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Preface

It is well established that socioeconomic factors influence cancer treatment outcomes,
even when optimal therapies are employed. These contributors are often modifiable and
community/culture-dependent, warranting focused research.

This Reprint aims to address the specific socioeconomic factors that influence the care of
individuals with a broad spectrum of cancers, with a focus on both global and region-specific
factors. It also seeks to further understand the influence that these socioeconomic factors have on

the provision and outcomes of cancer care.

Mitchell S. Fourman and Amanda N. Goldin
Guest Editors
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Socioeconomic and Healthcare Indicators and Colorectal Cancer
Burden: Analysis of Eurostat and Global Burden of Disease
Study 2021 Data
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Simple Summary: Colorectal cancer (CRC) remains a major health and economic challenge
across the European Union (EU). This study aimed to examine trends and inequalities in
CRC burden and to explore its association with country-level socioeconomic and healthcare
indicators across 24 EU member states. CRC burden was measured using age-standardized
mortality, years lived with disability (YLD), years of life lost (YLL), and disability-adjusted
life years (DALY) rates, which were obtained from the Global Burden of Disease Study
2021. Socioeconomic and healthcare data were collected from Eurostat between 2005 and
2021. While inequality in YLD rate decreased, disparities in mortality, YLL, and DALY
rates increased. Higher numbers of physicians and higher education levels were linked
to lower CRC burden, while a greater income inequality was linked to higher burden.
These findings emphasize the importance of expanding screening programs, improving
healthcare capacity, and reducing social inequalities to address CRC disparities in the EU.

Abstract: Background/Objectives: Colorectal cancer (CRC) is a leading cause of cancer-
related morbidity and mortality worldwide, posing a substantial health and economic
burden. Despite advances in screening and treatment, significant socioeconomic and
healthcare-related disparities persist across European Union (EU) member states. This
study aims to identify trends and inequality in CRC burden over time and to explore
the relationship between country-level socioeconomic and healthcare indicators and CRC
burden across EU member states. Methods: Age-standardized mortality, years lived with
disability (YLD), years of life lost (YLL), and disability-adjusted life years (DALY) rates were
extracted from Global Burden of Diseases Study 2021 for 24 EU countries. Socioeconomic
and healthcare indicators were extracted from Eurostat between 2005 and 2021. The
Gini index was calculated to evaluate CRC-related health inequality, and generalized
linear mixed models were used to assess the link between indicators and disease burden.
Results: The Gini index for age-standardized YLDs declined from 0.19 to 0.12 between
1990 and 2021, while inequality in YLL (from 0.11 to 0.16), DALY (from 0.11 to 0.15), and
mortality rates (from 0.12 to 0.14) increased. The number of practicing physicians (p <
0.05) and higher levels of education (p < 0.001) were related to lower death, DALY, YLD,
and YLL rates. Conversely, greater income inequality was linked to higher mortality,
DALY, and YLL rates (p < 0.05). Conclusions: Our findings underscore that, in addition to
expanding organized screening programs, enhancing physician availability and addressing
socioeconomic inequalities are essential for reducing the burden of CRC.

Keywords: healthcare indicators; disease burden; colorectal cancer; inequality; Gini index
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1. Introduction

Colorectal cancer (CRC) is a major global public health concern, ranking as the third
most common cancer worldwide. In 2020, there were over 1.9 million new cases and
approximately 930,000 deaths attributed to CRC, highlighting its substantial contribution
to global morbidity and mortality [1,2].

Within the European Union (EU), it accounted for 11.6% of all cancer deaths in 2021 [3].
According to the Global Burden of Disease Study 2021, CRC was responsible for more
than 175,000 deaths and over 3.3 million disability-adjusted life years (DALYs) across EU
member states, with considerable variation across countries [2,4].

In 2018, the economic burden of colorectal cancer in the European Union was estimated
at €19 billion (€12.2 billion for colon and €6.8 billion for rectum cancers), covering direct
healthcare, informal care, and indirect costs. Informal care and indirect costs combined
were closely equal to direct costs, demonstrating the broader social impact of the disease [5].

CRC disproportionately impacts individuals from low socioeconomic backgrounds
and certain racial minorities, partly due to greater exposure to risk factors like poor
diet, inactivity, and reduced access to preventive measures such as chemoprevention [6].
Screening programs have contributed substantially to the reduction in CRC incidence
and mortality rates across many European countries over the past two decades, particu-
larly in countries where long-standing screening programs are in place (e.g., Austria,
the Czech Republic, and Germany) [7]. However, participation remains suboptimal,
and significant socioeconomic inequalities persist. Numerous studies have shown that
individuals from lower social groups are considerably less likely to participate in CRC
screening [8,9]. These disparities, however, are not limited to screening but extend to
treatment access, survival, and overall mortality. Previous studies found that patients
with low SES are more likely to experience delays in treatment [10] and are less likely to
receive surgery and adjuvant therapies [11], which in turn negatively impacts prognosis
and survival [11-13].

Healthcare system capacity is also a key determinant of colorectal cancer burden in
terms of access to screening, early diagnosis, availability of treatment, and follow-up care.
A recent meta-analysis found that regions with limited healthcare resources (including a
shortage of medical specialists) experience longer diagnostic intervals [14]. All of these
factors are critical for improving patient outcomes and reducing mortality [15-17].

While individual-level CRC disparities are well documented, comparative EU-wide
studies on CRC burden remain limited. To address this gap, the present study aimed
to explore how selected socioeconomic and healthcare indicators are related to CRC bur-
den across EU member states by linking data from the Global Burden of Disease Study
(GBD) 2021 with publicly available datasets from the Statistical Office of the European
Union (Eurostat).

2. Materials and Methods
2.1. Study Design and Data Sources

Data for this study were obtained from two publicly available databases. Age-
standardized disease burden data for colon and rectum cancer were retrieved from the
Global Health Data Exchange (GHDx), while healthcare and socioeconomic indicators for
EU member states were sourced from the Eurostat database. Data were obtained for 24
of the 27 EU member states. Greece, Portugal, and Slovakia were excluded because data
on the number of practicing physicians were not available for these countries during the
study period.

The Global Burden of Disease (GBD) 2021 study provides comprehensive estimates
for 371 diseases and injuries, 88 risk factors by sex and age across 204 countries and
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territories [18]. GBD 2021 provides annual estimates between 1990 and 2021 available
through the publicly accessible GHDx platform (http:/ /ghdx.healthdata.org/gbd-results-
tool (accessed on 10 May 2025)).

