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Abstract
Background Osteoarthritis (OA) is one of the leading
causes of disability in the world. Several genes are asso-
ciated with the development of OA, and previous studies
have shown adult children of individuals with OA have
higher areal bone mineral density (BMD). Because child-
hood is an important period of growth and bone de-
velopment, and body composition is known to be
associated with BMD, we speculated that there may be
differences in growth and bone measures among young
children with a genetic predisposition to OA.
Questions/purposes (1) Do differences exist at baseline in
anthropometric and peripheral quantitative CT (pQCT)

measurements between children and grandchildren of
individuals with OA and controls? (2) Do children and
grandchildren of individuals with OA accrue bone longi-
tudinally at a different rate than controls?
Methods Longitudinal anthropometric (height, weight)
and bone (cortical and trabecular volumetric BMD and
cross-sectional area) measurements by pQCT were
obtained at baseline and 18 and 36 months on children (n =
178) and grandchildren (n = 230) of 23 individuals with hip
or knee arthroplasty resulting fromOA and 23 sex-matched
controls (16 females each). Grandchildren (age, 8–30
years) were further categorized as growing (premenarcheal
or male < 14 years, n = 99) or mature ($ 2 years post-
menarchal or males$ 18 years, n = 96). The remaining 35
grandchildren could not be categorized and were excluded.
Results Mature granddaughters and grandsons of indi-
viduals with OA had greater trabecular volumetric BMD
than controls (236 6 24 and 222 6 26 mg/cm3, re-
spectively, for granddaughters, difference of 14 [95%
confidence interval {CI}, 1-28] mg/cm3, p = 0.041 and 270
6 22 and 248 6 30 mg/cm3, respectively, for grandsons,
difference of 22 [95% CI, 1-42] mg/cm3, p = 0.040).
Greater trabecular volumetric BMD was observed in
daughters of individuals with OA compared with daughters
of controls (2286 28 and 2126 33 mg/cm3, respectively,
difference of 18 [95% CI, 3-30] mg/cm3, respectively [p =
0.021]). Growing granddaughters and grandsons of con-
trols had greater decreases in cortical volumetric BMD than
grandchildren of individuals with OA (time-by-group
[T*G] based on mixed model [6 standard error] -9.7 6
4.3 versus -0.8 6 4.4 mg/cm3/year, respectively, for
granddaughters, difference of 9.0 [95% CI, 2.4-15.5]
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mg/cm3/year, p = 0.007 and -6.8 6 3.3 versus 4.5 6 3.4
mg/cm3/year, respectively, for grandsons, difference of
11.3 [95% CI, 4.3-18.3] mg/cm3/year, p = 0.002). Cortical
volumetric BMD was maintained in sons of individuals
with OA, but decreased in sons of controls (-0.0 6 1.5
versus -4.36 1.0 mg/cm3/year, respectively, difference of
4.3 [95% CI, 0.7-7.8] mg/cm3/year, p = 0.019 [T*G]).
There was a greater apparent decrease in cross-sectional
area among daughters of individuals with OA than in
controls (-4.6 6 0.9 versus -1.7 6 0.9 mm2/year, re-
spectively, difference of -2.9 [95% CI, -5.3 to -0.6] mm2/
year, p = 0.015 [T*G]).
Conclusions Several anthropometric and bone differences
exist between children and grandchildren of individualswith
OA and controls. If these differences are confirmed in ad-
ditional studies, it would be important to identify the
mechanism so that preventive measures could be developed
and implemented to slow or reduce OA development.
Clinical Relevance Differences in growth and bone de-
velopment may lead to increased loads on cartilage that
may predispose offspring to the development of OA. If
these differences are confirmed in additional studies, it
would be important to identify the mechanism so that
preventive measures could be developed and implemented
to slow or reduce OA development.

Introduction

Osteoarthritis (OA) affects 27 million adults in the United
States [18] and is one of the leading causes of disability
throughout the world [34, 35] with an annual cost of more
than USD 42 billion associated with hip and knee arthro-
plasties [21]. The higher prevalence of radiographic versus
symptomatic OA indicates that joint degradation occurs
before individuals become symptomatic [7, 18].

