortisol, testosterone, IGF-1 etc).

Although each of these factors may well influence bone metabolism, their isolated effects are likely to
be small, and their interactions are currently unknown. Further, factors such as dietary intake, physical
function, body composition and metabolic status are latent constructs, namely complex constructs
that cannot be directly measured, but are instead proxied by a range of variables, which may better
reflect the construct when assessed collectively rather than in isolation. For example, bone responds
to mechanical loads provided by physical activity (5), but these cannot be directly investigated in vivo,
and so an individual’s physical function is proxied by various individual tests (e.g., strength of
individual limbs, functional capacity tests, cardiorespiratory tests etc). Each of these isolated tests may
contribute to an individual’s overall physical function, but in isolation, may provide limited insight. In
other words, the sum of all parts may be more informative than any one alone. Factor analysis is a
statistical tool that combines isolated variables into a single factor that better reflects the broader

construct, and is potentially more powerful than analyses that consider single variables in isolation.
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This approach attempts to describe variability across observed measures by assuming the existence
of a lesser number of unobservable variables known as factors, latent variables, constructs or
dimensions (6). Structural equation modelling (SEM) combines factor analysis and multiple regression,
and can be used to analyse structural relationships between factors. These techniques have
substantial potential to explore relationships between complex factors and to better address common
issues in observational research, but despite this potential, they are infrequently used. Accordingly,
the aim of the current study is to use factor analysis and SEM to explore potential associations
between bone, and body composition, physical function, dietary intake and metabolic status in a

group of frail and pre-frail older adults.

MATERIALS AND METHODS

Experimental Design

This study comprises an observational, cross-sectional evaluation of baseline data collected during the
Pro-Elderly study, which was an RCT that investigated the influence of protein and protein derivative
supplementation in combination with resistance training on health-related parameters in pre-frail and
frail older adults. The protocol and main results of that study are described in detail elsewhere (7).
Within the current analysis, outcomes were considered in relation to five factors, namely bone,
physical function, dietary intake, body composition and metabolic status, with bone considered to be
the dependent variable of interest, and all others as potentially explanatory factors. An overview of
all factors and included outcome variables is described in Figure 1 and all outcome variables were
selected based on availability within the original dataset. Exploratory factor analysis (EFA) was initially
conducted to develop the factors and robustness of the resultant factors was then assessed using
confirmatory factor analysis (CFA). Finally, SEM was used to quantify potential associations between
each of the explanatory factors (body composition, dietary intake, physical function and metabolic

status) and bone.
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Participants

Baseline data from men and women who participated in the original study (7) were considered for
inclusion. All participants were aged 65 years or more, and classified as frail or pre-frail according to
the criteria proposed by Fried et al. (8). Exclusion criteria included: use of exogenous insulin or steroid
based drugs; use of protein and/or amine based dietary supplements; consuming a calorie or food-
group restricted diet; currently engaging in resistance training and having any uncontrolled chronic
condition that precluded exercise training. The study design was approved by the local ethical review
board (CAAE: 37499314.0.0000.5391) and all participants provided written informed consent prior to

participation.

Factors (bone, body composition, dietary intake, physical function, metabolic status)

All factors were developed based upon variables available within the original dataset. The full protocol
for each outcome is described in detail elsewhere (7) and the most pertinent details summarised

herein.

The dependent factor (bone) included bone mineral density of the whole body, lumbar spine and total
femur and femoral neck using dual-energy X-ray absorptiometry (DXA; Hologic QDR 4500, Hologic,
Inc., Bedford, MA, USA). Trabecular micro-architecture was assessed through calculation of the
trabecular bone score (TBS), using available software in the Hologic DXA scanner (9). All scans were
performed by the same experienced technician. Body composition comprised a range of
measurements including height; body mass; lean mass; total, android, gynoid and visceral fat mass
and cross-sectional area (CSA) of the vastus lateralis and rectus femoris muscles. Body fat and lean
mass, along with their distribution, were assessed using the total body DXA scan, and CSA was
determined using an ultrasound B-mode with a 7.5 MHz linear-array probe (SonoAce R3, Samsung-