Data from 24 EU member states were collected using the GBD 2021 database. We
utilized age-standardized rates of death, disability-adjusted life years (DALYs), years lived
with disability (YLDs), and years of life lost (YLLs) associated with colon and rectum cancer
at European Union and national levels. All rates were expressed per 100,000 population.
Age-standardized rates were used to ensure comparability over time and between pop-
ulations, given the demographic shifts in population growth and aging. YLL represents
the years of life lost due to a specific cause when compared to the standard life expectancy.
YLD refers to the years lived with any disability, weighted by the severity of the health
condition. The DALY was used to measure the total burden of chronic diseases by summing
YLD and YLL values [19,20]. The detailed methodology for calculating age-standardized
rates and DALYs can be found in GBD publications [21].

The Eurostat database provides statistics for European Union member states using
various data sources, including the European Union Statistics on Income and Living Condi-
tions (EU-SILC), which has provided annually updated and comparable cross-country data
on income, poverty, social exclusion, and living conditions since 2003. Relevant indicators
related to healthcare and socioeconomic status were selected for analysis. The following
indicators were extracted from the Eurostat database for 24 EU member states, covering
the period 20052021 based on data availability: healthcare indicators included current
healthcare expenditure in percentage of gross domestic product (GDP), number of hospital
beds, and practicing physicians; socioeconomic indicators included income inequality,
unemployment rate, and proportion of population with tertiary education. The definitions
of each indicator are available in Supplementary File.

2.2. Statistical Analysis

The data on Eurostat indicators were available for limited period, and the trend
analysis of country-specific age-standardized rates was conducted using the Joinpoint
regression analysis during 2005-2021. The average annual percent change (AAPC) was
calculated with log-transformation and automatic selection of the best fitting model. All
Joinpoint analyses were performed using Joinpoint Regression Program (Version 5.4.0—
16 April 2025, Statistical Methodology and Applications Branch, Surveillance Research
Program, National Cancer Institute) [22].

We used the Gini index to assess the CRC-associated health inequality across
24 member states over time from 1990 to 2021. The Gini index is a measure of inequality,
calculated based on the Lorenz curve. The Lorenz curve shows the cumulative proportion
of the population ranked by health, as well as a cumulative proportion of health variable
within the population. A hypothetical diagonal line at 45° is drawn to represent a perfect
distribution of health within the population. The Gini coefficient measures deviation from
an equal distribution and is calculated based on the area between the 45° line and the
Lorenz curve. This coefficient ranges from 0 (perfect equality) to 1 (total inequality), with a
higher value indicating greater inequality [23,24]. In this study, the health measures used
to calculate the Gini index were the annual age-standardized death, DALY, YLD, and YLL
rates of CRC for each country.

Generalized linear mixed model (GLMM) with a gamma distribution and log link
function, including a random intercept for country, was used to account for repeated
measures across countries. Model fit was assessed using likelihood ratio (LR) tests, the
Akaike Information Criterion (AIC), and Bayesian Information Criterion (BIC). Results of
GLMM models are reported as 3 coefficients with corresponding 95% confidence intervals.
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Statistical analyses were conducted using STATA IC version 13.0 (Stata Corp., College
Station, TX, USA). The Gini index was calculated using the ineqdeco package. A p-value of
less than 0.05 was considered statistically significant.

3. Results

The overall age-standardized mortality rate across all EU-27 countries has changed
from 22.91 (95% UI: 21.44-23.83) to 17.12 per 100,000 (95% UI: 15.52-18.23) from 1990 to
2021. The age-standardized DALY rate has decreased from 503.53 (95% uncertainty interval
(UI): 480.39-520.57) in 1990 to 370.57 per 100,000 (95% UL: 344.49-391.88) in 2021. The
trend of age-standardized YLL rate showed a similar pattern to the DALY trend; the rate
decreased from 484.93 (95% Ul: 462.99-500.61) to 348.94 per 100,000 (95% UI: 324.09-368.44).
In contrast, age-standardized YLD showed a slight increase from 18.59 (95% UI: 13.93-23.84)
to 21.63 per 100,000 (95% UI: 16.06-28.18) between 1990 and 2021.

Figure 1 presents the country-specific average AAPC restricted to the period
2005-2021. The results of the Joinpoint regression indicated that most EU member
states experienced significant declines in DALY, mortality rates, and YLL and YLD
rates between the study period (2005-2021). Bulgaria and Romania were the only two
countries where all four health outcomes increased over the period. The highest im-
provements were observed in age-standardized YLL rates with average AAPCs in the
1.12% to -3.12% range (Figure 1).

According to the Gini index, health inequality was observed across 24 EU member
states (Figure 2). Between 1990 and 2021, the Gini index for age-standardized YLDs in
EU member states declined from 0.19 to 0.12. In contrast, inequality in YLL increased
from 0.11 to 0.16 over the same period. Inequality for the age-standardized DALY rate
showed a similar upward trend, rising from 0.11 in 1990 to 0.15 in 2021. The Gini index for
age-standardized death rate increased slightly from 0.12 to 0.14 during the investigated
period (Figure 2).

As reported in Table 1, greater number of practicing physicians was related to lower
death ( = —0.036, p = 0.022), DALY (3 = —0.035, p = 0.019), YLD (3 = —0.060, p < 0.001)
and YLL ( = —0.034, p = 0.022) rates. In contrast, health expenditure in share of GDP and
hospital bed availability showed no significant relationship in any model (Table 1).

Among socioeconomic indicators, a higher education attainment was significantly
linked to lower disease burden across all four health outcomes (age-standardized death
rate: 3 = —0.009, p < 0.001, DALY rates (3 = —0.009, p < 0.001), YLD rates (3 = —0.008,
p <0.001) and YLL rates (3 = —0.009, p < 0.001). Income inequality was positively related
to higher death (3 = 0.015, p = 0.035), DALY (3 = 0.019, p = 0.005), and YLL (3 = 0.019,
p = 0.004) rates, but not to YLD. The unemployment rate was not a significant factor in any
of the models (Table 1).
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Figure 1. Average annual percent change (AAPC) of age-standardized death, DALY, YLD, and YLL
rates in 24 EU member states for the period of 2005-2021.
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Figure 2. Trends in Gini index of age-standardized death, DALY, YLD, and YLL rates in 24 European
Union member states, 1990-2021.

Table 1. Mixed-effect GLM model for age-standardized death, DALY, YLD, and YLL rates in 24 EU
member states.

