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Abstract

The reliability of lipidomics, an approach to identify the presence and interactions of lipids, to
analyze the bone marrow lipid composition among pediatric populations with bone fragility is
unknown. The objective of this study was to assess the test-retest reliability, standard error of
measurement (SEM), and the minimal detectable change (MDC) of vertebral bone marrow lipid
composition determined by targeted lipidomics among children with varying degrees of bone
fragility undergoing routine orthopedic surgery. Children aged 10-19 years, with a confirmed
diagnosis of adolescent idiopathic scoliosis (n=13) or neuromuscular scoliosis and cerebral palsy
(n=3), undergoing posterior spinal fusion surgery at our institution were included in this study.
Transpedicular vertebral body bone marrow samples were taken from thoracic vertebrae
(T11,12) or lumbar vertebrae (L1-4). Lipid composition was assessed via targeted lipidomics and
all samples were analyzed in the same batch. Lipid composition measures were examined as the
saturated, monounsaturated, and polyunsaturated index and as individual fatty acids. Relative
and absolute test-retest reliability was assessed using the intraclass correlation coefficient (ICC),
SEM, and MDC. Associations between demographics and index measures were explored. The
ICC (95% confidence interval [CI]), SEM, and MDC was 0.81 (0.55-0.93), 1.6%, and 4.3%,
respectively, for the saturated index, 0.66 (0.25-0.87), 3.5%, and 9.7%, respectively, for the
monounsaturated index, and 0.60 (0.17-0.84), 3.6%, and 9.9%, respectively, for the
polyunsaturated index. For the individual fatty acids, the ICC showed a considerable range from

0.04 (22:2n-6) to 0.97 (18:3n-3). Age was positively correlated with the saturated index (r?=0.36;
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P=0.014) and negatively correlated with the polyunsaturated index (r?=0.26; P=0.043); there was
no difference in index measures by sex (P>0.58). The test-retest reliability was moderate-to-good
for index measures and poor to excellent for individual fatty acids; this information can be used
to power research studies and identify measures for clinical or research monitoring.

Keywords: lipidomics; scoliosis; cerebral palsy; reliability; bone marrow lipids
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Introduction

Several investigations, some dating as far back as the 1970s, have demonstrated an
inverse relationship between bone mass and bone marrow adiposity in humans and animals.-)
Bone marrow pluripotent mesenchymal progenitor cells are the shared origin for osteoblasts
(bone forming cells) and bone marrow adipocytes (lipid-containing cells),*® among other cell
lineages,™? thus giving rise to bone marrow adipose tissue at the expense of bone®2*2?) (and
hematopoietic®) tissue. More recent evidence suggests that bone marrow adipose tissue
possesses biological features that may be implicated in the pathogenesis of bone (and other
organ) disease. As a result, there is a growing interest in bone marrow adipose tissue biology and
its implications for bone and systemic energy metabolism (for reviews, please see®*18)),

The lipid composition of bone marrow is of interest as it may serve as a key regulator in
bone homeostasis. For example, some fatty acids, such as palmitic and stearic saturated fatty
acids, may be lipotoxic to bone®2% and impede osteoblast function,®?? while other fatty acids,
such as palmitoleic, oleic, and linoleic unsaturated fatty acids, may promote osteoblast
differentiation, mineralization, and survival,?®?223 and inhibit osteoclast differentiation and
function.®*?® Given the association with bone fragility, 52" the bone marrow saturated index-
which is the proportion of saturated fatty acids to total fatty acids- has been suggested as a
biomarker for osteoporosis.®®

To date, many of the studies examining the interplay between bone and bone marrow

adipose tissue have focused on adults, animal models, or in vitro experiments.*3® Growth and
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development is an essential window for maximizing bone health. Factors that impede typical
bone acquisition during growth and development will not only diminish peak bone mass
attainment, but can have lasting adverse ramifications on bone health throughout the lifespan.
Accordingly, recent attention is shining the light on bone marrow adipose tissue as a potential
untapped source involved in bone acquisition during development, especially for pediatric
patients with varying degrees of bone fragility,*32% such as mild osteoporosis noted in the spine
in adolescent idiopathic scoliosis (AlS) and the profound fragility in cerebral palsy (CP).%-32
Individuals with AIS and CP can have progressive scoliosis and may undergo spinal fusion
surgery for correction of scoliosis. This provides a unique resource for acquiring pediatric bone
and marrow samples to facilitate therapeutic and mechanistic research in the bone marrow
adipose tissue arena with direct clinical relevance.