A possible explanation for this could be that the de-
velopment of OA is a lifelong process that manifests itself in
middle to late adulthood. Previous studies have shown
greater areal bone mineral density (BMD) in individuals
with OA than in control subjects [3, 6, 9, 11, 24, 31]. In
addition to greater areal BMD, smaller femoral neck width
has been reported in individuals with OA [6]. Both of these
findings are similar to what was previously reported in
growing grandsons and in growing and mature grand-
daughters of individuals with OA [31]. Additionally, body
mass index (BMI) has been reported to be greater in patients
with knee [15, 26] and hip [16] OA than in control subjects.
In a biomechanical modeling study, obesity and greater
subchondral areal BMD were positively associated with
greater predicted loads at the knee in children [19]. The
combination of higher bone density and smaller bones may
create more stress on the joint resulting in an environment

that may perpetuate joint damage owing to overload and
inadequate adaptation. However, one alsomust consider that
a decrease in subchondral density could place greater loads
on articular cartilage. Both of these mechanisms are outlined
as “True Overloads” in Frost’s Utah Paradigm of Skeletal
Physiology [8]. Another plausible explanation could be that
the process leading to bone density changes also results in
cartilage degradation. Regardless, it appears that an optimal
subchondral bone condition may exist and alterations may
cause a disruption in articular cartilage.

Studies by Spector et al. [32] and Neame et al. [23]
showed that the proportion of OA risk related to genetic
factors ranges from 39% to 65% . In a previous cross-
sectional study aimed at investigating whether OA may
cluster in families, Neame et al. [23] reported greater hip
and spine areal BMD in individuals with OA than in con-
trols with no differences in weight or height. Specker et al.
[31] also found greater hip and spine areal BMD in growing
grandsons, mature granddaughters, and daughters of indi-
viduals with OA compared with offspring of controls.
Female offspring of individuals with OA also had greater
femoral neck and spine bone mineral content at all ages
compared with female offspring of controls [31]. These
findings are in agreement with a previous study of greater
peak bone mass in daughters of women with OA compared
with control subjects [22]. The combination of these find-
ings supports the possibility that skeletal changes early in
life may lead to increased risk of OA later in life. Because
childhood is an important period of growth and bone
development, and body composition is known to be asso-
ciated with BMD, we speculated that there may be differ-
ences in growth and bone measures early in life between
offspring of individuals with OA and controls.

The objective of this study was to answer the fol-
lowing questions: (1) Do differences exist at baseline in
anthropometric and peripheral quantitative CT (pQCT)
measurements between children and grandchildren of
individuals with hip or knee arthroplasty resulting from
OA and controls? (2) Do children and grandchildren of
individuals with OA accrue bone longitudinally at a dif-
ferent rate than control subjects?

Patients and Methods

The South Dakota Rural Bone Health Study is a pop-
ulation-based longitudinal study among rural and nonrural
populations aged 20 to 66 years that includes 585 Hutter-
ites [30]. The Hutterites are an Anabaptist religious group
of European descent that believes in communal living.
Their lifestyle is primarily self-sufficient and agriculturally
based. Owing to their communal lifestyle, many potential
confounding factors may be reduced. For example,
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traditional meals are eaten by all members in a common
dining hall and all women rotate through similar work
schedules. The organizational structure and lifestyle of
most colonies are similar [12]. The study population is
described in greater detail in a previous study [30]. During
the followup period of the South Dakota Rural Bone Health
Study, an additional 628 Hutterites (465 individuals, age 8-
19 years; 121 individuals, age 20-66 years; and 42 indi-
viduals, age > 66 years) were recruited and followed using
the same protocol. All Hutterites included in this analysis
resided in 17 colonies in eastern South Dakota that were
included in the South Dakota Rural Bone Health Study.
This was done because all visits were conducted in a mo-
bile research unit and distance was an issue, especially
when approximately half of the visits were completed
during winter months. It is estimated that there currently
are approximately 50 Hutterite colonies in eastern South
Dakota with an average of 15 families per colony [12]. A
Schmiedeleut Hutterite Family Record is available and
allowed us to link children and grandchildren to the indi-
viduals with hip or knee replacement attributable to OA or
to control subjects [28]. The study was approved by the
South Dakota State University institutional review board
and informed consent was obtained.

