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Objective: To investigate a fully automated abdominal
CT-based muscle tool in a large adult screening popu-
lation.

Methods: A fully automated validated muscle segmen-
tation algorithm was applied to 9310 non-contrast CT
scans, including a primary screening cohort of 8037
consecutive asymptomatic adults (mean age, 57.1+7.8
years; 3555M/4482F). Sequential follow-up scans were
available in a subset of 1171 individuals (mean interval, 5.1
years). Muscle tissue cross-sectional area and attenua-
tion (Hounsfield unit, HU) at the L3 level were assessed,
including change over time.

Results: Mean values were significantly higher in males
for both muscle area (190.6+33.6 vs 133.3+24.1 cm?,
p<0.001) and density (34.3%11.1 HU vs 27.3+11.7 HU,
p<0.001). Age-related losses were observed, with mean
muscle area reduction of -1.5 cm?/year and attenuation
reduction of -1.5 HU/year. Overall age-related muscle
density (attenuation) loss was steeper than for muscle
area for both sexes up to the age of 70 years. Between
ages 50 and 70, relative muscle attenuation decreased
significantly more in females (-30.6% vs -18.0%, p<0.001),

INTRODUCTION

Sarcopenia is characterized by progressive and general-
ized loss of skeletal muscle mass, which often correlates
with poor health and even impending death. Cachexia is a
related condition characterized by extreme weight loss and
muscle wasting and is a relatively common manifestation of
a number of chronic diseases. Studies estimate that 5-10%
of adults over 60 years of age are sarcopenic, and half of all
patients with cancer progressively lose skeletal muscle mass
due to cachexia.”> Operational methods to assess muscle

whereas relative rates of muscle area loss were similar
(-8%). Between ages 70 and 90, males lost more density
(-22.4% vs -7.5%) and area (-13.4% vs -6.9%, p<0.001). Of
the 1171 patients with longitudinal follow-up, 1013 (86.5%)
showed a decrease in muscle attenuation, 739 (63.1%)
showed a decrease in area, and 1119 (95.6%) showed a
decrease in at least one of these measures.

Conclusion: This fully automated CT muscle tool allows
for both individualized and population-based assess-
ment. Such data could be automatically derived at
abdominal CT regardless of study indication, allowing
for opportunistic sarcopenia detection.

Advances in knowledge: This fully automated tool can
be applied to routine abdominal CT scans for prospec-
tive or retrospective opportunistic sarcopenia assess-
ment, regardless of the original clinical indication. Mean
values were significantly higher in males for both muscle
area and muscle density. Overall age-related muscle
density (attenuation) loss was steeper than for muscle
area for both sexes, and therefore may be a more valu-
able predictor of adverse outcomes.

loss typically involve calculation of the patient’s skeletal
muscle index (SMI), which can be accomplished using a
variety of imaging modalities. However, neither sarcopenia
nor cachexia maintain a standard definition based on a
single validated measurement technique.

CT imaging is generally considered the most accurate and
reliable method to assess muscle mass and density. Dual
energy X-ray absorptiometry (DXA) and bioelectric imped-
ance analysis (BIA) are currently the most commonly used
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techniques due to relative cost and accessibility.>™* Nonetheless,
manual, semi-automated, and automated algorithmic techniques
at CT have been shown to be more accurate and robust, as muscle
tissue can be easily identified, segmented, and quantified.>®
The L3 level at CT represents a preferred site for measurement,
with prior work showing that this level is optimal for assessing
the psoas, paraspinal, and abdominal wall musculature.”® The
development of novel fully automated measurement methods
has further increased the potential value and practicality of CT
imaging with regards to the detection of sarcopenia.

