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Abstract
The aim of this study was to compare three methods of adjusting skeletal data for body size and
examine their use in QTL analyses. It was found that dividing skeletal phenotypes by body mass
index induced erroneous QTL results. The preferred method of body size adjustment was multiple
regression.

Introduction—Many skeletal studies have reported strong correlations between phenotypes for
muscle, bone, and body size, and these correlations add to the difficulty in identifying genetic
influence on skeletal traits that are not mediated through overall body size. Quantitative trait loci
(QTL) identified for skeletal phenotypes often map to the same chromosome regions as QTLs for
body size. The actions of a QTL identified as influencing BMD could therefore be mediated through
the generalized actions of growth on body size or muscle mass.

Materials and Methods—Three methods of adjusting skeletal phenotypes to body size were
performed on morphologic, structural, and compositional measurements of the femur and tibia in
200-day-old C57BL/6J × DBA/2 (BXD) second generation (F2) mice (n = 400). A common method
of removing the size effect has been through the use of ratios. This technique and two alternative
techniques using simple and multiple regression were performed on muscle and skeletal data before
QTL analyses, and the differences in QTL results were examined.

Results and Conclusions—The use of ratios to remove the size effect was shown to increase
the size effect by inducing spurious correlations, thereby leading to inaccurate QTL results.
Adjustments for body size using multiple regression eliminated these problems. Multiple regression
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should be used to remove the variance of co-factors related to skeletal phenotypes to allow for the
study of genetic influence independent of correlated phenotypes. However, to better understand the
genetic influence, adjusted and unadjusted skeletal QTL results should be compared. Additional
insight can be gained by observing the difference in LOD score between the adjusted and nonadjusted
phenotypes. Identifying QTLs that exert their effects on skeletal phenotypes through body size-
related pathways as well as those having a more direct and independent influence on bone are equally
important in deciphering the complex physiologic pathways responsible for the maintenance of bone
health.
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INTRODUCTION
MANY BIOLOGICAL PHENOMENA vary with body size, which can confound interpretation when studying
differences in measures resulting from factors other than general growth and resultant body
size. Variables of interest are often adjusted or “scaled” to a measure of body size specific to
the biological function such as leg length for locomotion measures, body weight for lung
function, or limb length for muscle mass. Standard measures of body size are body weight,
height, and body mass index (BMI = weight divided by length squared).

Ratios are often used to scale both human and animal musculoskeletal data. Muscle mass and
strength comparisons are frequently made on body size–adjusted measures. Two methods are
typically used to adjust muscle strength: the first is the standard ratio method where muscle
strength is divided by body mass, and the second is allometric scaling based on geometric or
biological similarity, where muscle strength is divided by body mass or another mass related
measure at the power of two-thirds.(1–3) Comparisons are also made on muscle mass adjusted
for height. For example, Zamboni et al.(4) adjusted appendicular skeletal muscle mass in
humans for height by dividing muscle mass by height squared and Masinde et al.(5) adjusted
lean body mass for body length by dividing by body length to identify quantitative trait loci
(QTLs) for lean body mass independent of body length in mice. Because many skeletal
measures are proportional to size, skeletal measures are often adjusted for both body height
and body weight. To obtain a measure of BMD independent of height, Harris and Dawson-
Hughs(6) corrected BMD at the spine and femoral neck by dividing by height, and for total
body BMD, they divided by the square root of height. The square root of height was used to
adjust total body BMD because total body BMD divided by height was negatively correlated
with height (r = −0.26), whereas total body BMD divided by the square root of height was not
(r = −0.02). Mechanical properties of bone have also been adjusted to body size. Lochmuller
et al.(7) normalized human cadaver vertebral failure load to body weight, body length, and body
weight × body length by dividing by each of these measures separately.