Our study focuses on the children and grandchildren of
all Hutterites who had total hip or knee replacement for OA
at baseline or any time during the 3-year South Dakota
Rural Bone Health Study and the children and grand-
children of colony-, sex-, and age-matched controls. All

individuals had to provide consent to participate in the
study. Joint replacements resulting from a medical di-
agnosis of OA were confirmed by review of medical
records. All 23 individuals (16 females) with joint
replacements resulting from OA (referred to as individuals
with OA) were identified and colony-, sex-, and age-
matched controls were obtained by identifying a study
participant closest in age to the individual with OA who
resided in the same colony and who did not have a parent or
grandparent in common with the individual with OA.
Among individuals with OA and control subjects, 178
children and 267 grandchildren who were study partic-
ipants were identified in an initial report [31]. There was
some overlap among grandchildren of individuals with OA
and control subjects, which resulted in the possibility that
some grandchildren could be counted twice. Overlaps were
resolved so that each grandchild was counted only once
(Fig. 1). There were 178 unique children, of whom 168
(94.3%) completed at least one followup visit. Of the 267
grandchildren, eight were grandchildren of two individuals
with OA and four were grandchildren of two controls. Each
of these grandchildren were included only once. In addi-
tion, 25 were grandchildren of an individual with OA and
a control subject, resulting in 230 unique grandchildren.
The 25 participants who were grandchildren of an in-
dividual with OA and a control subject were analyzed as
a grandchild of an individual with OA and not of a control.
The age range for grandchildren was large (range, 8-30
years), and they were further categorized as growing or

Fig. 1 The flow diagram is shown for individuals with hip or
knee replacements resulting from OA, controls, and their
offspring by generation and growth status.
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mature based on baseline menarcheal status or age (pu-
bertal staging was not done). Females were considered to
be growing if they were premenarcheal, and grandsons
were considered growing if they were younger than 15
years at baseline (total n = 99). Granddaughters who were
at least 2 years postmenarchal and grandsons 18 years or
older at baseline were considered as mature or not growing
(total n = 96). Of the 230 unique grandchildren, 35 could
not be categorized as growing or mature and were excluded
from the current analyses, resulting in a total of 195
grandchildren who were included with 182 [93.3%] com-
pleting at least one followup.

Anthropometrics, body composition, and bone meas-
urements were taken at baseline and at 18- and 36-month
followups. Additionally, questionnaires regarding health
history and medication use were administered at each visit.
Height and weight were measured using a portable stadi-
ometer (seca, Chino, CA, USA) and a digital scale (seca).
Height without shoes was measured in duplicate to the
nearest 0.5 cm and repeated if the duplicate measures dif-
fered by greater than 0.5 cm. Weight, wearing surgical
scrub pants and a t-shirt, was measured to the nearest
0.1 kg.

Peripheral quantitative CT measurements of the left
radius were obtained using a XCT 2000 (Norland/Stratec
Medizintechnic GmbH, Pforzheim, Germany). Arm length
was measured from the proximal olecranon process to the
distal ulnar styloid process. A scout view was obtained to
identify the distal end of the radius or the most distal end of
the growth plate in children when indicated and slice
images were obtained at 4% and 20% of the measured arm
length from the distal end using a voxel size of 0.4 mm and
scan speed of 30mm/second with a one-block rotation. The
slices were analyzed using ContMode2, Peel Mode 2 and
a threshold of 400 mg/cm3 to obtain trabecular density (4%
site only) [1]. Cortical bone was identified using CortMode
3 (automatic threshold) at the 4% distal site and a density
threshold of 710 mg/cm3 at the 20% distal site. Cortical
thicknesses and periosteal and endosteal circumferences
were calculated using the circular ring procedure [20].
Coefficients of variation from duplicate scans after repo-
sitioning in 35 (19 male) individuals aged 13 to 75 years
old were previously determined to be 2.6% for total cross-
sectional area at the 20% distal site, 2.4% for trabecular
volumetric bone mineral density at the 4% site, and 0.5%
for cortical volumetric BMD at the 20% site.

