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Abstract

Summary Diet is thought to modulate inflammation. This study shows no relationships between the dietary inflammatory index
(DII) and biomarkers of inflammation or bone after adjusting for covariates. Monocyte chemoattractant protein-1 was inversely
associated with peripheral tibia cortical thickness and prospective childhood studies should be conducted to better understand this
relationship and to determine if there are long-term consequences in adulthood.

Introduction Examine the relationships between the DII-scores and bone and biomarkers of inflammation in 290 adolescents,
ages 913 years.

Methods DII-scores were calculated from 3-day diet records and categorized into tertiles, low (<— 1.34), medium (- 1.34 to
1.41), and high (> 1.41) inflammation. Radius and tibia bone were assessed via peripheral quantitative computed tomography
(Stratec XCT 2000) at the 66% site relative to the distal growth plate. Fasting serum was measured for tumor necrosis factor alpha
(TNF-a), interleukin-6 (IL-6), vascular endothelial growth factor (VEGF), and monocyte chemoattractant protein-1 (MCP-1).
The relationships between DII-scores and bone and biomarkers of inflammation were assessed using bivariate and partial
correlations adjusting for sexual maturation, sex, race, muscle cross-sectional area, and height. ANOVA/ANCOVA models were
used to compare DII-tertiles with dependent variables.

Results DII-scores were negatively associated with tibia trabecular area (TtAr; » =—.141, P=.019), periosteal perimeter (PsPM;
r=—.145, P=.016), endosteal perimeter (r=—.145, P =.016), strength strain index (SSI; r=—.129, P=.032), and radius TtAr
(r=—.140, P=.020), PsPM (r=—.138, P=.027) and SSI (r=—.131, P =.036) but nullified when adjusting for covariates. Tibia
PsPM was higher in the low DII group compared to the medium (P =.050) and high (P=.046) groups but nullified after
controlling for covariates. DII-scores were not associated with TNF-&, VEGF, or IL-6, but were associated with MCP-1 only
in the unadjusted model (r =.125, P =.042). In the adjusted model, MCP-1 was inversely associated with tibia cortical thickness
(r=—150 P=.030).

Conclusion The DII-scores were not related to biomarkers of inflammation or bone; however, the biomarker of inflammation,
MCP-1 was negatively associated with tibia CtTh. Future prospective pediatric studies should be conducted to better understand
this relationship and determine if there are long-term implications in adulthood.
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Introduction 2 diabetes mellitus [3], obesity [4], and osteoporosis [5, 6].
Once considered adult diseases, children and adolescents are
Systemic, low-grade inflammation is associated with several  increasingly being diagnosed with these chronic conditions
chronic diseases including cardiovascular disease [1, 2], type [7]. Similar to adults, the relationships between inflammation
and metabolic syndrome [8], obesity [8], and insulin resis-
tance [9] are observed in youth. Low-grade, systemic inflam-
mation in youth tracks into adulthood, putting these adoles-
cents at increased risk for chronic diseases later in life [10].
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example, consumption of omega-6 fatty acids and antioxidant
vitamins (e.g., vitamin E, lutein, and vitamin C) have been
associated with lower inflammation [13], while consuming
saturated fatty acids and excessively refined grains have been
correlated with higher inflammation [12].

There are published reports that dietary patterns or whole
foods may be more robust than individual nutrients in produc-
ing pro- or anti-inflammatory affects [14]. The dietary inflam-
matory index (DII®) was developed by Cavicchia et al. [15]
and updated by Shivappa et al. [16] to assess the overall qual-
ity of the diet on a continuum from maximally anti-
inflammatory to maximally pro-inflammatory. Utilizing the
first version of the DII, Cavicchia et al. demonstrated that
the DII scores correlate with the inflammatory biomarker C-
reactive protein (CRP) in a longitudinal study of apparently
healthy adults [15]. These analyses were repeated for the next
generation DII [16]. Several cross-sectional studies have dem-
onstrated significant relationships between the updated DII
score and CRP in adults [17], as well as, interleukin-6 (IL-
6), tumor necrosis factor alpha (TNF-«), and a combined in-
flammatory biomarker score in postmenopausal women [18].
Among adolescents, pro-inflammatory diet (indicated by
higher DII scores) was associated with increased levels of
various inflammatory markers: TNF-«, interleukin-1, inter-
leukin-2, interferon gamma, and vascular cell adhesion mole-
cule [19].

