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Abstract

Certain body composition phenotypes, like sarcopenia, are well established as predictive markers
for post-surgery complications and overall survival of lung cancer patients. However, their
association with incidental lung cancer risk in the screening population is still unclear. We study
the feasibility of body composition analysis using chest low dose computed tomography (LDCT).
A two-stage fully automatic pipeline is developed to assess the cross-sectional area of body
composition components including subcutaneous adipose tissue (SAT), muscle, visceral adipose
tissue (VAT), and bone on T5, T8 and T10 vertebral levels. The pipeline is developed using 61
cases of the VerSe’20 dataset, 40 annotated cases of NLST, and 851 inhouse screening cases.

On a test cohort consisting of 30 cases from the inhouse screening cohort (age 55 - 73, 50%
female) and 42 cases of NLST (age 55 - 75, 59.5% female), the pipeline achieves a root mean
square error (RMSE) of 7.25 mm (95% CI: [6.61, 7.85]) for the vertebral level identification and
mean Dice similarity score (DSC) 0.99 + 0.02, 0.96 + 0.03, and 0.95 + 0.04 for SAT, muscle,

and VAT, respectively for body composition segmentation. The pipeline is generalized to the

CT arm of the NLST dataset (25,205 subjects, 40.8% female, 1,056 lung cancer incidences).
Time-to-event analysis for lung cancer incidence indicates inverse association between measured
muscle cross-sectional area and incidental lung cancer risks (p < 0.001 female, p < 0.001 male). In
conclusion, automatic body composition analysis using routine lung screening LDCT is feasible.
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INTRODUCTION

Body composition analysis, which characterizes the mass of muscle and adipose tissue,
can provide valuable markers for clinical outcomes, including cardiovascular diseases,
type 2 diabetes, and advanced lung diseases [1]-[3]. For lung cancer patients who have
undergone lobectomy or lung transplant, abnormal body composition phenotypes such as
low fat-free mass (FFM) and high fat mass (FM) or combined are significantly associated
with high incidence rate of postoperative complications, long hospital length of stay,

and worsen overall survival [4], [5]. In addition to its prognostic value for post-surgery
outcome evaluation, extreme body composition conditions like sarcopenia are shown to
have high baseline prevalence in lung cancer patients [6]. Moreover, recent studies have
shown emphysema quantified on chest CT can serve as an independent risk factor for lung
cancer incidence [12], [13], which suggests that certain gross body phenotypes can provide
additional predictive information to the lung nodule risk evaluation [9]-[11]. These findings
indicate the possibility of body composition as a potential biomarker for lung cancer risk
stratification in screening population.

Although body mass index (BMI) is the most commonly used body composition assessment,
studies have shown its insufficiency in obesity classification [12] and poor correlation with
body muscle mass [13]. This suggests alternative assessment methods should be taken

to provide accurate characterization of distinct body components. Several studies have
evaluated the feasibility of body composition analyses based on a single cross-sectional
image extracted from computed tomography (CT) or magnetic resonance imaging (MRI)
volume at certain anatomical landmarks, such as T5, T12 or L3 vertebral bodies, and have
demonstrated high correlation with whole body evaluation results in both abdominal and
thoracic space [14]-[16]. Low dose computed tomography (LDCT) is the routine clinical
practice in lung cancer screening, which makes it attractive as a source for body composition
evaluation without any additional cost or radiation exposure. However, body composition
analysis using screening chest LDCT is challenging due to known pitfalls [17]. Namely, the
limitation of field-of-view (FoV) can cause tissue cropping which reduces the effectiveness
of body composition assessment. Several works choose to measure regional tissues, i.e.
pectorals or psoas for muscle evaluation, which are covered by the FoV of the images
[18]-[20]. However, studies have pointed out that the regional tissue mass is less correlated
with whole body analysis baseline compared to full tissue mass assessment [21]. In addition,
breast implants and dense breast tissue in females are potentially confounding with body
composition assessment, which will limit the generalizability to the target population if
simply ignored [15].