Medison, Gangwon-do, South Korea), 5 MHz linear-array probe (Philips, VMI, industry and commerce
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Ltda, Lagoa Santa, Brazil), according to the protocol described by Lixandrao et al. (10) and using image
software (Image J, National Institutes of Health, Bethesda, MD, USA). Physical function was assessed
using one-repetition maximal testing of the upper- and lower-limbs (bench press and leg press);
isometric strength tests (handgrip and knee extension peak torque); and the timed-up-and-go and
timed-stands tests. Knee extension peak torque of the dominant leg was determined during ballistic
isometric voluntary contractions using an isokinetic dynamometer (Biodex Medical, Inc., Shirley, NY,
USA). Handgrip strength was assessed using a hand-held dynamometer (TKK 5101; Takei, Tokyo,
Japan). Dynamic balance and the risk of falls was evaluated using the Biodex Balance System, with
overall stability indexes, sagittal and transverse axis determined by the equipment’s software. The
timed-stands test (11) consisted of the number of stands the participant was able to perform from a
standard-height armless chair (i.e., 45 cm) within 30 seconds, while the timed up-and-go test (12) was
done by registering the time (in seconds) that each participant required to rise from a chair, walk three
meters, turn around, and sit back down in the same chair. Dietary intake was assessed using self-
reported food diaries, undertaken on 3 non-consecutive days (2 weekdays and 1 weekend day). Oral
and written instructions were provided by a certified dietitian on how to register food consumption
and portion sizes correctly using household measures. Food portions were also confirmed by a
dietitian, alongside the patient, using a visual album with real photos of foods. Protein, carbohydrate,
fat and overall energy intake, were calculated using dietary software (Avanutri — online version, Rio
de Janeiro, Brazil). Metabolic status was assessed based on circulating hormone levels within blood
and urine samples collected in the morning after an overnight fast and included cortisol, growth
hormone (GH), insulin-like growth factor 1 (IGF-1), free testosterone and 25-hydroxy vitamin D
(25(0OH)D). All hormones were measured by the Central Laboratory Division at the Faculty of Medicine
Clinical Hospital (HCFMUSP, Sdo Paulo, Brazil), where the original trial took place. Coefficient of
variability for all of these analyses were reported by the Laboratory Division as being between 1.7 and

3.6% (13).
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Statistical Analysis

Separate EFA models were conducted on all outcomes within each of the considered factors (see
Figure 1) to identify which outcomes contributed to each construct. CFA and SEM models were
implemented and assessed using the lavaan package (14) in the statistical program R (version
3.3.1 R Core Team, 2016) (15). To fit CFA models, factor means were set to zero and factor
variances were estimated using the marker variable method where a single absolute loading for
each factor was set to the value 1 as a means of scaling the factor variance (16). To account for
potential departures from normality a robust maximum likelihood estimator was used adjusting
standard errors of parameter estimates (17). The robust method selected was the Satorra-Bentler
correction which corrected for non-normality based on the extent of the average multivariate
kurtosis that existed in the data (16). Each of the practices selected conform with standard CFA

guidelines (17).

The absolute fit of individual CFA models was assessed using the standardized root mean square
residual (SRMR) derived from a residual analysis of the sample correlation matrix and the model
implied correlation matrix. Relative fit was assessed using the comparative fit index (CFl)
comparing the independence model and the target model tested. The fit indices were selected
prior to conducting the analyses and provide quantitative evaluations of model fit on a continuous
scale. In practice, however, researchers are generally more interested in qualitative assessments
of model fit using terms such as 'poor’, 'fair', or 'good' (18, 19), with CFl’s of > 0.95; 0.90 — 0.95 and
< 0.90, described as good, acceptable and poor fits; whereas SRMR thresholds for good, acceptable
and poor were considered to be <0.05, 0.05 — 0.08 and > 0.8, respectively (19). SEMs were then used
to model relationships between factors with at least appropriate fit, with bone mass considered the
dependent outcome. Strength of associations between exploratory factors and bone mass were
quantified with standardized betas (B) and associated null hypothesis (B = 0) tests. Initially, SEM

models with bone mass and a single explanatory factor were conducted, with a final full model
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including all factors with appropriate fit. Additionally, and due to the potential of sex to confound
potential associations, sensitivity analyses were also completed with female participants only (77% of

sample).

RESULTS

Participant Characteristics

Data were available for 200 participants, and their characteristics are described in Table 1. Participants
were aged 72 + 6 years, with BMI of 28 + 5 kg/m?2. Most were female (77%) and characterized as pre-
frail (89%). Lumbar spine t-scores for women and men were -1.44 + 1.31 and 0.19 + 1.98, while total

femur t-scores were -1.14 £ 1.03 and -0.52 + 0.98, respectively.