Lipidomics is a branch of metabolomics that seeks to identify the presence, abundance,
diversity, and interactions of lipids in biological systems, and is a rapidly developing discipline
making significant biomedical advances in the area of lipid biology.®® Using lipidomics to
assess bone marrow lipid composition from children with AIS and CP is particularly attractive as
it presents the opportunity to comprehensively analyze the bone marrow lipidome to drive
research directions and address specific biological questions. To date, the reliability of
lipidomics to analyze the bone marrow lipid composition among pediatric populations with bone
fragility has yet to be determined. This is particularly important for bone marrow as this tissue

has a highly heterogeneous cellular pool with unknown cellular and tissue-type distribution for
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pediatric populations with bone fragility. Therefore, to help interpret bone marrow lipid
composition measures in the clinical and research setting and to provide novel information to
help power research studies where pediatric bone marrow lipid composition is a measure(s) of
interest, reliability assessment is imperative. Accordingly, the purpose of this study was to assess
the test-retest reliability, standard error of measurement (SEM), and the minimal detectable
change (MDC) of vertebral bone marrow lipid composition determined by targeted lipidomics

among children with AIS and CP following routine orthopedic surgical care.

Methods
Participants

With IRB approval, participants aged 10-19 years, with a confirmed diagnosis of AlIS or
CP, and who were undergoing routine posterior spinal fusion surgery in the same pediatric
orthopedic clinic at the University of Michigan were eligible for this study. Parental consent and
where appropriate patient assent was obtained to use the transpedicular vertebral body bone
marrow samples collected from surgery, and to obtain diagnosis and basic demographic
information, including date of birth, sex, and race for all participants. Additional information was
collected from children with CP, including type of CP and the gross motor function classification
system (GMFCS). The GMFCS ranks the severity of motor impairment on a roman numeral

scale from | to V, coinciding with mild to severe motor impairment, respectively.® Bone
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marrow samples were obtained from children with spastic type CP and classified as GMFCS 1V

and V.

Bone marrow sample extraction

Bone marrow was extracted from the vertebral body via the pedicle in the lumbar and
lower thoracic spine, based on the planned spinal fusion instrumentation construct, using an 18-
gauge needle and syringe. Bone marrow aspirates were immediately placed on wet ice and kept
cold until processing. Samples for lipidomics were divided into 1mL aliquots and stored at -80°C
until analysis. Of the 34 children that met eligibility criteria for the study and had at least 1mL of
vertebral bone marrow, 16 children had two 1mL aliquots of bone marrow collected from the
same site, during the same surgery, and by the same two physicians (co-author MSC, n=15; co-
author YL, n=1) from vertebrae T11-L4 and were analyzed in this study. These two 1mL bone
marrow aliquots are referred to as sample 1 and sample 2 hereafter. Since bone marrow tissue is
heterogeneous, the research question centers around reliability of extracting bone marrow during
routine orthopedic surgery and how much variability exists in adjacent marrow tissue. Therefore,
the goal of this study was to assess the reliability of different segments of the extracted marrow
for lipidomics rather than the precision or repeatability of the lipidomics technique using the

same exact sample (e.g., intra-sample variability).

Lipidomics
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Samples were sent to the Michigan Nutrition Obesity Research Center Lipidomics Core
for targeted lipidomics using established procedures and the Total Lipid Extraction and Thin-
Layer Chromatography Cleanup assay by an experienced technician. Briefly, for each bone
marrow sample, lipids were extracted using a modified Bligh-Dyer method of solvent
partition.®> An aliquot of 100pL was taken and 200uL of water was added. Total lipids were
extracted after adding 2.25mL of chloroform-methanol (1:2) containing 0.01 % butylated
hydroxytoluene and 10uL of 4 mM heptadecanoic acid (C17:0) as an internal standard. The
mixtures were thoroughly homogenized on a vortex, treated with 0.75mL of chloroform and
0.75mL of NaCL (0,9%) solution, and then mixed and centrifuged on a table top centrifuge at
3,000rpm for 15 minutes, after which a clear separation between the two layers were observed.
The lower organic layer (chloroform) contained the lipids and was transferred into another set of
tubes and saved at -20°C until further analysis.

