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OBJECTIVEdTo use structural modeling to test a hypothesized model of causal pathways
related with prediabetes among older adults in the U.S.
RESEARCH DESIGN AND METHODSdCross-sectional study of 2,230 older adults
($50 years) without diabetes included in the morning fasting sample of the 2001–2006 National
Health and Nutrition Examination Surveys. Demographic data included age, income, marital
status, race/ethnicity, and education. Behavioral data included physical activity (metabolic equivalent hours per week for vigorous or moderate muscle strengthening, walking/biking, and house/
yard work), and poor diet (reﬁned grains, red meat, added sugars, solid fats, and high-fat dairy).
Structural-equation modeling was performed to examine the interrelationships among these
variables with family history of diabetes, high blood pressure, BMI, large waist (waist circumference: women, $35 inches; men, $40 inches), triglycerides $200 mg/dL, and total and HDL
($60 mg/dL) cholesterol.
RESULTSdAfter dropping BMI and total cholesterol, our best-ﬁt model included three single
factors: socioeconomic position (SEP), physical activity, and poor diet. Large waist had the
strongest direct effect on prediabetes (0.279), followed by male sex (0.270), SEP (20.157), high
blood pressure (0.122), family history of diabetes (0.070), and age (0.033). Physical activity had
direct effects on HDL (0.137), triglycerides (20.136), high blood pressure (20.132), and large
waist (20.067); poor diet had direct effects on large waist (0.146) and triglycerides (0.148).
CONCLUSIONSdOur results conﬁrmed that, while including factors known to be associated with high risk of developing prediabetes, large waist circumference had the strongest direct
effect. The direct effect of SEP on prediabetes suggests mediation by some unmeasured factor(s).
Diabetes Care 36:2655–2662, 2013

T

he growing prevalence of diabetes,
combined with clear evidence that
lifestyle change can reduce diabetes
risk in high-risk individuals, has led the
American Diabetes Association to recommend diabetes screening in clinical settings for adults aged $45 years who have
no risk factors other than age (1). Persons
with blood glucose levels that are higher

than those considered normal but not
high enough to be classiﬁed as diabetes
are at increased risk for type 2 diabetes
(2,3). This state is termed “prediabetes,”
and its prevalence in 2005–2008, based
on fasting glucose or HbA 1c levels,
reached 50% for U.S. adults aged $65
years. For this age group, diagnosed diabetes is projected to reach 26.7 million
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by 2050, or 55% of all diabetes cases (4).
In 2007, spending on diabetes care for
adults aged $65 years accounted for
$64.8 billion (56%) of direct diabetes
medical costsd$41.1 billion for institutional care alone. Identifying older adults
with prediabetes may help delay or prevent type 2 diabetes, thereby reducing
morbidity and healthcare costs.
After adjusting for race/ethnicity, sex,
and age, prediabetes is associated with
obesity (5), high blood pressure (6), lipid
abnormalities (7), family history of diabetes (8), and speciﬁc physical activity and
dietary patterns (9). To our knowledge,
no studies have examined all of these factors simultaneously as a system of multiple pathways leading to prediabetes.
Available research allows us to hypothesize a causal model that depicts the
relationships of factors related to the development of prediabetes in terms of direct effects and indirect (i.e., mediator)
effects. Unlike traditional regression
models that treat each covariate in the
model as an independent direct effect on
prediabetes, we can assess all relevant
pathways of reported factors as independent and/or dependent (i.e., mediator)
factors leading to prediabetes at once. Focusing our analysis on adults aged $50
years provides information that could
stimulate thinking concerning ways to reduce diabetes risk for the Medicare population and those who will soon be in the
Medicare population. As such, we used
structural-equation modeling to test our
hypothesized model, using data from a
nationally representative survey of the
U.S. population.
RESEARCH DESIGN AND
METHODS
Survey design and population
As part of the 2001–2006 National Health
and Nutrition Examination Surveys
(NHANES), the National Center for
Health Statistics, Centers for Disease
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Structural-equation models and prediabetes
Control and Prevention, collected data
representative of the U.S. civilian noninstitutionalized population (10). Survey
participants were interviewed at home
and invited to a mobile examination center (MEC) to undergo various examinations and laboratory measurements. The
examination component consists of
medical, dental, and physiological measurements, as well as laboratory tests
administered by highly trained medical
personnel. Those participants selected to
undergo tests that require fasting between
8 and 24 h have appointments in the
morning group. The response rates for
those who participated in the examinations during 2001–2006 ranged from
76–80% (10). Among the 7,287 participants aged $50 years, 6,668 completed
the household interview and an examination at the MEC; of those, 3224 were in
the morning fasting group, with 2,925
fasting from 8 to ,24 h prior to the examination.
Glycemic status deﬁnitions and
exclusions
During the home interview, participants
were asked if they had ever been told by a
doctor or other health professional that
they had diabetes (other than during
pregnancy). Based on their answer, 458
participants aged $50 years were classiﬁed as having diagnosed diabetes and
were excluded from analyses. We excluded 193 participants who reported
they did not have diabetes but had fasting
glucose $126 mg/dL or HbA1c $6.5%
(48 mmol/mol) and 44 participants who
had inconclusive results for fasting glucose or HbA1c or both. The ﬁnal sample
size was 2,230 participants. The 1,221
persons who had a fasting glucose of
100–125 mg/dL or HbA1c of 5.7–6.4%
(39–47 mmol/mol) were classiﬁed as having prediabetes.
Deﬁnitions of effects assessed
For our sample of older adults, variables
assessed included age, sex, race/ethnicity
(non-Hispanic [NH] white, NH black,
Mexican-American, and other; due to
the small sample size, other Hispanics
are included in the “other” category) (10);
household income (eight categories starting
from ,$20,000, then in $5,000 increments to $$75,000); educational attainment (less than high school, high school
or GED, and more than high school);
marital status (married or living with
partner, divorced/widowed/separated,
and never married); number of household
2656