Statistical Analysis

All analyses were stratified by sex, generation, and
growth status. Baseline differences between children and
grandchildren of individuals with OA and control subjects
in each stratum were compared using Student’s t-tests and

mean difference with 95% confidence intervals (CIs) are
provided. Linear mixed model analyses were used to de-
termine whether longitudinal changes with time differed
between offspring of individuals with OA and controls
(tested as the time-by-group [T*G] interaction). Longi-
tudinal models for weight included age and height,
whereas height models included only age. Models for
cortical and trabecular volumetric BMD and total cross-
sectional area included age, weight, and height as cova-
riates and annualized changes and differences in change
were determined based on beta coefficients from the
mixed models. Beta coefficients and standard errors are
provided (see Tables, Supplemental Digital Content 1 and
Supplemental Digital Content 2). Analyses were
performed using STATA® Version 12 (StataCorp,
College Station, TX, USA).

Results

Baseline Differences
There were no differences in baseline age between grand-
children and children of individuals with OA and controls
(Table 1). Growing grandsons and mature granddaughters
of individuals with OA were heavier than controls (48.46
16.2 and 35.7 6 8.1 kg, respectively, for growing grand-
sons, difference of 12.8 [95% CI, 5.8-19.8] kg, p < 0.001
and 65.6 6 10.8 and 60.2 6 8.8 kg, respectively, for ma-
ture granddaughters, difference of 5.3 [95% CI, 0.5-10.1]
kg, p = 0.031) and taller than controls (150.9 6 12.5 and
140.8 6 9.5 cm, respectively, for growing grandsons,
difference of 10.1 [95% CI, 4.0-16.2] cm, p = 0.002 and
163.6 6 4.1 and 161.5 6 4.0 cm, respectively, for mature
granddaughters, difference of 2.1 [95%CI, 0.1-4.1] cm, p =
0.045). Although there were differences in height between
growing granddaughters of individuals with OA and con-
trols, including age as a covariate resulted in no difference
between groups.

Trabecular and cortical volumetric BMD and cross-
sectional area did not differ at baseline between individuals
with OA and control subjects in growing grandchildren,
but trabecular volumetric BMD was higher in mature
granddaughters and grandsons of individuals with OA
compared with controls (2366 24 and 2226 26 mg/cm3,
respectively, for mature granddaughters, difference of 14
[95%CI, 1-28] mg/cm3, p = 0.041 and 2706 22 and 2486
30 mg/cm3, respectively, for mature grandsons, difference
of 22 [95% CI, 1-42] mg/cm3, p = 0.040). A higher tra-
becular volumetric BMD also was observed in the
daughters of individuals with OA compared with control
subjects (228 6 28 and 212 6 33 mg/cm3, respectively,
difference of 16 [95%CI, 3-30] mg/cm3, p = 0.021), but not
among the sons (Table 2). A lower cortical volumetric
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Table 1. Baseline anthropometric and bone measurements of grandchildren of individuals with and without osteoarthritis (OA)

Variable

Growing Mature

OA Controls
Difference
(95% CI) p value* OA Controls

Difference
(95% CI) p value*

Granddaughters

Number 20 26 - 28 38 -

Age (years) 10.3 (8.0-12.4) 9.7 (8.0-12.2) 0.4 (-0.3 to 1.2) 0.242 20.3 (13.1-29.4) 18.9 (14.0-28.1) 1.5 (-0.4 to 3.3) 0.118

Weight (kg) 36.2 6 7.4 34.1 6 9.5 2.2 (-3.0 to 7.3) 0.407 65.6 6 10.8 60.2 6 8.8 5.3 (0.5-10.1) 0.031

Height (cm) 142.8 6 9.9 137.2 6 8.5 5.6 (-0.1 to 11.1) 0.047† 163.6 6 4.1 161.5 6 4.0 2.1 (0.1-4.1) 0.045