Packard and Boardman(8) have previously discussed issues associated with using ratios to scale
experimental data, and Atchley et al.(9) used simulated data to show how spurious correlations
may arise from using ratios as a method of scaling. For example, if a subsequent analysis is to
be performed on measures of gastrocnemius muscle mass (X1), body size (X2), and tibial
diaphyseal length (X3) and the intent is to study whether the same genes are influencing muscle
mass and bone length independent of overall body size, the investigator may choose to divide
bone and muscle measures by body mass index (BMI). The new variables would be muscle
mass–scaled (Y = X1/X2) and bone-length-scaled (Z = X3/X2). When two adjusted variables
are derived using a common denominator as in the example above, a spurious correlation can
be induced if the CV of the denominator is not equal to the CV of the numerator.(9) The CV is
equal to the SD divided by the mean multiplied by 100.
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The CV measures the variability relative to the mean and allows for comparison of the
dispersion of different types of data. The ratio of the CV of the variable of interest to the CV
of the denominator (scaling variable, i.e., body size) can be used as an indicator of how much
spurious correlation is induced relative to the initial correlation of two different variables before
scaling with the same denominator. Results from the simulated date of Atchley et al.(9) showed
that as the ratio of the CVs (δ1/δ2) decreased from 2 to 0.1, the induced correlation between
the new ratio variables Y and Z increased. The initial correlation coefficient between X1 and
X3 was varied from positive 0.75 to negative 0.75 while holding the correlation of X1 to X2
and X3 to X2 equal to zero. All cases resulted in an increase in spurious correlation between
the adjusted variables Y and Z. As the correlation of X1 to X2 and X3 to X2 was increased to
0.5 and –0.5 and the ratio of the CVs was decreased from 2 to 0.1, the induced correlation
between Y and Z increased. The model of Atchley et al.(9) nicely showed that using ratios to
remove a size effect may actually induce more of a size effect. The larger the CV of the
denominator relative to the numerator, the greater will be the induced correlation. Attempting
to remove the covariant body size from muscle and bone measures could actually produce an
increase in the size effect, an increase in correlation of muscle to bone, and an increase in the
correlation of muscle to body size and bone to body size.

The issue of removing size effects is particularly germane to skeletal studies aimed at defining
genetic regulation of the skeleton and pathways through which specific genes function. Twin
studies(10) as well as inbred mouse studies(11–13) have confirmed that bone properties are under
significant genetic influence. Many factors are known to influence bone mass acquisition,
including diet, sex, endocrine factors, mechanical loading, and genetics. Previous studies have
also shown that muscle mass is associated with increased bone mass.(14) In addition, body
weight and length are significantly correlated with skeletal measures(15,16) and also have been
shown to be under significant genetic influence.(12,15,16) Distinguishing whether a gene (or
chromosomal locus containing a gene) is operating on bone through overall growth and size
effects or through actions unrelated to growth is an important first step toward defining the
physiologic pathway through which the gene or locus exerts influence.

The mechanical strength of bone is not based solely on density (bone tissue per unit volume)
but rather is the result of complex interactions among size, shape, cross-sectional tissue
distribution, and mechanical integrity of the matrix itself. By way of example, it has long been
known that the cortical expansion of long bones that occurs with age acts partially to offset the
effects of age-related bone loss because the redistribution of cortical bone away from the axis
of bending increases bending strength, thus a geometric change in bone distribution
compensates for a volumetric change in bone mass.

The highest loads normally experienced by bone are from muscle forces used to resist or
produce movement. As muscle mass increases the potential load applied to bone increases,
with concurrent increases in bone strain. These changes in load presumably modulate the
growth, modeling, and remodeling of our skeletons, according to principles commonly referred
to as Wolff’s law. A study by Zanchetta et al.(17) of boys and girls between the ages of 2 and
20 showed that bone formation continued as long as muscle mass was increasing and provided
a cogent illustration of this concept.

Whereas muscles are thought to provide the largest source of bone strain, body weight is the
second biggest intrinsic contributor. The effect of body size, both length and mass, is complex
and can interact with physical activity, which also plays a role in the skeletal loading
environment. The correlation between body weight and skeletal measures such as cortical
thickness or BMD by DXA could also be a result of a simple scaling effect where larger
individuals have larger bones, resulting in increased cortical thickness and increased BMD.
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QTL analysis is one method that can be used to identify genetic influence of continuously
distributed traits. F2 generation mice are often used in QTL analysis and are produced by first
mating two highly inbred progenitor strains such as C57BL/6J (B6) and the DBA/2 (D2) strains,
producing an F1 generation, and then mating the F1 generation to produce an F2 generation.
The genome of the F2 generation will vary across each chromosome with three possible allelic
states. At each marker, one-quarter of the mice will be homozygous with a B6-B6 allelic state,
one-quarter of the mice will be homozygous with a D2-D2 allelic state, and one-half of the
mice will be heterozygous with a B6-D2 allelic state. For each individual mouse, the genotype
is determined for several markers on each chromosome in the mouse genome, and the genotype
of each marker can be in any of the three allelic states because of recombination during meiosis.
This variation allows for the isolation of chromosomal intervals that are associated with
differences in a phenotypic trait among the individual F2 mice.

Recently, there have been many studies in the literature reporting QTLs for skeletal measures,
such as BMD, bone strength, or cortical thickness, that have co-localized with QTLs for
nonskeletal phenotypes such as body weight, body length, and adipose mass.(18–23) Many of
these skeletal measures have been shown to be correlated with body size, suggesting that
genetic effects might be mediated through generalized growth and resultant overall body size.
Adjusting data to body size allows for the investigation of QTLs that influence skeletal
measures independently of body size.