As estimated in [22], generating manual annotation for body composition analysis can

take on average 15 minutes per case for expert readers. Thus, automatic body composition
pipeline is a necessity to facilitate application to high-volume contexts such as in the context
of lung cancer screening as manual annotation is time intensive. Multiple studies have aimed
to develop automatic body composition pipelines. [23] develops a UNet based segmentation
model for pre-identified slices corresponding to the L3 from abdominal CT. In addition to
the segmentation model, [24] introduces a slice selection model to make the pipeline fully
automatic. Both studies achieve a mean Dice similarity score above 0.95 for both muscle and
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adipose tissue on the test dataset with manual segmentation. In the chest space, [20], [25]
develop a fully automatic paraspinous muscle area measurement model at T12 level using
2084 exams of an older subgroup with age 70 years or older at enrollment from the CT

arm of National Lung Screening Trail (NLST) and study the relationship between measured
muscle area and overall survival. However, none of these studies address the task of full
tissue body composition analysis using lung cancer screening LDCT.

In this paper, we study the feasibility of body composition assessment using lung cancer
screening LDCT with the target for incidental lung cancer risk stratification. We adapt the
multilevel approach by [22] to reduce the variation for a single location and develop a
two-stage pipeline for fully automatic multi-level body composition evaluation for chest
LDCT. We identify the FoV caused body tissue cropping issues and develop a Tissue
Cropping Index (TCI) based on body boundary analysis for automatic assessment of tissue
cropping severity. The pipeline is iteratively refined by retraining with manually corrected
difficult cases, including females with breast implants and dense breast tissues. To evaluate
the application validity of the approach, we generalize the pipeline on the CT arm of the
NLST. Cases under None or Mild tissue cropping levels are used to evaluate the association
between measured muscle area and incidental lung cancer risks with time-to-event analysis.
The general design of the study is shown in Figure 1.

METHODS AND RESULTS

2.1 Dataset

Our inhouse study cohort is selected from the Vanderbilt Lung Screening Program (VVLSP)
[26]. 1,490 LDCT study sessions performed between 2013 and 2019 are collected from
881 de-identified subjects, with mean age 64.9 £ 5.6 years. The de-identified data usage is
approved by the local institutional review board. To evaluate the model’s generalizability for
population-scale lung cancer screening study, we include the CT arm of NLST as a second
study cohort, which consists of 70,217 chest LDCT sessions from 25,205 subjects, with
mean age 62.5 + 5.1 years. The public VerSe’20 [27] dataset provides vertebral location
and segmentation annotation for 374 CT scans with various FoV. We select 61 cases with
full thorax in FoV for vertebral level identification module development. Since the imaging
protocol of VerSe’20 data is clinical standard for bone evaluation, which is different from
LDCT protocol in screening settings, we further select 40 cases from the NLST dataset and
annotate the level of T5, T8 and T10 on each LDCT scan as the fine-tuning dataset.

To evaluate model performance, we build a test cohort consisting of 30 cases from the VLSP
population, with mean age 63.9 £ 5.1 years, 50% female, and 42 cases from the NLST
population, with mean age 62.1 + 5.0 years, 59.5% female. The T5, T8 and T10 vertebral
levels of each case are identified using the itk-SNAP software [28]. The body composition
segmentation annotations are generated by manual correction of the model prediction using
itk-SNAP.

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2022 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 4

2.2 Model development

The proposed body composition analysis pipeline consists of two consecutive fully
automatic stages, with a vertebral body level identification module to identify cross-sectional
slices corresponding to T5, T8 and T10 vertebral levels and a 2D segmentation module for
body composition measurement. The development procedure of the pipeline is summarized
in Figure 2.

2.2.1 \Vertebral body level prediction—As the first stage of the pipeline, a 3D
regression model with 3D ResNet-18 as backbone is developed to predict the axial slices
corresponding to T5, T8 and T10 vertebral bodies. For data normalization, the input
images are cropped using the 10% extended bounding box of the lung mask generated

by pretrained model mentioned in [29], which is followed by an intensity window of [100,
600] Hounsfield Units (HU) to highlight the bone structure and reduce the noise introduced
by other tissues. The processed images are resampled to 64 x 64 x 256 in three dimensions
before sending into the model. 3D data augmentations, including random 3D translation

up to 10% on each dimension and random 3D rotation up to 7 degrees, are employed to
increase the generalization capability of the trained model.