members (actual number 1–6 and $7);
self-reported family history of diabetes
(i.e., including living and deceased,
were any biological blood relatives including grandparents, parents, brothers,
sisters, ever told by a health professional
that they had diabetes?); measured BMI;
large waist (measured circumference of
$35 inches for women and $40 inches
for men); high blood pressure (average of
up to three readings $135/80 mmHg as
recommended by the U.S. Preventive
Service Task Force for screening of type
2 diabetes in adults or reported to be on
antihypertensive medication) (11); HDL;
triglycerides; total cholesterol; and a physical activity categorical variable based on
metabolic equivalent hours per week in
the past 30 days (0 for none, 1 for greater
than 0 up to and including the median, 2
for greater than the median) for vigorousintensity activity, moderate-intensity activity, muscle-strengthening activities,
house or yard work, walking, or biking.
We deﬁned usual intake of selected dietary components (saturated fat, solid
fat, high-fat dairy, meat, and reﬁned
grains) using the 24-h recall dietary assessment, averaging with a second day of
recall data when available for the 2003 to
2004 and 2005 to 2006 cycles (12). All
dietary data were adjusted using the
MyPyramid equivalents to obtain the
Healthy Eating Index (HEI) scores for
each dietary component of interest
(13). Although red meat has been considered to be episodic dietary intake, a
recent study examining NHANES 24-h
recall found it to be usual intake (14).
The proportion of missing data among
respondents was 7.3% for household income and ,3.5% for all other variables
in our analyses.
Statistical analysis
We used structural equation modeling
with factor analysis, which groups intercorrelated variables into a single factor or
latent construct, and path analysis, which
includes the direct and indirect effects of
factors previously reported associated
with prediabetes as hypothesized (Fig.
1). Direct effects are depicted as an arrow
emanating from an independent variable
(exposure) leading and pointing to a dependent variable (outcome). For example, see the arrow between the latent
constructs of socioeconomic position
(SEP) and physical activity. An indirect
effect is depicted as a mediating variable
having an arrow pointing to it from an
independent variable but also pointing
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to yet another dependent variable. In addition, physical activity as a mediating
variable links SEP to the high blood pressure variable. A confounder, according to
the use of these directed acyclic graphs, is
depicted as a variable with direct effects
on both the exposure and the dependent
variable (15). Correlations between the
measurement errors of two variables are
represented by two-headed curving arrows, in which case only the measurement error terms are correlated.
In general, latent variable models reduce measurement error by having multiple indicators per latent construct, the
ability to test models with multiple dependent variables, and the beneﬁt of
testing multiple integrated models simultaneously rather than factors individually.
In addition, structural-equation modeling examines the direct and indirect
effects of mediators on dependent variables while allowing the examination of
complex associations among multiple
mediators (16). Conversely, in a traditional regression model, mediators would
not be included because they would block
the pathway between the independent
variable of interest and the dependent
variable. Thus, in the structural-equation
model, the independent factors and combined mediated relationships can be examined simultaneously, determining the
impact of each of the dependent variables
in the appropriate order. Thus, the SEM
includes mediating effects without sacriﬁcing indirect effects of interest. For each
relationship in the SEM model, only data
missing for either the independent or dependent variable would be missing from
that equation.
Analyses proceeded in two stages.
First, congruent with our hypotheses,
we created and conﬁrmed the a priori
factor structure. We conﬁrmed these
latent constructs for SEP, physical activity, and dietary patterns. An assumption
of this analysis is that an underlying
unmeasured variable is identiﬁed by the
shared variance of the observed variables.
The constellations of factors that comprise poor diet and physical activity
patterns may best be modeled as measures including those factors in terms of
their shared variance rather than to account individually for the underlying
immeasurable source. For the physicalactivity construct, the observed decrease
in physical activity participation among
older adults may be partially due to illdeﬁned measurement (17). We therefore
used a breadth of physical-activity domains
care.diabetesjournals.org