A wide array of semi-automated and automated quantitative
CT measures have been developed within the past decade for
a variety of purposes. In addition to muscle measures, we have
been actively pursuing other CT-based biomarkers, including
measures of bone, fat, and vascular calcification.”™!! Fully auto-
mated methods potentially allow for more widespread imple-
mentation of opportunistic detection for CT scans performed
for other clinical indications, which could provide a number of
advantages over DXA and BIA. We are not aware of any previous
studies that have investigated the utilization of a fully auto-
mated approach to characterize the population distribution and
changes over time of muscle mass and density in a large, longi-
tudinal patient cohort. The purpose of this study was to apply
an automated CT-based abdominal muscle tissue segmentation
algorithm to a large asymptomatic adult cohort undergoing
routine CT colonography (CTC) screening to determine normal
age- and gender-related differences at the population level in
muscle bulk and density.

METHODS AND MATERIALS

Patient population

This was an IRB-compliant, HIPAA-approved retrospective
cohort study. Unenhanced abdominal CT scans from 8037
asymptomatic adults who underwent initial CTC screening
at a single academic medical center between April 2004 and
December 2016 were anonymized and available for inclusion
in this study. In total, 9582 total CT examinations were evalu-
ated, with 272 excluded based on either algorithmic segmenta-
tion failure or other technical failures (including lack of images),
yielding a final total cohort of 9310 eligible studies. A total of
1171 patients had at least one follow-up CTC study, which
were included to assess for longitudinal changes over time. No
patient was excluded for pathology or hardware identified on
the CT scan itself. Of note, the initial cohort size differs slightly
from separate investigations of other CT-based biomarkers,” !
primarily related to differences in available anonymized data sets
at the time that each specific tool was evaluated.

CT scanning protocol

Specifics relating to CTC technique such as bowel preparation
and distention have been previously described and are beyond
the scope or concern of this study.'? Breath-hold CT acquisition
of the abdomen and pelvis without i.v. contrast was obtained in
both supine and prone positions, but only the former was utilized
herein for muscle assessment. All CT scans were performed on
8-64 multidetector-row scanners (GE Healthcare; Waukesha,
WI, USA). Detector configuration was 8 x 1.25, 16 x 1.25, or 64
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x 0.625. Scanning was performed at 120 kV,, for all scans, with
low-dose mA settings using Smart-mA with noise index set at
50 and Smart-mA range set at 30-150. Images for extracolonic
evaluation were reconstructed using 5 mm slice thickness at 3
mm intervals.

Automated algorithm for muscle tissue
measurements

The muscle segmentation algorithm utilized in this study
represents a fully automated deep learning system developed,
trained, and tested at the NIH Clinical Center on separate CT
cohorts from that investigated in the current study.'*'* The CT
images were first processed by fully automated spine segmen-
tation and labeling software that identifies the slice that corre-
sponds to the superior and inferior endplates of each vertebral
body from T12-L5."*'* Volumetric slabs of the abdominal CT
cross-section were obtained at each of these levels, with cranio-
caudal slab thickness based on vertebral height.

Then, the U-Net neural network model was utilized for auto-
mated detection and segmentation of muscles, due to its precise
and rapid segmentation.'® The U-Net is a well-known machine
learning algorithm that can be taught how to segment anatomic
structures and lesions on medical images. For this project, the
training consisted of presenting images and manual segmenta-
tions of the muscles to the algorithm. As noted above, the training
set was distinct from the data set used in this study. Cross-en-
tropy was used for the loss function and optimization was done
using “Adam’s” method."* Manual muscle segmentations at two
axial levels for each lumbar vertebra in the training set were used
to train the model for the deep learning system. During testing,
the trained model was deployed for muscle segmentations at
multiple lumbar vertebral levels. Using manual segmentation as
ground truth, the Dice coeflicient for L3 total abdominal muscle
cross-section for this fully automated tool was shown to be 0.938
+0.028."* Examples of the visual appearance of this segmenta-
tion and quantification is shown in Figure 1, including a case
without and with some degree muscular atrophy.