The model is initially trained using the 61 VerSe’20 cases and fine-tuned with the 40
annotated NLST cases. In the initial training step, all 3D locations of the T2 to T10 vertebral
body are used in the training process to help the model learn vertebral body location
arrangement. While in the fine-tuning step, only the three output channels corresponding

to the levels of T5, T8 and T10 are involved in the regression loss function based on the
availability of the annotated information and application need.

Typical outputs of the vertebral level identification model are shown in the top row of Figure
3. To quantitatively assess the accuracy of the model, we evaluate the difference between the
predicted and ground truth T5, T8 and T10 levels on the testing cohort. The model achieves

similar performance on two datasets, with RMSE 7.1 (95% CI: [6.0, 8.4]) mm and 7.3 (95%
Cl: [6.5, 8.2]) mm on the VLSP and NLST test cohort, respectively.

2.2.2 Cross-sectional body composition segmentation—Once the slices
corresponding to T5, T8 and T10 are selected with the first stage model, body masks are
identified and applied to each slice to remove ambient information like clothes and scan
tables. The 2D images are resampled to 256 x 256 before passed to the model, which

is followed by a Gaussian filter with standard deviation in length of 1 pixel to further
normalize the input images. We use the UNet++ model as the segmentation model, as it
outperformed the standard UNet in 2D medical image segmentation tasks and is well tested
on LDCT images [30].

As model training require a sizable amount of annotated data and manual annotation is
costly and time-intensive [22], [24], we use a human-in-the-loop strategy [31] to iteratively
improve the quality of both the model and the training set to reduce the efforts for

manual annotation. As the first step to generate body composition segmentation, we use
the unsupervised thresholding based fuzzy c-means approach [32] to segment regions

with intensity same as adipose tissue, muscle and bone. Then, the thoracic cavity is
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identified with a combination of thresholding and morphology operations based on fuzzy
c-means output and lung mask. Using the thoracic cavity mask, we are able to separate the
subcutaneous adipose tissue from thoracic visceral adipose tissue, and the skeletal muscle
from other muscle tissue inside the thoracic cavity region. The outputs of the procedure are
inspected, and working cases are selected to form the initial training set for the deep learning
model. The training of the deep model consists of two passes. In the first pass, the model
and segmentation labels are iteratively refined by retrain with inspected working cases. As
the second pass, the model is retrained with the combination of inspected working cases and
manually corrected hard cases.

Typical outputs are shown in the bottom row of Figure 3. Dice similarity scores

(DSC) for each body composition component are calculated to quantitatively assess the
agreement between model predicted and reference segmentation. The quantitative results are
summarized in Table 1. The performance is consistent between two data sources and two
sex groups. The performance on muscle decreased slightly from T5 to T10, which could

be caused by the increasing presence of costal cartilage that misclassified as muscle due to
similar intensity.

2.3 Quality control

In addition to the general QA procedure for chest CT as described in technical report [33],
we take multiple measures to ensure the quality of the pipeline’s output can effectively
support the downstream clinical tasks. During the pipeline development, we identify failure
in the segmentation of cases within the previous iteration, then retrain the model with
manually correct hard cases. The procedure has vastly improved the capability of the model
to handle hard cases in the target cohort, especially in female subjects with breast implants
or dense breast tissue.