Table 1: Descriptive characteristics of study population

Overall (N = 200) Female (N = 154) Male (N = 46)

Main characteristics

Age 72.2+6.1 72.2+5.9 72.3+6.7
Height (m) 1.58 £ 0.08 1.55+0.06 1.66 £ 0.06
Weight (kg) 70+ 15 68 + 14 77 £15
BMI 28.0%5.1 28.1+5.2 27.7+4.6
Frailty level
Pre-frail 180 (90%) 136 (88%) 44 (96%)
Frail 20 (10%) 18 (12%) 2 (4%)
Bone mass
Lumbar spine BMD (g/cm?) 0.936+0.179 0.898 + 0.147 1.069 £ 0.219
Lumbar spine t-score -1.16 £ 1.56 -1.44+1.31 -0.19+1.98
Femoral neck BMD (g/cm?) 0.702 £ 0.119 0.685+0.118 0.761 +0.103
Femoral neck t-score -1.47 £ 0.97 -1.54 +1.02 -1.24 £ 0.754
Total femur BMD (left) (g/cm?) 0.842 +0.148 0.810+0.133 0.952 +0.149
Total femur t-score -1.00 £ 1.05 -1.14+1.03 -0.52 £ 0.98
Whole body BMD (g/cm?) 1.014 £ 0.119 0.986 + 0.106 1.113 £ 0.107
Whole body t-score -1.51+1.35 -1.69+1.36 -0.90+1.13
Whole body TBS 1.25+0.10 1.23+0.09 1.30+£0.13
TBS z-score -0.17 £1.07 -0.23+£1.05 0.03+1.12
Body composition
Total lean mass (kg) 429 +38. 39.4+5.8 548+7.0
Total fat mass (kg) 25.1+9.3 26.3+9.1 21.2+8.8
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Overall (N = 200)

Female (N = 154) Male (N = 46)

Fat mass percentage (%)
Visceral fat (g)

Android fat (g)

Android fat percentage (%)
Gynoid fat (g)

Gynoid fat percentage (%)
Femoris CSA (cm?)

Vastus lateralis CSA (cm?)
Physical Function

Hand grip (kg)

Up and go (s)

Timed Stand (repetitions)
Falls Risk

Instability, low

Instability, moderate
Instability, high

Leg press (kg)

Bench press (kg)

Peak torque (Nm)

Dietary Intake

Energy intake (Kcal)
Energy intake (Kcal/RMR¥*)
Carbohydrate (g)

Protein (g)

Protein (g/kg/day)

Fat (g)
Metabolic status

25-hydroxy vitamin D (ng/mL)

Cortisol (pg/dL)

GH (ng/mL)

IGF-1 (ng/mL)

Free testosterone (pmol/L)
Total testosterone (nmol/L)
SHBG (nmol/L)

3518

722 + 267
2,174 £ 899
38+8

4,162 +1,551
38+8
4.35+1.37
20.1+4.5

26+8
7.06+1.31
13.27 +2.00
1.62+0.73
0.79+0.30
1.45+0.58
2.78+1.25
53+28
29+12
99143

1,471+ 412
1.14+£0.32
60 £ 19
200 £ 60
0.89+0.29
47 +17

27+9
11.1+3.9
0.65+1.04
121 +49
59 +102
176 + 262
76 £ 40

38+6

694 + 249
2,175 £ 890
39+8

4,499 + 1,536
42 +5
3.88+0.88
18.8 +3.7

23+5
7.17£1.26
13.21+2.08
1.58+0.73
0.76 +0.28
1.38+0.50
2.66+1.20
45 +22

24 +8

84 + 27

1,399 + 336
1.13+0.30
56+ 15
190 + 48
0.87+0.28
46 + 16

26+10
10.9+3.9
0.76 £1.16
117 £43
7+8
24+19

78 £40

276

818 + 303
2,172 £939
34+8
3,015+943
28+5
5.80+1.61
241+45

3617
6.68+1.41
13.44+1.71
1.74+0.73
0.92+0.33
1.68+0.76
3.19+1.38
80 £ 28

43 +13

149 + 46

1,703 + 536
1.18 £0.37
71+£25
232+ 80
0.95+0.30
54 +20

28+9
11.7+4.1
0.28+0.31
135+ 65
227 + 80
508 + 238
69 * 38

Data presented as mean + standard deviation (SD) for continuous variables or absolute
number and proportion (%) for categorical variables. N = total number of participants; BMI =
body mass index; BMD = bone mineral density; TBS = trabecular bone score; CSA = cross-
sectional area; RMR = resting metabolic rate, estimated using the Harris-Benedict equation;
GH = growth hormone; IGF-1 = insulin-like growth factor 1; SHBG = Sex hormone-binding

globulin.