The automated tool provides an analysis of both muscle density
and bulk at the L3 level. The L3 level represents a useful landmark
for muscle measurement, as prior work has shown that this level
is optimal for visualizing the psoas, paraspinal, and abdominal
wall musculature.’® Muscle density quantification is performed
by calculating the average Hounsfield unit (HU) within each
voxel containing muscle tissue at the L3 level. Muscle volumetric
quantification is performed by multiplying muscle voxel counts
by voxel volumes (i.e. the pixel area times the slice thickness) to
get the volumes in each slab volume corresponding to T12-L5
body regions. Again, the L3 level was used for analysis. In total,
the muscle tissue measurement algorithm takes less than 1 min
to process an abdominal-region study (Intel Core i7 processor
with 4x NVidia Titan X GPUs and 12 GB memory per GPU).

Statistical analysis

Summary statistics were collected for the patient population
based on age and gender. The mean L3 cross-sectional muscle
area (cm?) was calculated by taking muscle volume (cm?) over
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Figure 1. Muscle segmentation for quantification using our automated algorithm. (a, b) Unenhanced transverse (axial) CT images
at the L3 level in a 50-year-old male (a) and a 87-year-old female (b) undergoing colonography screening, both without (left)
and with (right) the automated muscle segmentation depicted. In (b) note how the areas of fatty involution in the paraspinal
musculature (left >right) in (b) remain segmented as muscle, which would decrease the mean attenuation value but not the area.

the L3 vertebral level and dividing it by craniocaudal slab thick-
ness of L3 (cm). The SMI is defined as the cross-sectional muscle
area at L3 in cm? divided by the patient height in m.>

In patients with follow-up CTC scans, changes in muscle density
and area were recorded, as was change per year by dividing the
amount of change in an individual patient by the numbers of
years between initial and follow-up CTC. From these, percent
area and density change were calculated by taking the difference
in HU and area between the two scans, dividing this result by the
values found on the initial CTC, and multiplying by 100. Percent
change over time was calculated by taking the percent change
and dividing by the interval years between scans.

Comparison of means was done using independent t-tests for
muscle tissue between genders and ages with a null hypothesis
value of 0.05. Data processing and analysis was performed using
base R (R Core Team, v. 3.4.2).

RESULTS

The mean age (+standard deviation) of the 8037 individual
patients included in this study was 57.1 + 7.8 years; there were
3555 males and 4482 females. There were 1171 patients (549

males and 622 females) with a follow-up study (mean interval,
5.1 years).

Both muscle bulk and density at CT (in terms of L3 cross-sec-
tional area and attenuation in HU, respectively) were found to
have relatively normal distributions among the entire asymptom-
atic adult population, as well as among each gender (Figure 2).
For muscle density, some skew was seen towards lower attenu-
ation values. Mean values for muscle cross-sectional area and
attenuation according to age and gender are shown in Figure 3
and Table 1. Overall, males were found to have significantly
higher muscle area (190.6 vs 133.3 cm?, p < 0.001) and density
(34.3 HU vs 27.3 HU, p < 0.001) compared with females. This
yielded a higher SMI for males (60.2 vs 49.8 cm*/m?) as well.

As age increased, muscle area and density progressively
decreased over time for both sexes combined (Figure 3A) and
also when considered separately (Figure 3B). From the ages of 40
to =90 years, males lost 62.9 cm? (32.2%) of muscle area, while
females lost 21.4 cm? (21.4%). Both sexes lost approximately 67%
of muscle density during the same 50 year span. Between ages
50 and 70, relative muscle density decreased significantly more
for females than males (-30.6% vs —18.0%, p < 0.001), whereas
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Figure 2. Density plots of muscle cross-sectional area (top row) and attenuation (bottom row) at the L3 level of the entire study
cohort (n = 8037) combined (left images) and according to gender (right). Note the bimodal normal distribution of L3-level mus-
cle area for males and females, with greater values in the former. For muscle attenuation, both gender distributions skew to lower
values but otherwise appear normally distributed, with less gender separation.
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rates of muscle area loss were similar, at approximately —8%.
However, between ages 70 and 90, males lost significantly more
density (-22.4% vs —7.5%) and area (-13.4% vs —6.9% (p < 0.001).
As shown in Figure 1, the increased loss of muscle attenuation
compared with muscle area as patients age may relate to how
atrophic muscle with partial fatty change remains segmented as
muscle (hence, attenuation would decrease more than area loss).
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Of the 1171 patients with longitudinal CT follow-up (mean
interval, 5.1 years), 1013 (86.5%) showed a decrease in muscle
attenuation, 739 (63.1%) showed a decrease in area, and 1119
(95.6%) showed a decrease in at least one of these measures.
Again, the greater loss of muscle attenuation over area likely
reflects the fact that the muscle remains segmented (Figure 1B).
During the follow-up interval, males and females on average lost