The heightened interest in the link between chronic inflam-
mation and pediatric bone health is derived from observations
of low bone mass in children with a wide range of inflamma-
tory disease states, including ulcerative colitis, cystic fibrosis,
systemic lupus erythematous, and rheumatoid arthritis
[20-22]. In a review addressing the link between the skeleton
and immune system in children with clinical disorders,
Cheung et al. noted that independent of pharmacological in-
terventions, a high percentage of patients with chronic inflam-
matory conditions, had low total body bone mineral density
(BMD) and were at greater risk for fracture [23]. For example,
Roth et al. demonstrated low trabecular volumetric BMD and
cortical bone strength in children with juvenile arthritis [24].

Given that inflammation may negatively impact both cor-
tical and trabecular bone density and volume, researchers have
investigated the impact of the DII in relation to prospective
changes in BMD and fracture. Orchard et al. found that a more
anti-inflammatory diet, as measured by the DII, was associat-
ed with attenuated hip BMD loss in postmenopausal women,
and consuming a higher inflammatory diet was associated
with increased risk of hip fracture in younger women [25].
A pro-inflammatory diet, as indicated by a high DII score,
also has been shown to be a risk factor for lower lumbar spine
BMD in postmenopausal women [26]. Similarly, body mass
index (BMI)-adjusted mean BMD at the total femur, femoral
neck, trochanter, and intertrochanteric significantly decreased
across increasing quartiles of DII score in US adults [27].
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These studies offer some evidence that chronic inflammation
is related to adverse skeletal outcomes in adults. To our
knowledge, there are no published studies examining the ef-
fects of a pro-inflammatory diet, as measured by the DII, on
bone outcomes in healthy children. This could have important
ramifications for peak bone mass attainment because bone
mass tracks from youth into adulthood [28]. Thus, the aim
of this study is to assess the relationships between inflamma-
tory diet patterns, as represented by DII scores, with cortical
bone outcomes in otherwise healthy boys and girls.

Subjects and methods
Study design and participant characteristics

This study was a secondary analysis of baseline data obtained
from a randomized controlled clinical trial previously de-
scribed [29]. Healthy non-Hispanic Black and White partici-
pants were included if they were between the ages of 9—
13 years, free from chronic diseases, and in the early stages
of puberty with self-reported sexual maturation ratings of 2 or
3 for breast development for females and genital development
for males as described by Tanner (N=323) [30]. Participants
were excluded from the parent study if they were menarcheal
(for females), had growth disorders/chronic diseases (e.g., ce-
rebral palsy), or used medications (e.g., corticosteroids)
known to influence bone metabolism. Thirty-three partici-
pants were excluded from this ancillary analysis due to incom-
plete diet records. History of previous fracture and fracture site
was assessed using a Health History Questionnaire and was
not considered in the exclusion criteria. Specific details sur-
rounding the fracture incident (i.e., high- vs. low-impact frac-
tures,) were not recorded. The Institutional Review Boards for
Human Subjects at all study sites approved the study proce-
dures. Participant informed assent and parental informed con-
sent were obtained prior to all testing procedures.

Dietary assessment

Three-day diet records, a valid and reliable method for esti-
mating energy and nutrient intakes in children [31, 32], were
completed at home by participants, with assistance from their
parents or guardians, for two weekdays and one weekend day.
A registered dietitian nutritionist and one trained research as-
sistant analyzed the diet records using Nutrition Data Systems
for Research (NDSR®) software version 16 (Nutrition
Coordinating Center [NCC], Minneapolis, MN). Test-retest
coefficients of variation (CV) were determined for energy,
protein, total fat, carbohydrates, vitamin D, and calcium (all
>0.85). Average measure (3-days) intra-class correlation co-
efficients (ICCs) were calculated in girls aged 6-10 years
(N =10), whose 3-day diet records were completed twice
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during a 2-week period and calculated for vitamin D, calcium,
and energy (all >0.86).