This paper explores statistical issues associated with adjusting skeletal measures to body size
in an attempt to remove simple scaling effects. The effects that specific adjustment procedures
have on the results of QTL analyses of skeletal data are examined and discussed.

MATERIALS AND METHODS
Animal husbandry

Two hundred male and 200 female F2 mice derived from C57BL/6J and DBA/2 progenitor
strains were examined at 200 days of age. Animal breeding and maintenance were conducted
in a specific pathogen-free barrier facility maintained by The Center for Developmental and
Health Genetics at The Pennsylvania State University. Mice were weaned into like-sex sibling
groups at about 25 days of age with four animals per cage. They were fed a diet of autoclaved
Purina Mouse Chow 5010 (content: 1.0% calcium, 0.67% phosphorus, 0.22% magnesium, and
4.4 IU/g vitamin D) ad libitum, designed (after autoclaving) to be equivalent to Purina 5001
(content: 0.95% calcium, 0.67% phosphorus, 0.21% magnesium, and 4.5 IU/g vitamin D). The
barrier facility was maintained under positive air pressure with a temperature- and humidity-
controlled environment and a 12-h light/dark cycle. All procedures complied with and were
approved by the Pennsylvania State University Institutional Animal Care and Use Committee.

Genotyping
All animals were genotyped using 96 microsatellite markers distributed throughout the genome
with an average spacing of 15–20 cM. Marker analyses were conducted on purified DNA
samples procured from tail snips using an automated, fluorescence-based detection system
described in detail in Vandenbergh et al.(24)

Tissue harvest and gross dimensional measurements
Animal weight was recorded before death by cervical dislocation. Nose-to-anus length was
recorded immediately after death. Epididymal fat pads (in males) and uterine fat pads (in
females) were dissected and weighed to 0.1 g accuracy on an electronic balance. The right hind
limb was harvested, and the gastrocnemius, soleus, tibialis anterior, and extensor digitorum
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longus muscles were dissected and weighed to the nearest hundredth of a milligram. The femur
and tibia were cleaned and stored at −20°C until mechanically tested.

At the time of testing, the bones were thawed at ambient temperature. A digital caliper accurate
to 0.01 mm was used to measure femoral length and femoral width at the center of the diaphysis
in both the sagittal and coronal planes and epiphyseal width in the coronal plane. Femoral head
and neck diameter were also measured. The tibia was measured similarly, except that the
proximal, rather than distal, epiphyseal width was measured.

Flexural testing of the right femoral and tibial diaphysis
Femora and tibias were mechanically tested to failure in three-point bending in an MTS
MiniBionix 858 testing apparatus (MTS Systems, Eden Prairie, MN, USA) using support spans
of 8 (femur) and 10 mm (tibia) and a displacement rate of 1 mm/minute. Femurs were
consistently oriented so that the nosepiece was posteriorly directed in respect to the diaphysis.
A small section of the anterior flare of the proximal tibia was carefully removed to stabilize
the bone on the support span where it was loaded with the anterior cortex in tension. All testing
was executed with the bones wet and at ambient temperature. Yield load, yield displacement,
energy absorbed at yield, failure load, failure displacement, energy absorbed at failure, and
stiffness were determined.

Compositional analysis of the tibia and ash mass of the femur
After mechanically testing the femoral shaft, the femoral bone fragments were ashed in a
muffled furnace at 800°C for 24 h to determine femoral ash mass. After flexural testing of the
tibia, the distal fragment was dried in a vacuum oven at 100°C for 24 h and ashed at 800°C for
24 h. Percentage water, organic, ash, and mineralization were obtained based on the wet, dry,
and ash mass of the tibia.

Tissue processing and histomorphometry
The proximal tibia and previously ashed distal femur were embedded in methyl methacrylate
using a three-step three-solution approach.(25) A diamond wire saw (Delaware Diamond
Knives, Wilmington, DE, USA) was used to cut 150-mm diaphyseal cross-sections. Digital
images of each cross-section were collected using a light microscope equipped with a 4×
objective and a high-resolution CCD video camera interfaced to a personal computer. Images
were captured using NIH IMAGE software (version 1.61; NIH). Total area within the periosteal
surface, medullary area within the endosteal surface, cortical area, centroid of the cross-section,
cross-sectional moment of inertia (CSMI), average cortical thickness, and distance from the
centroid to the tensile periosteal surface were calculated using a MATLAB program (version
6.5, release 13; Math-Works).