Factor selection and fit

The outcomes representing each factor, along with their overall fit quantified using CFA are presented
in Table 2. Based on clear positive and negative EFA loading patterns, changes were made to the

factors that were theoretically defined prior to analysis. These were: 1) body composition was split
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into two distinct factors (lean and fat), as loading patterns suggested that these represented different
constructs; and 3) physical function comprised only strength related outcomes, as loading patterns
suggested that other physical function tests, such as timed-up-and-go and timed-stands, did not
further contribute to explaining variance within the physical function factor. Based on these updates,
the factors carried forward to the confirmatory analysis were: bone; body composition (fat); body
composition (lean); strength; dietary intake and metabolic status. Results of the confirmatory analysis
indicated that the bone, body composition (lean) and strength measures had a good fit, and that body
composition (fat) and dietary intake had acceptable fit. Poor fit was obtained for metabolic status and

so this factor was not included within the subsequent SEM analysis.

Table 2: Factor weightings and fit indices for Confirmatory Factor Analysis models

Factor Components Factor weighting  Fit indices

Bone Whole body BMD 0.91

N =164 Lumbar BMD 0.86 CFl: 0.972 — Good fit
Femur BMD 0.78 SRMR: 0.035 — Good fit
Whole body TBS 0.45

Body composition Lean mass 0.97

(lean) Body mass 0.82 CFl: 0.957 — Good fit

N=179 Vastus lateralis CSA 0.75 SRMR: 0.047 — Good fit
Femoral CSA 0.70

Body composition (fat)  Fat mass 0.99

N=173 Gynoid fat 0.89 CFl: 0.900 — Acceptable fit
Android fat 0.83 SRMR: 0.079 — Acceptable fit
Visceral fat 0.55

Strength Supine press 0.93

N =185 Leg press 0.91 CFl: 0.973 — Good fit
Peak torque 0.87 SRMR: 0.021 - Good fit
Hand grip 0.82

Dietary Intake Kilocalories 0.97

(absolute values) Protein 0.84 CFI: 0.939 — Acceptable fit

N =187 Fat 0.76 SRMR: 0.055 — Acceptable fit
Carbohydrate 0.70

Dietary Intake Kilocalories/kg 0.99

(relative values) Protein/kg 0.86 CFl: 0.940 — Acceptable fit

N =187 Fat/kg 0.73 SRMR: 0.051 — Acceptable fit
Carbohydrate/kg 0.71

Metabolic status Cortisol 0.80 CFl: 0.638 — Poor fit

N =184 IGF1 0.20 SRMR: 0.099 - Poor fit
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GH 0.18
Free Testosterone 0.09

Factor weightings for individual components and fit indices for bone, body composition, strength,
dietary intake and metabolic status factors. Fit indices were evaluated as such: CFl 2 0.95 = good fit,
0.95 — 0.90 = acceptable fit, and < 0.90 poor fit; SRMR < 0.05 = good fit, 0.05 — 0.08 = acceptable fit;
and 2 0.8 poor fit. CFl = comparative fit index; SRMR = standardized root mean squared error; BMD =
bone mineral density; TBS = trabecular bone score; CSA = cross-sectional area; IGF-1 = insulin-like
growth factor 1; GH = growth hormone.