BMI (kg/m2) 17.6 6 1.8 17.8 6 3.4 -0.3 (-1.9 to 1.4) 0.757 24.5 6 3.6 23.1 6 3.3 1.4 (-0.3 to 3.1) 0.111

Cortical vBMD (mg/cm3) 1016 6 40 1027 6 24 -10 (-31 to 10) 0.323 1166 6 26 1151 6 38 15 (-3 to 34) 0.099

Trabecular vBMD (mg/cm3) 236 6 21 237 6 21 -1 (-14 to 12) 0.890 236 6 24 222 6 26 14 (1-28) 0.041

Total CSA 4% (mm2) 231 6 49 216 6 35 14 (-12 to 41) 0.282 306 6 37 299 6 37 8 (-13 to 27) 0.504

Grandsons

Number 26 27 - 16 14 -

Age (years; range) 11.6 (8.3-14.7) 10.4 (7.9-14.5) 0.7 (-0.4 to 1.8) 0.204 22.8 (18.0-30.5) 20.9 (18.0-29.0) 0.8 (-1.8 to 3.3) 0.533

Weight (kg) 48.4 6 16.2 35.7 6 8.1 12.8 (5.8-19.8) < 0.001 81.6 6 7.8 79.0 6 10.4 2.6 (-4.2 to 9.4) 0.443

Height (cm) 150.9 6 12.5 140.8 6 9.5 10.1 (4.0-16.2) 0.002 176.2 6 4.3 177.2 6 5.8 -1.1 (-4.9 to 2.7) 0.572

BMI (kg/m2) 20.7 6 4.1 17.8 6 2.2 2.9 (1.1-4.7) 0.002 26.3 6 2.4 25.1 6 2.7 1.2 (-0.7 to 3.1) 0.211

Cortical vBMD (mg/cm3) 1009 6 30 1020 6 34 -10 (-30 to 9) 0.295 1159 6 25 1146 6 31 13 (-9 to 35) 0.233

Trabecular vBMD (mg/cm3) 247 6 28 241 6 31 5 (-13 to 24) 0.563 270 6 22 248 6 30 22 (1-42) 0.040

Total CSA 4% (mm2) 285 6 69 265 6 55 21 (-17 to 58) 0.280 374 6 41 405 6 66 -30 (-73 to 12) 0.156

Data are mean 6 SD; age is shown as median (range).
*p value is for difference between grandchildren of individuals with and without OA by Student’s t-test.
†this difference becomes nonsignificant (p = 0.097) when age is included as a covariate; CI = confidence interval; BMI = body mass index; vBMD = volumetric bone mineral
density; CSA = cross-sectional area.
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BMD was observed in sons of individuals with OA com-
pared with sons of controls (Table 2).

Differential Rates of Growth

There were no differences in the rate of change in height in
either the male or female grandchildren or children of
individuals with OA and control subjects (Table 3).
However, mature grandsons and sons and daughters of
individuals with OA gained more weight per year than
controls (Table 3).

There were no differences in the rates of change in
cortical volumetric BMD in male or female mature
grandchildren and daughters of individuals with OA and
controls. However, growing granddaughters and grand-
sons of controls had greater decreases in cortical volu-
metric BMD compared with offspring of individuals with
OA (-9.76 4.3 and -0.86 4.5 mg/cm3/year, respectively,
for growing granddaughters, difference of 9.0 [95% CI,
2.4-15.5] mg/cm3/year, p = 0.007 [T*G] and -6.8 6 3.3
and 4.5 6 3.4 mg/cm3/year, respectively, for growing
grandsons, difference of 11.3 [95% CI, 4.3-18.3] mg/cm3/
year, p = 0.002 [T*G]) (Fig. 2A). Sons of individuals with
OA had no change in cortical volumetric BMD, whereas
sons of controls had a decrease (-0.0 6 1.5 versus -4.3 6
1.0 mg/cm3/year, respectively, difference of 4.3 [95% CI,
0.7-7.8] mg/cm3/year, p = 0.019 [T*G]).

