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Introduction
Body composition (BC) usually refers to either an absolute amount of fat and fat-free mass 

within the body or an amount relative to total body weight [1]. BC receives a lot of attention in 
the health sciences because of its relationship with premature disease and mortality as well as its 
increasing prevalence [2]. Moreover, BC standards are promoted in the health sciences because it’s 
one of the five health-related components of fitness, along with cardiorespiratory fitness, muscular 
strength, muscular endurance, and flexibility [3]. With an increased interest in BC comes increased 
attention placed on its various means of assessment. Although many laboratory methods exist to 
assess an individual’s BC (e.g., hydrostatic weighing, dual-energy x-ray absorptiometry and air 
displacement plethysmograph), it is more commonly assessed using field-based techniques [4].

While field-based assessments allow for a lower-cost and more time efficient means of BC 
assessment, they also present more opportunity to measure a trait with error [5]. This type of error 
introduced into the assessment process reduces the reliability of the measurement. Furthermore, in 
order for a measurement process to be considered valid, it must first be considered reliable. In other 
words, adequate reliability of BC assessment is a requirement before BC measures can be considered 
valid [6]. Many studies have shown acceptable reliability among BC assessments; however, these 
studies have only examined a single source of measurement error such as that from trials (test-
retest) [7]. 

Generalizability theory (G-theory) is a statistical technique that allows for the identification 
and estimation of different sources of measurement error [8]. These different sources of error (e.g., 
item, occasion, rater, test form) are called facets of a measurement. In a simple Generalizability 
Study (G-study), say person-by-test form, we design a measurement process that will allow us to 

Research Article

Using Generalizability Theory 
(G-Theory) to Examine the Reliability of 
Body Composition Measurement
Peter D Hart1,2,3*
1Health Promotion Program, Montana State University-Northern, USA
2Kinesmetrics Lab, Montana State University-Northern, USA
3Health Demographics, USA

Article Information

Received date: Nov 01, 2017 
Accepted date: Nov 20, 2017 
Published date: Nov 22, 2017

*Corresponding author

Peter D Hart, Health Promotion Program, 
Montana State University-Northern, USA, 
Tel: 406.265.4129; Fax: 406.265.4129; 
Email: peter.hart@msun.edu

Distributed under Creative Commons 
CC-BY 4.0

Keywords Generalizability theory; Body 
composition; Measurement; Biometrics

Abstract

Purpose: Adequate reliability of Body Composition (BC) assessment is a requirement before such measures 
can be considered valid. Many studies to date have only examined a single source of measurement error such 
as that from trials (test-retest). Generalizability Theory (G-theory) is a statistical technique that allows for the 
examination of different sources of measurement error simultaneously in a single analysis. Therefore, the aim of 
this study was to examine the different sources of error seen in the assessment of BC. A secondary purpose was 
to determine the appropriate number of facet conditions required to gain a reliable BC measure.

Methods: This measurement study included 38 participants who had been assessed on two different 
occasions (in the same week) and on each of four different BC field methods: Percent Body Fat (PBF) by Skinfold 
Technique (SF), Waist Circumference (WC), Body Mass Index (BMI) and PBF by Hand-Held Bioelectrical 
Impedance (HH). Two different G-theory designs were used in this research. First, a two-facet crossed p×t×m 
design was analyzed treating all facets as random. Then, the same design was performed treating BC method as 
a fixed facet. In both designs, a Generalizability Study (G-study) and Decision Study (D-study) were conducted. 
Three different software packages were used to ensure consistent and valid results (GENOVA, SPSS macro, 
and SAS GLM).

Results: The completely random design showed the largest variance component for persons (p) (57.8%). 
Variance components for both trials (t) and BC method (m) were negligible. However, the interaction between 
person and method (p×m) was substantial (38.6%). D-study results indicated reliable BC scores for measurement 
designs administered once using three different methods (G=.803). The mixed design, averaging over BC 
method, showed majority of variance due to persons (98.5%) and each of the four BC methods showed reliable 
scores with a single trial (G’s>.945).

Conclusion: Results from this G-theory research indicate that the equivalence reliability of commonly 
administered BC assessments may be inadequate. Although different BC assessments individually are reliable, 
for dependable BC trait generalization to the universe, a minimum of three different methods administered once 
may be required.
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isolate and estimate the measurement error attributed by test form 
(facet). In this G-study example, person is considered the object of 
measurement and therefore not a facet. A decision study (D-study) is 
often conducted using variance information from the G-study and can 
result in a new measurement procedure that minimizes measurement 
error (e.g., 3 test forms required to achieve desired reliability).