FoV caused tissue cropping problems are common in lung screening LDCT images.
Previous works either remove the cropping cases from the study population or measure
regional tissue areas which are visible in the FoV. In this work, we take a quantitative
approach to handle the problem by defining the Tissue Crop Index (TCI) to detect and
further assess the severity of tissue cropping. Given a 2D slice extracted from LDCT
volume, TCI is defined as the proportion of detected body boundaries that is overlapping
with the boundary of FoV, with

| Vbody N Vrov |

TCI =
| Viody |

, 0]

where Vpogy and Vioy are the set of body boundary voxels and set of FoV boundary voxels,
respectively, and I-| represent the number of elements in a set. The TCI of a LDCT session
is defined as the averaged slice TCI across three vertebral levels. Empirically, we stratify
each LDCT case into three tissue cropping severity levels: 1) No cropping, with TCI < 0.05;
2) Mild cropping, with 0.05 < TCI < 0.3; and 3) Severe cropping, with TCI > 0.3. Figure

4 demonstrates the effectiveness of this approach in differentiating typical Mild and Severe
cropping cases. The tissue cropping statistics of the study cohort are summarized in Table
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2. The difference between two screening datasets is significant, with 44.8% of the NLST
sessions having severe tissue cropping compared to 8.9% in VVLSP.

To further evaluate the quality of body composition assessment results and effectively
filter out failure cases in a population-scale study cohort like NLST, we design a semi-
automatic quality assurance (QA) procedure based on identified common failure modes.
Potential problem segmentations can be automatically detected and labeled for further
manual inspection. This eliminates the necessity to evaluate each individual case, which
is time intensive. On a randomly selected subset of 2,000 slices, the process reaches a
sensitivity of 0.804 in terms of failure case identification, while only 3.78% segmentations
in total get labeled by the process. For the labeled segmentations, we manually inspect
each case to identify true failure cases. In total, 2.74% slices are identified as failed case
by the semi-automatic QA process. LDCT sessions with all three slices passed the QA are
considered valid for downstream clinical task.

2.4 Application to risk of lung cancer

We hypothesize that the risk of developing lung cancer within the screening population

is related to individual body composition. Our tissue segmentation pipeline allows us to
examine the association between measured muscle area (MA) and lung cancer incidence
rate in the NLST population. The study is performed under the framework of time-to-
event analysis with the lung cancer diagnosis as incidence and the time to diagnosis for
lung cancer case and follow-up time for lung cancer free case as duration. To ensure

the effectiveness of the measurement, we only include those cases that passed our semi-
automatic QA procedure and with None or Mild tissue cropping assessed by TCI, which
consists of 9,560 male and 3,788 female subjects. Only the first available session of each
subject is used as baseline body composition assessment. The population is stratified into
Low MA group and Normal / High MA group with the 25% percentile as threshold for male
and female separately. Figure 5 shows the Kaplan-Meier curves with confidence intervals
of each group. Low MA groups are associated with higher incidental lung cancer risk with
log-rank test derived p-value < 0.001 for both male and female population.

3. CONCLUSION

Herein, we study the feasibility of fully automatic body composition assessment with
routine lung screening LDCT. To achieve this goal, a two-stage deep learning based body
composition analysis pipeline is developed, by first identifying slices corresponding to T5,
T8 and T10 vertebral levels, and then segmenting the body composition compartments

on each 2D slice. The accuracy of the model is assessed using annotated data selected
from both inhouse screening dataset and the NLST dataset. The prediction error of the
first stage model is limited to half of the average thoracic vertebral height [34]. While

the second stage achieves comparable accuracy to the state-of-the-art result of CT based
body composition segmentation in literature [23], [24]. Several quality control procedures
are taken to improve the assessment quality and identify failure cases. The tissue cropping
problem is systematically evaluated by the automatically calculated Tissue Crop Index on
the study cohort. The relationship between the measured body composition and incidental
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lung cancer risks is estimated with time-to-event analysis on lung cancer incidences, which
reveals inverse association between the measured muscle area and the incidental lung
cancer risk in both male and female population. In conclusion, the fully automatic body
composition assessment with routine lung screening LDCT is feasible and can potentially
add value to the early identification and treatment of lung cancer in clinical settings.
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Multi-level body composition analysis