DIl score calculation

The details of developing the DII are described by Shivappa
et al. elsewhere [16]. Briefly, high sensitivity CRP measure-
ments were used to construct validity of the DII score in a
longitudinal cohort using multiple (up to 15) 24-h dietary
recall interviews and up to five 7-day dietary recalls. The
DII was subsequently validated in four studies among differ-
ent populations with a variety of inflammatory biomarkers
(i.e., interleukin, IL-6, high sensitivity CRP, fibrinogen, ho-
mocysteine, and TNF-«) [16, 18]. In this updated version of
the DII, 1943 articles were reviewed and scored. Forty-five
food parameters, including foods, nutrients, and other bioac-
tive compounds, were identified based on their inflammatory
effect on six specific inflammatory markers, including CRP,
interleukin-1 beta, interleukin-4, IL-6, interleukin-10, and
TNF-a. A regionally representative world database
representing diet surveys from 11 countries was used as a
comparative standard for each of the 45 parameters (i.e.,
foods, nutrients, and other bioactive food components).
Intake values from this database were used to calculate the
DII scores. This is explained in more detail in the DI methods
paper [16]. Briefly, a standard mean for each parameter from
the representative world database was subtracted from the
actual individual exposure and divided by its standard devia-
tion to generate Z-scores. These Z-scores were converted to
proportions (thus minimizing effects of outliers/right-
skewing). These values were then doubled, and one was
subtracted to achieve symmetrical distribution with values
centered on approximately zero. The resulting value was then
multiplied by the corresponding inflammatory score for each
food parameter and summed across all food parameters, to
obtain the overall DII score. Using 3-day diet records, we
calculated the DII based on 27 single food parameters of the
45 possible food parameters (Table 1).

Anthropometry

Height (to the nearest 0.1 cm) and body mass (to the nearest
0.1 kg) were measured using a wall-mounted stadiometer and
electronic scale, respectively. BMI (kg/m*) was calculated,
and BMI age-percentile scores were derived using the 2000
CDC growth charts [33]. BMI Z-scores were calculated using
STATA® software (StataCorp. 2017. Statistical Software:
Release 15. College Station, TX; StataCorp LLC). Single-
measure ICCs and test-retest CVs were determined previously
in our lab for standing height (0.99 and 0.4%) and body
weight (0.99 and 1.4%) in females aged 6—10 years (N=10)
who were measured twice over a 2-week period by the same
researcher.

Table 1 Mean, standard deviation (SD), RDAs, and typical intakes
nutrients and food components included in the calculation of DII score
DII food parameters RDA Mean  SD Typical intakes*
Energy, kcal/day 1804 497 1813-2247
Carbohydrate, g/day 227 71 233-282
Protein, g/day 34-52 69 20 63-85
Total fat, g/day 70.8 21.8 72.1-88.5
Alcohol, g/day 0.26 3.80

B-Carotene, pg/day 2019 2513 10861409
Vitamin A, pg/day 600 504 430 506-653
Caffeine, g/day 9.98 3.63 11.5-50.0
Cholesterol, mg/day 2244 1104 214-276
MUFA, g/day 24.1 791 24.3-30.1
n-3 Fatty acids, g/day 1.62 0.69

n-6 Fatty acids, g/day 15.0 5.56

PUFA, g/day 16.9 6.24 15.6-19.1
Saturated fat, g/day 242 8.20 24.8-31.0
Trans fat, g/day 2.37 1.52

Fiber, g/day 25-30 14.0 5.11 13.9-16.0
Iron, mg/day 14.1 5.18 13.2-16.7
Magnesium, mg/day 211.5 70.2 223-276
Niacin, mg/day 12 214 6.61 19.9-27.8
Riboflavin, mg/day 0.9 1.95 0.66 1.70-2.26
Selenium, mg/day 40 102.7 31.5 91.9-122.8
Thiamin, mg/day 0.9 1.79 0.53 1.46-1.83
Vitamin B6, mg/day 1.0 1.64 0.60 1.56-2.11
Vitamin C, mg/day 45 64.2 50.2 63.5-67.9
Vitamin D, pg/day 15 5.52 3.06 42-57
Vitamin E, mg/day 11 6.72 3.07 7.1-8.5

*From What We Eat in America, National Health and Nutrition
Examination Survey 2015-2016, range for boys and girls ages 6—19
[51]. RDA, Recommended Dietary Allowances; D11, dietary inflammato-
ry index; kcal, calories; MUFA, monosaturated fatty acids; PUFA, poly-
unsaturated fatty acids; RE, retinol equivalents; SD, standard deviation.
N=290