Structural Equation Model

Due to missing data, not all analyses presented with 200 observations. 156 to 161 observations were
available for the single explanatory factor models, and 143 for the multi explanatory factor model
(Table 3). Initial SEM models of bone and each individual factor indicated significant relationships
between bone and strength (B = 0.74; p = <0.001; good fit); body composition — lean (B = 0.66; p =
<0.001; acceptable fit); body composition —fat (B = 0.36; p = <0.001; poor fit) and dietary intake with
outcomes expressed relative to body mass (B = -0.28; p = 0.001, acceptable fit). The latter finding of a
negative relationship between dietary intake and bone was deemed unusual, given that many aspects
of dietary intake (e.g., protein intake or total calories) were hypothesised to positively influence bone
in this population. A sensitivity analysis was conducted based on dietary intake expressed in absolute
terms, and showed no relationship with bone (B = 0.01; p = 0.911; good fit). Final SEM models,
including all factors, indicated that only strength (B = 0.74; p = 0.037) and body composition — lean (B
= 0.66; p = 0.045) significantly associated with bone. However, overall fit of the SEM model with all
factors included indicated poor fit (CFI = 0.767 and SRMR = 0.138). Further details of the full SEM
models are provided in Table 3. Sensitivity analyses conducted on females showed no substantial
differences compared to results found in the whole sample, with lean mass and strength factors also
being associated with bone mass (Supplementary Table 1, available online in

https://doi.org/10.17605/0SF.I0/D67HP).

Table 3: Structural Equation Model


https://doi.org/10.17605/OSF.IO/D67HP

Model B p values Fit indices

Single explanatory factor

models

Bone ~ Lean 0.66 <0.001 CFl: 0.883 — Acceptable fit

N =156 SRMR: 0.077 — Acceptable fit
Bone ~ Adipose 0.36 <0.001 CFl: 0.717 — Poor fit

N =167 SRMR: 0.150 - Poor fit

Bone ~ Strength 0.74 <0.001 CFl: 0.950 — Good fit

N =158 SRMR: 0.049 — Good fit
Bone ~ Dietary intake 0.01 0.911 CFl: 0.952 — Good fit
(Absolute) SRMR: 0.050 — Good fit

N =161

Bone ~ Dietary intake -0.28 0.001 CFl: 0.934 — Acceptable fit
(Relative) SRMR: 0.077 — Acceptable fit
N =161

SEM with absolute dietary intake
Multi explanatory factor model

Bone ~

tean + 0.34 0.045 CFI: 0.767 — Poor fit
Adipose + 0.02 0.767 SRMR: 0.138 — Poor fit
Strength + 0.37 0.037

Dietary intake -0.08 0.140

N = 143

SEM with relative dietary intake
Multi explanatory factor model

Bone ~ Lean + 0.32 0.049

Adipose + -0.01 0.924 CFl: 0.796 — Poor fit
Strength + 0.38 0.023 SRMR: 0.126 — Poor fit
Dietary intake -0.02 0.125

N =143

234 B = standardized beta coefficient; N = number of participants included in each model; CFl =
235 comparative fit index; SRMR = standardized root mean squared error; SEM = structural equation

236  modelling.

237

238  DISCUSSION

239  The aim of this investigation was to explore the use of factor analysis and SEM to model relationships

240  between bone and other factors related to physical function, body composition, dietary intake and
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metabolic status in a group of frail and pre-frail older adults. Multi-factor structural equation models
indicated that only strength and lean mass associated with bone. Accordingly, strength-based tests,
or resistance-based interventions may represent the most viable targets when considering risk

assessment screening tools and bone-promoting interventions in this population.

The positive association shown between strength and lean mass with bone is unsurprising, given that
the muscle and bone are considered to act as a unit (20), and that the predominant factor to influence
bone metabolism is mechanical strain (21), which is directly mediated by muscle mass. For this reason,
prevention of age-related muscle loss is a key strategy for the prevention of osteoporosis (22). It is
important to highlight that both factors were maintained in the final model, indicating that the
combination of information related both to muscle mass and function is more informative than either
one alone. As such, risk screening strategies for low bone mass in frail and pre-frail older adults may
benefit from the inclusion of batteries of strength-based tests, in addition to more commonly used
assessments of muscle mass. The available evidence indicates that resistance training does not
influence BMD in older adults (23), although it is worth highlighting that only few studies of this kind
have been conducted, and those available generally had small samples and relatively short
intervention periods, rendering the possibility of Type 2 error plausible. In contrast, resistance-based
training programs have proven efficacy in improving muscle mass (24, 25), strength (25-29) and
function (29-31) in elderly and frail individuals (for a comprehensive review, see Lopez et al (32)). As
such, and given the independent relationship between bone and both muscle mass and strength
reported in this investigation, resistance training programs may bring about indirect benefits for bone
in this population, although it is recommended that they are implemented as early as possible, in an
attempt to prevent or attenuate age-related bone loss, given that recovery of bone once lost in older

adults is difficult.

