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Abstract

Background & Aims: Computed tomography (CT) scans can measure quantity and distribution
of adipose tissue, which are associated with breast cancer prognosis. As a novel prognostic
marker, radiodensity of adipose tissue has been examined in multiple cancer types, but never in
breast cancer. Lower density indicates larger adipocytes with greater lipid content, whereas higher
density can reflect inflammation, fibrosis, vascularity, or even metabolic changes; and both may
impact breast cancer prognosis.

Methods: We included 2,868 nonmetastatic patients with breast cancer diagnosed between
January 2005 and December 2013 at Kaiser Permanente Northern California, an integrated
healthcare system. From CT scans at diagnosis, we assessed the radiodensity of subcutaneous
(SAT) and visceral adipose tissue (\VAT) at the third lumbar vertebra and categorized their
radiodensity into three levels: low (<1 standard deviation [SD] below the mean), middle (mean £ 1
SD), and high (>1 SD above the mean). Using multivariable Cox proportional hazards regression
with adjustment for clinicopathological characteristics including body mass index, we calculated
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hazard ratios (HRs [95% confidence intervals]) for the associations of adipose tissue radiodensity
with overall mortality and breast-cancer-specific mortality.

Results: Median age at diagnosis of breast cancer was 56.0 years, most (63.3%) were non-
Hispanic White and nearly half (45.6%) were stage 1. Compared to middle SAT radiodensity,
high SAT radiodensity was significantly associated with increased risk of overall mortality (HR:
1.45 [1.15-1.81]), non-significantly with breast-cancer-specific mortality (HR: 1.32 [0.95-1.84]).
Neither low SAT radiodensity nor high or low VAT radiodensity was significantly associated with
overall or breast-cancer-specific mortality.

Conclusions: High radiodensity of SAT at diagnosis of nonmetastatic breast cancer was
associated with increased risk of overall mortality, independent of adiposity and other prognostic
factors. Considering both radiodensity and quantity of adipose tissue at different locations could
deepen understanding of the role of adiposity in breast cancer survival.

Keywords

Breast Cancer; Subcutaneous Adipose Tissue; Visceral Adipose Tissue; Body Composition;
Radiodensity; Mortality

INTRODUCTION

Obesity, an excess of adipose tissue, is implicated in the incidence and progression of
breast cancer.! Computed tomography (CT) scans performed for breast cancer diagnosis
and surveillance can provide direct measures of quantity and distribution of adipose tissue
that have been investigated for breast cancer survival.2=" However, these studies did not
investigate radiodensity of adipose tissue available from CT scans, although prior research
has directly compared adipose tissue biopsies with their radiodensity supporting that
radiodensity can act as an marker of adipose tissue quality and may provide prognostic
information in breast cancer patients.8° For example, higher radiodensity of adipose tissue
at any deposit may reflect increased levels of local and systemic inflammation and other
alterations such as increased vascularity,10-11 which may impact breast tumor progression.12

Adipose tissue radiodensity (frequently referred as ‘quality’) is indicative of adipocyte size,
lipid content, inflammation, oxygenation, and angiogenesis.13-14 Compared to the middle
range of adipose tissue radiodensity (sometimes referred as ‘normal’ radiodensity)!®, lower
radiodensity is indicative of adipocyte hypertrophy and decreased vascularity, 1216 which
was reported to be associated with adverse cardiometabolic risk and biomarkers.13.17 In
contrast, higher radiodensity may suggest lipid depletion, higher vascularity, extracellular
matrix deposition, and stronger inflammation response.15-18 Thus, alterations in adipose
tissue radiodensity may reflect the changes of microenvironment and macroenvironment
that may contribute to tumor progression.1® As a novel prognosis marker, adipose tissue
radiodensity has been examined for mortality among many cancer types (including
colorectal 1 esophageal 20 hepatocellular carcinoma,?122 pancreatic,23 and sarcoma?4:2),
but not in breast cancer yet.

Independent of quantity and location, adipose tissue radiodensity can help define new body
composition phenotypes and may provide novel insights into the relationship of adiposity
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with mortality among patients with breast cancer. Thus, we assessed the associations of
radiodensity of subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) with
overall mortality and breast-cancer-specific mortality among patients with breast cancer.