Death DALY YLD YLL
o, P- o, P- o P- o, P-
B (95% CI) Value B (95% CI) Value B (95% CI) Value B (95% CI) Value
Healthcare indicators
Current
healthcare
. . -0.004 (-0.012, -0.005 (-0.013, -0.007 (-0.016, —-0.005 (-0.012,
expenditure in 0.004) 0.283 0.003) 0.195 0.002) 0.132 0.003) 0.224
share of
GDP (%)
Practicing
.. —0.036 (-0.066, —0.035 (-0.064, —0.060 (-0.094, —0.034 (-0.063,
physicians ~0.005) 0.022 ~0.006) 0.019 ~0.026) <0.001 ~0.005) 0.022
(per 1000)
Hospital bed —0.009 (-0.024, -0.002 (-0.016, -0.011 (-0.027, —-0.001 (-0.015,
(per 1000) 0.005) 0.193 0.011) 0.762 0.005) 0.186 0.012) 0.847
Socioeconomic indicators
Proportion of
population -0.009 (-0.012, -0.009 (-0.012, -0.008 (-0.012, —-0.009 (-0.012,
with tertiary ~0.006) <0.001 ~0.006) <0.001 ~0.005) <0.001 ~0.006) <0.001
education (%)
Income 0.015 (0.001, 0.019 (0.006, 0.014 (-0.001, 0.019 (0.006,
inequality 0.029) 0.035 0.032) 0.005 0.030) 0.068 0.033) 0.004
Unemployment  —0.000 (-0.002, —0.000 (-0.002, 0.000 (-0.002, —0.000 (-0.002,
rate (%) 0.002) 0.920 0.002) 0.723 0.003) 0.775 0.002) 0.638
12.430 (5.785 17.175 (10.840 ~10.866 18.550 (12.190
Intercept 19.076) <0.001 23.509) <0.001 (:;if;;, 0.004 24.911) <0.001
Country 0.038 (0.022, 0.043 (0.024, 0.072 (0.040, 0.042 (0.023,
intercept 0.068) <0.001 0.077) <0.001 0.129) <0.001 0.074) <0.001

All models adjusted for year (2005-2021) and included a country-level random intercept. DALY: disability-
adjusted life years, YLD: years lived with disability, YLL: years of life lost, CI: confidence interval, GDP: gross
domestic product. Significant results are shown in bold.
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4. Discussion

Our study showed that colorectal cancer burden has decreased across EU member
states in recent decades. This improvement is driven mainly by the widespread implemen-
tation of organized screening programs, which enable cancers to be detected and treated at
an earlier stage of the disease [7]. A recent population-based study of nine European coun-
tries reported that screen-detected cancer cases were diagnosed at a more favorable stage
than those detected otherwise [25]. Another study found that a 1% rise in screening uptake
corresponds to a 2.9% decrease in late-stage incidence rate, which highlights the crucial
role of screening in preventing advanced-stage diagnoses [26]. At the same time, advances
in treatment, including improved surgical techniques and more effective radiotherapy and
chemotherapy regimens, targeted therapies, immunotherapy, and better palliative care,
have extended survival and quality of life for CRC patients [27-29].

Trend analysis revealed that the improving trend was observed in almost all investi-
gated member states, whereas Bulgaria and Romania were outliers with worsening trends
across all burden metrics. In these countries, the unfavorable colorectal cancer outcomes
largely stem from the lack of a national, population-based screening program [30], high
prevalence of cancer-related risk factors [30,31], and limited access to services due to a
shortage of specialist health professionals [30,31].

Country-level differences in CRC burden may reflect variation in healthcare system
models, which influence access, equity, and efficiency in cancer prevention and treatment.
Additionally, disparities in national policies on CRC screening, health spending priorities,
and the strength of primary care infrastructure likely contribute to the observed cross-
country heterogeneity [15].

The observed rise in age-standardized YLD reflects the growing population of CRC
survivors living with a wide range of long-term physical [32-36] and psychological [35,37]
morbidities, which have been described as the survivorship burden in cancer survivors.
This trend highlights the need to develop comprehensive survivorship care models focusing
on physical rehabilitation, mental health support, and long-term follow-up to improve
functional outcomes and quality of life for survivors [35,37].

The inequality analysis revealed that, while disparities in the burden of CRC have
decreased in terms of YLD, widening inequalities were observed for mortality, YLL, and
DALY over the past decades. These findings indicate that differences in the overall disease
burden have not yet been eliminated. The reduction in YLD-related inequality may reflect
improvements in equitable access to survivorship care and rehabilitation services across
Europe. In contrast, the increasing inequalities in mortality, YLL, and DALYs likely reflect
uneven distribution of advancements in early detection, timely diagnosis, and access to
effective treatments. Persistent disparities by socioeconomic status remain a major public
health challenge in addressing the CRC burden [11].

The observed inverse relationship between physician density and CRC burden is
consistent with previous findings that greater availability of physicians (both GPs and
specialists) significantly improves CRC outcomes through earlier diagnosis [26,38]. For
example, a recent spatial analysis demonstrated that regions with higher primary care
physician density experience significantly lower rates of late-stage CRC incidence and
mortality [26]. These findings indicate that policy efforts should focus on regions with
lower ratios of physicians to population to ensure more equitable access to care.

The strong, consistent link between higher educational attainment and CRC burden
suggests that education may serve as a proxy for health literacy, which in turn may influ-
ence participation in screening programs [39]. Moreover, low health literacy is not only
associated with reduced screening uptake but also linked to a significantly higher incidence
of postoperative complications, longer hospital stays, greater hospital charges [40], and
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poorer quality of life [41] among CRC cancer survivors. Our findings confirm that inade-
quate education (health literacy) level contributes to the disproportionate burden of CRC
faced by socioeconomically disadvantaged populations.

We found a positive link between income inequality and CRC mortality, DALY, and
YLL, which reflects that regions with larger income disparities suffer from poorer cancer
survival. This finding is consistent with existing literature, including a meta-analysis,
which demonstrated that people living in regions with high income inequality exhibit
an elevated risk for premature mortality, independent of their socioeconomic status [42].
Moreover, a nationwide Swedish register-based study of colon and rectal cancer patients
documented pronounced income-related disparities in life-years lost [43].

The lack of a significant relationship between overall health expenditure as a share
of GDP or hospital bed availability and CRC burden highlights the pivotal role of socioe-
conomic determinants. Recent research revealed that even in regions with high hospi-
tal bed density, deprivation-related disparities in CRC detection persist, suggesting that
hospital bed availability cannot fully eliminate health disparities due to socioeconomic
deprivation [44].