Material properties
Cross-sectional data, together with data from the flexural tests, were used to calculate the yield
and failure stress (σ = FLc/4I), strain (ɛ = 12cd/L2), and elastic modulus (E = FL3/d48I) of
each diaphysis, where σ is the bending stress, F is yield or failure load, L is unsupported span
length, c is the distance from the cross-section centroid to the tensile periosteal surface, I is the
cross-sectional moment of inertia, and d is the machine displacement. Equations used to
calculate material properties were derived from standard beam theory.

Analyses
All phenotypic data were tested for normality, and natural log or square root transformations
were used when necessary. The results based on transformed variables are indicated with an
(L) for log transformation or an (S) for square root transformation. All analyses were conducted
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on male and female combined data that were corrected for sex mean differences by subtracting
the difference between the male and female mean from each individual male measurement.
Variance differences, if present, were retained.

Body size adjustment—Three methods were used to adjust skeletal and muscle phenotypic
measurements to body size measures. Initially, skeletal and muscle measures were adjusted to
BMI. This adjustment was performed using a ratio method and consisted of dividing each
phenotypic measure by BMI. The second method of adjustment was regression of each
phenotype against BMI. A third method was also performed, whereby skeletal and muscle
phenotypic measures were adjusted using multiple regression against body weight and body
length. The regression analyses yielded a residual value for each individual data point, which
was subsequently used as the adjusted phenotypic value. All phenotypic data were inspected
and contrasted to screen for effects of adjustment. Variables most illustrative of generalized
outcomes were selected for further examination of their relative variance. Pearson product
moment correlations were also performed on these variables.

QTL analyses—QTL analyses were performed on the F2 cohort to locate chromosomal
regions influencing phenotypic variables using QTL Cartographer software to perform interval
mapping.(26) QTL analyses were performed on nonadjusted data, data adjusted by dividing
with BMI, data adjusted by regressing against BMI, and data adjusted by multiple regression
against weight and length. Analyses showing interesting effects of adjustment are presented.

RESULTS
Many skeletal phenotypes were positively correlated with body size and muscle mass
phenotypes (Table 1). After adjustment using the BMI ratio method, the correlation of all
skeletal phenotypes with BMI and body weight dramatically increased, and the sign of the
relationship changed from positive to negative; however, the correlations of skeletal
phenotypes with body length decreased and were no longer significant (Table 2). The
correlations between skeletal phenotypes and muscle mass also increased substantially after
adjustment with the ratio method. The BMI regression method completely removed the
correlation of skeletal and muscle phenotypes with BMI and reduced the correlations between
musculoskeletal measures and body weight and body length; nevertheless, relationships
between those variables remained significant (Table 3). The body size and body length multiple
regression method completely removed the correlation of skeletal and muscle phenotypes with
BMI, body weight, and body length (Table 4).

The ratio of the CV of each phenotype (CVPheno) over the CV of BMI (CVBMI) was much
<1.0 for most of the traits. This result was because of the relatively large CV of BMI compared
with the CV of many of the traits (Table 5).

Interval mapping results for chromosome 13 (Fig. 1) best show the effects of adjustment using
the three techniques. BMI, body weight, and body length all mapped to the proximal region of
chromosome 13. Only 3 of the musculoskeletal phenotypes mapped to chromosome 13 before
body size adjustment, whereas 11 were present after adjustment using the ratio method. After
adjustment using the regression methods, the LOD scores of the three musculoskeletal
measures noted in the analyses on the nonadjusted data decreased markedly. The additional
QTLs indicated using ratio-adjusted data were completely absent. Similar results were seen
for the ratio method of adjustment on chromosome 7 with several musculoskeletal traits
mapping to chromosome 7 that were not initially present in the unadjusted results (Fig. 2).
However, the QTL results for chromosome 7 using the regression adjustment methods
produced increased LOD scores for tibialis anterior muscle mass, femur ash mass, and femur
ultimate load compared with the unadjusted results.
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Overall, adjusting musculoskeletal phenotypes for body size through multiple regression
yielded very different QTL LOD scores (Table 6). In some cases, LOD scores markedly
increased after adjustment with multiple regression, and in other cases, LOD scores decreased.

DISCUSSION
Skeletal QTLs often co-localized with QTLs for body weight, body length, and adipose mass.
Bone, muscle, and fat are three primary contributors to overall body weight and are highly
correlated, making it difficult to determine the operational pathway of these genetic loci. Co-
localization could be caused by pleiotropic effects. However, the co-localization of correlated
phenotypes to the same locus or chromosomal region is not definitive evidence that there is
one gene controlling all of the correlated phenotypes. Because of the substantial number of
genes that could be present within the chromosomal region encompassing the QTL, the same
region could include several tightly linked genes that influence the correlated phenotypes
independently.

Additional insight can be gained by observing the difference in LOD score between the adjusted
and nonadjusted phenotypes. A reduction in the LOD score of a skeletal phenotype after
adjustment could be indicative of a genetic effect mediated through body size, whereas an
increase in LOD score may suggest that a confounding effect was eliminated.