There were no differences in rates of change in tra-
becular volumetric BMD for any of the groups (Fig. 2B),
and total cross-sectional area decreased slightly more in
daughters of individuals with OA compared with controls
(-4.6 6 0.9 versus -1.7 6 0.9 mm3/year, respectively,
difference of -2.9 [95% CI, -5.3 to -0.6] mm3/year, p =
0.015 [T*G]) (Fig. 2C).

Discussion

Studies aimed at improving our understanding of the eti-
ology of OA are important in the long-term goal of pre-
ventingOA from occurring. As one of the leading causes of
disability nationwide, the effect of OA on the population
and its role in diminishing individual quality of life make
prevention a critical area for study [34]. Our study is im-
portant because it focuses on younger individuals whomay
have a genetic predisposition for OA rather than focusing
on individuals who already have OA. Identification of
musculoskeletal characteristics that are different in an at-
risk population may allow for future development of
methods to modify or limit the effect these characteristics
might have on OA development. The decrease in cortical
volumetric BMD observed among growing grandchildrenTa
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Table 3. Baseline marginal means and annual percent change in anthropometric measurements during 3 years in grandchildren and children of individuals with osteoarthritis
(OA) and control subjects by sex

Description

Height (cm) Weight (kg)

p values* p values*

Marginal means Annual change
Difference in
change/year Group T*G Marginal means Annual change

Difference in
change/year Group T*G

Growing granddaughters

Controls 145.0 6 1.8 1.3 6 0.8 -0.28 [-1.08 to 0.51] 0.092 0.483 42.4 6 1.8 1.0 6 0.8 0.39 [-0.46 to 1.24] 0.373 0.367

OA 148.4 6 1.8 1.0 6 0.8 40.6 6 1.7 1.4 6 0.8

Growing grandsons

Controls 149.1 6 1.5 1.3 6 0.5 -0.37 [-1.20 to 0.45] < 0.001 0.374 49.0 6 1.6 -0.7 6 0.6 0.62 [-0.23 to 1.46] 0.195 0.152

OA 156.4 6 1.4 0.9 6 0.5 51.7 6 1.5 -0.1 6 0.6

Mature granddaughters

Controls 161.6 6 0.7 -0.0 6 0.2 0.27 [-0.02 to 0.57] 0.058 0.071 61.4 6 1.7 0.8 6 0.4 0.10 [-0.67 to 0.87] 0.200 0.795

OA 163.6 6 0.8 0.3 6 0.2 64.6 6 1.8 0.9 6 0.4

Mature grandsons

Controls 177.9 6 1.5 -0.3 6 0.3 0.11 [-0.21 to 0.43] 0.495 0.510 79.4 6 2.7 0.4 6 0.6 0.71 [0.06-1.37] † 0.034

OA 176.6 6 1.3 -0.2 6 0.3 82.5 6 2.4 1.1 6 0.6

Daughters

Controls 162.6 6 0.8 0.0 6 0.1 0.09 [-0.06 to 0.23] 0.961 0.237 72.1 6 1.7 -0.3 6 0.3 0.91 [0.12-1.69] † 0.024

OA 162.5 6 0.9 0.1 6 0.1 75.5 6 1.9 0.6 6 0.3

Sons

Controls 178.1 6 0.8 -0.2 6 0.1 0.14 [-0.03 to 0.30] 0.599 0.117 91.8 6 1.9 0.6 6 0.3 -0.69 [-1.30 to -0.08] † 0.028

OA 178.8 6 1.1 -0.1 6 0.1 93.0 6 2.8 -0.1 6 0.3

Annual change (baseline marginal means 6 standard error of the mean) and difference in change (mean [95% confidence intervals]) obtained from the mixed models.
*p values based on mixed model analyses; models for height included age, group, time, and time-by-group (T*G) interaction; models for weight included age, height, group,
time, and T*G; a significant T*G interaction indicates that the rates of change were different between the two groups (individuals with and without OA).
†main effect of group should not be evaluated when the T*G interaction is significant.
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of controls may be a result of more rapid intracortical
remodeling leading to increased porosity of cortical bone
[29]. However, growing granddaughters of individuals
with OA had less of a decrease in cortical volumetric BMD
and growing grandsons gained cortical volumetric BMD,
suggesting a possible decrease in intracortical remodeling
among offspring of individuals with OA. Additionally, we
found that the differences between groups appeared to be
sex-specific and this leads us to theorize that the etiology of
OA also may be sex-specific, which is consistent with the
increased risk among females compared with males.