MATERIAL & METHODS

We used data from a retrospective cohort, the Breast Cancer, Sarcopenia and Near-term
Survival (B-SCANS) study, which included 3,139 female patients diagnosed with stage I-111
invasive breast cancer at Kaiser Permanente Northern California (KPNC) between January
2005 and December 2013.2:3 These patients did not have a previous history of other invasive
cancers and underwent an abdominal or pelvic CT scan for diagnostic purposes within

6 months of breast cancer diagnosis but prior to any systemic therapy. We excluded 271
patients due to CT artifacts likely to influence radiodensity, such as noise, beam hardening,
ring, and metal artifacts.28 Our final analytic sample included 2,868 patients, of whom 2,726
(95.0%) underwent CT scans with intravenous contrast. The institutional review board at
KPNC approved this study with waiver of informed consent.

Body Composition Assessment for Adipose Tissue Radiodensity

CT scans were performed at a median of 1.1 (interquartile: 0.5-1.8) months after diagnosis.
SAT and VAT were assessed on a single axial CT image at the third lumbar vertebra

by two centrally trained researchers using SliceOmatic Software, version 5.0 (TomoVision
Inc). Areas (cm?) of SAT and VAT were demarcated using anatomic knowledge and tissue-
specific Hounsfield unit (HU) ranges: (=190 HU, —-30 HU) for SAT and (-150 HU, =50 HU)
for VAT.Z7 The coefficients of variation between two staff were 0.7% for SAT and 6.7% for
VAT.23 The radiodensity of SAT and VAT were calculated as the average HU of the area of
tissue tagged as SAT and VAT, respectively.

SAT radiodensity and VAT radiodensity followed an approximately normal distribution, with
means (standard deviation [SD]) of —99.1 (7.8) and —87.7 (8.2), respectively. Radiodensity
of SAT and VAT were analyzed as categorical variables with three levels corresponding

to low radiodensity (<mean minus 1 SD), middle radiodensity (mean £ 1 SD), and high
radiodensity (>mean plus 1 SD).

Mortality Outcomes

The primary outcome was overall mortality, and the secondary outcome was breast-cancer-
specific (BC-specific) mortality. Vital status and causes of death were identified through
California Department of Public Health Vital Records, the National Death Index, and KPNC
mortality files. Follow-up time for overall mortality was calculated as the time from CT

scan to death from any cause or the end of follow-up (December 31, 2018), whichever came
first. As for BC-specific mortality, the follow-up times were censored if they died from other
diseases rather than breast cancer.

Patient Characteristics

We extracted patient characteristics from clinical data recorded prospectively in the
electronic medical record from the KPNC tumor registry, including age at diagnosis
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(years), self-reported race and ethnicity (non-Hispanic White, Black, Hispanic, Asian/Pacific
Islander, Others), tumor stage (I, 11, I11), estrogen receptor (ER; ER+, ER-), progesterone
receptor (PR; PR+, PR-), human epidermal growth factor receptor 2 (HER2; HER+, HER-,
unknown), smoking (current, former, never), and neutrophil-to-lymphocyte ratio (NLR).

We computed Charlson comorbidity index (0, 1-2, =3) from diagnosis codes (excluding
cancer),28 and body mass index (BMI) from clinically measured height and weight closest
to the CT scan (<18.5, 18.5-24.9, 25-29.9, =30 kg/m?) within 6-months but prior to any
systemic therapy.

Statistical Analysis

Patients’ characteristics were compared using the XZ test for categorical variables and

the Kruskal Wallis test for continuous variables by SAT and VAT radiodensity groups.
Differences in overall mortality by SAT and VAT radiodensity groups were assessed

using the Kaplan-Meier method and the log-rank test.29:30 Spearman correlations (r,) were
calculated between SAT radiodensity, VAT radiodensity, SAT area, and VAT area.3!

The hazard ratios (HRs) for the associations of SAT radiodensity and VAT radiodensity with
mortality were estimated in separate models using Cox proportional hazards regression.32
We considered the following potential confounders as covariates: Model 1 included age,
race and ethnicity, stage, ER status, PR status, HER2 status, Charlson comorbidity index,
and smoking. Model 2 included all covariates in Model 1 plus the covariate BMI, which
reflected body size as a proxy measure of total adiposity. Given that CT scans were
preformed prior to treatment, adipose tissue radiodensity would not be impacted by
treatment. Thus, for this analysis, treatment related factors (such as chemotherapy and
radiation) were not considered as confounders. There were no missing data for continuous
covariates, and missing data for categorical covariates were substituted with most frequent
values.33 The proportional hazards assumption was tested using the Schoenfeld residuals
method and no violation was detected.34 To flexibly model non-linear associations of
adipose tissue radiodensity with overall mortality, we also conducted restricted cubic spline
regression (knots = 4) using the median values as the reference levels.3%

For sensitivity analysis, we 1) mutually adjusted for SAT- and VVAT-related variables
including SAT radiodensity, VAT radiodensity, SAT area, and VAT area into the same