The fatty acids were broken down into their methyl esters via trans esterification with
BF3-methanol using a modified method, as previously described.®® The fatty acid methyl esters
(FAMESs) were extracted by adding 2mL of hexane and 1mL of water, mixing and centrifuging
followed by collecting them in the upper hexane layers. The solvents were then removed under
nitrogen and the crude FAMEs were re-dissolved in a small volume of chloroform and purified
on a thin layer chromatographic (TLC) plate (20 x 20cm, silica gel 60, Merck, Germany). The
plate was developed with a solvent mixture of hexane-diethyl ether-acetic acid. Methyl ester

bands were then identified by comparing the retention flow of the authentic standard and the
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contents from the TLC powders were extracted with chloroform. The solvents were removed
under nitrogen and methyl esters were re-dissolved in a small volume of hexane (100-200uL)
and the fatty acid compositions of the lipids were analyzed by gas chromatography.

Analysis of FAMEs were performed by gas chromatography on an Agilent Gas
Chromatography model 6890N with flame ionization detector, an auto sampler, and Chemstation
software for analysis. The gas chromatography column used was Agilent HP 88, 30 meter,
0.25mm 1.D. and 0.20um film thickness. Hydrogen was used as a carrier gas as well as for the
flame ionization detector. Nitrogen was used as a makeup gas. Analyses were carried out with a
temperature program of 125°C to 220°C. One pL of sample was injected by the auto sampler and
each sample was analyzed in 20 min. A calibration curve was prepared running known amounts
of methyl heptadecanoate and other commercially available standard methyl ester mixtures
containing saturated and unsaturated carbon chain length from 12 through 24 carbons on gas
chromatography and using the peak area ratio response of each methyl ester with respect to
methyl heptadecanoate. A mixture of authentic methyl esters was also run side by side to identify
the components in unknown samples by comparing their retention times. The fatty acids were
quantified with respect to the amounts of C17:0 internal standard added and the calibration curve
prepared. The coefficient of variation for gas chromatography analyses was found to be within
2.310 3.7%.

Measures were converted to relative abundance (%) for each fatty acid and the saturated,

monounsaturated, and polyunsaturated indices were calculated as the proportion of the fatty acid
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type (e.g., saturated) to the total fatty acid amount. The nomenclature used for individual fatty
acids include the number of carbon chains, the number of double bonds, and for unsaturated fatty
acids, the number of carbon chains after the double bond and cis (c) or trans (t) configuration.
For example, stearic acid, 18:0, is a saturated fatty acid with 18 carbon chains and 0 double
bonds; docosahexaenoic acid, 22:6n-3, is a polyunsaturated fatty acid with 22 carbon chains, 6

double bonds, and the first double bond at the 3" carbon chain from the omega end.

Statistical analysis

Test-retest reliability was assessed using relative and absolute estimates, including the
intraclass correlation coefficient (ICC; relative estimate), SEM (absolute estimate), and MDC
(absolute estimate). ICC reflects the degree of correlation and agreement between measures,
which is a superior method for test-retest reliability assessment.®” Following guidelines for
selecting and reporting ICC for test-retest reliability,®” ICC and 95% confidence interval (CI)
was estimated using SPSS statistical package version 24 (SPSS Inc, Chicago, IL) based on a 2-
way mixed-effects model and absolute agreement. As a general rule, ICC<0.50 indicates poor
reliability, ICC between 0.50 and 0.75 indicates moderate reliability, ICC between 0.75 and 0.90
indicates good reliability, and 1CC>0.90 indicates excellent reliability.*”) The SEM provides an
estimate of the discrepancy between repeated measures, or intra-individual variability,®® and
was calculated as follows: SEM = SDpooled x V(1-1CC), where SDpooled is the pooled standard

deviation of both sets of measures. The MDC provides an estimate of the minimal magnitude of
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This article is protected by copyright. All rights reserved.



change that is required for the measure to be considered a real change rather than the result of
random variation or measurement error at the 95% CI level.®®4% The MDC was calculated as
follows:“Y MDCosy% = 1.96 X SEM x V2, where 1.96 comes from the z-score corresponding to

the 95% CI and \2 accounts for the underlying uncertainty during measurement.

Sensitivity analysis

The reliability estimates are vulnerable to outliers and influential observations due to the
small sample size. Outliers and influential observations were assessed using agreement and
correlation methods for each lipid composition measure. Bland-Altman plots were constructed to
evaluate the agreement between the two samples by regressing the difference between sample 1
and sample 2 measures with the mean of the two sample measures.“? The mean of the difference
between bone marrow samples provides an estimate of the measure’s fixed bias, which was
tested statistically using a one-sample t-test. Normality of the mean difference was assessed
using skewness, kurtosis, and the Shapiro-Wilk test.

