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SUMMARY

Background & aims: Accurate and reproducible biomarkers are required to allow a more
personalized approach to patient care. Body composition is one such biomarker affecting
outcomes in a range of surgical and oncological conditions. The aim of this study is to determine
the age and sex specific distribution of body composition data, based on information gathered
from computed tomography (CT).

Methods: This prospective study used healthy subjects from the medical records linkage of

the Rochester Epidemiology Project, based in Minnesota, USA. Each patient had a CT scan
without intravenous contrast performed between 1999 and 2001. Quantification was performed
using previously validated semi-automated in-house developed software for body composition
analysis. Subcutaneous adipose tissue area, visceral adipose tissue area, intermuscular adipose
tissue area and skeletal muscle area were measured and indexed to subject height. Generalized
Additive Models for Location, Scale and Shape were used to assess the location, scale, and shape
of each variable across age, stratified by sex. Z-scores specific to sex were assessed for each of the
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parameters analyzed. Age-specific z-scores were calculated using the formula: Z = (Index Variable
- W/o or Z = (V (Index Variable) — p)/o.

Results: There were 692 subjects enrolled in the study. The fitted model equation was offered for
each variable with values presented for g and o. Modelling with penalized splines was performed
for VAT index, IMAT index and total adipose tissue index. Scatterplots of each variable were
produced with lines of Z-scores as a visual representation.

Conclusion: This study offers comparative data to allow comparison amongst multiple
populations. This will form an important reference for future research and clinical practice.
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1. Introduction

In order to progress towards a more personalized approach to patient care, accurate

and reproducible biomarkers are required to allow greater accuracy in disease diagnosis,
individualize treatment planning and assess outcome response [1]. Body composition is one
such biomarker that has demonstrated potential in oncological and surgical settings, such as
outcomes following surgery [2,3] and prognosis associated with melanoma, esophageal and
colorectal malignancies [4-6]. Markers of skeletal muscle depletion or sarcopenia are also
demonstrating potential as a predictor of outcomes in the oncological and surgical setting
[7-14]. The association of obesity with societal health problems and resultant healthcare
costs is also well established [15-17].

Various techniques have been proposed to allow accurate measurement of body composition,
with computed tomography providing a fast, reliable and reproducible method. CT is now
widely recognized as a gold standard in the measurement of body composition biomarkers
[18-20]. Body composition biomarkers that could be calculated from CT include visceral
adipose tissue (\VVAT) area, subcutaneous adipose tissue (SAT) area, skeletal muscle (SM)
area and intermuscular adipose tissue (IMAT) area. Criticisms of multi-slice CT include

the use of ionizing radiation and the necessity for labor intensive segmentation [18]. CT

is often used in oncological imaging however, and assessment of body compaosition may

be performed on scheduled CT studies. In other scenarios, single slice images have been
proposed to decrease effective radiation dose and improve work flow. Single slice images

at the level of the umbilicus have been proven to be representative of whole body adipose
tissue [21]. Automation and semi-automation of body segmentation will also allow this work
to be performed essentially instantaneously [22,23].

Body composition is well recognized to change with age and sex [24]. Normative data is
therefore essential to allow adequate comparisons of individuals within a larger population.
To the best of our knowledge, prospective population based normative data of body
composition measurement in healthy subjects from CT is lacking. The aim of this study

is to determine the age and sex specific distribution of body composition data, based on
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information gathered from CT. This will serve as a benchmark for further clinical and
scientific research.

2. Methods

Ethical approval was attained from the Institutional Review Board with consent waived. This
study was compliant with the Health Insurance Portability and Accountability Act. Only
patients that consented to the use of medical records for research purposes were included.

2.1. Subjects

This was a prospective study recruiting healthy patients from the medical records linkage
of the Rochester Epidemiology Project [25]. All subjects from this cohort were healthy
residents of Rochester, Minnesota with the sample age stratified, originally recruited for

a bone density study between 1999 and 2001 and inclusion and exclusion criteria are
previously described [25,26]. No subject was excluded for our study. The cohort age ranged
from 21 to 97 years and was sex-matched per decade, starting from the third. The only
exception was in the 6th and 7th decade. Here, females were oversampled to account

for the possible effects of hormone replacement therapy. The sample is representative of
the population within Rochester, MN, which is predominantly white (98%) with under-
representation of the African-American, Asian or Hispanic population.