Body composition and whole body bone
measurements

Fat mass, percent fat, fat-free soft tissue, whole body BMD,
and whole body bone mineral content (BMC) were assessed
using dual-energy X-ray absorptiometry (DXA; Delphi-A,
Hologic Inc. [UGA]; Lunar iDXA, GE Medical Instruments
[PU; Purdue University]; and Hologic Discovery-W [IU;
Indiana University]) as previously described [29, 34, 35].
The same technician at each site conducted scans and per-
formed analyses using instrument-specific software and pro-
tocols. ICCs were calculated for body composition in females,
aged 5-8 years (N=10), and scanned twice over 7 days
(all >0.98). Short- and long-term precision of DXA at TU
was < 2%. The UGA/PU sites were cross-calibrated by scan-
ning 26 children on the Delphi-A and an iDXA, whereas the
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IU and PU sites were cross-calibrated by scanning 10 children
on the Discovery-W and iDXA. Regression formulae between
UGA/PU and IU/PU were derived and used to adjust data
from UGA/IU to PU values.

Cortical bone measurements

Peripheral quantitative computed tomography (pQCT) was
used to assess cortical bone outcomes using Stratec XCT
2000 (Stratec Medizintechnik GmbH, Pforzheim, Germany),
as previously reported [29]. To measure tibia length, subjects
were asked to cross their non-dominant leg over their dominant
leg. A pen mark was placed on the upper border of the medial
condyle of the non-dominant tibia and at the tip of the medial
malleolus. The distance between the two points was measured
in millimeters (mm) with a spreading caliper. To measure radius
length, participants were asked to place their non-dominant
forearm on a table forming a 90° angle. A pen mark was placed
at the end of the styloid process and the distance between the
bottom of the forearm to the pen mark at the styloid process
was measured in mm with a spreading caliper. All measure-
ments were conducted by the same technician at all study sites.
A single tomographic slice 66% relative to the distal growth
plate was taken for the non-dominant tibia and radius. A corti-
cal bone phantom specific to the pQCT with known properties
has scanned a minimum of 20 times and the variation in phan-
tom measures differed by < 1% [34].

Cort mode 1 (threshold, 710 mg/cm3) was used to obtain
cortical volumetric bone mineral density (CtvBMD, mg/cm?),
cortical bone mineral content (CtBMC, mg/mm), and cortical
area (CtAr, cm?) and to define the outermost edge of the bone.
Peel mode 2 (threshold, 400 mg/cm?) was used to separate the
cancellous and cortical bone compartments. Total bone area
(TtAr, mm?), cortical thickness (CtTh, mm), periosteal perimeter
(PsPM, mm), and endosteal perimeter (EsPM, mm) were also
measured. This same threshold was used to calculate polar-
strength strain index (pSSI, mm?®), which represents the
density-weighted section modulus and has been validated as a
non-invasive measure of bone strength [36]. The pSSI was de-
termined in a separate analysis using cort mode 2 (threshold,
400 mg/em®) and was calculated as the section modulus multi-
plied by the ratio of CtBMD and normal physiologic density (i.c.,
1200 mg/mm?), as previously descripted [34]. Section modulus
(mm’) was calculated as (a x d*)/dmax, where “a” is the cross-
sectional area of a voxel (mm?), “d” is the distance of the voxel
from the center of gravity (mm), and “dmax” is the maximum
distance (eccentricity) of one voxel to the center of gravity (mm).

SSIp =3 [(a x dz) (Cortical volumetric BMD/normal physiologic density BMD)]/dmax

Tibia and radius muscle cross-sectional areas (MCSA)
were assessed using a FO3FO05 filter (contour mode 3
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[threshold of — 100 mg/cm’] and peel mode 2). All
pQCT measures were performed and analyzed by a one
trained operator and the pQCT operator scanned the
phantom daily to maintain quality assurance. Five
healthy females (ages 18-24 years) were scanned twice
over 7 days to determine test-retest reliability [37]. One-
way random effects model and single measure ICCs for
all pQCT variables were R > 0.97. At the IU site, short-
term precision for the pQCT scanning produce on 30
healthy individuals scanned six times with interim repo-
sitioning showed root mean square coefficients of varia-
tion of < 1% for bone density, mass, structure, and esti-
mated strength measures [38].