G-theory has been used to examine the reliability of several 
different measurement procedures. One study used D-study results 
to determine the number of accelerometer wear days needed to 
obtain reliable estimates of physical activity and sedentary behavior 
in 9 to 11 year children [9]. Another study used G-theory methods 
to identify the measurement error associated with the number of 
different scenarios applied to taping skills using an athletic training 
assessment instrument [10]. G-theory and D-study results have also 
been applied to the self-monitoring of blood pressure to determine 
the number of self-taken readings needed to get reliable estimates of 
both systolic and diastolic pressure [11]. Finally, G-theory has been 
used extensively in validity and reliability studies of various patient-
reported outcome tools [12-14]. To date, however, G-theory has not 
been used to examine the assessment of BC across several different 
methods.

Given this background regarding BC and G-theory, the aim 
of this study was to examine the different sources of error seen in 
the assessment of BC. A secondary purpose was to estimate the 
appropriate number of facet conditions (e.g., number of trial, number 
of methods) needed to gain reliable measures.

Methods
Participants

Data for this research came from a cross-sectional measurement 
study conducted at a rural public university. Participants were 
recruited by both study flyer and word-of-mouth. A total of N=38 
college students who had their BC assessed by all four methods were 
included in the study. All study components were reviewed and 
approved by the university’s Institutional Review Board (IRB).

Research Design

This study used a fully crossed repeated measures design with 
participants assessed on two different occasions (in the same week) 
on each of four different BC field methods. Figure 1 displays the two 
different G-theory designs.

Body composition measures

Four different BC measures were used in this study: Percent 
Body Fat (PBF) by Skinfold Technique (SF), Waist Circumference 
(WC), Body Mass Index (BMI) and PBF by Hand-Held Bioelectrical 
Impedance (HH). BC measures were assessed in a laboratory by 
trained research assistants. PBF (%) by SF was measured using the 
Siri equation and the sum of chest, abdomen and thigh skinfolds 
for males and triceps, suprailiac and thigh skinfolds for females [9]. 
WC (cm) was measured the same for males and females using an 
elastic tape at the most narrow point between the xyphoid process 
and umbilicus [9]. PBF (%) by HH was measured using the Omron 
BF306 handheld bioelectrical impedance device as described by the 
manufacturer [10]. Finally, BMI (kg/m2) was measured the same for 
males and females by measuring height (cm) using a wall mounted 
stadiometer and weight (kg) using an electronic floor scale [9].

Statistical analysis

Two different G-theory designs were used in this research [11]. 
First, a two-facet crossed p×t×m design was run treating all facets as 
random. Then, the same design was performed treating BC method 
as a fixed facet. In both designs, a Generalizability Study (G-study) 
and Decision Study (D-study) were conducted. Each BC variable was 
T-score transformed by sex prior to analysis. Three different software 
packages were used to ensure consistent results: GENOVA [12], SPSS 
macro [13] and SAS GLM [14].

Results
Table 1 displays descriptive statistics for each of the four BC 

methods across the two trials. No significant differences were noted 
across trial, which supports the stability of the BC methods. Table 
2 displays results for the two facet completely random design. 

Completely crossed two facet design 
treating BC method as random 

Completely crossed single facet design 
treating each BC method separately

Figure 1: Sources of variance for both G-theory designs.
Note: Person (p), Trial (t) and Method (m).

Table 1: Descriptive statistics and correlations for BC measures (N=38).

Trial 1 Trial 2 Paired t

BC measure M SD M SD p

SF 18.3 7.68 18.4 7.73 0.766

WC 81.9 10.05 81.5 9.6 0.453

BMI 25.4 3.68 25.5 3.59 0.715

HH 25 9.07 25.2 8.7 0.558

Note: M is mean. SD is standard deviation. Paired t is paired t statistic.

Table 2: G-Study and variance components for two facet crossed p×t×m fully 
random design.

Source MS Levels σ2 Component %

Person (p) 533.2 8 56.674 57.8

Trial (t) 10.2 152 0.059 0.1

Method (m) 0.6 76 0 0

pxt 4.1 4 0.231 0.2

pxm 78.9 2 37.849 38.6

txm 0.3 38 0 0

pxtxm 3.2 1 3.194 3.3

Note: Levels is the number of levels the scores were summed across in that 
factor. m and t×m had negative σ2 components and so set to zero after all 
calculations. % is the percentage of total variance.
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The largest variance component was seen for Person (p) (57.8%). 
Variance components for Both Trial (t) and BC Method (m) were 
negligible. However, the interaction between person and method 
(p×m) was substantial (38.6%). Figure 2 displays results of the 
D-study. Many different scenarios presented resulting in adequate 
reliability. However, the more realistic scenario indicated reliable 
BC scores for measurement designs administered once using three 
different methods (G=.803).

Table 3 displays results for the mixed design, averaging over BC 
method. Results showed majority of variance due to person (98.4%). 
The small residual component (1.5 %) suggests that few trials are 
needed to generalize scores averaged over BC method (m). Finally, 
Table 4 shows results indicating that each of the four BC methods 
have reliable scores with a single trial (G’s≥.945). SEM values were 
clinically small for each individual BC method.