Cox proportional hazards regression model (Model 2) to assess whether associations

were independent of each other (i.e., independence among quantity, distribution, and
radiodensity of adipose tissue); 2) excluded patients without contrast CT scans, since

there are known minor to mild differences in adipose tissue radiodensity when contrast
materials were administered3®:37 and most (95.0%) patients in our study underwent CT with
contrast; and 3) further adjusted for treatment-related factors (chemotherapy and radiation)
that may additionally explain mortality after breast cancer diagnosis. Additionally, we
conducted subgroup analysis whether the associations of adipose tissue radiodensity with
overall mortality differed by covariates of interest selected a prioribased on biological
plausibility,38 including age, stage, ER status, Charlson comorbidity index, smoking and
BMI.
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All statistical analyses were two-sided and conducted using SAS statistical software, version
9.4 (SAS Institute, Inc) and R, version 4.1.2 (R Foundation for Statistical Computing) from
September 9, 2021 to May 10, 2022. P< 0.05 was considered as statistically significant and
point estimates were presented with 95% confidence intervals (Cls). Multiple comparisons
were not adjusted.

The median age at diagnosis of invasive breast cancer was 56.0 (interquartile: 48.0-65.0)
years among the 2,868 women in our study. A majority were non-Hispanic White (1,816
[63.3%]), and nearly half were stage Il (1,307 [45.6%]). Over a median follow-up of 7.7
years (interquartile range: 5.9-9.9] years), 626 (21.8%) patients died, 336 (11.7%) from
breast cancer. Adipose tissue radiodensity was negatively correlated with adipose tissue area
(rsranging from —0.77 [for VAT radiodensity and VAT area] to —0.38 [for SAT radiodensity
and VAT area]), whereas SAT radiodensity was positively correlated with VAT radiodensity
(rs=0.62). More details are presented in Table S1.

Compared to patients with middle SAT radiodensity, patients at both extremes of SAT
radiodensity (>1 SD above or below the cohort mean) were more likely to be older, non-
Hispanic White, have a greater number of comorbidities and have a higher NLR (Table

1). In addition, compared to patients with middle SAT radiodensity, patients with low SAT
radiodensity were more likely to have higher BMI and greater areas of SAT and VAT,
whereas patients with high SAT radiodensity had lower BMI and lower areas of SAT and
VAT. Compared to patients with middle VAT radiodensity, patients at both extremes of VAT
radiodensity tended to be stage | (Table S2). In addition, patients with low VAT radiodensity
tended to be older and have a greater number of comorbidities as well as higher BMI

and larger areas of SAT and VAT than those with middle VAT radiodensity, whereas these
characteristics were less frequent among patients with high VAT radiodensity than those
with middle VAT radiodensity.

Adipose Tissue Radiodensity and Mortality

Patients with middle SAT radiodensity had the lowest overall mortality (£ <0.001; Figure
1A), but no clear patterns or differences in mortality rates were observed for VAT
radiodensity (P = 0.41; Figure 1B).

Compared to patients with middle SAT radiodensity, high SAT radiodensity was
significantly associated with higher overall mortality (HR from Model 2: 1.45 [1.15-1.81];
Table 2). Associations for BC-specific mortality were in the same direction but did not
achieve statistical significance (HR from Model 2: 1.32 [0.95-1.84]). Low SAT radiodensity
was not significantly associated with increased risk for overall (HR from Model 2: 1.23
[0.95-1.58]) or BC-specific mortality (HR from Model 2: 1.09 [0.77-1.53]). Compared

to patients with middle VAT radiodensity, high VAT radiodensity was not significantly
associated with overall mortality (HR from Model 2: 1.16 [0.90-1.50]) or BC-specific
mortality (HR: 1.16 [0.82-1.64]). Neither was low VAT radiodensity: the HRs from Model 2
were 1.06 (0.85-1.32) for overall mortality and 1.02 (0.75-1.39) for BC-specific mortality.
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From restricted cubic spline regression plots (Figure 2), we observed a significant,
curvilinear association for overall mortality with SAT radiodensity (P for Curvature = 0.004;
Pfor Significance = 0.003) but not for VAT radiodensity (2 for Curvature = 0.57; Pfor
Significance = 0.66). Mirroring our results from categorical analysis, we found higher SAT
radiodensity to be significantly associated with increased risk overall mortality, whereas
lower SAT radiodensity was not significantly associated with increased risk of overall
mortality (Figure 2A). Neither high nor low VAT radiodensity was significantly associated
with increased risk of overall mortality (Figure 2B).