Thus, the major policy implication of this study is that policymakers should invest in
expanding access to CRC screening programs and improving early detection in countries
with weaker health system performance, particularly those with low healthcare spending
and high out-of-pocket costs. Systematic monitoring of CRC screening campaigns is also
essential to understand their effectiveness and to inform future optimization efforts [45-47].
Additionally, targeted interventions are needed to address CRC disparities among popula-
tions with lower socioeconomic status by integrating social protection mechanisms and
subsidizing preventive care. Future research is needed to incorporate data on population-
based CRC screening programs in EU countries alongside healthcare and socioeconomic
indicators. This could provide valuable insights into the effectiveness of national screening
campaigns in different settings.

Strengths and Limitations

One key strength of this study is the use of population-based data to deliver com-
prehensive estimates of colorectal cancer burden patterns and its relation to healthcare
and SES indicators across 24 EU member states. However, several limitations should be
acknowledged. First, this ecological study relied on aggregated country-level data, which
may hide important subnational heterogeneity in data collection methods, population
structure, and lifestyle factors. The health burden may be underestimated because of the
hidden morbidity of CRC, particularly in countries with less effective screening programs.
Additionally, this study does not account for differences in national healthcare system
models (e.g., Bismarckian vs. Beveridge), which may influence the access, delivery, and
outcomes of CRC care. Furthermore, the regression analysis was performed for 2005-2021
(due to data availability); extending this period could increase the robustness of the findings.
Additional Eurostat indicators with incomplete coverage across countries and years were
excluded from the analysis. Despite these limitations, the data sources (Eurostat and GBD)

and methodology used in this study were adequate to identify inequalities and trends in
CRC burden.

5. Conclusions

Our findings suggest that while years lived with disability have become more equi-
table, reflecting better survivorship care, inequalities in mortality, YLL, and DALYs persist
and are widening. Our findings highlight that, alongside expanding organized screening,
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strengthening physician supply and reducing socioeconomic inequalities are essential
strategies for mitigating the unequal burden of colorectal cancer.
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Simple Summary: Many demographics affect post-mastectomy reconstruction care, in-
cluding an older age, lower income, care at a public hospital, rural care, and non-White race.
This data is significant because it identifies vulnerable populations and factors impeding
breast reconstruction despite multiple federal regulations in place.

Abstract: Background and Objectives: Breast reconstruction following mastectomy im-
proves quality of life and psychosocial outcomes, yet it is not consistently performed
despite multiple federal mandates. Current data shows decreased reconstruction in minor-
ity races, those with a low socioeconomic status, and those holding public health insurance.
Many barriers remain misunderstood or unstudied. This study examines barriers to post-
mastectomy breast reconstruction to promote a supportive clinical climate by addressing
multifactorial obstacles to equitable access to care. Materials and Methods: The California
Cancer Registry Data Surveillance, Epidemiology, and End Results (SEER) database and
California Health and Human Services Agency Cancer Surgeries Database (2013-2021 and
2000-2021, respectively) were used in this retrospective observational study on mastectomy
with immediate breast reconstruction (IBR), delayed breast reconstruction (DBR), or mastec-
tomy only (MO) rates. Data were collected on age, sex, race, insurance type, hospital type,
socioeconomic status, and residence. Pearson’s chi-square analysis was performed. Results:
We found that 168,494 mastectomy and reconstruction surgeries were performed (82.36%
MO, 7% IBR, 10.6% DBR). The 40-49 age group received significantly less MO (38.1%)
compared to the 70-74 age group (94.8%, (p = <0.001). Significantly more reconstruction
was carried out in patients with private, HMO, or PPO insurance (IBR 75.86%, DBR 75.32%,
p = <0.001). Almost all breast surgeries were in urban areas as opposed to rural/isolated
rural areas (96.02% vs. 1.55%, p = <0.001). There was no significant difference between
races. Of all surgeries, 7.46% were completed in a cancer center with significantly higher
rates of IBR. LA County, San Luis Obispo/Ventura County, and Northern CA had signifi-
cantly more MO than other regions (p = <0.001). Conclusions: Reconstruction rates after
mastectomy are low, with only 17.64% of patients undergoing reconstruction. Nationally,
70.5% of patients received MO, with 29.6% undergoing reconstruction. Significant factors
positively contributing to reconstruction were private insurance, high SES, cancer center
care, and urban residency. Identified barriers include public health insurance enrollment,
rural or non-urban residence, older age, low SES, and non-white race/ethnicity, indicating
potential monetary influences on care.

Keywords: breast reconstruction; barriers; mastectomy; plastic surgery; breast cancer
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1. Introduction

Breast reconstruction for post-mastectomy cancer patients is not consistently per-
formed as part of routine care despite a 13% average lifetime risk of breast cancer (one
in eight women [1]), and proven psychosocial, physical, and quality-of-life benefits [2-5].
Current surgical breast cancer options include removal of the whole breast or a portion of it,
with improved quality of life and major psychological benefits if reconstructive efforts are
undertaken [6]. Reconstructive options include immediate breast reconstruction (IBR) with
autologous tissue replacement or implant-based interventions, or delayed breast recon-
struction (DBR), which takes place further along in the treatment course. IBR is associated
with fewer operations and potential improved psychosocial benefits [3], but carries higher
complication rates compared to DBR. Radiation therapy [3] and tumor characteristics [7]
are major determinants in IBR, both of which significantly reduce reconstructive rates.

Between 1998 and 2015, only 5.2% of patients who underwent a mastectomy would
go on to receive IBR [8]. In attempts to improve outcomes, the Women’s Health and Cancer
Rights Act of 1997 [9] was instituted to require coverage for breast reconstruction following
mastectomy. It stipulated that coverage was to include all stages of reconstruction to match
breasts in shape, size, and form, as well as prostheses and procedural complications. The
Patient Protection and Affordable Care Act of 2010 [10] required that from then on all
women undergoing mastectomy would be referred to a plastic surgeon [10]. This continues
to be supported by the American College of Surgeons and National Accreditation Program
for Breast Cancer. Specific religious sponsored health plans and Medicaid do not cover costs;
however, Medicare may cover reconstructive procedures if deemed medically necessary
by the surgeon. Rates have since improved, and as of 2013, the rate of all reconstruction
types was 17% nationally [11], with states varying between 17% and 35% [3,12-14]. Over
this same time period, IBR rates grew as the desired reconstruction option from 6.3% in
1996 to 16.8% in 2015 [8].