Biochemical analyses

Serum inflammation-related biomarkers, TNF-«, vascular en-
dothelial growth factor (VEGF), and monocyte
chemoattractant protein-1 (MCP-1) were quantified using
the Luminex xMAP system, a high-throughput
microsphere-based suspension array, with a MILLIPLEX
MAP human cytokine/chemokine immunoassay (Millipore,
St. Charles, MO). These biochemical measures were conduct-
ed in a single laboratory in the batch analysis. The assay was
analyzed on a Luminex 200 instrument (Luminex
Corporation, Austin, TX) using Luminex XPONENT 3.1 soft-
ware. Additional analysis was performed using the
MILLIPLEX analyst (Millipore). The intra- and inter-assay
coefficients of variation were 2.6% and 13.0% for TNF-«,
3.7% and 10.4% for VEGF, and 1.5% and 7.9% for MCP-1,
respectively [39]. Serum IL-6 was quantified using a Meso
Scale Discovery assay with a SECTOR Image plate reader.
The intra- and inter-assay coefficients of variation were 4.4%
and 12.3% for IL-6, respectively.

Statistical analyses

Data were analyzed using SPSS® version 21 (SPSS, Inc.) for
the Mac Os X. Histograms were visually inspected for outliers
and normal distribution. Distributions were classified as
skewed or kurtotic if > 2.0 standard deviations (SDs).
Because serum IL-6 and TNF-« each had positively skewed
distributions, they were log-transformed (i.e., [L-6) or square
root transformed (i.e., TNF-«) prior to analyses. Pearson’s
bivariate and partial correlations were conducted to determine
the association between DII score and biomarkers of inflam-
mation while adjusting for the covariates stage of sexual mat-
uration, sex, and race. Additionally, Pearson’s bivariate corre-
lations were conducted to determine the associations between
DII score and bone parameters and serum biomarkers of in-
flammation and bone outcomes. Because MCSA and height
are considered key determinants of bone strength in children
[40—42], these covariates were added to the Pearson’s partial
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correlations models to determine the association between DII
score and bone parameters and serum biomarkers of inflam-
mation and bone outcomes. The DII score groups were created
using tertile categories (low [<—1.34], medium [—1.34 to
1.41], and high [> 1.41]) levels of inflammatory potential.
Bone outcomes and biomarkers of inflammation were com-
pared between groups using one-way analysis of variance and
one-way analysis of covariance. Post hoc comparisons using
the Bonferroni correction were utilized to compare DII rank-
ing scores on serum inflammatory biomarkers and bone pa-
rameters. The Bonferroni correction was used to correct P
values for multiple comparisons. A P value of <0.05 was
considered statistically significant for all analyses.

Results
Participant characteristics

Descriptive participant characteristics are presented in Table 2.
Participants were evenly distributed by sex and race (i.c., non-
Hispanic White and Black). Average BMI-age percentile and
BMI Z-score fell within the normal range. Participants had a
mean + SD DII score of 0.59 + 1.36 (pro-inflammatory) and
the means + SDs are reported for the individual 27 nutrients
and food components used to calculate DII score (Table 2).
Participants met at least two-thirds the recommended dietary
intakes for vitamin A, vitamin C, vitamin B6, selenium, iron,
riboflavin, niacin, omega-3 fatty acids, omega-6 fatty acids,

Table 2  Participant characteristics

Mean SD
Age, years 11.38 1.23
SMR stage, 2 188 (65%)
Race (Black), n 137 (47%)
Height, cm 150.74 9.23
Weight, kg 47.7 12.44
BMI 20.8 4.52
BMlI-age-percentile 68.1 29.3
BMI Z-score 0.68 1.08
Fat Mass, kg 15.15 7.3
FFST mass, kg 30.30 6.90
DII score 0.59 1.36
TNF-a, pg/mL 10.69 5.16
IL-6, pg/mL 0.73 0.89
MCP-1, pg/mL 481.41 228.82
VEGF, pg/mL 269.35 220.74

DII, dietary inflammatory index; SMS, sexual maturation rating; BMI,
body mass index; TNF-a, tumor necrosis factor-alpha; /L-6, interleukin-
6; MCP-1, monocyte chemoattractant protein-1; VEGF, vascular endo-
thelial growth factor. N=290

magnesium, and thiamine. Participants met 49% of the rec-
ommended dietary allowances (RDA) for fiber, 37% of the
RDA for vitamin D, and 61% of the RDA for vitamin E.
Approximately 23% (n = 66) of participants had a history of
a previous fracture (25 radius fractures, 8 tibia fractures, and 1
femur fracture).

Dietary inflammatory index and bone outcomes

DII score was negatively associated with tibia TbAr, PsPM,
EsPM, and SSI and radius TtAr, PsPM, and SSI (Table 3). All
relationships were non-significant when controlling for stage
of sexual maturation, sex, race, MCSA (tibia and radius), and
height. When comparing DII rank score categories, tibia
PsPM was significantly higher in the low-inflammation group
compared to both medium-(P =.050) and high-(P =.046) in-
flammation groups, F(2,277)=3.088, P =.047. When con-
trolling for the covariates, these group differences were non-
significant.