Sensitivity Analysis

After mutual adjustment for SAT- and VVAT-related areas and radiodensity, the findings
remained similar (Table S3): only high SAT radiodensity was significantly associated with
increased risk of overall mortality. Likewise, excluding patients without contrast CT scans
and adjusting for treatment-related factors made little impact on the adjusted HRs (Tables S4
and Sb).

Subgroup Analysis

We observed two significant interactions for 1) SAT radiodensity and Charlson Comorbidity
Index and 2) VAT radiodensity and smoking (Tables S6 and S7). High SAT radiodensity
was significantly associated with increased risk of overall mortality among patients with
comorbidity (Charlson comorbidity index =1), but not for patients without comorbidity
(Charlson comorbidity index = 0). Also, high VAT radiodensity was significantly associated
with increased risk of overall mortality among current or former smokers, but not for never
smokers.

DISCUSSION

In this cohort of 2,868 patients with nonmetastatic breast cancer, we found that compared to
middle SAT radiodensity, high SAT radiodensity was significantly associated with increased
risk of overall mortality. However, neither low SAT radiodensity nor high or low VAT
radiodensity was significantly associated with overall or breast-cancer-specific mortality. To
our knowledge, this is the first study to investigate adipose tissue radiodensity and mortality
among patients with breast cancer.

To date, three studies have investigated the associations of adipose tissue radiodensity

with recurrence and metastasis among breast cancer survivors,39-41 and only one study
reported adjusted HRs.#0 Although their primary outcomes were not mortality, recurrence
and metastasis are still important landmarks for cancer progression.*2 Among Korean
patients with breast cancer (N = 336), increased adipose tissue radiodensities (per HU) were
not significantly associated with recurrence (unadjusted HRs for SAT radiodensity: 1.04
[0.97-1.12]; VAT radiodensity: 1.00 [0.95-1.06]).3° Among Japanese patients with breast
cancer (N = 271), increased VAT radiodensity (per HU) was reported to be significantly
associated with metastasis (adjusted HR: 1.20 [1.01-1.43]).4 Among Belgian patients with
breast cancer (N = 50), high adipose tissue radiodensity was not significantly associated
with progression compared to low radiodensity (unadjusted HRs for SAT radiodensity:
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1.29 [0.55-3.02]; VAT radiodensity: 0.41 [0.16-1.01]).41 In summary, the sample size

of the above studies was small, and the estimates were 1) frequently unadjusted or 2)
assuming a linear relationship between radiodensity and outcomes by modeling radiodensity
as a continuous or binary (high vs. low) variable. This ignores the potentially different
mechanisms underlying associations of lower radiodensity (lipid-rich) adipose tissue

and higher radiodensity (lipid-poor or inflamed) adipose tissue with cancer outcomes.

The similar scenarios apply to studies in other cancer types (including colorectal,1®
esophageal, 20 hepatocellular carcinoma,?1:22 pancreatic,23 and sarcoma2425), which also
reported inconsistent associations of SAT radiodensity and VAT radiodensity with mortality
after cancer diagnosis. Most had small sample sizes (N < 250), dichotomized radiodensity,
or assumed a linear relationship, which may not fully unravel the complex biological impact
of fat quality in cancer progression.1516.18 Thys, larger studies using robust and flexible
modeling strategies (like ours) are needed for breast cancer and other cancer types, which
may provide more insight into the prognostic role of adipose tissue radiodensity among
cancer survivors.

Our findings suggest that abdominal SAT radiodensity, rather than VAT radiodensity, is

a novel characteristic defining body composition phenotype associated with mortality in
breast cancer patients. Previous studies reported that abdominal SAT was more strongly
correlated with breast adipose tissue (i.e. breast SAT) than VAT,*3:44 thus abdominal

SAT radiodensity may act as a surrogate for breast adipose tissue quality whereas VAT
radiodensity may not. Since much of the breast is adipose tissue and its quality may

impact the tumor microenvironment,*> abdominal SAT radiodensity may capture changes
occurring throughout the body (including the breast) and provide additional information

to predict prognosis after breast cancer diagnosis. This aligns with our finding that high
SAT radiodensity was significantly associated with 45% higher risk of overall mortality, and
was associated with 32% higher risk (although not significant) of BC-specific mortality.
Possible biological explanations may be that higher SAT radiodensity indicates lipid
depletion (a precursor of weight loss and cachexia),!® higher vascularity (correlated with
tumor malignancy),*® extracellular matrix deposition (associated with tumor aggression and
treatment failure),*’ and stronger inflammatory response (a critical component in tumor
progression).11 Thus, their combined contributions may result in worse progression and
poor survival after breast cancer diagnosis. Supporting this, higher SAT radiodensity was
significantly associated with higher NLR in our study, an important indicator for systematic
inflammation which is an established prognostic marker in breast cancer.® By contrast,
lower SAT radiodensity was not significantly associated with overall and BC-specific
mortality. This may be explained by the fact that lower SAT radiodensity is associated with
adipocyte hypertrophy and higher SAT quantity, which was reported not to be consistently
associated with breast cancer survival.2~" Although VAT is highly metabolically active