Reports vary [15], but they indicate that DBR may impact body image and reduce
overall quality of life [3,16] when compared to immediate reconstruction [8]. Delayed
or absent reconstruction may increase physical health risks such as chronic pain and
long-term musculoskeletal strain from uneven weight distribution following unilateral
mastectomy [2]. These physical and psychological challenges are further exacerbated by
socioeconomic and healthcare disparities, which disproportionately impact underserved
populations [17,18].

Negatively contributing factors in the current literature are identified as a minority
race and ethnicity [6,19,20], geography, public health insurance type [19,21], income <USD
38,000 a year [19], hospital type [22], older age, increased number of comorbidities [23],
treatment type [7,24], and patient lack of awareness of options [7] or preference to forgo or
delay reconstruction [25].

Statistically significant findings support racial disparities in breast reconstruc-
tion [6,26,27]. White, Non-Hispanic White, and Caucasian patients have been found
to be statistically significantly more likely to receive mastectomies [14,28] when compared
to African American [29], Asian [28,29], Latina [6,19,20], American Indian, and Alaska
Native patients [14]. African American women are also less likely to receive breast re-
construction than Caucasian and Asian women [14,24], while Alaska Natives are the
least likely to receive breast reconstruction out of all racial groups, with higher rates of
treatment delays [14].
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Geographic barriers have also been observed when comparing the eastern US region
to the western and southern regions, the relative distances to surgery centers, the plastic
surgeon density, and the presence of a non-academic or cancer center [6,26,27].

Additionally, patient preferences for a reconstructive approach may influence re-
construction rates. Bailey et al. found that amongst 134 patients who underwent MO
procedures, 38 (28%) declined a plastic surgeon referral, 37 (28%) were not IBR candidates,
and 29 (22%) underwent delayed reconstruction [25]. An additional 21 (16%) were seen by
a plastic surgeon but declined reconstruction, 3 (2%) were referred but did not attend their
appointment, and 6 (4%) had unknown reasons for not undergoing reconstruction [25].
The type of breast cancer treatment also contributes to reconstruction decisions [30]. No-
tably, adjuvant radiation therapy has been identified as a significant predictor of breast
reconstruction among Caucasian women, but not among African American women [18,31].

Despite the available literature outlining barriers to post-mastectomy breast recon-
struction, much of the available data is limited, with most focused on racial disparities.
Given the paucity of information regarding the impacts of social determinants of health
on breast reconstruction, the present literature could benefit from a more comprehensive
analysis. This study aims to provide an updated assessment of current barriers to accessing
post-mastectomy breast reconstruction.

2. Materials and Methods
2.1. Data Sources

This retrospective descriptive study utilizes the California Cancer Registry Data
Surveillance, Epidemiology, and End Results (SEER) database in conjunction with the
California Health and Human Services Agency Cancer Surgeries Database (CHHS). The
CHHS database was used to collect the number of cancer surgeries performed in California
hospitals between 2013 and 2021. Categories included year, county of hospital location,
hospital name, type of cancer surgery, and number of cancer surgeries performed in Cali-
fornian acute care hospitals (ICD9 and ICD-10 codes). Hospitals were also identified and
characterized as academic vs. community, private or public, or cancer centers using pub-
licly available data. The SEER 22 “Incidence-SEER Research Data, 17 Registries, Nov 2023
Sub (2000-2021)" registry was used for its national, comprehensive, and cancer-specific
population-based data. These databases were selected for their comprehensive population-
level data and use in prior high-impact analyses of breast reconstruction barriers [3,20,21].

All data is de-identified within both databases; therefore, no informed consent
was required.

2.2. Inclusion Criteria

Inclusion criteria were female patients with a diagnosis of breast cancer who under-
went specific procedures during the years 2000-2021. Patient inclusion criteria were eligible
patients undergoing breast implant insertion or replacement post-mastectomy (CPT 19340,
19342); the use of tissue expanders with or without implant replacement (CPT 19357, 11971,
11970); revision of the peri-implant capsule, including capsulotomy, capsulectomy, and
complete capsulectomy (CPT 19370, 19371); or AlloDerm [LifeCell Corporation, Branch-
burg, USA] implantation in breast reconstruction (CPT 15777). Patients who received a
lumpectomy or breast-conserving surgery were excluded from this study. Collected data
included the patient ID, race/ethnicity, age, sex, comorbidities, income/median house-
hold income/SES, marital status at diagnosis, rural-urban continuum/county attributes,
site-specific surgery, surgery of primary site, year of diagnosis, year of follow-up, first malig-
nancy/sequence number, admission type, insurance type, cancer versus non-cancer center,
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American Joint Committee on Cancer staging system, time from diagnosis to treatment,
and reporting source.

Site-specific surgery coding for the breast included IDC-0: 174.0-174.6, 174.8-174.9,
175.9. Surgery codes for the primary surgery site were categorized by the type of mastec-
tomy or breast reconstruction. Mastectomy type: 20—24—Breast-conserving or -preserving
surgery, 20—Partial mastectomy, less than total mastectomy, 40—Total (simple) mas-
tectomy, 41—Simple bilateral mastectomy, 76—Bilateral mastectomy for single tumor,
43—Simple mastectomy with tissue expanders, 50—Modified radical mastectomy,
60—Radical mastectomy, 71—Extended radical mastectomy, 80—Mastectomy, 90—Breast
surgery + pathological specimen, 41, 51, 61, 71—Without removal of uninvolved con-
tralateral breast, 42, 52, 62, 72—With removal of uninvolved contralateral breast. Breast
reconstruction types: 30—Subcutaneous mastectomy (nipple-sparing mastectomy), 43, 47,
53, 57, 64, 68—Reconstruction, 44, 48, 54, 58, 65, 69—Tissue, 45, 49, 55, 59, 66, 73—Implant,
46, 56, 63, 67, 74, 75—Combined tissue and implant. Code 90—Death certificate only,
unknown if surgery performed.

2.3. Statistical Analysis

The SEER database was used for a detailed analysis of demographics, initial surgery,
and reconstruction type, if any. CHHS focused data allowed us to analyze state trends by
hospital type, county, and breast surgery type. California’s vast socioeconomic landscape
allowed for an in-depth view of disparities specific to geography, institutions, and patients.
Together, these sources allowed for a robust examination.