Of equal interest to the factors identified as associating with bone within the current investigation are

those that did not. All of the factors included within this model have the theoretical potential to
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influence bone, however although single factor models showed a significant association between
bone and fat mass and dietary intake, these were not maintained within the final multi-factor SEM.
This may be due to typical challenges when modelling related variables, such as collinearity (e.g., those
who have more muscle may also have more fat), unaccounted confounding factors, or to noise in the
measurement leading to either spurious, or undetected, associations. Differentiating between these
potential explanations is beyond the scope of the current investigation, however in the case of dietary
intake, the latter explanation does seem most likely. Single factor models showed a negative
association with dietary intake when scaled to body mass, however the same factors expressed in
absolute terms showed no association with bone. This change from no association (i.e., a horizontal
regression line) to a negative association (downward sloping regression line) is likely to represent a
scaling artefact, reflecting the lower relative values assigned to heavier individuals when simply
dividing dietary intake by mass in comparison to an important clinical outcome, namely bone. As such,
our interpretation of these data is that there was no association between dietary intake and bone
within this dataset. Whether this truly represents a lack of association, or Type 2 error, is unknown,
but it is important to acknowledge that the food diaries used within the current study provide only a
snapshot estimation of an individual’s usual dietary intake. Considering that bone is slow to respond
to stimuli, longitudinal evaluations of an individual’s longer-term habitual dietary intake may be

warranted to more accurately model these relationships.

The current investigation has both strengths and weaknesses that should be considered when
interpreting results. Although factor analysis and SEM are rarely used in nutrition or exercise science,
they constitute powerful tools that may overcome certain limitations of more traditional analysis
approaches, including the combination of a larger number of individual related variables, into a
smaller number of factors or constructs of interest (33). This is important as our interest in nutrition
and exercise science is at least implicitly focussed on these constructs of interest and ultimately their
interactions. For example, strength may be proxied by an exercise such as a leg press, but interest is

not placed in this specific exercise and its associated biomechanical constraints. Instead, researchers
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are interested in the more general construct of strength and how that is manifested across many
movements and tests. Factor analysis and SEM when built progressively can create valid and reliable
measures and factors, with the potential to address more foundational questions regarding
interrelationships and ultimately causal pathways. This approach is not without its limitations,
however. It is important to highlight that the factors used herein were developed based on the
variables available within an existing dataset, but that this dataset was not collected with this specific
purpose in mind. Our intention with this investigation, was to explore the potential of this approach
to answer a topical and important question within our field, namely what factors associate with bone
in a group of frail and pre-frail older adults. Development and validation of factors is a large
undertaking, requiring strong theoretical justifications, large, purpose-built datasets and extensive
validation. Our analysis provides a first step in employing this approach to model these very complex
relationships, but further research is required to build on these findings, and formally develop and

validate factors that associate with bone in this, and other, populations.

ACKNOWLEDGEMENTS

Grants: G.P.E., B.G.and E.D. are supported by research grants from the Sdo Paulo Research Foundation

[FAPESP grant #2020/07860-9, 2017/13552-2, 2019/05616-6; 2019/26899-6].

Disclosures: The authors declare that there is no conflict of interest.

References

1. Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C, Stenmark J, McCloskey E V.,
Jonsson B, Kanis JA. Osteoporosis in the European Union: medical management,
epidemiology and economic burden. Arch Osteoporos 8: 136, 2013. doi: 10.1007/s11657-013-
0136-1.



317
318
319

320
321
322

323

324
325

326
327

328
329
330
331

332
333
334

335
336
337
338

339
340
341
342

343
344

345
346

347
348
349
350

351
352

353
354

355

10.

11.

12.

13.

14,

15.

16.

Klop C, van Staa TP, Cooper C, Harvey NC, de Vries F. The epidemiology of mortality after
fracture in England: variation by age, sex, time, geographic location, and ethnicity.
Osteoporosis International 28: 161-168, 2017. doi: 10.1007/s00198-016-3787-0.

Greco EA, Pietschmann P, Migliaccio S. Osteoporosis and Sarcopenia Increase Frailty
Syndrome in the Elderly. Front Endocrinol (Lausanne) 10, 2019. doi:
10.3389/fendo.2019.00255.

Xue Q. The frailty syndrome: Definition and natural history. Clin Geriatr Med 27: 1-15, 2011.