Bardenheier and Associates

Figure 1dHypothesized factors in the pathway to prediabetes (fasting blood glucose [FBG]/HbA1c) among older adults aged $50 years, NHANES
2001–2006. Ellipse indicates latent, unobservable constructs (to be identiﬁed using factor analysis); box indicates observed variable; straight line
with one arrowhead denotes direct effect.

and modeled them as a latent construct
because the shared variance represents
the entire pattern of physical activity
that may inﬂuence the other variables
and prediabetes. For the SEP construct,
we used household income, level of education, marital status, and number of individuals in the household. Second, after
conﬁrmatory factor analysis, we added
the other observed factors reported to
be associated with prediabetes. The theoretical structural model tested is displayed in Fig. 1.
Our focus was to examine the effects of
modiﬁable factors such as physical activity,
diet, lipids, obesity, high blood pressure,
and, to a lesser degree, SEP (which can
only be modiﬁed with great difﬁculty) on
prediabetes. Because age, sex, and race/
ethnicity are strong, nonmodiﬁable confounders related to most of the other factors
in the model, their direct effects, while included, are not shown in the graphic of the
ﬁnal model. Although family history of diabetes is nonmodiﬁable, it is speciﬁc to diabetes risk and therefore is examined as
factor of interest.
We used SAS v9.2 (SAS Institute Inc.)
for data management and descriptive
care.diabetesjournals.org

statistics, along with Mplus v6.12 software for conﬁrmatory factor analysis and
testing the structural model, while accounting for the complex survey design of
NHANES. P values ,0.05 were considered statistically signiﬁcant.
The model
The conceptual model that speciﬁes the
relations (numbered) among concepts
operationalized in this study appears in
Fig. 1. A priori, we predicted 27 paths to
directly and/or indirectly affect prediabetes, emanating from the 10 variables
labeled. We relied on the data’s inherent
temporality. For example, race, sex, and
family history of diabetes are determined
at birth, and age is a function of when
one is born. Physical activity was reported
during the past 30 days of MEC examination, and dietary intake was
reported for the 24-h period prior to or
up to 10 days after the MEC examination
(18). We assumed these activities were
“usual” patterns. Evidence from previous studies was also used to assess the
determinants of the causal pathway
(e.g.,family history of diabetes may
lead to dyslipidemia and diabetes) (7)