and associated with a constellation of metabolic abnormalities,12 VAT quantity together
with radiodensity in this study were not significantly associated with mortality. Although
the mechanism is largely unknown, one possible explanation may be that VAT in the
abdomen may not directly impact tumors in the breast due to anatomical distance. By
contrast, colorectal tumors are exposed to VAT: among colorectal cancer patients, higher
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VAT radiodensity was significantly associated with increased risk of overall mortality (HR:
1.21 [1.11-1.32]) and colorectal-cancer-specific mortality (1.22 [1.08-1.37]).1°

In this study, we observed significant interactions for 1) SAT radiodensity and comorbidity
and 2) VAT radiodensity and smoking. Given that comorbidity is a confirmed prognostic
factor in breast cancer,® the combined effects of high SAT radiodensity and comorbidity
may impose greater risk of mortality on patients, which aligns with the magnitude
differences reported in this study: 2.17 (1.58-2.98) for high SAT radiodensity and
comorbidity vs. 1.45 (1.15-1.81) for high SAT radiodensity regardless of comorbidity
status. The mechanism for VAT radiodensity and smoking is unclear, but one possible
explanation may be that smoking induces inflammation,>? increases visceral adiposity,>!
and alters adipose tissue quality.>2 Thus, abnormal VAT radiodensity among these smokers
may reflect their smoking intensity and duration that are known to impact breast cancer
prognosis.>3 However, these interaction results should be interpreted cautiously given that
multiple comparisons were not adjusted.

Our study has a large sample size and is the first to investigate adipose tissue radiodensity
and mortality among patients with breast cancer. Furthermore, CT scans are commonly
obtained for cancer diagnosis and surveillance, future CT imaging studies can easily assess
adipose tissue radiodensity (quality), which can be obtained simultaneously with adipose
tissue quantity when analyzing CT images for body composition and cancer prognosis.
However, several limitations should be noted. First, abdominal adipose tissue biopsies were
not performed, thus we could not verify biological effects of adipose tissue radiodensity
through comparisons with biopsy-based measures of cellular fat quality. Notably, some
investigators have compared adipose tissue biopsies and their radiodensity supporting that
radiodensity can act as an marker of quality,8° and a growing number of studies have

been using adipose tissue radiodensity for prognosis inference in cancer and non-cancer
patients.>* Second, we used a single CT image to estimate the average of adipose tissue
radiodensity like prior studies, but radiodensity values may vary across abdominal slices and
further studies are needed to investigate other metrics of adipose tissue quality. However,
from the perspective of clinical research, the third lumbar vertebra is the most commonly
used vertebral landmark for body composition studies. Thus, our findings are still clinically
meaningful for clinicians and researchers to identify patients with unfavorable adipose tissue
quality at higher risk of mortality. Third, our large sample size was enabled by using real-
world data of electronic medical records and imaging. Thus, we did not have all technical
information about CT scans, such as contrast phase and other parameters that may introduce
small variations in adipose tissue radiodensity.>®> However, we found that the associations
remained similar after excluding non-contrast CT scans.

CONCLUSIONS

In this large cohort, we found that higher SAT radiodensity was significantly associated with
increased risk of overall mortality among patients with nonmetastatic breast cancer. Our
findings suggest that adipose tissue radiodensity can provide additional information beyond
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adipose tissue quantity and distribution to predict breast cancer prognosis. Thus, adipose
tissue radiodensity is a powerful prognostic indicator that deserves to be further investigated
in clinical practice and research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Adjusted Associations? of Adipose Tissue Radiodensity with Overall Mortality® among

Patients with Breast Cancer Using Restricted Cubic Spline Regression

Abbreviations: HU, Hounsfield Unit; SAT, subcutaneous adipose tissue; VAT, visceral
adipose tissue.

@ The adjusted hazard ratios of adipose tissue radiodensity were calculated using restricted
cubic spline regression with the median value as the reference level and all covariates
included in Model 2. Point estimates of hazards ratios for adipose tissue radiodensity were
plotted as the solid line and 95% confidence intervals were displayed as dotted lines. The red
dotted line referred to hazard ratio equal to 1.

b Figures 2A and 2B refer to SAT radiodensity and VAT radiodensity, respectively.
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