Dietary inflammatory index and biomarkers
of inflammation

The DII score was not significantly associated with VEGF, IL-
6, and TNF-«; however, it was positively associated with
MCP-1 in the unadjusted model (»=.125, P=.042). When
adjusting for the covariates stage of sexual maturation, sex,
and race, the relationship between DII and MCP-1 was nulli-
fied (»=.100; P =.166). There were no significant differences
between DII rank score groups on MCP-1, VEGE, IL-6, and
TNF-a (P=.120, P=.770, P=.250, and P=.637,
respectively).

Biomarkers of inflammation and bone outcomes

In the unadjusted model, TNF-a was significantly negatively
associated with tibia CtBMC, CtAr, and SSI; however, these
relationships were nullified when adjusting for the covariates
stage of sexual maturation, sex, race, tibia MCSA, and height
(Table 4). In the unadjusted and adjusted models, there were
no significant relationships between IL-6 and VEGF and any
tibia bone outcomes. MCP-1 was significantly negatively cor-
related with tibia CtBMD, EsPM, and SSI in the unadjusted
model. When adjusting for the covariates, there was a signif-
icant inverse relationship between MCP-1 and tibia CtTh.
Similar to the tibia, significant negative correlations were
observed between TNF-«v and radius CtBMC, CtAr, and SSI
in the unadjusted model (Table 5). These relationships were
nullified when controlling for the covariates, stage of sexual
maturation, sex, race, radius MCSA, and height. In the unad-
justed and adjusted models, there were no significant correla-
tions between IL-6 and VEGF and radius bone outcomes.
There were no significant correlations between MCP-1 and
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Table 3  Bivariate and partial correlations between DII score and cortical bone outcomes
Tibia unadjusted Tibia adjusted Radius unadjusted Radius adjusted

R P R P R P R P
CtBMD —-0.07 27 -0.31 .61 —-0.01 .99 -0.03 .64
CtBMC —-0.11 .06 —0.06 .30 —-0.07 30 —0.02 77
TtAr -0.14 .02 —-0.03 97 -0.14 .02 -0.09 .15
CtAr —-0.10 .10 —-0.08 .19 —-0.09 .14 -0.01 .85
CtTh —0.02 74 —-0.09 14 -0.02 .76 —-0.04 .54
PsPM -0.15 .02 -0.01 94 -0.14 .03 —-0.09 .18
EsPM -0.15 .02 —-0.05 44 —0.11 .07 —-0.08 21
SSI -0.13 .03 —-0.05 40 -0.13 .04 -0.07 25

Statistically significant at P <.05; N=290; adjusted stage of sexual maturation, sex, muscle cross-sectional area and height. CtBMD, cortical bone
mineral density; CtBMC, cortical bone mineral content; 7¢Ar, trabecular area; CtAr, cortical area; CtTh, cortical thickness; PsPM, periosteal perimeter;

EsPM, endosteal perimeter; SS, strength strain index

radius bone outcomes in the unadjusted model. When
adjusting for the covariates, the relationship between MCP-1
and radius CtBMD approached significance (P =.050).

Discussion

The aim of this cross-sectional study was to assess the rela-
tionships between dietary patterns reflective of varying de-
grees of inflammation, as represented by DII scores, and cor-
tical bone outcomes in healthy children. A secondary aim of
this study was to determine the relationships between baseline
DII scores and serum biomarkers of inflammation. The prima-
ry finding was that DII scores were not related to cortical bone
strength or serum biomarkers of inflammation. Importantly,
the pro-inflammatory biomarker of inflammation, MCP-1,
was negatively associated with tibia CtTh.