because prospective measures were not
available in NHANES cross-sectional
data.
As indices of the models’ statistical ﬁt
to the data, we used standard criteria, including comparative ﬁt index (CFI)
.0.90, root mean square error of approximation (RMSEA) , 0.08, and the
standardized root mean square residual
,0.06. Although not widely used, we
also report the weighted root mean
square residual (WRMR), which is a
weighted average of the residualsda
value of ,1 is recommended (19). Modiﬁcation indices were used to assess speciﬁc paths for the best-ﬁtting model,
using a x2 value indicating the probability was ,0.05 signiﬁcance. Because the
model had discrete dependent variables,
the best method of estimation for the
model is a robust weighted least squares,
also known as the weighted least squares
with mean and variance adjustment (20).
With this type of model and estimation
method, SEs for the standardized path
coefﬁcients are not computed. Therefore, we report the standardized estimates and the ﬁt statistics of the models
only.
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Structural-equation models and prediabetes
Table 1dCharacteristics of 2,230 older adults according to prediabetes and normal glucose status
Total
Characteristic
Sex
Male
Female
Race/ethnicity
NH white
NH black
Mexican American
Other
Marital status
Married or living with partner
Divorced/widowed/separated
Never married
Education
Less than high school
High school/GED
More than high school
BMI (kg/m2)
,18.5
18.5–24.9
25.0–29.9
.30
Triglycerides (mg/dL)
,150
150–199
.200
Family history of diabetes
Yes
No
Blood pressure (mmHg)
$135/80 + on medication
,135/80
HDL cholesterol (mg/dL)
,40
40–59
$60
Household income ($1,000 units)
,$20
$20–24.9
$25–34.9
$35–44.9
$45–54.9
$55–64.9
$65–74.9
.$75
Total household members
1
2
3
4
5
6
7+
Vigorous exercise (MET-h/week)
0