2.2. CT scan

Each patient had a CT scan without 1V contrast (NECT). Scanning was performed on a
multi-detector CT scanner (Light Speed QX-I; GE Medical Systems, Wakesha, WI, USA). A
tube potential of 120 kVp, tube current of 80 mA, rotation time of 0.8 s, table speed of 7.5
mm/rotation, detector collimation of 4 x 2.5 mm and pitch of 0.75 was used. Standard field
of view was 380 mm but this was adjusted up to 500 mm based on patient size. None of the
patients had subcutaneous adipose tissue cutoff from the field of view. Images were acquired
between T12 to mid L4 vertebral body level, with a slice thickness of 2.5 mm.

2.3. Muscle and adipose tissue quantification

Quantification was performed using previously validated semi-automated in-house
developed software for body composition analysis [22]. This software has been previously
validated with inter-observer coefficient of variance of 1.5% for subcutaneous adipose tissue
area, 1.0% for visceral adipose tissue area and 0.8% for skeletal muscle area. After manually
selecting a single axial image at the level of the third lumbar vertebrae (L3) on which both
transverse processes were fully observed, the software automatically segmented the image
selected and highlighted the segmentation results in three boundaries (Fig. 1) [22]. The
program automatically places boundary lines between external air and subcutaneous adipose
tissue (boundary 1), between subcutaneous adipose tissue and abdominal wall/paraspinal
muscles (boundary 2), and between abdominal wall/paraspinal muscles and visceral adipose
tissue (boundary 3). The program also automatically created masks for bone and colon.

The reviewer carefully inspected the boundaries with manual correction performed of each
boundary if needed. All segmentations were inspected by a radiologist with three years post
fellowship experience. Exclusion criteria for CT images include artifact secondary to excess
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motion or the presence of metal/barium. Images where the skin surface was not included in
the field of view were also excluded.

SAT area was calculated as the area between the boundary 1 and 2 with a CT attenuation
value between —190 and —30 HU. The SM area was calculated as area between boundary
2 and boundary 3 with a CT attenuation value between —30 and 150 HU [27]. The IMAT
area was calculated as areas between boundary 2 and boundary 3 with a CT attenuation
value between —190 and —30 HU [21,28,29]. The VAT area was calculated as areas
within boundary 3 with a CT attenuation value between —190 and —30 HU. An index was
quantified for measures of body composition by adjusting for subject height in metres2.

2.4, Statistical analyses

Generalized Additive Models for Location, Scale and Shape (GAMLSS) were used to assess
the location, scale, and shape of each variable across age, stratified by sex. Models were

fit using the gamlss function from the gamlss R package (version 5.1.5) and run using R
(version 3.6.2). For each variable (or square root of the variable), models were fit describing
the p (mean) and o (standard deviation) as follows: p = ag + a1 x age--> and log(c) = by +

by x agel->. If the relationship between age and i or o was not linear, penalized splines were
instead used in the formulas.

Z-scores specific to sex were assessed for each of the parameters analyzed: VAT index, SAT
index, SM index, IMAT index, and total adipose tissue (TAT) index. Age-specific z-scores
were calculated using the formula:

Z = (Index Variable — p)/corZ = (4/(Index Variable) — p)/c

Spearman correlation coefficient was utilized to compare body mass index (BMI) to
measures of body composition. BMI grading was based on the World Health Organization
classification [30].

3. Results

3.1.

Demographics

There were 692 subjects enrolled in the study, 374 female and 318 male. Age ranged from
21 to 97 years. There were 25 male and 25 female subjects aged 20-29, randomly sampled
from the cohort. Following this, 50 subjects from each sex were sampled for each decade

to the 8th decade, except for females in their 6th and 7th decade where 25 extra subjects

in each decade were sampled (therefore 75 subjects in the female group and 50 in the male
group in these age groups). In the final category of 80 years and older there were 45 females
aged 80-89 years with 4 subjects aged over 90 years. There were 39 males aged 80-89 years
with 4 subjects aged over 90 years.

The body mass index (BMI) of the cohort based on sex and age is outlined in Table 1.
Overall there were four subjects classified as underweight (1%; Female 1%; Male 0%),
195 subjects of normal weight (28%, F35%, M20%), 284 subjects classified as overweight
(41%; F35%; M48%) and 209 subjects classified as obese (30%; F29%; M32%). With
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respect to ethnicity, 99% of the female population was white with 96% of the male sample.
The correlation of BMI to measures of indexed body composition is outlined in Table 2.
The strongest correlation is to indexed total adipose tissue area and indexed subcutaneous
adipose tissue area with poor correlation to skeletal muscle index.