Descriptive statistics we analyzed included frequencies and percentages (i.e., distri-
bution) of breast cancer surgeries by year, county, and hospital. Descriptive statistics of
the number of surgeries by hospital characteristics were analyzed by stratifying the mean
number of surgeries by the categories of interest. An independent sample t-test was applied
to determine whether mean differences were statistically significant.

Surgery codes were categorized into three groups: mastectomy only (MO), immediate
breast reconstruction (IBR), or delayed breast reconstruction (DBR). Complications were
identified as the removal of an intact implant due to reported infection, malposition, capsu-
lar contraction (CPT 19328), or ruptured implant (CPT 19330). Data were analyzed using
a chi-square test of independence to understand if there were demographic differences
between patients across groups. Pearson’s chi-squared analysis was performed. A p-value
of <0.05 was deemed to be significant.

For age, a mean difference analysis was performed using a one-way analysis of vari-
ance to understand if the average ages of patients were statistically significantly different
from one another. Age was additionally analyzed by category. Pearson’s chi-square test
of independence was employed to search for statistically significant differences amongst
categorical variables across the three surgical groups, to evaluate if differences occurred
by chance.

Descriptive statistics, chi-squared tests, and ¢-tests were employed where appropriate,
and age comparisons were made using a one-way ANOVA aligning with the standard
epidemiological methodology and previous retrospective cohort studies. Descriptive and
bivariate analyses were chosen to avoid overinterpreting causality or misrepresenting
associations without linked data.

Prior work by Lang et al. demonstrates the SEER database’s utility in tracking trends
and disparities in care, while published work by Sergesketter et al. validates the added
benefit of tracking sociodemographic trends utilizing this database [3,20]. SEER-specific
characteristics are essential to allow for the analysis of trends over time, particularly
in the context of federal and state mandates on breast reconstruction post-mastectomy.
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Utilizing sampling data would significantly limit the ability to make conclusions on national
reconstruction trends. Albornoz et al. and Sergesketter et al. also demonstrate the utility of
SEER in identifying geographic and sociodemographic disparities, which is essential in
the present analysis to allow the exploration of barriers to post-mastectomy care [20,21].
The success of prior studies in producing high-impact findings reinforces SEER's reliability,
especially given that it is specifically tailored to cancer epidemiology, which aligns with
this study’s objectives.

3. Results
3.1. California Health and Human Services Agency Cancer Surgeries Database

California is diverse in almost all socioeconomic variables, which allow for the ex-
trapolation of data for a comprehensive assessment of barriers. A total of 243,887 breast
surgeries were performed in California between the years 2013 and 2021 in 322 hospitals.
Of these surgeries, 168,494 were mastectomy-only, IBR, or DBR, which had rates of 82.36%,
7%, and 10.6%, respectively. Private hospitals comprised 83% (268) and public hospitals
17% (54) of the 322 hospitals examined. The surgeries at private hospitals accounted for 88%
of the breast cancer surgeries performed, higher than the expected 83%. Public hospitals
accounted for 12% of breast cancer surgeries, lower than the expected 17%. A statistically
significant difference was found in the average number of surgeries performed in private
(M = 804, SD = 1053.38) vs. public (M = 526, SD = 681.87) hospitals (t (111.13) = 2.46,
p < 0.05; equal variances were not assumed).

Academic hospitals totaled 14% (44) and community hospitals 86% (278) of the
322 hospitals. The breast cancer surgeries performed at academic hospitals accounted
for 28%, higher than the expected 14%. Public hospitals accounted for 72% of breast cancer
surgeries, lower than the expected 86%. There was a statistically significant difference
in the average number of surgeries performed in academic (M = 1548, SD = 1369.62) vs.
community (M = 632, SD = 874.53) hospitals (t (48.70) = 4.30, p < 0.001; equal variances
were not assumed).

Cancer centers comprised 2.5% (8) and non-cancer centers 97.5% (314) of the
322 hospitals included in the analysis. Cancer center surgeries accounted for 9.4% of
all breast cancer surgeries performed, almost four times higher than the expected 2.5%. A
statistically significant difference was found in the average number of surgeries performed
in cancer centers (M = 2867, SD = 1427.81) vs. non-cancer centers (M = 704, SD = 934.99)
(t (7.15) = 4.26, p < 0.01; equal variances were not assumed).

Between 2013 and 2021, 243,887 breast surgeries were performed in the state of Cal-
ifornia. The highest rate of all breast surgeries over this time period was in the counties
of Los Angeles (n = 64,662, 26.51%), San Diego (pop. n = 23,399, 9.59%), and Orange
(n =22,007, 9.02%). The populations of these counties were roughly 33 million, 13 million,
and 3 million, respectively.

No significant differences were found between racial groups and rates of breast
reconstruction in the state of California. Cancer centers had statistically significantly higher
rates of IBR (7.64%) compared to other hospital types. Most of the reported reconstruction
surgeries in California were completed in urban areas (96.02%) compared to rural locations
(1.55%). Only 0.99% of IBR occurred in rural areas. The highest frequency of IBR was in
Orange County. The highest mastectomy-only rates occurred in Los Angeles County, San
Luis/Obispo/Ventura County, and Northern California.

Many counties had a lower than 0.10% rate of total breast cancer procedures. These
were found in the counties of Amador (pop. 40k, n = 33, 0.01%), Calaveras (pop. 45k,
n = 64, 0.03%), Del Norte (pop. 27k, n = 75, 0.03%), Inyo (pop. 19k, n = 82, 0.03%), Lake
(pop. 68k, n =44, 0.02%), Lassen (pop. 31k, n = 3, 0.00%), Madera (156k, n = 167, 0.07%),
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Plumas (19.5k, n = 30, 0.01%), San Benito (64k, n = 85, 0.03%), Tehama (65k, n = 62, 0.03%),
Trinity (pop. 135.k, n = 6, 0.00%), and Yuba (pop. 72.5k, n = 187, 0.08%).

3.2. Surveillance, Epidemiology, and End Results (SEER) Database

SEER-specific database characteristics are essential to the analysis of barriers. Na-
tionally, 29.6% received post-mastectomy breast reconstruction. Within this group that
underwent post-mastectomy breast reconstruction, 26.4% received IBR, 3.2% underwent
DBR, and 70.5% had MO. Individuals of non-white race/ethnicity had a decreased likeli-
hood of undergoing breast reconstruction. Those who identified as non-Hispanic White
individuals were more likely to receive IBR, at a rate of 27.7% (68.7% MO, 27.7% DBR).
Hispanic, Black, Asian or Pacific Islander, and American Indian/Alaska Native patients
received MO at rates under 80% (73.3%, 74.3%, 75.5%, and 77.1%, respectively).