The present study is the first to assess the relationships
between the DII and bone outcomes as measured by pQCT
in children and adolescents. The fact that no significant rela-
tionships existed between DII scores and cortical bone could
be due to several factors. The studies that have reported pos-
itive findings were conducted in older adults. For example,
Orchard et al. found that in comparison to a pro-
inflammatory diet, postmenopausal women consuming a
more anti-inflammatory diet had less hip BMD loss over a
6-year period, despite lower baseline hip BMD measurements
[26]. Additionally, a pro-inflammatory diet, as indicated by
increasing DII scores, was associated with lower lumbar spine
BMD in postmenopausal Iranian women [16]. Consistent with
our null findings, a study in young adults ages 18-25 found no
associations between increased DII scores and quantitative
ultrasound of the right calcaneus [43]. It is possible that the
significant associations between low DII scores and better
bone outcomes in older adults, but not in children,
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adolescents, or young adults, could be due to more years of
exposure to a pro-inflammatory diet in the older adults than
shorter exposure intervals in children and adolescents, al-
though this is unknown. One of the limitations of the current
study and others [44, 45] is the cross-sectional nature of the
study designs and that dietary assessment targeted current in-
takes and not historical dietary information. Hence, based on
the study design in the current study and the dietary method-
ology employed, the authors cannot address the question re-
garding long-term dietary exposures.

The DII was validated in adults using the pro-inflammatory
biomarkers, CRP, IL-6, and an overall inflammatory biomark-
er score. In the current study, CRP was not assessed, but
TNF-«, IL-6, VEGF, and MCP-1 were included as bio-
markers of inflammation. We selected the biomarkers
TNF-a, IL-6, VEGF, and MCP-1 because of their potential
detrimental effects on bone strength which was confirmed by
the inverse relationships found between MCP-1 and tibia
CtTh. To our knowledge, it is not known whether CRP is
higher in apparently healthy children due to lifestyle factors
such as adhering to specific dietary patterns. Several factors
including social (e.g., socioeconomic status) and physical
(e.g., body fat) have been associated with higher levels of
CRP in children [46]. Because of the unavailability of addi-
tional serum samples, in the current study, CRP was not mea-
sured. It remains to be elucidated whether CRP is higher in
apparently healthy children consuming pro-inflammatory di-
ets; future studies of children should include assessment of
CRP. The biomarkers IL-6, TNF-«, and VEGF were not re-
lated to DII scores in the present study. MCP-1 was the only
biomarker found to be positively associated with DII scores,
but once race was added as a covariate to the adjusted model,
the significant relationships did not persist. In adults, Blacks
have significantly lower MCP-I concentrations than Whites,
but no data are published in children and adolescents. Our
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Table 4 Bivariate and partial correlations between biomarkers of inflammation and tibia bone outcomes
TNF-« IL-6 MCP-1 VEGF
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
R P R P R P R P R P R P R P R P

CBMD -0.12 .06 -0.09 .16 -0.06 36 -006 41 -020 <.01 -—-002 .82 —-004 95 —-0.05 .44
CBMC -0.14 .03 -0.09 .19 0.05 46  —002 72 —-0.07 24 -0.10 .14 0.02 75 —-0.09 .18
TtAr -0.10 .11 -0.02 .75 0.06 35 —-004 50 —0.11 .09 -0.02 882 -002 .78 -001 .89
CtAr -0.12 .05 -0.07 .32 0.06 36 -004 54 -0.04 .58 -0.11 .09 0.03 .69  —-0.08 21
CtTh -0.11 .09 -006 .36 0.04 54 -002 .81 -—0.06 34 -0.15 .03 0.05 40 0.08 .23
PsPM -009 .14 -001 .89 0.07 31 =005 42 -0.10 A1 -001 89 -0.02 .77 -0.01 .92
EsPM -005 42 -002 .73 0.05 43 =003 .61 -—0.14 .03 -008 24 -004 49 -0.03 .62
SSI -0.12 .05 -005 41 0.05 49  -002 .80 —0.13 .05 -002 .82 0.04 96 —-006 33

Statistically significant at P <.05; N=290; adjusted for stage of sexual maturation, sex, race, tibia muscle cross-sectional area, and height. CtBMD,
cortical bone mineral density; CtBMC, cortical bone mineral content; 7¢Ar, trabecular area; CtAr, cortical area; CtTh, cortical thickness; PsPM, periosteal

perimeter; EsPM, endosteal perimeter; SS/, strength strain index

findings of lower MCP-I levels in Black children and adoles-
cents compared to Whites is consistent with studies in several
adult populations [47].