Lung cancer free rate

Identify T5, T8, T10 2D slice retrieval Body composition

vertebral levels segmentation
l t Time

Quality control

Retrain with manual Tissue cropping

Common failure
corrected hard cases assessment

mode analysis

Figurel.
The multi-level body composition analysis pipeline takes 3D chest LDCT volume as input,

identifies the 2D axial slices corresponding to T5, T8 and T10 vertebral levels, and segments
cross-sectional region of each BC components on each level. For quality control, we

design procedures to improve segmentation quality, assess tissue cropping and automatically
identify failure cases. Time-to-event analysis on lung cancer incidence shows association
between measured body composition components and lung cancer risks.
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Model development
Step.1 - Generate initial training data by thresholding and
Model development } morphology operations (VLSP, N = 867)

Step.1 - Model training with 61 VerSe'20 cases Step.2 - Model training with with selected working cases
Step.2 - Model finetune with 40 NLST cases Step.3 - Retrain model with manually corrected hard cases

Output
‘ Cross-sectional area
of each components

Stage 1 model

‘ Vertebral level

Stage 2 model
= 7y Body composition
segmentation

identification

Test set
RMSE (mm) VLSP(N=30) || Dicescore
NSLT (N = 42)
Figure 2.
Flowchart of the development of our two-stage multi-level body composition analysis
pipeline.
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Figure 3.

Page 12

Vertebral level

Reference

------ Prediction

Body composition
. SAT
Muscle
VAT
Bone

Typical results of the proposed body composition analysis pipeline on test set. Vertebral
level identification module achieves accuracy 7.25 mm (95% CI: [6.61, 7.85]) in RMSE.
Body composition segmentation module achieves DSC 0.99 + 0.02, 0.96 + 0.03, and 0.95 +

0.04 for SAT, muscle and VAT, respectively.
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Case 1: Mild tissue cropping (mean TCl: 0.16) Case 2: severe tissue cropping (mean TCI: 0.52)
15
TCI: 0.40
178
TCI: 0.53
T10
TCl: 0.64
Field-of-view [ Body region 7 Field-of-view MMM Body region

(a) (b)

Figure 4.
Tissue cropping is a problem for body composition assessment as complete measurement of

tissue of interests is not possible. (a) shows a mild cropping case with TCI as 0.16, and (b)
shows a severe case with TCI as 0.52. The two cases demonstrate the effectiveness of TCI as
a metric to detect and assess the severity of tissue cropping.
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Figure5.
Lung cancer risk of none or mild cropping cases stratified by measured muscle area (MA).

Low MA is defined as MA less than 25t percentile of the group.
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Performance of body composition segmentation on test data set in Dice similarity score (SD)

Table 1.

SAT Muscle VAT Bone
Spinal level
T5 0.994 (0.018)  0.982 (0.016) 0.903 (0.135)  0.966 (0.024)
T8 0.994 (0.012) 0.963 (0.025) 0.937 (0.074)  0.951 (0.034)
T10 0.991 (0.024)  0.949 (0.032)  0.966 (0.051) 0.914 (0.048)
fTeSt dataset
VLSP(N=30)  0.991(0.027) 0.951(0.032) 0.958 (0.107) 0.924 (0.049)
NLST (N =42) 0.994 (0.010) 0.974 (0.021) 0.919 (0.086) 0.957 (0.032)
fSex
Male (N = 32) 0.989 (0.026) 0.966 (0.029) 0.951 (0.079)  0.939 (0.046)
Female (N =40)  0.996 (0.008) 0.964 (0.028) 0.923 (0.108)  0.947 (0.040)
4 0.993 (0.019)  0.965 (0.029)  0.943 (0.043)  0.935 (0.097)

Overall (N=72)

7 .
Data are averaged across three spinal levels.
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Table 2.

Tissue cropping assessment statistics on two datasets. Data are number of cases (%) for each group.

Tissue cropping severity

Dataset None (TCI <0.05) Mild (0.05<TCI<0.3) Severe (TCI > 0.3)
VLSP 455 (30.5%) 902 (60.5%) 133 (8.9%)
NLST 2,831 (4.1%) 35,689 (51.2%) 31,222 (44.8%)

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2022 October 26.

Page 16



	Abstract
	INTRODUCTION
	METHODS AND RESULTS
	Dataset
	Model development
	Vertebral body level prediction
	Cross-sectional body composition segmentation

	Quality control
	Application to risk of lung cancer

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