Discussion
The aim of this study was to employ G-theory in order to 

examine the different sources of error seen in the assessment of BC. 

The purpose in doing so was to further examine the accuracy of 
generalizing an individual’s observed BC test score to an average BC 
score given under all possible conditions (facets). That is, we might 
ask, would an individual’s BC score assessed at one occasion using one 
single method be matched if assessed again on a different occasion by 
a different method? The status quo in the health sciences is to take 
results from observed scores and generalize them across those facets, 
without regard to their accuracy. Results of this study clearly indicate 
that the answer to the above question is “no”.

Specifically, results from the two-facet G-study showed a 
substantial amount of person-by-method (p×m) error variance. 
This can be interpreted to mean that large differences exist in the 
relative standing of individuals across the different BC methods. Said 
in a simpler way, much error was seen when college students were 
separately ranked in each BC assessment method. This finding would 
question the equivalence reliability of the different BC methods [5]. 
Notwithstanding, the notion that different BC methods may rank 
individuals differently is not entirely unheard of. Individuals with 
higher fitness levels tend to have more muscle mass as compared to 
their lower fitness counterparts [15]. Consequently, individuals with 
more muscle mass are likely to rank low in terms of PBF, however, 
rank high in terms of BMI. This also seems appropriate given that 
college-aged individuals possess higher fitness levels than older 
populations [16].

Using the quantified G-study variance components, results from 
the two-facet D-study showed that at least three BC assessment 
methods would be required to yield reliable BC measures (≥.80) in the 
future. The D-study results also indicated that only a single trial, with 
three BC methods, would be required. These findings are consistent 
with the G-study results, since the person-by-method (p×m) error 
variance was the largest source of error variance [14].

The G-study using a mixed design (i.e., treating trial as a random 
facet and method as a fixed facet) was conducted for two main reasons. 
Firstly, to serve as an alternative strategy if one wanted to consider 
that the four BC methods in this study were not randomly drawn 
from a population of several different BC methods. Said differently, 
treating BC method as a fixed facet implies we are unwilling to replace 
these four BC methods with four other randomly selected methods. 
Regardless of viewpoint on this matter, the mixed design was included 
simply as an alternative view. Secondly, given the fully random design 
results, it made sense to further examine the measurement properties 
of the BC scores averaging over BC method.

The mixed design G-study results were very clear, in that, almost 
all variance in BC scores were due to person. This means that our 
sample of individuals differed systematically (without error) in their 
BC scores. At the same time, the very small person-by-trial (p×t) (and 
residual) variance component indicates that individuals had similar 
relative standings across trials. Consequently, very few trials would be 
required to generate acceptable reliability in future scenarios.

The results of this current study should be considered along with 
limitations. For example, participants in this study were registered 
college students attending a rural public university. Since the 
measurement properties of a test are situation specific, then these 
results should be considered only for this specific population [5]. One 
other limitation in this study was the lack of other considerable sources 

Figure 2: G-Study coefficients for two facet crossed p×t×m design.

Table 3: G-Study and variance components for two facet crossed p×t×m mixed 
design treating method (m) as fixed.

Source MS Levels σ2 Componenta %

Person (p) 533.2 8 66.136 98.4

Trial (t) 10.2 152 0.059 0.1

pxt 4.1 4 1.03 1.5

Note: Levels is the number of levels the scores were summed across in that 
factor. % is the percentage of total variancea, σ2 component is average over the 
fixed facet (m).

Table 4: Summary of psychometric data for analyses treating each fixed facet 
(BC method) separately.

Method σ2 Component % G SEM

SF 93.186 96.6 0.966 1.8

WC 92.197 94.5 0.945 2.3

BMI 98.38 98.9 0.989 1

HH 94.329 95.9 0.959 2

Note: σ2 component is universe score variance. % is the percentage of total 
variance. G is generalizability coefficient for 1 trial. SEM: Standard Error of 
Measurement.
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of measurement error variance (facets).One additional and plausible 
facet to consider in the assessment of BC would be the clinician (i.e., 
research assistant) involved in the measuring process. The addition 
of this facet could help identify if BC ranking of individuals differed 
also by clinician, which is a reasonable suggestion. The addition of 
this facet could also help understand and quantify additional nuances 
such as if clinicians tended to measure BC differently across BC 
method. Acknowledging this limitation, it is also worth mentioning 
that the measurement study for a three-facet (adding clinician) fully 
crossed design would be very complicated, both for the clinician and 
the participant. A future study, however, may want to consider such a 
design; either fully crossed or nested [6].

Conclusion
Results from this G-theory research indicate that the equivalence 

reliability of commonly administered BC assessments may be 
inadequate. Although different BC assessments individually are 
reliable, for dependable BC trait generalization to the universe, a 
minimum of three different methods administered once may be 
required.
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