This study has some limitations. The relatively small
number of individuals in our study population with OA is
a limitation. Although a larger number of individuals with

hip and knee replacements attributable to OA may have
provided greater power to detect smaller differences in
some of the pQCT measurements, the sample size was
adequate to identify differences in several anthropometric
and pQCT measures among the children and grand-
children. Another potential limitation is nonrepresentative
sampling of the South Dakota Hutterite population. We
included 17 of the approximate 50 colonies (approximately
34%) that exist in South Dakota. Selection of these coun-
ties was based on proximity to our facility as a result of
feasibility issues in conducting the study. We feel that this
would not lead to bias because of the homogenous lifestyle
of the Hutterite population among colonies. In addition,
owing to the complex nature of the Hutterite pedigree, we

Fig. 2A-C The annual changes in (A) cortical volumetric BMD (vBMD; mg/cm3/year), (B)
trabecular volumetric BMD (mg/cm3/year), and (C) 4% cross-sectional area (CSA; mm2/year)
during the 3-year study in children and grandchildren of individuals with OA and control
subjects are shown. Probability values were obtained from T*G interactions from mixed
models analyses. Covariates included were age, height, and weight.
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did not take into account the relatedness of the individuals
in this analysis. To try to circumvent this issue, we chose
our matched controls so that they did not have parents or
grandparents in common with the individual who had the
hip or knee replacement for whom they were matched, and
all analyses were conducted after stratifying by generation.
Another limitation is that the control subjects may have
milder forms of OA. Because access to health care is uni-
form in this population, it is assumed that individuals who
had undergone joint replacement had severe OA and if
control subjects had OA, it would have been less severe.
Theoretically, the children and grandchildren of control
subjects with OA would have growth and bone measure-
ments similar to those of children and grandchildren of
individuals with hip or knee replacements owing to OA and
differences would have been more difficult to detect. Thus,
it is possible we underestimated the real difference that
might exist between the offspring of individuals with OA
and controls. Another potential limitation is that the Hut-
terite population is an isolated population of European
descent and the ability to generalize the findings to other
populations may be questioned. However, we previously
conducted heritability studies on bone measures among
Hutterites and found similar heritability estimates for dual-
energy x-ray absorptiometry bone measurements similar to
what others have reported in non-Hutterite populations
[10]. In addition, a study among Hutterites found that
heritability estimates for high-density lipoprotein choles-
terol, triglycerides, BMI, and systolic blood pressure were
similar to what other studies have reported among non-
Hutterite populations [25]. Finally, the communal nature of
the Hutterite lifestyle and their large family sizes allowed
us to include a large number of children and grandchildren
of individuals with OA and controls, whereas that may be
more difficult in the general population. A final limitation is
that the pQCT images were obtained at the forearm rather
than the lower extremity. Although potentially it would
have been beneficial to have images obtained at the tibia,
the results of our study and a previously published study
[31] indicate that skeletal-wide changes may be occurring
in persons with OA and their offspring.

We found differences at baseline in anthropometric and
pQCT bone measures between children and grandchildren
of individual with OA and controls. After cessation of
growth, granddaughters and grandsons of individuals with
OA had greater trabecular volumetric BMD than grand-
children of controls and daughters of individuals with OA
compared with controls. These findings are consistent with
a previous finding that spine areal BMD is greater in
individuals with hip or knee arthroplasty resulting from
OA; however, we must consider that vertebrae are pri-
marily, but not entirely, composed of trabecular bone [8].
Bennell et al. [2] reported lower subchondral trabecular
volumetric BMD in several subregions in the knee in