Figure 3. Muscle area and attenuation differences according to subject age. (a) Graph shows mean CT-based muscle cross-sec-
tional area (blue line) and attenuation (red line) at the L3 level according to age. Note that muscle density (measured by HU
attenuation values) decreases at a greater rate than muscle area. (b) Graph shows mean CT-based muscle cross-sectional area
(dotted lines) and attenuation (solid lines) according to both age and gender (males in blue, females in yellow). Despite male-
female offset in mean values, the overall trends appear similar for ages 40-70 years. After age 70, female attenuation and area

values plateau more than males.
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Table 1. Aggregate data for CT-based muscle area and attenuation at the L3 level by gender
Male (n =4161) Female (n = 5149)
Mean SD Median Mean SD Median p
Age (Years) 58.08 7.80 57.00 57.51 7.74 56.00 0.0004
BMI (kg/mz) 29.27 5.35 28.40 28.52 8.56 26.90 <0.0001
Muscle area (cmz) 190.61 33.69 189.92 133.32 24.11 131.38 <0.0001
Muscle attenuation (HU) 34.34 11.08 36.14 27.30 11.69 28.07 <0.0001
SMI 60.18 10.97 59.87 49.79 9.38 48.94 <0.0001

BMI, body mass index; HU, Hounsfield unit; SD, standard deviation; SMI, skeletal muscle index.

muscle density at a similar rate (1.5 HU/year vs —1.4 HU/year)
and overall quantity (mean loss, —7.1 HU vs —7.5 HU). However,
males lost muscle area at a significantly higher mean annual rate
than females (—2.2 vs —0.91 cm*/year) and mean quantity (-7.9
vs —4.4 cm?, p < 0.001) during the follow-up interval. As shown
in Table 2, males also had comparable interquartile ranges to
females for density, but had greater interquartile ranges for area
loss.

Using previously published SMI-based thresholds for sarco-
penia of 45.4 cm?/m? in males and 34.4 cm*/m? in females'®, we
found an overall sarcopenia prevalence of 5.2%. The prevalence
was 7.6% in males and 3.2% in females. Among patients with
follow-up scans, 1.3% developed interval sarcopenia by crossing

below this threshold.

Exclusions (n = 272) were primarily due to missing or incor-
rect DICOM series. In a small subset of cases, L3 segmentation
failure occurred, most often resulting from artifacts related to
various combinations of metallic implants, compression frac-
tures, patient motion, and low-dose technique (Figure 4). The
final technical failure rate related to segmentation was 0.28%.