Correlations between lipid composition measures from the two bone marrow samples
were visually inspected using scatter plots. Outliers were assessed by Cook’s distance (D),
which identifies the strength of the influence of each data point (via residuals and leverage) on
the regression between measures (the higher the D; value, the more influential the data point).*®
While a cutoff threshold of Di > 1.0 has been proposed in the presence of a large sample size,**

we used a more conservative threshold of D; > 0.50 due to the small sample size for this study. It
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is important to note that ICC reflects both the agreement and correlation.®” The use of Bland-
Altman (agreement) and D; (correlation) as model diagnostics assesses each, but not both
simultaneously. Nevertheless, for lipid composition measures that displayed potential outliers or
had data points with D; > 0.50 (influential observations), ICC was re-assessed after removing the
data point(s) to determine if these values influenced the reliability estimates (assessed

qualitatively).

Exploratory analysis

We explored the association between age and sex with the index measures using bivariate
regression analysis for age and the independent t-test for sex if the data were normally
distributed, or the Mann-Whitney U test if the data were non-normally distributed. Other
variables of interest (e.g., CP vs. AlS, race) had too few cases to perform analyses.

Data were analyzed using SPSS statistical package version 24 (SPSS Inc, Chicago, IL).

An o level of 0.05 was used as the threshold to determine statistical significance.

Results
Descriptive characteristics of the 16 participants are presented in Table 1. Notably, three
of the 16 participants had spastic quadriplegic CP and were classified as GMFCS IV (n=1) or V

(n=2), which is indicative of severe motor impairment. Of the 3 participants with CP, the bone
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marrow samples came from L2 (n=1) and L4 (n=2). Of the 13 participants with AlS, the bone
marrow samples came from T11 (n=4), T12 (n=4), L1 (n=3), L2 (n=1), and L4 (n=1).

The mean (x SD), ICC, SEM, and MDC of lipid composition measures from the 16 bone
marrow samples are presented in Table 2, which is organized based on index vs. individual fatty
acids, type of fatty acid (e.g., saturated), and the ICC point estimate from high to low. Based on
the average of the first measurement (average of second measurement), 31.1% (31.4%) of the
bone marrow lipids consisted of saturated fatty acids, while 33.9% (34.6%) and 34.9% (34.0%)
consisted of monounsaturated and polyunsaturated fatty acids, respectively. 18:2n-6, 18:1n-9,
and 16:0 were the most abundant fatty acids and 13:0, 12:0, and 22:2n-6 were the least abundant
fatty acids.

For the index measures, the ICC (and 95% CI) was 0.81 (0.55, 0.93) for the saturated
index, suggesting good (moderate to excellent) reliability, and 0.66 (0.25, 0.87) and 0.60 (0.17,
0.84) for the monounsaturated and polyunsaturated indices, respectively, suggesting moderate
(poor to good) reliability. The SEM was 1.6%, 3.5%, and 3.6% for the saturated,
monounsaturated, and polyunsaturated index, respectively, and the MDC was 4.3%, 9.7%, and
9.9%, respectively. Figure 1 shows the scatter plots demonstrating the relationship between the
index measures (A-C) and Bland-Altman plots for the agreement (D-F) between bone marrow
samples for the index measures. Based on the Bland-Altman plots, the average bias was minimal
(near zero) for each index measure and there was no evidence of fixed bias (all P>0.45 using a

one-sample t-test).
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The relative abundance of 13:0 was too low to detect and assess reliability. For all other
fatty acids, the ICC (95% CI) exhibited a considerable range from 0.04 (-0.49, 0.52) to 0.97
(0.92, 0.99). Based on the ICC point estimate of the 29 fatty acids where reliability estimates
were obtained (i.e., excluding 13:0), 2 had excellent reliability (6.9%), 7 had good reliability
(24.1%), 12 had moderate reliability (41.4%), and 8 had poor reliability (27.6%). Figure 2 shows
the scatter plots (A-C) and Bland-Altman plots (D-F) of three fatty acids corresponding to the
lowest (22:2n-6), middle (14:0), and highest (18:3n-3) ICC to represent the range of correlation
and agreement among individual fatty acids. Based on the Bland-Altman plots, the average bias
for these three representative fatty acids was minimal (near zero) and there was no evidence of
fixed bias (all P>0.27 using a one-sample t-test). However, the mean difference was not
normally distributed for 22:2n-6 (P=0.013) or 18:3n-3 (P<0.001), and showed evidence of an

outlier.