Unadjusted skeletal and muscle phenotypes were strongly correlated with each other, as were
skeletal and muscle traits with body size (Table 1). Femur ultimate load and femur ash had
correlations of r = 0.26 and r = 0.35 with body length, but after adjusting with the BMI ratio
technique (a commonly used scaling method), the correlations with body length were no longer
significant. This is likely because of the fact that BMI itself is more strongly correlated with
body weight (r = 0.85) than body length (r = 0.20). The correlations between many of the
muscle and skeletal phenotypes were consistently higher for ratio-adjusted data compared with
the nonadjusted data (Table 2). For example, the correlation of tibial length to tibialis anterior
muscle mass increased from r = 0.43 (nonadjusted) to r = 0.96 (ratio adjusted), and the
correlation between femur ash mass and BMI, phenotypes that were initially not correlated,
increased from r = 0.06 (nonadjusted) to r = 0.84 (ratio adjusted). Attempting to remove the
size effect by using the BMI ratio method increased the correlation of each variable with BMI
and changed the sign of the relationship.

In general, most morphological measures such as skeletal width and length were more strongly
correlated with body length than with body weight, and skeletal strength measures such as tibia
ultimate load and muscle mass were more strongly correlated with body weight. However, this
was not always the case, and several measures were equally correlated with body length and
body weight. Every trait correlated more strongly with either body length or body weight than
BMI. BMI has traditionally been used as a way to scale body size, so that the differences
between body weight per unit length could be distinguished.

Initially, BMI was used in the regression adjustment method. However, because a stronger
correlation is observed between BMI and body weight (r = 0.85) than between BMI and body
length (r = 0.2), the residualized data are more correlated with body length than body weight
after regression, regardless of whether they were more strongly correlated with length or weight
before regression (Table 3). Regression using BMI, by definition, removes all of the variance
associated with BMI, but it fails to remove correlations with both body weight and body length.
As expected, adjustment by multiple regression completely removes the covariance of body
weight and length. After adjustment to body length and body weight using multiple regression,
most of the skeletal phenotypes continued to be significantly correlated with muscle
phenotypes. However, the correlation was considerably reduced (Table 4). As seen in this work,
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comparing LOD scores before and after these types of adjustments could be of considerable
value when interpreting data from QTL analyses.

The difference in correlation between nonadjusted phenotypes and ratio-adjusted phenotypes
clearly indicates an induced correlation increasing the size effect. Using the ratio-adjusted
phenotypic data in quantitative trait loci analyses (Figs. 1 and 2) can lead to erroneous results.
Analyses for chromosomes 13 and 7 are excellent examples of this effect. Many of the “ratio”-
adjusted phenotypes mapped to QTLs associated with body size phenotypes, whereas “non-
adjusted” phenotypes did not. For example, tibial coronal width did not map to chromosome
13 initially, but ratio adjustment produced a LOD score >5. On chromosome 13, only three of
the traits that mapped on the “ratios” graph were also on the “nonadjusted” graph, and all three
of these showed a decrease in LOD score when adjusted using the multiple regression method.
The data indicate that multiple regression completely removes size effects, whereas the “ratios”
method tends to induce size effects that were not there initially. However, the “ratio” method
does not seem to effect the LOD scores for the three traits that mapped to chromosome 13
initially compared with the other traits that mapped to the “ratio” graph in Table 1. The LOD
scores for tibial length and femur stiffness did not increase on the “ratios” graph, and the LOD
score of tibialis anterior had only a marginal increase, although the peak position shifted to
correspond more closely with the LOD score curves for body weight, body length, and BMI.
The “ratio” results for tibialis anterior, tibial length, and femur stiffness are somewhat
counterintuitive. Going back to our correlation tables, we find that adjusting these phenotypes
using the ratio method produced marked increases in their correlation with BMI and a less
striking but still significant increase in their correlation with body weight.

The results from chromosome 7 show a similar pattern for the “ratio”-adjusted data, with many
traits mapping to the region of the chromosome associated with QTLs for body size phenotypes,
trends not seen in the nonadjusted data or data adjusted using the regression technique. Most
of the traits that were seen on chromosomes 7 and 13 that mapped to the body size QTL
positions had CV ratios (CVRs) <0.5, supporting the argument that these QTLs are the product
of correlations induced by the ratio adjustment technique. The multiple regression method of
adjustment produced interesting findings for chromosome 7. Tibialis anterior, femur ultimate
load, and femur ash mass displayed significant increases in LOD scores after multiple
regression adjustment. These three traits were the most affected by multiple regression, and
they were also the three traits that scored the highest on the “ratios” graph. This finding could
be an indication that the QTL or multiple QTLs on chromosome 7 has or have a direct effect
on body size, muscle mass, and skeletal strength, as opposed to acting indirectly through body
size, which is likely the case with the QTL on chromosome 13. Alternatively, it could suggest
that two closely linked QTLs are present on chromosome 7, with one significantly influencing
body size and the other influencing skeletal strength. Removing the variance from skeletal
strength that is associated with body size could increase the significance of the skeletal QTL
by decreasing the residual “error” variance relative to the true phenotypic value.