Santos L, Elliott-Sale KJ, Sale C. Exercise and bone health across the lifespan. Biogerontology
18: 931-946, 2017. doi: 10.1007/s10522-017-9732-6.

Kline RB. Principles and practice of structural equation modeling, 4th ed. New York, NY, US:
Guilford Press, 2016.

Roschel H, Hayashi A, Fernandes A, Jambassi-Filho J, Hevia-Larrain V, de Capitani M,
Santana D, Goncalves L, de Sa-Pinto A, Lima F, Sapienza M, Duarte A, Pereira R, Phillips S,
Gualano B. Supplement-based nutritional strategies to tackle frailty: A multifactorial double-
blind, randomized, placebO-controlled trial. Clinical Nutrition 40: 4849-4858, 2021.

Fried L, Tangen C, Walston J, Newman A, Hirsch C, Gottdiener J, Seeman T, Tracy R, Kop W,
Burke G, McBurnie M, Cardiovascular Health Study Collaborative Research Group. Frailty in
older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci 56: M146-56, 2001.

Harvey NC, Gliier CC, Binkley N, McCloskey EV, Brandi M-L, Cooper C, Kendler D, Lamy O,
Laslop A, Camargos BM, Reginster J-Y, Rizzoli R, Kanis JA. Trabecular bone score (TBS) as a
new complementary approach for osteoporosis evaluation in clinical practice. Bone 78: 216—
224, 2015. doi: 10.1016/j.bone.2015.05.016.

Lixandrao ME, Ugrinowitsch C, Bottaro M, Chacon-Mikahil MPT, Cavaglieri CR, Min LL, de
Souza EO, Laurentino GC, Libardi CA. Vastus Lateralis Muscle Cross-sectional Area
Ultrasonography Validity for Image Fitting in Humans. J Strength Cond Res 28: 3293-3297,
2014. doi: 10.1519/JSC.0000000000000532.

Newcomer KL, Krug HE, Mahowald ML. Validity and reliability of the timed-stands test for
patients with rheumatoid arthritis and other chronic diseases. / Rheumatol 20: 21-7, 1993.

Podsiadlo D, Richardson S. The timed “Up & Go”: a test of basic functional mobility for frail
elderly persons. J Am Geriatr Soc 39: 142—8, 1991. doi: 10.1111/j.1532-5415.1991.tb01616.x.

Roschel H, Hayashi A, Fernandes A, Jambassi-Filho J, Hevia-Larrain V, de Capitani M,
Santana D, Goncalves L, de Sa-Pinto A, Lima F, Sapienza M, Duarte A, Pereira R, Phillips S,
Gualano B. Supplement-based nutritional strategies to tackle frailty: A multifactorial double-
blind, randomized, placeb0-controlled trial. Clinical Nutrition 40: 4849-4858, 2021.

Rosseel Y. lavaan: An R Package for Structural Equation Modeling. J Stat Softw 48, 2012. doi:
10.18637/jss.v048.i02.

R Core Team. R: A Language and Environment for Statistical Computing [Online].
https://www.R-project.org/.

Beaujean AA. Latent Variable Modeling Using R. Routledge, 2014.



356
357

358
359
360

361
362
363

364
365
366

367
368

369
370
371

372
373
374
375

376
377
378
379

380
381
382

383
384
385
386
387

388
389
390

391
392
393
394
395

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Brown TA. Confirmatory factor analysis for applied research, 2nd ed. New York, NY, US: The
Guilford Press, 2015.

Lai K, Green SB. The Problem with Having Two Watches: Assessment of Fit When RMSEA and
CFI Disagree. Multivariate Behav Res 51: 220-239, 2016. doi:
10.1080/00273171.2015.1134306.

Hu L, Bentler PM. Cutoff criteria for fit indexes in covariance structure analysis: Conventional
criteria versus new alternatives. Struct Equ Modeling 6: 1-55, 1999. doi:
10.1080/10705519909540118.

Fricke O, Schoenau E. The ‘Functional Muscle-Bone Unit’: Probing the relevance of
mechanical signals for bone development in children and adolescents. Growth Hormone &
IGF Research 17: 1-9, 2007. doi: 10.1016/j.ghir.2006.10.004.

Tyrovola JB, Odont X. The “Mechanostat Theory” of Frost and the OPG/RANKL/RANK System.
J Cell Biochem 116: 2724-2729, 2015. doi: 10.1002/jcb.25265.