Sensitivity analysis

In addition to 22:2n-6 and 18:3n-3, there was evidence of an outlier or influential
observation for 12 other individual fatty acids, but not for the index measures. However, only 1
or 2 out of the 16 data points suggested a potential outlier or influential observation per fatty
acid.

The mean (x SD), ICC, SEM, and MDC for the 14 fatty acids after removing the

potential outliers or influential observations are presented in Table 3. The ICC value increased in
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6 of the fatty acids, decreased in 6 of the fatty acids, and did not change or exhibited negligible
change in 2 of the fatty acids. Some of the ICC values changed more drastically than others; e.g.,
ICC (95% CI) increased from 0.67 (0.29, 0.87) to 0.92 (0.77, 0.97) for 20:0, while 22:5n-3
decreased from 0.85 (0.63, 0.95) to 0.74 (0.38, 0.90). Based on the ICC point estimate of the 29
fatty acids where reliability estimates were obtained (i.e., excluding 13:0) and incorporating the
values from the sensitivity analysis, 4 had excellent reliability (13.8%; 6.9% from primary
analysis), 6 had good reliability (20.7%; 24.1% from primary analysis), 11 had moderate
reliability (37.9%; 41.4% from primary analysis), and 8 had poor reliability (27.6%; same as

primary analysis).

Exploratory analysis

Age was significantly and positively correlated with the saturated index (r?=0.36;
P=0.014) and significantly and negatively correlated with the polyunsaturated index (r?=0.26;
P=0.043) (Figure 3) (results are presented for sample 1 but are consistent for both samples).
There was no statistical difference between girls and boys for the saturated index (30.84 + 2.86
vs. 31.37 + 4.55, P=0.78), monounsaturated index (34.68 + 5.00 vs. 32.98 + 7.31, P=0.59),
polyunsaturated index (34.48 £ 6.15 vs. 35.65 + 5.54, P=0.70), or age (14.74 + 1.52 vs. 15.50 +
2.46, P=0.46) for this small sample (index results are presented for sample 1 but are consistent

for both samples); however, all 9 girls had AlS whereas 3 out of 7 of the boys had CP, and bone
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marrow was mostly extracted from the thoracic spine for girls (n=6) where boys it was the

lumbar spine (n=5).

Discussion

The findings from this study suggest moderate-to-good test-retest reliability for the
vertebral bone marrow saturated and unsaturated index via targeted lipidomics from a small
sample of children with AIS and CP using bone marrow collected under routine orthopedic
surgical conditions. When we examined individual fatty acids, we observed a considerable range
from poor to excellent test-retest reliability with approximately one-third having good to
excellent (34.5%), moderate (37.9%), or poor (27.6%) test-retest reliability. In the exploratory
analysis, we found that age was positively correlated with the saturated index and negatively
correlated with the polyunsaturated index. These findings have important logistical implications
for future research and clinical endeavors, because delineating the bone marrow lipid
composition from pediatric populations with varying degrees of bone fragility may provide
further insight into the role of bone marrow adipose tissue on bone and systemic energy
metabolism that may be missed by only investigating the extent of fatty infiltration. Although, if
and how bone marrow lipids contribute to skeletal acquisition and metabolism among children
and adolescents is unknown.

In the current study, we observed that the test-retest reliability of some fatty acids were

sensitive to potential outliers or influential observations. Specifically, in the sensitivity analysis,
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we observed 1 or 2 potential outliers or influential observations for 4 saturated fatty acids, 4
monounsaturated fatty acids, and 6 polyunsaturated fatty acids exhibiting a range in relative
abundance (<0.01% to 25.48%). It is important to note that these potential outliers or influential
observations came from 10 different participants rather than the same or few participants, which
may suggest the potential for considerable biological variability in bone marrow lipids between
and within participants. While bone marrow consists of multiple cellular lineages, the cellular
and tissue heterogeneity may be even greater or unique for individuals with bone fragility, such
as AIS and CP. Factors related to AlS and CP that may influence the status of bone marrow lipid
composition, and its variability within a given site, include nutrition, hormonal factors,
comorbidities (e.g., cardiometabolic disease, inflammation), surgeries, and medications.184%46)
However, it is important to note that the variability may be due solely to or in conjunction with
the small sample size, and we therefore urge caution in interpretation. Further, the current study
found that age during this adolescent period was associated with a higher bone marrow saturated
index and a lower polyunsaturated index, but none of these indices were associated with sex.
These findings are consistent with studies that found higher marrow fat with age in the distal
femur of 11 to 18 year olds with anorexia nervosa®” and in L4 of typically developing 0 to 18
year olds with no evidence of sex differences.“®