Of those who received breast reconstruction, the majority underwent IBR as opposed
to DBR: Hispanic: 24.4% IBR vs. 2.3% DBR, Black: 23.1% IBR vs. 2.6% DBR, Asian or Pacific
Islander: 22.4% IBR vs. 1.9% DBR, and American Indian/Alaska Native: 20.6% IBR vs.
2.4% DBR (Figure 1).

Race/Ethnicity and Breast Reconstruction Type

Non-Hispanic American Indian/Alaska Native 77.1 20.6 24
Non-Hispanic Asian or Pacific Islander 75.6 224 19
Non-Hispanic Black 74.3 231 26

Hispanic (All Races) 73.3 24.4 23

Non-Hispanic White 68.7 27.7 36

0O 10 20 30 40 50 60 70 80 90 100

Percent Type of Reconstruction

MO mIBR mDBR

Figure 1. Race/ethnicity and breast reconstruction type.

When examining the state of California within the SEER database specifically, we
found that only 17.64% of patients proceeded with any reconstruction after mastectomy,
and 82.4% underwent an MO procedure. Of those who underwent reconstruction, 10.6%
received DBR and 7% IBR. The reconstruction rate of the 40—49-year-old age group was
greater than that of the 70-74-year-old age group and demonstrated a statistically significant
difference. However, the 40—49-year-old age group underwent mastectomy only at a rate
of 38.1%, compared to 94.8% of those aged 70-74 (p = <0.001).

Decreased rates of reconstruction were found in older age (Figure 2). The highest
rates of MO were in the 90+ (92.4%), 80-89 (90.9%), 70-79 (84.5%), 60—-69 (73.9%), and
50-59 (64.9%) age groups compared to the 20-29 (51.3%), 30-39 (52.4%), and 4049 (56.1%)
age groups. Younger patients were more likely to opt for IBR versus DBR if they did
undergo breast reconstruction. Those aged 20-29 underwent IBR at a rate of 45.9% vs.
2.8% DBR, 30-39 IBR 44.9% vs. 2.7%, 40—49 40.8% vs. 3.1%. Rates of IBR decreased as age
increased, dropping by almost half between the 70-79 and 80-89 age groups (12.9% and
7.4%, respectively). The group with the lowest rate of any reconstruction type was the
90+-year-old cohort, with 6.4% IBR and 1.2% DBR.
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Age and Breast Reconstruction Type

92.4
90.9

70-79 84.5

> 60-69 73.9

50-59 64.6

2 40-49 56.1

Income

30-39 52.4
20-29 51.3

0 20 40

Percent Type of Reconstruction

MO

Figure 2. Age and breast reconstruction type.

IBR mDBR

80 1

o

0

An income of <USD 70,000 was associated with a decreased likelihood of receiving
breast reconstruction (Figure 3). As income increased, so did reconstruction rates for both
IBR and DBR. Those earning less than USD 40,000 a year had above 80% MO rates [USD
<35k (85.8 % MO, 12.3 % IBR, 1.9 % DBR); USD 35-29k (82.60% MO, 15.6% IBR, 1.8% DBR)].
Between USD 40,000 and USD 64,999, MO rates were between 79.9% and 72.1% and IBR
between 18.1% and 24.8%. Once income was greater than USD 70,000, the rate of MO
dropped below 70%, and at USD 75,000, IBR was above 31% [USD 70,000-74,999: 67.9%
MO, 28.9% IBR, 3.1% DBR; and USD >75k: 65.1% MO, 31.1% IBR, 3.7% DBR].

Income and Breast Reconstruction Type

65.1
$70,000 - $74,999 67.9
72.1
$60,000 - $64,999 74.3
74.5
$50,000 - $54,999 78.8
79.1
$40,000 - $44,999 7959
82.6
<$35,000 85.8
0% 20% 40%

Percent Type of Reconstruction

MO

Figure 3. Income and breast reconstruction type.
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The insurance type was also examined as a variable. We found that 8% of all MO
patients were on public health insurance. In the years examined, 75% of IBR that was
performed was covered under private insurance. Significantly more reconstruction was
carried out in patients who had private, HMO, or PPO insurance, at rates of IBR at 75.86%
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and DBR at 75.32% (p = <0.001), compared to those with government insurance for the
elderly or low earning specifically.

Those whose residence was outside of an urban population (<1 million) were less
likely to receive breast reconstruction, with an MO reconstruction rate greater than 70%
(Figure 4) (81.1% not adjacent to a metropolitan area, 80.4% adjacent to a metropolitan area,
78.8% <250,000 population, 70.8% 250,000 to 1 million population). At a population density
of 1 million, the proportion of IBR cases was approximately 30%. However, there were
minimal differences between the area of residence and percentage of DBR (3.4% per million
people versus 2.1%) when not adjacent to a metropolitan area.

Geographic Population and Breast Reconstruction Type

é Nonmetropolitan counties (non-adjacent areas) 81.1 16.8 2.1
T;; Nonmetropolitan counties (adjacent areas) 80.4 17.3 23
CE Metropolitan <250,000 78.8 189 23
g?— Metropolitan 250,000 - 1 million 70.8 26 3.2
%D Metropolitan >1 million 67.2 29.4 34
0 10 20 30 40 50 60 70 80 90 100

Percent Type of Reconstruction

MO mIBR mDBR

Figure 4. Geographic location population and breast reconstruction type.

4. Discussion

This work has found that the national breast reconstruction rate is currently 29.6%,
which is an increase from 11.7% in 1996 and 21.7% in 2008 [3]. Nonetheless, the rate remains
relatively stagnant despite multiple federal mandates put into place. This study corrob-
orates previous findings [27] and provides an update on current barriers, which include
the insurance type (private vs. public), hospital type, geographic residence, socioeconomic
status (SES), and age, as potential areas of future mandate improvements.

Discordant racial data was found when comparing national findings with those specific
to California. While national data demonstrates significant racial disparities, no differences
were observed in the California-based analysis. Nationally, racial and ethnic minorities
experience inequitable access to breast reconstruction due to sociodemographic disparities
and implicit biases [30,32]. This study shows that non-Hispanic White women are more
likely to undergo mastectomy with immediate breast reconstruction (IBR) than Hispanic,
Black, Asian or Pacific Islander, and American Indian/Alaska Native women. Our results
are congruent with previous findings by Sergesketter et al. [20], who found racial and
ethnically marginalized groups (non-Hispanic Black and Hispanic women) to have a
statistically significantly lower likelihoods of undergoing reconstruction post-mastectomy
in a national cohort [17]. A systematic review conducted by Doren et al. [32] also found a
higher likelihood of undergoing overall reconstruction in those who identified as White
compared to Black patients [32].