individuals with OA. Although these findings seem con-
trary to ours in that they showed lower trabecular volu-
metric BMD, whereas we found higher trabecular
volumetric BMD in mature grandchildren and daughters,
in the study by Bennell et al. [2], the decrease in trabecular
volumetric BMD may represent a response to the disease
process because individuals were studied after the onset of
the disease and their results were more pronounced with
advancing severity. As they suggested, a mechanism may
exist whereby increased joint loads ultimately cause a loss
of trabecular bone owing to thickening of the cortical plate
between the articular surface and subchondral trabecular
bone. Several animal and experimental models support this
mechanism of decreased subchondral density early in the
early stages of OA [5]. Although our results are somewhat
contrary to what has been reported previously, it is im-
portant to consider that the children and grandchildren in
our study were not diagnosed with OA at the time of the
study. Future studies specifically targeting the subchondral
region in children and grandchildren of individuals with
OA and control subjects are necessary to determine if the
differences we observed in the long shaft of the bone are
present in the subchondral region. Further supporting the
idea of joint overload is the finding that mature grandsons
and daughters of individuals with OA gained more weight
than controls. Frost [8] suggested that obesity developing
after maturity can overload a joint, and this is supported by
studies indicating that greater BMI is a risk factor for knee
and hip OA [13, 14]. However, Specker et al. [31] did not
find differences in BMI between individuals with and
without hip or knee replacement, suggesting that some
other factor may be responsible for the development of OA
in this population or that the increase in weight led to the
development of OA but did not persist into later life. In-
creased weight may help explain the greater trabecular
volumetric BMD at baseline in daughters of individuals
with OA because increased weight would increase loading,
thus leading to greater trabecular volumetric BMD. How-
ever, controlling for weight, we still found greater trabec-
ular volumetric BMD in daughters of individuals with OA
compared with daughters of controls. The combination of
greater trabecular volumetric BMD, smaller cross-
sectional area, and greater weight may result in a less
than favorable environment for articular cartilage [8].

We found differences in longitudinal bone measures
between grandchildren and children of individuals with
OA and controls. The decrease in cortical volumetric BMD
in growing grandchildren of controls may be a reflection of
increased intracortical remodeling, which may initially
lead to increased porosity of cortical bone that occurs
during growth [29]. This appears to be attenuated among
grandchildren of individuals with OA. One possible ex-
planation could be an increase in the sensitivity to estrogen,
which could lead to a decrease in intracortical remodeling.
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Khosla et al. [17] observed a positive relationship between
cortical volumetric BMD and bioavailable estradiol (E2),
but only among postmenopausal women with low E2
concentrations. They speculated that this positive re-
lationship was the result of a greater sensitivity of cortical
bone to estrogen because cortical bone contains ERa al-
most exclusively, which is known to be more sensitive to
estrogen than ERb. Variants of the ERa gene have been
shown to be associated with responsiveness of bone to
estrogen as well as an increased risk of OA [27]. Therefore,
an increased sensitivity to estrogen in offspring of indi-
viduals with OA may have resulted in decreased remod-
eling among grandchildren and maintenance of cortical
volumetric BMD among the sons.

The higher incidence and greater severity of OA among
females that were noted previously [4, 33], and the sex
differences we observed among the offspring of individu-
als with OA, suggest sex-specific disease etiologies in OA
development. Further investigation in the role of estrogen
and estrogen receptors in cartilage development might
provide important information regarding the hormonal in-
fluence on development of OA.

In our study of a relatively homogenous rural population
of European descent, we identified several anthropometric
and bone measures that differ between children and
grandchildren of individuals with OA and control subjects
that may predispose them to the development of OA. These
differences include greater trabecular volumetric BMD in
daughters and mature granddaughters and grandsons of
individuals with OA. In addition, growing grandsons and
granddaughters of controls had decreases in cortical volu-
metric BMD that were attenuated in the grandchildren of
individuals with OA. Although the relationship between
our findings and cartilage development and maintenance
are not well established, future studies focusing on this area
should be done. As a scientific community, it is important
to identify whether differences in bone characteristics are
directly affecting cartilage development or if there is
a physiologic process that is affecting bone and cartilage.
Biomechanical studies that model the contribution of
subchondral volumetric BMD to total forces exerted on the
joint may help explain the observed processes. Without an
understanding of the underlying mechanisms, it might be
difficult to develop prevention programs aimed at pre-
serving cartilage in at-risk individuals.
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