DISCUSSION

Given our relatively unique abdominal cohort of asymptomatic
and relatively healthy outpatient adults, our study provides useful
normative values for abdominal muscle area and attenuation at

CT, including age- and gender-related differences. In addition, we
demonstrate the potential utility of the fully automated muscle
segmentation algorithm that we employed. To our knowledge,
this retrospective cohort study is the first to achieve fully auto-
mated muscle segmentation measurements on a large asymp-
tomatic screening population. With the information and CT tool
provided by this study, clinicians and researchers can potentially
evaluate sarcopenia and cachexia in adults on any unenhanced
abdominal CT scan, either prospectively or retrospectively. We
hope to validate its use on CT scans performed with i.v. contrast
in the near future. The calculated prevalence of sarcopenia using
this fully automated algorithm compares favorably in relation to
previous reports using manual measurements, especially given
that our mean population age is less than 60 years of age.'®

This study found mean muscle cross-sectional area and atten-
uation to be significantly different for males and females, as
well as the rates of change over time. The greater loss of muscle
density (attenuation) compared with muscle bulk (area) may
reflect the fact that fatty muscle was often still segmented, which
would lower HU over area. Adult males had approximately 30%
more abdominal muscle and 20% more muscle attenuation than
females on average. While both sexes lost muscle density (as
measured by HU attenuation) at about the same rate, males lost
significantly more muscle area than females between the ages of
40 and 90, especially between 70 and 90. This demonstrates that
males start with more muscle mass overall but lose it at a faster

Table 2. Intrapatient changes in muscle measurements for the subcohort with follow-up scans

Male (n = 549) Female (n = 622)
Mean SD IQR Mean SD IQR P
Follow-up interval (years) 5.00 1.58 0.86 5.13 1.52 0.88 0.1519
A Attenuation (HU) -7.09 7.66 9.15 -7.45 7.85 9.45 0.4285
A Area (cm?) -7.89 23.52 22.27 —4.44 17.12 15.46 0.0039
% Attenuation change -15.98 81.43 11.95 -21.17 73.26 31.65 0.2512
% Area change -3.25 12.76 11.51 -2.37 13.90 10.75 0.2615
A Attenuation (HU/year) -1.47 2.53 1.80 -1.43 1.89 1.76 0.7577
A Area (sz/year) -2.16 11.25 4.67 -0.91 5.19 3.01 0.013
% Attenuation change/year -0.77 71.94 4.58 -5.31 13.58 6.20 0.1231
% Area change/year -0.92 5.41 2.39 -0.44 4.39 2.15 0.0943

HU, Hounsfield unit; IQR, interquartile range; SD, standard deviation.
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Figure 4. Case of muscle tool failure due to segmentation error. (a, b) CT images in (a) soft tissue and (b) bone windows at the
L3 level in a 79-year-old female show marked streak artfifact related to metaliic spinal fusion hardware. (c) CT scout image shows

lumbar fusion and bilateral total hip arthroplasties

rate than females, though male mean muscle area was never
less than that of females. As such, the male SMI was 17% higher
than female SMI, which is what has been found previously in the
published literature.>!”'® According to our data, after about 70
years of age, females appear to plateau more in terms of muscle
bulk and density relative to males, who tend to continue drop-
ping for both categories.

Various other studies have validated the efficacy of CT-based
measurements of abdominal muscle area and attenuation, typi-
cally using manual or semi-automated methods.®®!"""* L3
SMI is currently one of the most common measures to assess
skeletal muscle quantity, using cross-sectional area (cm?) over
patient height (m? as variables. L3 SMI average values according
to gender vary somewhat study by study, but normative values
remain relatively similar regardless of the data gathering method,
including the fully automated algorithm presented in this study
(Table 3). In the existing literature, the average L3 SMI for males
is 57 cm*/m* and for females is 44 cm?*/m”. This study found male
and female SMI to be comparable to the SMI values found in
those smaller studies, which supports the validation of measure-
ment accuracy for this fully automated method. Our results
matched most closely with the largest prior study by Derstine
et al,’” which included 735 subjects. The slightly larger standard
deviations seen in our cohort may relate to the inclusion of many
non-elderly healthy adults, which would be expected to have
much different measurements than older, symptomatic cohorts.