3.2. Skeletal muscle (SM) index

Scatter plot of SM index with lines for z-score is demonstrated in Fig. 2. The fitted model
for SM Index is given as follows: SM Index ~ Normal(|, o), where u = 43.88 + —0.01003
agel®, and log(c) = 1.651 (female) and p = 60.16 + —0.02070 agel-> and log(c) = 2.012 +
0.0003535 agel-> (male). Z value can be calculated using the following formula: z= (SM
Index - p)/o.

Mean SM index reveals a progressive decline in both male and female subjects from the
beginning of the third decade. This is more pronounced in male patients. Based on the
assessment of residuals, variability is similar between both sexes.

3.3. Subcutaneous adipose tissue (SAT) index

Scatter plot of SAT index with lines for z-score is demonstrated in Fig. 3. The fitted

model for SAT index is given as follows: v (SAT index) ~ Normal(, o), where u = 8.276
+0.0003651 agel-®, and log(c) = 1.084 + —0.0005786 age'> (female) and p = 7.359 +
0.0002681 agel-> and log(o) = 0.8327 + —0.0009524 age-> (male). Z value can be calculated
using the following formula: z= § (SAT index) - u)/o.

SAT index remains relatively stable for male subjects throughout adult life. In female
subjects there is a gradual increase in SAT index to the 7th and 8th decade with a decline
into the 9th decade. There is increased variability in the female population which persists
following a transformation.

3.4. Visceral adipose tissue (VAT) index

3.5.

Scatter plot VAT index with lines for z-score is demonstrated in Fig. 4. The fitted model

for VAT index is given as follows: v (VAT index) ~ Normal(y, ), where the relationship of
age with g and owas modeled using penalized splines. The values for yzand o are both are
shown in Table 3. Z value can be calculated using the following formula: z= ({ (VAT index)
R u)e.

Mean VAT index is increased in males versus females. Levels increase in both males and
females from the 3rd to the 7th decade, plateauing over the 8th decade.

Intermuscular adipose tissue (IMAT) index

Scatter plot of IMAT index with lines for z-score is demonstrated in Fig. 5. The fitted model
for IMAT index is given as follows: v (IMAT index) ~ Normal(y, o), where the relationship
of age with xand o was modeled using penalized splines. The values for ¢zand o are both
are shown in Table 4. Z value can be calculated using the following formula: z= { (IMAT
index) R u)/o.
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Mean IMAT index is similar for males and females throughout the age range of the cohort.
There is a progressive increase in mean IMAT index from the 3rd to 9th decade. This
correlates negatively with skeletal muscle volume, in that as intramuscular adipose tissue
increases, skeletal volume decreases. Variability in IMAT index was similar for males and
females.

3.6. Total adipose tissue (TAT) index

Scatter plot of TAT index with lines for z-score is demonstrated in Fig. 6. The fitted model
for TAT index is given as follows: v (TAT index) ~ Normal(y, o), where the relationship of
age with ¢ and owas modeled using penalized splines. The values for y7and o are both are
shown in Table 5. Z value can be calculated using the following formula: z= { (TAT index)

- Wyo.

Mean TAT index is similar for both males and females. There is a progressive increase in
values from the 3rd to the 7th decade with then a plateau onwards.

4. Discussion

This study offers normative data derived from a population-specific cohort of North
Americans for multiple measured of body composition, potentially allowing comparisons
to the general population. The results demonstrate that these measures of body composition
are variable depending on age and sex.

This study demonstrates that skeletal muscle volume, as measured by SM index, decreases
with age. Sarcopenia is well recognized adverse effect of aging [31-33]. SM index, defined
as the area of muscular tissue, divided by the patient height (squared), is widely accepted as
a surrogate for a measure of sarcopenia [34,35]. The utility of CT as a measure of muscle
mass is regarded as gold standard with the usage of a single slice through the level of the
lumbar vertebrae as an accurate predictor of muscle area throughout the whole body [34,36-
38]. This paper also demonstrates that IMAT index increases with age, coinciding with
decreasing muscle area. Unlike adipose tissue in other body compartments, this increase
continues nearing end-of-life. Our findings correlate to the results of other studies [39-

42]. Sarcopenia is a quantitative and qualitative decline in muscle function. In the elderly
population, even in the absence of disease, loss of strength far outweighs muscle volume loss
[43-46]. The increase of intermuscular adipose tissue is postulated as partially responsible
for this imbalance secondary to the lipotoxic effects on the muscle [41,47,48].