Prediabetes

n

Percent

95% CI

1,096
1,132

44.4
55.6

41.9–46.9
53.1–58.1

1,462
321
327
118

83.4
7.0
3.2
6.4

1,404
728
93

n

Normal glucose

Percent

95% CI

n

Percent

95% CI

658
563

51.5
48.5

48.1–54.9
45.1–51.9

436
569

36.7
63.3

33.3–40.3
59.7–66.7

81.8–84.9
6.2–7.9
2.7–3.6
5.3–7.6

777
180
195
69

81.8
7.4
3.7
7.1

79.5–83.9
6.3–8.7
3.1–4.5
5.5–9.2

685
140
131
49

85.2
6.7
2.6
5.6

82.9–87.2
5.5–8.0
2.1–3.2
4.1–7.6

68.4
28.0
3.6

66.1–70.7
25.9–30.2
2.8–4.6

778
388
52

68.9
27.4
3.7

65.8–71.9
24.6–30.4
2.6–5.2

625
339
41

68.0
28.6
3.4

64.5–71.3
25.4–32.0
2.3–5.0

668
527
1,026

18.7
26.0
55.2

17.0–20.6
23.8–28.4
52.7–55.2

389
298
531

21.1
26.7
52.2

18.7–23.8
23.7–29.9
48.8–55.6

279
229
495

16.2
25.4
58.5

13.9–18.7
22.2–28.8
54.7–62.1

30
659
829
636

1.5
30.7
37.1
30.7

1.0–2.3
28.4–33.2
34.7–39.6
28.3–33.1

11
265
480
428

0.9
20.6
39.4
39.1

0.5–1.8
18.0–23.4
36.0–42.8
35.7–42.7

19
394
348
207

2.1
41.7
34.6
21.5

1.2–3.7
38.0–45.6
31.1–38.4
18.5–24.8

1,430
380
386

64.4
16.9
18.7

61.9–66.8
15.1–18.8
16.8–20.8

714
243
246

58.2
19.8
22.0

54.7–61.6
17.2–22.7
19.2–25.1

714
137
140

71.1
13.8
15.2

67.5–74.4
11.4–16.5
12.6–18.1

903
1,325

42.2
57.8

39.7–44.8
55.2–60.3

515
706

44.6
55.4

41.2–48.1
51.9–58.8

387
618

39.7
60.3

36.0–43.4
56.6–64.0

1,432
738

61.5
38.5

58.9–64.0
36.0–41.1

842
346

69.0
31.0

65.6–72.1
27.9–34.4

590
392

53.6
46.4

49.8–57.4
42.6–50.2

290
1,122
785

12.1
50.3
37.6

10.5–13.8
47.8–52.9
35.2–40.2

181
683
340

14.0
57.0
29.0

11.8–16.6
53.5–60.4
26.0–32.2

109
437
445

9.9
43.2
46.8

8.0–12.3
39.5–47.0
43.1–50.6

522
183
278
217
191
140
113
422

17.4
6.7
11.5
10.9
10.7
8.3
6.6
27.9

15.7–19.2
5.6–8.0
10.0–13.2
9.4–12.7
9.1–12.5
6.8–10.0
5.3–8.1
25.5–30.5

305
99
156
133
108
74
53
207

20.0
6.6
12.0
12.3
10.6
8.4
5.6
24.5

17.6–22.7
5.2–8.4
10.0–14.3
10.1–14.9
8.6–13.1
6.4–10.9
4.1–7.5
21.4–28.0

217
83
122
83
83
66
60
215

14.6
6.8
11.0
9.5
10.7
8.1
7.6
31.6

12.4–17.2
5.3–8.8
8.9–13.5
7.4–12.1
8.5–13.5
6.1–10.7
5.7–10.1
27.9–35.5

473
1,100
334
134
83
44
58

19.8
53.2
15.0
6.2
3.0
1.3
1.6

17.9–21.8
50.6–55.7
13.2–16.9
5.1–7.7
2.2–3.9
0.9–2.0
1.1–2.3

248
608
186
73
44
29
33

19.7
53.5
14.7
6.0
2.8
1.5
1.8

17.2–22.5
50.1–57.0
12.4–17.3
4.5–8.0
1.9–4.2
0.8–2.5
1.1–2.9

225
492
148
61
39
15
25

19.8
52.7
15.3
6.5
3.1
1.2
1.4

17.0–22.9
49.0–56.5
12.8–18.3
4.8–8.7
2.1–4.5
0.6–2.2
0.8–2.5

1,771

74.1

71.7–76.4

990

76.9

73.7–79.8

781

71.1

67.4–74.6

P value*
,0.01

0.04

0.84

0.01

,0.01

,0.01

0.06
,0.01
,0.01

0.02

0.99

0.02
Continued on p. 2659
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Table 1dContinued
Total
Characteristic

n

0–6.0 (median)
.6.0
Moderate exercise (MET-h/week)
0
0–9.2 (median)
.9.2
Walking/biking (MET-h/week)
0
0–6.0 (median)
.6.0
Muscle-strengthening exercise
(MET-h/week)
0
0–6.1 (median)
.6.1
House/yard work (MET-h/week)
0
0–31.5 (median)
.31.5
Large waist (inches)
Women ($35)/men ($40)
Women (,35)/men (,40)