In the case of chromosome 13, the multiple regression adjustment method decreased the LOD
scores of phenotypes found in the analysis of nonadjusted data. In contrast, the same method
produced the opposite effect on the phenotypes associated with loci on chromosome 7, resulting
in an increase of LOD scores relative to the nonadjusted data. These inconsistencies could
possibly be explained by studying the increase or decrease in LOD score after multiple
regression on body weight and length relative to the direction of allelic effect at the locus for
body size phenotypes compared with skeletal and muscle phenotypes (Table 6). On
chromosomes 3, 4, 11, and 13, the increasing allele for body weight and/or body length is also
increasing for muscle and/or skeletal measures, and the result of regressing out body weight
and body length was a decrease in LOD score. Conversely, on chromosomes 6, 7, and 15, the
increasing allele for body weight and/or body length is opposite to the increasing allele for
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muscle and/or skeletal measures, and regressing out body weight and body length results in an
increase in LOD score. Thus, the decrease in LOD score for femur stiffness, tibia length, and
tibialis anterior muscle mass on chromosome 13 after multiple regression is most likely caused
by removing the covariance of body weight and length that co-localize to the same region. This
is an indication that the genetic influence of this locus on these skeletal measures could be
mediated through body size. The increase in LOD scores for the multiple regression phenotypes
that co-localized with body weight and length on chromosome 7 is probably caused by
removing the covariance of body weight and length that had opposing genetic effects at the
same locus. The results for chromosomes 1 and 17 are less clear. On chromosome 1, the D2
allele has an increasing genetic effect for body weight, whereas the increasing allele for body
length was B6. For several skeletal phenotypes, regressing out body weight and body length
decreased the LOD score, and for a few phenotypes, it increased the LOD score.

In conclusion, as noted, the dangers associated with the use of ratios arrived at by correcting
phenotypic data by body weight have been discussed previously,(8,9) yet this method is still
used. The data presented here re-emphasize these dangers. Using this technique in QTL
analysis of skeletal traits will almost certainly lead to inaccurate results. Multiple regression
is an efficient means of removing variance caused by co-factors to allow for the study of genetic
influences independently of correlated phenotypes; however, interpretation of the results is
complex. In general, residuals obtained through multiple regression mapped very closely to
their unregressed counterparts, but in many cases, the LOD scores were markedly different.
Multiple regression should be used to remove the variance of cofactors related to skeletal
phenotypes to allow for the study of genetic influence independent of correlated phenotypes.
However, the identification of QTLs that exert their effects on skeletal phenotypes through
body size–related pathways as well as those having a more direct and independent influence
on bone are both important in elucidating genetic influence on bone quality.

The mechanisms involved in bone’s response to its loading environment are complex and
involve pathways that are mediated through muscle, activity, and body size. The correlations
between body size, muscle mass, physical activity, and skeletal phenotypes can arise through
different pathways, and in some cases, produce conflicting responses. Distinguishing between
a scaling effect and a response effect is critical in understanding the causal relationships in
these complex pathways.
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FIG. 1.
Interval mapping results for chromosome 13. LOD scores are plotted against centimorgan
position along the chromosome. The horizontal line indicates the suggestive LOD score
threshold of 2.8.
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FIG. 2.
Interval mapping results for chromosome 7. LOD scores are plotted against centimorgan
position along the chromosome. The horizontal line indicates the suggestive LOD score
threshold of 2.8.
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Table 1
Pearson Correlation Coefficients for Nonadjusted Phenotypes

Phenotypes BMI (kg/
m2)

Body weight
(g)

Body length
(cm)

Gastrocnemius mass
(mg)

Tibialis
anterior mass

(mg)

Body weight (g) 0.85 1
Body length (cm) 0.20 0.68 1
Gastrocnemius mass (mg) 0.29 0.44 0.41 1
Tibialis anterior mass (mg) 0.28 0.41 0.36 0.54 1
Tibia length (mm) 0.21 0.38 0.40 0.42 0.43
Femur length (mm) 0.05 0.25 0.38 0.33 0.36
Femur ultimate load (N) 0.10 0.22 0.26 0.28 0.26
Femur stiffness (L) (N/mm) 0.12 0.21 0.23 0.08 0.16
Femur ash (S) (g) 0.06 0.23 0.35 0.27 0.36
Tibia stiffness (L) (N/mm) 0.16 0.25 0.23 0.15 0.26