The reasons for the suboptimal reliability performance for some individual fatty acids are
likely multifactorial. The relative abundance may be one of these reasons. While not presented in

the Results section, when the relationship between the relative abundance of sample 1 and the
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ICC value was examined for all 30 individual fatty acids, the r? was 0.01 (P=0.530). However,
when only fatty acids with less than 1% abundance were included (n=22), there was a stronger
and positive correlation with the r?at 0.32 (P=0.006). This may be due to logistical
considerations for the fatty acids with very low abundance, such as detection sensitivity of the
lipidomics technique or sample collection or processing methods that may elicit degradation of
these fatty acids. For example, bone marrow fatty acid integrity may be impacted by collection
methods (e.g., needle extraction may damage cell membranes), storage temperature (e.g., colder
environments may limit enzyme activity and lipid degradation), duration of storage, and the
number of freeze-thaw cycles,“®%® especially for fatty acids with very low abundance. None of
the samples in the current study underwent previous freeze-thaw cycles. Nevertheless, study
findings have important implications for research and clinical investigation where biological
effects of specific fatty acids from bone marrow may be of interest. Based on our findings using
bone marrow collected during routine orthopedic surgical conditions, which may not be
generalizable to other clinical populations or methods that are designed specifically for bone
marrow extraction for analysis, we urge caution when assessing specific fatty acids with very
low abundance from bone marrow due to the potential for poor reliability in measurement
assessment.

We observed that the SEM was 1.6%, 3.5%, and 3.6% for the saturated,
monounsaturated, and polyunsaturated index, respectively, and that the SEM ranged from <0.1%

to 5.8% for the individual fatty acids. These observations indicate the range of values around the
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point estimate for each measure for intra-individual variability.®® We observed that the MDC
was 4.3%, 9.7%, and 9.9% for the saturated, monounsaturated, and polyunsaturated index,
respectively, and that the MDC ranged from <0.1% to 16.0% for the individual fatty acids. These
findings suggest that a change between repeated measurements larger than the MDC values
could indicate a real change with 95% certainty among a similar sample. Seeing the considerable
range of MDC, the degree of change needed to be considered a true change depends on the
specific bone marrow lipid composition measure. These values can be used for power analysis
and sample size calculation for research studies. Further consideration for longitudinal
assessment is that the absolute abundance of some individual fatty acids may remain the same
while others change drastically, thus impacting the relative abundance measure. How the
interplay between relative and absolute measures impacts biological outcomes remains to be
determined.

It is important to note that there are other approaches to examine the composition of bone
marrow that are less invasive. For example, bone marrow fat content using magnetic resonance
spectroscopy has been used as a biomarker to distinguish skeletal fragility and altered metabolic
states, such as type 2 diabetes,?”5®) and standard magnetic resonance imaging has been used to
quantify the extent of bone marrow fat infiltration in pediatric populations.G® A major advantage
of in vivo imaging is in general the relatively high reproducibility, such as an ICC of 0.96 for
bone marrow fat content in children with and without CP.®% However, in vivo imaging

techniques that are currently available for human research lack more granular information that
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tissue extraction can provide, such as the degree of saturation and unsaturation using magnetic
resonance spectroscopy®@’#7:%) compared to quantifying individual fatty acids using tissue
lipidomics.

A major strength of this study is that, to our knowledge, this is the first study to assess the
bone marrow lipid composition in children with varying degree of bone fragility and the first
study to assess the test-retest reliability of bone marrow lipid profiles among children and
adolescents. Further, the interest in the bone marrow adipose field is growing and acquiring bone
marrow tissue from children and adolescents for research is rare. Therefore, this work provides
novel and fundamental insights about the interpretability of bone marrow lipidomics among
pediatric populations with bone fragility, and the use of human tissue facilitates data acquisition
with direct clinical relevance. Although meaningful patterns did emerge, one limitation of this
study is the small sample size. However, a large sample size is not feasible due to the invasive
nature of acquiring bone marrow. Nevertheless, the findings from this sample size have practical
implications as research studies that include clinical pediatric populations, such as AIS or CP,
often have few participants due to logistical challenges, such as a low recruitment pool.
Therefore, a sample size of 16 is not uncommon for such studies, especially for studies that
require tissue extraction. Another limitation is the unknown site specific effect on reliability
measures as we collected tissue from T11 to L4. However, even if there are differences in bone
marrow lipid profiles along the vertebral column, the potential variability is less for reliability