Variations in adipose tissue deposition have been associated with the development of
multiple morbidities and are dependent on factors such as age and sex [49]. There are four
major compartments of adipose tissue deposition: subcutaneous, visceral, bone marrow and
perivascular. Adipose tissue within these compartments all demonstrate different functions,
from the storage of energy in the visceral compartment [50], to the provision of insulation
and cushioning in the subcutaneous compartment [51]. As a result, the volume within each
compartment varies throughout adult life.
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Mean SAT index demonstrated variations in our study based on age and sex. SAT index
remained relatively stable in the male subjects. Female patients demonstrated a rise in SAT
index until the 5th or 6th decade with a decline until end of life. VAT index of the population
in our cohort was higher in male subjects, with values in both sexes increasing by age until
the 7th/8th decade with subsequent decline. The age and sex related changes in VAT index
and SAT index are similar to other studies [52-55].

The reason behind the shift in body adipose tissue distribution based on age and sex

is unclear, with theories of alcohol consumption and hormonal changes as contributing
factors [56-58]. Estrogens in particular are believed to play a significant role in
premenopausal women promoting adipose tissue deposition in the glutofemoral region

[59]. In postmenopausal females, the shift changes to increased visceral adipose tissue
[55,60]. It has been demonstrated however, that hormone replacement therapy maintains
premenopausal adipose tissue deposition, strengthening the role of estrogens in this process
[61]. VAT is independently associated with the development of multiple metabolic and
neoplastic conditions [4-6,62,63]. Conventional measures of adiposity however may be
insufficient to assess for the variations in body adipose tissue distribution. For instance, total
body weight gain does not correlate accurately to VAT increase [57,64]. Also, as apparent in
this study, BMI correlates with total body adipose tissue and subcutaneous adipose tissue but
is a poor reflection for changes in skeletal muscle index. This is why multi-compartmental
measures of body composition are required.

There is an abundance of methods to measure body composition. Traditional measures such
as skinfold thickness, BMI or waist circumference; predictive techniques such as bioelectric
impedance analysis; and finally multi-component techniques such as dual energy x-ray
absorptiometry, MRI/CT and hydrometry [65]. The provision of normative data from many
of these methods however, is lacking. This is the first study offering normative data using
cross-sectional, multi-compartmental assessment of body composition.

The creation of a z-score allows the comparison of a dependent variable between groups
when there are continuous independent variables. It allows a comparison of values from two
different populations, given a normal distribution. In order to create a z-score, regression
analysis of the mean and standard deviation of the normal population is required. Its utility is
demonstrated in multiple clinical settings, from infant growth curves to bone mineral density
calculations.

There are a number of limitations to this study. The retrospective nature obviously
introduces a certain quantity of selection bias. The population also only consists of subjects
from Olmsted County in Minnesota. This cohort is predominantly white from European
ancestry and may not reflect the black or Asian population. In this study, CT scans were
obtained without intravenous contrast and using very low radiation dose, while most of
clinical CT scans are obtained with intravenous contrast. The attenuation values of muscle
and adipose tissue are known to increase with intravenous contrast, but increase in the

SM area and decrease SAT, VAT and IMAT area is probably small [66-69]. There is

also decreased numbers at the upper extremities of age in the cohort (>90), meaning
interpretation of data in this age-group should be performed with caution. In terms of the
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statistical method, the use of the GAMLSS approach is that in the literature generally these
models are fit with larger sample sizes, greater than 1000 subjects. As the numbers for this
study are relatively small, the utility of this model may not be ideal.

In conclusion, this study describes trends in measures of body composition, describing
multi-compartmental variations depending on age and sex. This study offers comparative
data to allow comparison amongst multiple populations and forms an important reference for
future research and clinical practice.
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Subcutaneous adipose area
Area between boundary 1 and 2
with a value between -190 to -30
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Skeletal muscle area

Area between boundary 2 and 3
with a value between -30 and
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Intramuscular adipose area
Area between boundary 2 and 3
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30 HU

Visceral adipose area
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30 HU.