Correlations showing significance at the p < 0.01 level are in gray and at the p < 0.05 are bold. Transformed phenotypes are indicated with an (L) for a
log or (S) for a square root transformation.
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Table 2
Pearson Correlation Coefficients for Adjusted Phenotypes Using the BMI Ratio Method

Phenotypes BMI (kg/
m2)

Body weight
(g)

Body length
(cm)

Gastrocnemius mass
(mg)

Tibialis
anterior (L)
mass (mg)

Body weight (g) 0.85 1
Body length (cm) 0.20 0.68 1
Gastrocnemius mass (mg) −0.45 −0.21 0.24 1
Tibialis anterior mass (L) (mg) −0.95 −0.75 −0.06 0.58 1
Tibia length (mm) −0.97 −0.77 −0.10 0.50 0.96
Femur length (mm) −0.96 −0.75 −0.06 0.53 0.95
Femur ultimate load (N) −0.56 −0.36 0.10 0.45 0.61
Femur stiffness (L) (N/mm) −0.90 −0.71 −0.07 0.45 0.89
Femur ash (S) (g) −0.84 −0.60 0.04 0.52 0.87
Tibia stiffness (L) (N/mm) −0.85 −0.66 −0.06 0.45 0.86

Correlations showing significance at the p < 0.01 level are in gray and at the p < 0.05 are bold. Transformed phenotypes are indicated with an (L) for a
log or (S) for a square root transformation.
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Table 3
Pearson Correlation Coefficients for Adjusted Phenotypes Using the BMI Regression Method

Phenotypes BMI (kg/
m2)

Body weight
(g)

Body length
(cm)

Gastrocnemius mass
(mg)

Tibialis
anterior (L)
mass (mg)

Body weight (g) 0.85 1
Body length (cm) 0.20 0.68 1
Gastrocnemius mass (mg) 0 0.20 0.36 1
Tibialis anterior mass (L) (mg) 0 0.18 0.32 0.50 1
Tibia length (mm) 0 0.20 0.37 0.38 0.41
Femur length (mm) 0 0.20 0.37 0.32 0.36
Femur ultimate load (L) (N) 0 0.14 0.25 0.26 0.23
Femur stiffness (L) (N/mm) 0 0.11 0.21 0.05 0.14
Femur ash (S) (g) 0 0.19 0.34 0.27 0.36
Tibia stiffness (L) (N/mm) 0 0.11 0.20 0.11 0.22

Correlations showing significance at the p < 0.01 level are in gray and at the p < 0.05 are bold. Transformed phenotypes are indicated with an (L) for a
log or (S) for a square root transformation.
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Table 4
Pearson Correlation Coefficients for Adjusted Phenotypes Using the Body Weight and Length Multiple
Regression Method

Phenotypes BMI (kg/m2) Body weight
(g)

Body length
(cm)

Gastrocnemius
mass (mg)

Tibialis
anterior (L)
mass (mg)

Body weight (g) 0.85 1
Body length (cm) 0.20 0.68 1
Gastrocnemius mass (mg) −0.002 0 0 1
Tibialis anterior mass (L) (mg) −0.004 0 0 0.43 1
Tibia length (mm) −0.004 0 0 0.27 0.32
Femur length (mm) −0.003 0 0 0.21 0.27
Femur ultimate load (L) (N) −0.004 0 0 0.19 0.16
Femur stiffness (L) (N/mm) 0.005 0 0 −0.02 0.08
Femur ash (S) (g) −0.007 0 0 0.15 0.28
Tibia stiffness (L) (N/mm) −0.001 0 0 0.04 0.16

Correlations showing significance at the p < 0.01 level are in gray and at the p < 0.05 are bold. Transformed phenotypes are indicated with an (L) for a
log or (S) for a square root transformation.
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Table 5
Descriptive Statistics for Select Variables

Phenotype Mean SD Variance CV CVPheno/CVBMI

Body mass index (kg/m2) 2.95 0.33 0.11 11.13 1.00
Body weight (g) 28.19 4.61 21.23 16.35 1.47
Body length (cm) 9.75 0.36 0.13 3.69 0.33
Gastrocnemius (mg) 113.70 16.05 257.57 14.12 1.27
Tibialis anterior (mg) 41.30 4.79 22.93 11.59 1.04
Tibia length (mm) 18.08 0.42 0.18 2.32 0.21
Femur length (mm) 15.81 0.45 0.20 2.84 0.25
Femur ultimate load (N) 18.65 2.70 7.29 14.47 1.30
Femur stiffness (L) (N/mm) 4.64 0.22 0.05 4.74 0.43
Femur ash (S) (g) 0.16 0.01 0.00 6.74 0.61
Tibia stiffness (L) (N/mm) 4.00 0.24 0.06 5.94 0.53