assessment in this study considering the tissue samples are collected from the same site (as
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opposed to inter-site), immediately adjacent to one another, and collected during the same
surgery. In this study, site specific variation of reliability would indicate vertebral differences in
the degree of bone marrow tissue heterogeneity. While it is well documented that bone marrow
tissue is highly heterogeneous in terms of a diverse cellular pool, we are unaware of any studies
that have shown that the degree of heterogeneity differs by neighboring vertebral sites. Further,
we examined the correlation and agreement by lumbar and thoracic sites (e.g., all figures), which
provides little evidence of site specific effects. However, the sample size is small and we are
therefore unable to conclusively determine the presence or absence of site specific effects on the
reliability measures, SEM, and MDC. Finally, our exploratory analyses examined a small set of
potential variables, which may be confounded by other age-related factors, such as height.

In conclusion, the test-retest reliability for vertebral bone marrow saturated and
unsaturated index was moderate-to-good, and poor-to-excellent for individual fatty acids using
targeted lipidomics from children with bone fragility in which bone marrow was collected during
routine orthopedic surgery. Further, age, but not sex, was associated with a higher and lower
saturated and polyunsaturated index, respectively, but the lack of sex difference may have been
due to differences in the characteristics (e.g., CP). Future studies are needed to determine the
interplay among bone, marrow, physiology, physical function, and disease for pediatric
populations with bone fragility, not just for reliability assessment of the bone marrow lipidome,
but also for clinical management, intervention, and optimizing peak bone mass attainment for

these skeletally vulnerable populations.
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Table 1. Descriptive characteristics of participants (n=16).

Cerebral palsy, n (%) 3(18.8)
GMFCS, n
I-111 0
v 1
\Y 2
Ao\dolescent idiopathic scoliosis, n 13 (81.2)
(%)
Age, mean (SD) 15.1 (1.9)
Sex, n (%)
Female 9 (56.2)
Male 7 (43.8)
Race, n (%)
White 13 (81.2)
Black 2 (12.5)
Refused 1(6.3)
Bone marrow samples
Thoracic (T) 8
T11 4
T12 4
Lumbar (L) 8
L1 3
L2 2
L3 0
L4 3

GMEFCS, gross motor function classification system; SD, standard deviation.
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Table 2. Relative and absolute test-retest reliability estimates of lipid composition measures

from 16 vertebral bone marrow sample pairs.

15t sample 2" sample
Mean ipSD Mean i%D ICC (35% CI) SEM ~ MDC
Index measures (%) (%) ICC (95% CI) (%) (%)
Saturated index 31.07 £ 3.57 31.43 £ 3.53 0.81 (0.55, 0.93) 1.55 4.29
in'\c’j'g)?"“”sat“rated 3304+595 3456+6.09  0.66(0.250.87) 351  9.73
Polyunsaturated index 34.99+573  34.01+554 0.60 (0.17, 0.84) 3.56 9.88
Saturated fatty acids
15:0 0.10 £0.09 0.10 £ 0.09 0.93 (0.82, 0.98) 0.02 0.07
18:0 9.77+£1.78 10.08 £ 1.79 0.76 (0.44,0.91) 0.87 2.42
240 0.55+0.25 0.53+£0.27 0.76 (0.43, 0.91) 0.13 0.35
16:0 19.39 + 2.26 19.44 + 2.54 0.75 (0.42,0.91) 1.20 3.33
20:0 0.17 £0.07 0.19+£0.06 0.67 (0.29, 0.87) 0.04 0.10
14:0 0.59+0.42 0.58 £ 0.37 0.64 (0.21, 0.86) 0.24 0.66
22:0 0.30£0.10 0.30£0.10 0.58 (0.12, 0.83) 0.06 0.18
12:0 0.01+0.01 0.01x0.01 0.46 (-0.04, 0.77) 0.01 0.02
19:0 0.14+£0.04 0.14 £0.03 0.42 (-0.11, 0.75) 0.03 0.07
21:0 0.05x0.04 0.06 £ 0.05 0.10 (-0.42, 0.56) 0.04 0.12
<0.01 +
13:0 <0.01 <0.01 £<0.01 NA NA NA
Monounsaturated fatty acids
24:1 0.63+0.40 0.61+0.33 0.88 (0.69, 0.96) 0.13 0.35
14:1n-5 0.11+£0.14 0.1+0.09 0.87 (0.67, 0.95) 0.04 0.11
16:1n-7t 0.27 £ 0.06 0.26 £ 0.06 0.66 (0.26, 0.87) 0.03 0.10
18:1n-9 24.17 £ 9.64 25.83+7.93 0.57 (0.13, 0.83) 576 1597
16:1n-7c 1.65+0.58 1.61+0.49 0.56 (0.09, 0.82) 0.35 0.98
18:1n-7 6.59 £5.71 5.54 £ 3.36 0.53 (0.07, 0.81) 3.11 8.62
22:1 0.07£0.04 0.08 £ 0.03 0.35(-0.12, 0.71) 0.03 0.08
20:1 0.46 £0.12 0.53+0.17 0.25 (-0.21, 0.64) 0.13 0.35
Polyunsaturated fatty acids
18:3n-3 1.54 +2.26 1.39+1.81 0.97 (0.92, 0.99) 035 0.98
29
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22:5n-3
22:6n-3
22:4n-6
20:4n-6
20:3n-6
18:2n-6
18:3n-6
20:5n-3
20:2