The most noteworthy finding in the current study was the
significant inverse relationship observed between the pro-
inflammatory biomarker of inflammation, MCP-1, and tibia
CtTh. This inverse relationship makes sense given the bio-
markers of inflammation investigated in this study are pro-
resorptive and there is evidence for inflammation having a
negative effect on bone outcomes [23]. MCP-1 is a chemokine
that regulates migration and infiltration of monocytes and
macrophages into body tissues and has been implicated in
multiple chronic inflammatory diseases. For example, it is
well established that chronic inflammatory diseases such as
rheumatoid arthritis and cystic fibrosis are associated with
impairments in bone quality [20, 21]. During growth, cortical
bone expands and thickens through periosteal apposition and
the cortical density and structural strength of the growing bone
are determined by bone dimension and thickness. Thus, the
negative association seen between MCP-1 and tibia CtTh is
relevant and should be addressed in prospective trials to better
ascertain if this negative association persists through growth
and is linked with bone fragility and greater childhood
fractures.

This is the first study to our knowledge that demonstrates a
negative relationship between the serum biomarker of inflam-
mation, MCP-1, and tibia CtTh in healthy children. This is
important because it is during these years that children are
developing maximum bone strength; thus, if inflammation
attenuates bone strength in children, this could have long-
term fracture implications in adulthood. Future studies should
consider prospective study designs to confirm these cross-

sectional findings, investigate potential mechanisms, and ex-
plore potential strategies for intervention.

There were several strengths to this study including the
large sample size, diverse population, and the use of advanced
imaging technology (i.e., pQCT) for the assessment of bone
indices. Despite these strengths, this study is not without lim-
itations. We calculated the DII score using 27 out of a possible
45 food parameters because these were the only components
present in our database. Additionally, the DII score considers
nutrients from foods but does not account for other bioactive
components of foods such as lycopene, zeaxanthin, and lutein,
which are thought to play a role in both inflammation and
bone health [48, 49]. A dietary measurement at one-time point
may not be a true reflection of a child’s typical current dietary
intake as many factors can influence a child’s diet over time
such as stage of development, seasons of the year, and family
preferences [50]. Another limitation when analyzing the bio-
markers of inflammation is the high variability associated with
the methodologies. It is possible that the high variability in the
biomarkers could limit the ability to detect significant relation-
ships between DII and the biomarkers. For quality control, to
reduce assay variability, one individual conducted batch anal-
yses in a single lab at the same time. Despite these limitations,
our results provide valuable insight into the relationships be-
tween dietary patterns, biomarkers of inflammation, and bone
outcomes in a cohort of diverse healthy adolescents.

In conclusion, this was the first study to examine DII
scores and bone outcomes in children and adolescents. In
contrast to studies in older adults, the DII score was found
not to be related to biomarkers of inflammation or bone
strength. Because ofthe finding that the biomarker of inflam-
mation, MCP-1, was negatively associated with tibia CtTh,
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Table 5 Bivariate and partial correlations between biomarkers of inflammation and radius bone outcomes
TNF-a IL-6 MCP-1 VEGF
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
R P R P R P R P R P R P R P R P

CBMD -0.06 35 -0.03 .62 0.09 A7 =012 .07 -0.02 .73 —-0.13 .05 0.051 .43 0.08 23
CBMC -014 .04 -0.05 47 <-001 95 -003 .62 -003 .62 —-004 55 -003 .64 —-006 .36
TtAr -0.12 .06 -0.03 .64 —0.02 79 -009 21 -010 .13 -007 31 -006 39 -—-0.03 .71
CtAr -0.14 .03 -005 48 0.01 .83 -002 8 -010 .11 -001 94 -0.06 37 -0.06 .41
CtTh -0.10 .12 -0.02 .76 0.03 J1 -004 57 -006 33 -—008 27 -0.05 41 -0.02 .79
PsPM -0.12 .07 -0.03 .68 -0.02 .80 -008 23 -010 .14 -060 35 -—0.05 47 -0.04 .60
EsPM -005 49 -001 91 —-0.03 63 -008 24 -005 46 -—-0.09 20 -001 89 -0.02 .82
SSI -0.14 .03 -005 46 <0.01 99 -006 35 -011 .09 -0.04 57 -0.07 31 -0.04 .54

Statistically significant at P <.05; N =290; adjusted for stage of sexual maturation, sex, race, muscle cross-sectional area, and height. CtBMD, cortical
bone mineral density; CtBMC, cortical bone mineral content; TtAr, trabecular area; CtAr, cortical area; CtTh, cortical thickness; PsPM, periosteal

perimeter; EsPM, endosteal perimeter; SS/, strength strain index

future prospective studies should be conducted to better un-
derstand the role of inflammation on bone quality in youth
and to determine if there are long-term fracture implications
in adulthood.
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