Transformed phenotypes are indicated with an (L) for a log or (S) for a square root transformation.
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Table 6
QTL Results From Interval Mapping

Chromosome 1
Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele

Femur Medullary Area 43.11 3.29 2.56 −0.73 B6
Femur Epiphyseal Width 51.11 2.04 3.18 1.14 D2

Femur Sagital Width 53.11 4.76 4.05 −0.71 B6
Femur Length 72.11 6.20 4.75 −1.45 B6
Tibia Length 74.11 7.96 9.89 1.93 B6
Body Weight 78.11 3.42 D2
Body Length 80.11 3.54 B6

Tibia Total Area 89.21 3.33 3.94 0.62 B6
Tibia CSMI 89.21 3.03 3.83 0.80 B6

Body Mass Index 91.21 3.74 D2
Chromosome 3

Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele
Body Weight 4.41 1.75 B6
Gastrocnemius 6.41 5.11 2.84 −2.27 B6
Body Length 10.41 3.00 B6
Tibia Length 13.81 4.40 2.29 −2.11 B6

Alkaline Phosphatase 13.81 4.20 3.73 −0.46 B6
Chromosome 4

Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele
Body Weight 7.91 2.40 D2
Body Length 27.91 3.58 D2

Tibia Ultimate Load 29.91 3.13 1.90 −1.23 D2
Femur Length 43.91 3.50 1.52 −1.98 D2

Chromosome 6
Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele

Tibia Coronal Width 5.51 2.45 2.94 0.49 B6
Tibia Total Area 5.51 2.57 3.11 0.53 B6

Tibia CSMI 5.51 2.51 3.05 0.54 B6
Tibia Length 7.51 3.09 4.25 1.16 B6

Body Mass Index 11.51 1.69 D2
Tibia Stiffness 13.51 2.87 3.68 0.82 B6
Gastrocnemius 34.51 1.75 3.48 1.74 B6

Tibialis Anterior Mass 40.51 1.95 3.06 1.11 B6
Femur Coronal Width 52.31 5.92 6.74 0.82 B6

Chromosome 7
Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele

Femur Yield Load 17.41 3.54 4.37 0.83 D2
Femur Ultimate Load 19.41 3.61 5.36 1.75 D2

Body Mass Index 21.41 3.36 B6
Body Weight 23.41 3.21 B6

Femur Ultimate Work 24.51 2.49 3.28 0.79 D2
Body Length 24.51 1.76 B6

Tibialis Anterior Mass 26.51 2.01 3.64 1.63 D2
Femur Ash Mass 36.51 2.55 3.95 1.40 D2

Chromosome 11
Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele

Body Length 34.01 3.86 D2
Femur Coronal Width 38.01 3.75 2.47 −1.27 D2

Femur Length 42.01 3.30 2.46 −0.84 D2
Tibia Length 44.01 3.69 2.78 −0.90 D2

Chromosome 13
Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele

Femur Stiffness 16.01 3.54 2.11 −1.43 D2
Body Mass Index 22.01 4.64 D2

Body Weight 24.01 6.61 D2
Tibia Length 26.01 4.37 1.91 −247 D2
Body Length 28.01 3.13 D2

Tibialis Anterior Mass 40.01 2.98 1.40 −1.58 D2
Chromosome 15

Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele
Body Length 35.01 2.49 D2

Femur Yield Load 43.01 2.12 2.98 0.86 B6
Body Weight 43.01 2.14 D2

Femur Ultimate Load 51.91 2.38 3.41 1.03 B6
Chromosome 17

Phenotype Peak cM LOD Un-Ad LOD MR LOD Difference Increasing Allele
Body Mass Index 34.01 3.06 B6

Body Weight 42.01 2.20 B6
Femur Yield Load 44.51 2.85 2.42 −0.43 D2

Femur stiffness 54.51 4.68 5.14 0.46 D2
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Legend:

Peak cM: Peak centimorgan position for interval.

LOD: Base 10 logarithm of the odds favoring linkage. (Un-Ad-results for unadjusted data, MR-results for multiple regressed residulas)

LOD Difference: Lod score difference between QTL results for unadjusted data and residuals from multiple regression normalization.

Increasing Allele: Genotype of the allele with the increasing additive genetic affect (B6=C575BL/6J, D2=DBA/2)

Shading: QTLs for body size phenotypes (Body mass index, body weight, and body length).
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