LeBoff MS, Greenspan SL, Insogna KL, Lewiecki EM, Saag KG, Singer AJ, Siris ES. The
clinician’s guide to prevention and treatment of osteoporosis. Osteoporosis International 33:
2049-2102, 2022. doi: 10.1007/s00198-021-05900-y.

Massini DA, Nedog FH, de Oliveira TP, Almeida TAF, Santana CAA, Neiva CM, Macedo AG,
Castro EA, Espada MC, Santos FJ, Pessoa Filho DM. The Effect of Resistance Training on Bone
Mineral Density in Older Adults: A Systematic Review and Meta-Analysis. Healthcare 10:
1129, 2022. doi: 10.3390/healthcare10061129.

Cadore EL, Casas-Herrero A, Zambom-Ferraresi F, Idoate F, Millor N, Gomez M, Rodriguez-
Maiias L, Izquierdo M. Multicomponent exercises including muscle power training enhance
muscle mass, power output, and functional outcomes in institutionalized frail nonagenarians.
Age (Dordr) 36: 773-85, 2014. doi: 10.1007/s11357-013-9586-z.

Kryger Al, Andersen JL. Resistance training in the oldest old: consequences for muscle
strength, fiber types, fiber size, and MHC isoforms. Scand J Med Sci Sports 17: 422-30, 2007.
doi: 10.1111/j.1600-0838.2006.00575.x.

Serra-Rexach JA, Bustamante-Ara N, Hierro Villaran M, Gonzalez Gil P, Sanz Ibafiez MJ,
Blanco Sanz N, Ortega Santamaria V, Gutiérrez Sanz N, Marin Prada AB, Gallardo C,
Rodriguez Romo G, Ruiz JR, Lucia A. Short-term, light- to moderate-intensity exercise training
improves leg muscle strength in the oldest old: a randomized controlled trial. J Am Geriatr
Soc 59: 594-602, 2011. doi: 10.1111/j.1532-5415.2011.03356.x.

Hess JA, Woollacott M, Shivitz N. Ankle force and rate of force production increase following
high intensity strength training in frail older adults. Aging Clin Exp Res 18: 107-115, 2006. doi:
10.1007/BF03327425.

Serra-Rexach JA, Bustamante-Ara N, Hierro Villaran M, Gonzalez Gil P, Sanz Ibafiez MJ,
Blanco Sanz N, Ortega Santamaria V, Gutiérrez Sanz N, Marin Prada AB, Gallardo C,
Rodriguez Romo G, Ruiz JR, Lucia A. Short-Term, Light- to Moderate-Intensity Exercise
Training Improves Leg Muscle Strength in the Oldest Old: A Randomized Controlled Trial. J Am
Geriatr Soc 59: 594-602, 2011. doi: 10.1111/j.1532-5415.2011.03356.x.



396
397
398
399

400
401
402

403
404
405

406
407
408

409
410

411

412

29.

30.

31.

32.

33.

Lustosa LP, Silva JP, Coelho FM, Pereira DS, Parentoni AN, Pereira LSM. Impact of resistance
exercise program on functional capacity and muscular strength of knee extensor in pre-frail
community-dwelling older women: a randomized crossover trial. Rev Bras Fisioter 15: 318—
24,2011.

Giné-Garriga M, Guerra M, Pageés E, Manini TM, Jiménez R, Unnithan VB. The effect of
functional circuit training on physical frailty in frail older adults: a randomized controlled trial.
J Aging Phys Act 18: 401-24, 2010. doi: 10.1123/japa.18.4.401.

Jeon MY, Jeong H, Petrofsky J, Lee H, Yim J. Effects of a randomized controlled recurrent fall
prevention program on risk factors for falls in frail elderly living at home in rural communities.
Med Sci Monit 20: 2283-91, 2014. doi: 10.12659/MSM.890611.

Lopez P, Pinto RS, Radaelli R, Rech A, Grazioli R, Izquierdo M, Cadore EL. Benefits of
resistance training in physically frail elderly: a systematic review. Aging Clin Exp Res 30: 889—
899, 2018. doi: 10.1007/s40520-017-0863-z.

Beran TN, Violato C. Structural equation modeling in medical research: a primer. BMC Res
Notes 3: 267, 2010. doi: 10.1186/1756-0500-3-267.



413 Figure captions

414  Figure 1. Schematic illustrating all variables included within the initial exploratory factor analysis (EFA)
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