Prediabetes

Percent

95% CI

223
232

12.7
13.2

11.0–14.6
11.5–15.2

1,132
537
557

44.9
26.8
28.3

1,764
264
198

n

Normal glucose

Percent

95% CI

n

Percent

95% CI

119
112

12.3
10.8

10.1–14.9
8.8–13.2

104
120

13.1
15.8

10.6–16.1
13.1–18.9

42.4–47.5
24.5–29.2
26.0–30.7

638
293
290

47.8
25.9
26.4

44.3–51.2
22.9–29.1
23.4–29.6

494
244
267

41.9
27.8
30.3

38.3–45.6
24.4–31.4
26.9–34.0

79.2
12.1
8.8

77.0–81.2
10.5–13.8
7.4–10.4

973
149
99

80.7
11.6
7.6

77.9–83.3
9.6–14.0
6.0–9.6

791
115
99

77.5
12.5
10.0

74.1–80.5
10.2–15.3
7.9–12.6

1,750
180
296

76.1
9.9
14.0

73.8–78.3
8.4–11.7
12.3–15.9

998
78
145

81.0
6.8
12.2

78.1–83.6
5.2–8.8
10.1–14.7

752
102
151

70.9
13.3
15.8

67.3–74.3
10.7–16.3
13.3–18.8

1,892
174
160

83.5
8.3
8.2

81.5–85.3
7.0–9.8
6.9–9.8

1,043
84
94

84.7
7.1
8.2

82.0–87.0
5.5–9.0
6.5–10.4

849
90
66

82.2
9.6
8.2

79.1–85.0
7.6–12.1
6.2–10.6

1,221
1,005

55.4
44.6

52.9–57.9
42.1–47.1

752
469

64.3
35.7

61.0–67.5
32.5–39.0

469
536

45.9
54.1

42.2–49.7
50.3–57.8

P value*

0.07

0.21

,0.01

0.20

,0.01

GED, general equivalency diploma. *P values are based on the x2 test.

RESULTS
Descriptive statistics
Among those $50 years without diabetes, 51.7% had prediabetes. Compared
with those with normal glucose, at the
P , 0.01 level, those with prediabetes
were more likely to be male (51.5 vs.
36.7%), overweight (39.4 vs. 34.6%), or
obese (39.1 vs. 21.5%); to have high triglycerides .200 mg/dL (22.0 vs. 15.2%);
and to have HDL ,40 mg/dL (14.0 vs.
9.9%) (Table 1). Those with prediabetes
had signiﬁcantly higher average intakes of
solid fats (5.92 vs. 4.78; P , 0.01, where
higher score indicates greater percentage
of total energy intake) and red meat (3.50
vs. 3.11; P = 0.03, where higher score indicates greater number of equivalents
[e.g., ounces or cups] per 1,000 kcal)
than those with normal glucose (Table 2).
Structural-equation models
Factor analysis conﬁrmed the measurement portion of the model (CFI, 0.99;
RMSEA, 0.02; standardized root mean
square residual, 0.02) for the three latent
constructs: 1) SEP (except that the number of family members did not load or
contribute to the pattern of SEP identiﬁed
in the factor analysis); 2) physical activity;
care.diabetesjournals.org

and 3) poor diet (except that that saturated fats and processed meats did not
load or contribute to the pattern of poor
diet identiﬁed in the factor analysis). In
the factor analysis assessment of the
model, the latent constructs were not correlated with one another; however, in the
structural-equation model, the latent constructs were correlated.
The best-ﬁt structural-equation
model (CFI, 0.89; RMSEA, 0.02;
WRMR, 1.19) was somewhat different
from our adjusted hypothesized model
(CFI, 0.77; RMSEA, 0.02; WRMR, 1.56)
(Fig. 2). The following changes were
made for our hypothesized model to converge. First, we dropped total cholesterol
and BMI from the ﬁnal model based on
the ﬁt of parameters and the modiﬁcation
indices. Second, we dropped the direct
effect of dietary patterns on HDL based
on the ﬁt of the model. Almost all factors
had direct effects from age, sex, and race/
ethnicity. For simplicity, these paths are
not presented in Fig. 2. All paths shown
are statistically signiﬁcant at the 0.05 level
(standardized path coefﬁcients are given
in parentheses), except for the one path of
physical activity regressed on large waist
circumference (P = 0.108). Higher SEP
had a positive relationship with physical

activity (0.317) and inverse relationships
with poor diet (20.457) and prediabetes
(20.157). The effect of SEP was greatest
on poor dietary intake, indicated by the
highest absolute value of a path coefﬁcient. Family history of diabetes had a
slightly greater effect on poor diet (0.111)
compared with its relationships to HDL
(20.063), large waist circumference
(0.066), and prediabetes (0.070). Poor
diet had similar effects on triglycerides
(0.148) and large waist circumference
(0.146). The effect of physical activity
on large waist circumference (20.067)
was not as strong as its effects on HDL
levels (0.137), triglycerides (20.136),
and high blood pressure (20.132). HDL
had strong inverse correlations with triglycerides (20.510) and large waist circumference (20.291), being more highly
associated in the former instance. Large
waist circumference had a strong relationship with prediabetes (0.279) and
also with high blood pressure (0.253);
the relationship of high blood pressure
on prediabetes was positive, but not as
strong (0.122).
CONCLUSIONSdTo our knowledge,
this study presents the ﬁrst examination
of direct and indirect effects of modiﬁable
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Table 2dDietary variables for older adults according to prediabetes and normal glucose
status
Total
Dietary variable
HEI
HEI10: Saturated fat1
Speciﬁc dietary constituents
HEI12: Solid fats/alcohol/added
sugars
Added sugars2
Solid fats2
HEI7: Milk
High-fat dairy3
HEI8: Meat/beans
Red meat4
Processed meat4
HEI5: Total grains
Reﬁned grains5