Colonic and bone masks not included

Fig. 1. Method of automated segmentation on a 2.5 mm slice through L3 vertebral body.
The program automatically places three boundary lines. Bone and colonic masks were

automatically created by the software to prevent their inclusion in the calculation of

measures of body composition.
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Fig. 2.
Scatterplot of SM Index for females and males with lines of Z-scores.
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Fig. 3.
Scatterplot of SAT Index for females and males with lines of Z-scores.
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Fig. 4.
Scatterplot of VAT Index for females and males with lines of Z-scores.
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Fig. 5.
Scatterplot of IMAT Index for females and males with lines of Z-scores.
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Fig. 6.

Scatterplot of TAT Index for females and males with lines of Z-scores.
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Body mass index of the cohort based on the WHO criteria for males and females in various age groups.

Table 1

BMI 20-49 years 50-69 years  70-98 years
Female

16-18.49  Underweight 1 1 2
18.5-24.9  Normal weight 63 37 31
25-29.9 Overweight 29 61 41
30-34.9 Obese | 18 30 19
35-39.9 Obese I1 6 10 6
40-59.9 Obese 111 8 11 0
Total 125 150 99
Male

16-18.49  Underweight 0 0 0
18.5-24.9  Normal weight 31 15 18
25-29.9 Overweight 50 47 56
30-34.9 Obese | 32 30 15
35-39.9 Obese Il 8 6 3
40-59.9 bese 111 4 2 1
Total 125 100 93
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Values of mu and sigma for VAT Index based on age and sex.

Table 3

Age Female mu Femalesigma Male mu Male sigma
20-24 3.6514 1.3781 5.3097 1.5107
25-29  3.9392 1.4748 5.5941 1.5107
30-34 4.2699 1.5761 5.9029 1.5107
35-39 4.6469 1.6747 6.2269 1.5107
40-44 5.0529 1.7327 6.5706 1.5107
45-49  5.4607 1.7430 6.9423 1.5107
50-54 5.8575 1.7431 7.3228 1.5107
55-59  6.2292 1.7431 7.6625 1.5107
60-64 6.5401 1.7431 7.9066 1.5107
65-69 6.7576 1.7431 8.0453 1.5107
70-74  6.8810 1.7431 8.1001 1.5107
75-79  6.9265 1.7431 8.1072 1.5107
80-84 6.9302 1.7431 8.1072 1.5107
85-89  6.9302 1.7431 8.1072 1.5107
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Values of mu and sigma for IMAT Index based on age and sex.

Table 4

Age Female mu Femalesigma Male mu Male sigma
20-24 2.3834 0.6780 2.5100 0.5870
25-29 2.4571 0.6780 25773 0.5922
30-34 2.5380 0.6780 2.6513 0.5986
35-39 2.6256 0.6780 2.7314 0.6001
40-44  2.7193 0.6780 2.8174 0.6006
45-49  2.8187 0.6780 2.9092 0.6006
50-54 2.9236 0.6780 3.0068 0.6006
55-59  3.0337 0.6780 3.1099 0.6006
60-64  3.1487 0.6780 3.2188 0.6006
65-69 3.2684 0.6780 3.3337 0.6006
70-74  3.3927 0.6780 3.4543 0.6006
75-79 3.5214 0.6780 3.5802 0.6007
80-84 3.6543 0.6780 3.7113 0.6091
85-89  3.8053 0.6780 3.8613 0.6503
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Values of mu and sigma for Total Adipose Tissue Index based on age and sex.

Table 5

Age Female mu Femalesigma Male mu Male sigma
20-24  8.6695 2.6700 9.3816 1.9212
25-29 8.9703 2.6700 9.5749 1.9212
30-34 9.3138 2.6700 9.7879 1.9212
35-39 9.7057 2.6700 10.0206 1.9212
40-44  10.1302 2.6700 10.2761 1.9212
45-49  10.5476 2.6700 10.5507 1.9212
50-54 10.9217 2.6700 10.8227 1.9212
55-59 11.2161 2.6700 11.0644 1.9212
60-64 11.4117 2.6700 11.2561 1.9212
65-69 11.5248 2.6700 11.3902 1.9212
70-74 11.5874 2.6700 11.4699 1.9212
75-79 11.6147 2.6700 11.5050 1.9212
80-84 11.6172 2.6700 11.5177 1.9212
85-89 11.6172 2.6700 11.5204 1.9212
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