22:2n-6

0.71+0.39
0.75+0.41
0.62 +0.27
4.46 £ 1.67
0.87 +0.33
25.49 * 3.66
0.14 +0.08
0.20+0.33
0.19+0.12
0.03+0.02

0.72+0.53
0.82 £ 0.62
0.61+0.31
4.32 +1.66
0.84+0.30
24.8 +2.69
0.13+0.06
0.15+0.23
0.21+0.14
0.03+0.02

0.85 (0.63, 0.95)
0.81 (0.54, 0.93)
0.80 (0.51, 0.93)
0.68 (0.29, 0.88)
0.67 (0.28, 0.87)
0.58 (0.14, 0.83)
0.53 (0.07, 0.81)
0.42 (-0.08, 0.75)
0.33 (-0.19, 0.70)
0.04 (-0.49, 0.52)

0.18
0.22
0.13
0.94
0.18
2.06
0.05
0.21
0.11
0.02

0.49
0.62
0.36
2.61
0.50
5.70
0.13
0.59
0.29
0.05

SD, standard deviation; ICC, intraclass correlation coefficient; Cl, confidence interval; SEM,

standard error of measurement; MDC, minimal detectable change; NA, not available (due to low

detection).
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Table 3. Relative and absolute test-retest reliability estimates of lipid composition measures

from vertebral bone marrow sample pairs after removing potential outliers and influential

observations.

15t sample 2" sample
Mean ipSD Mean i%D ICC (95% C1) SEM ~ MDC
Saturated fatty acids (%) (%) ICC (95% ClI) (%) (%)
20:0 (n=15) 0.18 £ 0.06 0.19 £ 0.06 0.92 (0.77,0.97) 0.02 0.05
19:0 (n=15) 0.14 £ 0.04 0.15+0.03 0.64 (0.21, 0.86) 0.02 0.06
21:0 (n=15) 0.05 £ 0.04 0.05 £ 0.02 0.57 (0.09, 0.83) 0.02 0.05
12:0 (n=14) <36031J—“ <001+001  0.10(-043,058 <001 001
Monounsaturated fatty acids
18:1n-9 (n=15) 2548 +8.38  25.27+7.88 0.91 (0.75, 0.97) 244  6.76
14:1n-5 (n=15) 0.08 £ 0.08 0.08 £ 0.07 0.85 (0.60, 0.95) 0.03 0.08
16:1n-7t (n=15) 0.26 + 0.04 0.25+0.05 0.35(-0.21, 0.73) 0.04 0.10
18:1n-7 (n=14) 452+0.71 472 +£0.48 0.17 (-0.38, 0.63) 0.54 1.50
Polyunsaturated fatty acids
18:3n-3 (n=15) 1.00 £ 0.68 0.97 £ 0.69 0.97 (0.91, 0.99) 0.12 0.33
20:5n-3 (n=14) 0.09+0.11 0.11+£0.17 0.88 (0.66, 0.96) 0.05 0.13
22:5n-3 (n=15) 0.64 +0.28 0.62 £ 0.34 0.74 (0.38, 0.90) 0.16 0.44
22:4n-6 (n=15) 0.58 £0.23 0.55+0.24 0.71 (0.33, 0.89) 013 035
22:2n-6 (n=15) 0.03+0.01 0.03 £ 0.02 0.35(-0.19, 0.73) 0.01 0.03
18:3n-6 (n=15) 0.13+0.07 0.12 £ 0.04 0.34 (-0.19, 0.72) 0.04 0.12

SD, standard deviation; ICC, intraclass correlation coefficient; Cl, confidence interval; SEM,

standard error of measurement; MDC, minimal detectable change.
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