Prediabetes

Normal glucose

P value
(t test)

Mean

SE

Mean

SE

Mean

SE

5.96

0.08

5.83

0.11

6.1

0.12

0.11

5.46
5.37

0.19
0.16

5.28
5.92

0.26
0.23

5.65
4.78

0.27
0.22

0.32
,0.01

4.58

0.09

4.69

0.13

4.46

0.14

0.23

3.31
1.03

0.09
0.05

3.5
1.11

0.12
0.07

3.11
0.93

0.13
0.07

0.03
0.06

2.89

0.04

2.95

0.05

2.83

0.06

0.12

1

2

Scaling categories to reﬂect percent (%) of energy: 0 (,7%)–10 (.15%). HE12 reverse-scaling categories to
reﬂect percent (%) of energy: 0 (,20%)–20 (.50%). 3Scaling categories to reﬂect cup equivalents per 1,000
kcal: 0 (no cups)–10 (.1.3 cups). 4Scaling categories to reﬂect ounce (oz) equivalents per 1,000 kcal: 0 (no
oz)–10 (.2.5 oz). 5Scaling categories to reﬂect ounce (oz) equivalents per 1,000 kcal: 0 (no oz)–5 (.3.0 oz).

risk factors on prediabetes using structural-equation modeling. Appropriate ﬁt
required our original hypothesized model
to undergo a few changes. Owing to the
presence of other modeled variables, BMI
and total cholesterol did not contribute to
the model. Large waist circumference
played an important role, with a relatively

strong direct effect on prediabetes. Studies have shown that not all excess body
weight carries equal risk. In fact, abdominal obesity, more so than generalized
obesity (e.g., BMI), and adipose tissue
inﬂammation appear to be factor in the
development of insulin resistance and
subsequent type 2 diabetes (21–23).

A prospective study found that high
triglyceride levels and low HDL levels
were both directly associated with increased risk of diabetes, whereas total
cholesterol was not statistically signiﬁcantly associated (7). We also found the
best-ﬁtting model did not include total
cholesterol. Instead, triglycerides overrode the role of total cholesterol via signiﬁcant correlated measurement errors
with HDL levels, large waist circumference, and prediabetes; triglycerides neither mediated nor had direct effects on
prediabetes. Our ﬁnding of family history
of diabetes directly related to HDL cholesterol (7) but not with triglycerides is supported by the literature for type 2 diabetes
risk (24). Family history of diabetes could
be genetic and/or environmental deﬁned
by behavioral risk factors. A review of genomic studies reiterated that signiﬁcant
gene–diet and gene–environment interactions result in altered lipid metabolism,
inﬂammation, and other metabolic imbalances that lead to cardiovascular disease
and obesity (25). Our study supported a
gene–diet relationship but not a gene–
environment interaction with either SEP
or physical activity since diabetes family
history was not directly related to either
factor in our model.
The direct effect of high blood pressure on prediabetes in our model was
confounded by large waist circumference.