Abdominal CT is a commonly performed study on middle-age
and older adults in the USA,* which provides an opportunity

to screen for multiple conditions beyond the study indication
itself, such as osteoporosis, abdominal aortic aneurysm, hepatic
steatosis, and metabolic syndrome.”*'~2% If muscle tissue quan-
tification is combined with other opportunistic screening tasks,
such as bone mineral density, visceral fat, and aortic calcification,
significant potential value may be added.’”'"*~?’ These addi-
tional measures can be obtained without any additional time or
dose to the patient, and with relatively little or no input from
the radiologist. Going forward, we plan to investigate whether
these measures, including muscle bulk and density, are predictive
of future adverse events, such as myocardial infarction, stroke,
and death, among others. Ideally, screening for a wide variety of
unsuspected conditions would help referring providers to initiate
management plans for patients with concerning opportunistic
screening results. Identification of such patients whose muscle
mass drastically decreases over time could be useful for studying
the relationship between sarcopenia and other adverse health
outcomes. Furthermore, we are not aware of studies to date that
have established a relationship between changes in muscle mass
or attenuation and adverse clinical outcomes. This is also some-
thing we plan to investigate further.

This study has certain limitations. All cases were derived from a
single medical center on asymptomatic adults employing scan-
ners from a single CT vendor, with a fairly uniform unenhanced
protocol. Although such uniformity is generally preferable when
validating a new tool or approach, further external validation
using a variety of different patient care settings, CT vendors,
and CT techniques is warranted. We are currently assessing the
impact of i.v. contrast on these muscle measures. The automated

Table 3. Comparison of SMI and SMA in adult asymptomatic screening cohort studies at L3 on CT

Mean female

Cohort size | Mean male L3 SMI Mean male L3 Mean female L3 L3 SMA
Study (n) (cm*/m?) SMA (cm?) SMI (cm?/m?) (cm?)
Graffy et al. (current study) 9310 60.2 +11.0 190.6 + 33.7 49.8+9.4 133.3 +£24.1
van der Werf et al.? 420 52.8 + 7.4 173.6 +25.1 402+52 113.4 +15.2
Derstine et al.'” 735 60.9+7.8 195.2 +25.4 47.5+6.6 128.0+17.9
Derstine et al.'® 604 59.7+7.5 190.9 + 24.6 47.0£6.5 1268 +17.8
Murray et al.* 50 55 168.4 + 24.5 39 108.1 + 14.3

SMI = skeletal muscle index; SMA = skeletal muscle area
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tool has a finite failure rate. However, with improvements to the
segmentation process, the final failure rate of the tool was <0.3%.
Typically, the reason for failure was apparent by reviewing the CT
images at the L3 level (Figure 4). Quality assurance for clinical
use could be attained on a case-by-case basis if continued failures
were to arise despite further improvements. Lastly, this initial
study did not attempt to correlate muscle segmentation values
with downstream adverse clinical outcomes, such as cardio-
vascular events, fragility fractures, and death. As mentioned,
this critical next step will be the focus of future research. If
we are successful in demonstrating clinical utility of this auto-
mated muscle tool in risk profiling, the next logical step would
be widespread implementation as a prospective clinical tool.
Utilizing this muscle tool in certain other patient care settings,
such as oncology, might also prove to be quite useful. Providing
an opportunistic means for earlier detection of cancer- or treat-
ment-related wasting conditions in this vulnerable population
makes sense, as this cohort often undergoes repeated CT scans
for treatment response or tumor surveillance.

BJR

In summary, we provide validation for a deep learning-based
automated muscle segmentation tool at abdominal CT. This auto-
mated CT tool provides both rapid and objective assessment that
allowed us to apply it to a large retrospective research cohort and
derive population-based normative values. We also found signif-
icant and interesting differences in both muscle area and atten-
uation according to gender and age. By assessing the sub cohort
with longitudinal CT follow-up, this fully automated muscle
segmentation method can also characterize interval changes in
muscle tissue over time. With further research, it may be possible
to translate this information into an opportunistic approach to
evaluate sarcopenia and cachexia on any routine abdominal CT,
regardless of the study indication.
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