Figure 2dFinal model of factors in the pathway to prediabetes (fasting blood glucose [FBG]/HbA1c) among older adults aged $50 years, NHANES
2001–2006. Ellipse indicates latent, unobservable constructs; box indicates observed variable; straight line with one arrowhead denotes direct effect;
curved line denotes correlation. Adjusted for sex, race/ethnicity, and age. DM, diabetes mellitus.
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This ﬁnding is supported by a previous
study that found an increase in resistance
to insulin-mediated glucose disposal in
subjects with hypertension, regardless of
obesity status, when compared with their
weight-matched controls with normal
blood pressure (26). However, the measure of obesity in that study was weight,
whereas, in our study, large waist circumference was a measure of central adiposity
that displaced the measure of general obesity (e.g., BMI).
Physical activity plays an important
role in improving risk factors that are
associated with diabetes (27). We found
that higher levels of physical activity were
associated with lower prevalence of high
blood pressure, large waist, and dyslipidemia being consistent with studies of
speciﬁc diabetes risk factors (28–31).
Also, usual intake of poor diet had a stronger effect on large waist than did physical
activity, with the latter effect being due to
the older age group in our population. In
general, the amount of physical activity
suspected to be associated with decreased
abdominal obesity is 13–26 MET-hours
per week (32). Our sample had a median
MET-hours per week of only 6.0–9.0 for
all physical activities except house/yard
work, for which the median was 31.5
MET-hours per week. While the latter
might have been expected to produce a
strong association with decreased waist,
only 16.9% reported any house/yard
work. Moreover, among older adults,
such activity, while prevalent, is also
known to have low reliability of self-report
(33); data quality could not be accounted
for in our modeled latent construct for total
physical activity.
It has long been established that the
most vulnerable groups that are disproportionately burdened by diabetes include the
aged, minority race/ethnicity groups, and
those with lower SEP. In our analysis of
those aged $50 years, we found that although SEP was mediated by physical activity and dietary patterns, it still had an
additional direct effect on prediabetes in
the presence of the other factors. This
suggests that some other factor(s) related
to SEP may also mediate the relationship
with prediabetes.
A limitation of our analysis is that the
data are cross-sectional, and therefore our
hypothesized directional relationships of
laboratory measures did not always hold,
perhaps reﬂecting the proximal timing of
data collection. Our dietary intake and
physical activity data may also be affected
by social desirability bias in that people
care.diabetesjournals.org

are likely to overreport “healthy” behaviors. Because we used factor analysis to
assess latent constructs, the results are
only generalizable to the population of
the U.S.; to compare across countries, it
would be necessary to use the same
method with comparable variables.
Another limitation is that we were
unable to include a measure for stress
hormones. Further, we used only one
measure to identify prediabetes. Although
it is not strictly recommended to detect
prediabetes, because of the variability in
test results, the lack of a conﬁrmatory
second measure may bias our estimates
(34). However, we deﬁned prediabetes
using two different laboratory assays, fasting glucose and HbA 1c , the latter
representing a measure of glycemia averaged over 3 months. Using the 24-h recall
to measure poor diet is subject to bias
from considerable within-person variation; the food frequency questionnaire
would have been preferable but was unavailable for all NHANES waves. However, using a latent construct to model
the effects of poor diet lessens the potential bias in two ways. First, as a latent construct, the dietary factors (e.g., added
sugars, reﬁned grains, saturated fats,
etc.) are deﬁned by their shared variance
and were modeled based on covariance,
not any individual factor alone. Second,
latent constructs are adjusted for normally distributed measurement error,
and measurement error to some degree
has created difﬁculties in estimating
long-term intake with 24-h recall (35).
However, use of a latent construct does
not account for omission of episodic dietary intake, which is a limitation of 24-h
diet recall.
To our knowledge, this is the ﬁrst
report to test the pathway of interrelated
factors leading to prediabetes. Our study
found that while including other factors
known to be associated with high risk of
developing prediabetes, large waist circumference had the strongest direct effect
on this modeled outcome. The U.S. Diabetes Prevention Program clinical trial
(36) demonstrated that, among those
with prediabetes, structured lifestyle interventions including at least a 7% weight
loss and at least 150 min of physical activity per week reduced 3-year incidence
of diabetes by 58%, and ;71% for those
aged $60 years. Another intervention study
found that healthy eating combined with
physical activity or an exercise program
among viscerally obese men improved
blood pressure, decreased dyslipidemia,

and reduced visceral fat (37). Our model
conﬁrms previously established associations of modiﬁable factors such as physical
activity, poor diet, large waist circumference, and high blood pressure with prediabetes in a causal model, yet our model
should be conﬁrmed with a prospective
study.
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