However, California-specific analyses suggests that the SES, insurance type, and
geographic location may play more prominent roles in determining access to breast re-
construction than race. These findings align with the current literature and emphasize
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the complex interplay of system, physician, and patient-related factors contributing to
disparities [33]. The observed disparity in California may be attributable to the state’s large
and diverse population, varying socioeconomic conditions, and access to healthcare. From
this data, we infer that areas with a larger and more diverse population may be better
equipped to provide resources that allow for overcoming certain barriers, as demonstrated
by race not being included as a barrier in California versus nationally.

Schafer et al. assessed the impact of the Affordable Care Act on racial and ethnic
diversity between the years 2005 and 2022 [34]. Prior to federal mandate changes, American
Indian or Alaska Native, Asian, and Black or African American individuals underwent
less IBR compared to White patients (p < 0.001). Hispanic-identifying patients specifically
obtained IBR at 28% compared to their White counterparts at 33.4% (p < 0.001). In the
coming years, the trends did not equalize, and all non-White patients underwent IBR
at a lower rate than that of White patients (p < 0.001), with Hispanics as the only ex-
ception, for whom the IBR rate increased to 53.8% compared to White patients at 47.9%
(p <0.001) [35]. Wirth et al. [35] identified persistent racial disparities nationally, particularly
for Black women, which was not statistically significant in our California-focused analysis,
suggesting that regional healthcare systems may moderate racial disparities. These find-
ings highlight the need for region-specific and demographically informed interventions to
improve equitable access to post-mastectomy breast reconstruction.

Patient-specific factors related to SES (e.g., income, occupation, education, and social
and cultural capital) were also strongly associated with the variation in reconstruction rates,
which supports a more nuanced understanding of access inequity. A higher SES correlated
with higher breast reconstruction rates (30% of patients in high-SES groups vs. 10.03% in
low-SES groups). Restrepo et al. also identified being White, having a higher income, and
having a higher educational background as significant predictors of reconstruction rates,
supporting the current study’s findings [19]. The insurance type also emerged as a key
determinant. Private insurance (HMO/PPO) was associated with significantly higher rates
of IBR and DBR compared to public health insurance, suggesting that federal policies—the
Cancer Rights Act of 1998 and the Affordable Care Act of 2010—have been ineffective in
addressing the reconstructive needs of breast cancer patients.

The geographic location played a major role, with significantly higher reconstruction
rates in urban (96.02%) than rural areas (1.55%). Private hospitals had higher reconstruc-
tive surgery volumes than public hospitals, with private hospitals performing 88% of
reconstructions, versus the expected 83%, and public hospitals performing 12%, versus
the expected 17%. The statistically significant differences in reconstruction rates between
hospital types support the idea that resource allocation and geographic factors influence the
access to reconstructive care. The geographic isolation of rural communities and the relative
concentration of hospital resources in urban areas exacerbate these access barriers. The
availability of plastic surgeons and specialized facilities (e.g., cancer centers and hospitals)
is critical to bridging the equity gap. Wareham et al. found that not only are there fewer
breast surgeons than plastic surgeons but also that 14% of breast surgeons did not have a
plastic surgeon within a 10-mile distance, though that is a fall from 25% in 2018 [36].

Cancer centers also demonstrated greater surgical volumes (mean = 2867 procedures
per institution vs. 704 at non-cancer centers) and significantly higher IBR rates. Despite
representing only 2.5% of hospitals in California, cancer centers performed a disproportion-
ately high number of reconstructions and had significantly higher IBR rates (7.64%). Access
to specialized care centers may facilitate equitable care for this complex patient population
and underscores the critical role of cancer center care.

These findings are consistent with the prior literature, as Albornoz et al. [21] found
that reconstruction rates are positively correlated with private hospital systems as well
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as private insurance carriers. The protective effects of a high SES and private insurance
emphasize the role of economic factors in healthcare access, particularly when examined
within California.

Older age is also negatively correlated to breast reconstruction of both types, consistent
with findings by Cortina et al. [6]. Women are more likely to receive IBR at younger ages,
with those aged 70+ receiving the majority of MO. However, likely confounding variables
include an increased number of comorbidities, patient education, and personal choice, so
limited conclusions can be made.

This study found that 17.64% of patients underwent any type of reconstruction fol-
lowing mastectomy. When comparing delayed versus immediate reconstruction, we
found that 10.6% chose delayed and 7% underwent immediate reconstruction. This
may provide insight into patient preference, but due to the lack of subjective data, no
true causation can be highlighted. However, in a systematic review by Doren et al., the
contributors to poor reconstruction rates included issues with individual or community
interactions with the healthcare system (54% and 36%, respectively), the sociocultural
environment (39%), and individual behavioral factors (31%) [32], allowing some inference
to be made, but more objective data and analyses are required. Unmeasured and unex-
amined barriers remain, such as cultural perceptions, communication gaps, and implicit
biases during clinical interactions, which could contribute to the observed disparities in
reconstructive access.

Despite a comprehensive analysis, limitations remain. Due to California’s unique
demographic and healthcare structure, data cannot be generalized to all national regions.
Additionally, the absence of qualitative data prevented the exploration of patient-level
factors that may influence decision-making, including but not limited to cultural attitudes
or provider—patient communication and education. Future studies should integrate patient-
reported outcomes, comorbidities, or a mixed-methods approach to overcome our lack
of qualitative insights, as noted in the prior literature by Retrouvey et al. and Connors
et al. [7,18]. An underrepresentation of rural patients and public hospitals may also skew
data, potentially misrepresenting populations and resources. Although the cancer center
data is compelling, it may not fully reflect the outcomes at non-specialized facilities where
differences in surgeon expertise and available resources can affect results. Furthermore,
racial, ethnic, and age disparities may not fully capture nuanced subgroup differences or
systemic inequities.

Advocacy and Policy Recommendations

Clinicians, health systems, and governmental entities could consider actionable steps
to address these inequities. These may include introducing equity-focused counseling
to address health literacy gaps, particularly among historically underserved populations;
utilizing interpreters and providing culturally appropriate materials in a range of languages
for improved communication and education; ensuring providers’ and staffs” continued par-
ticipation in implicit bias training; standardizing referral protocols based on pre-determined
clinical criteria to minimize variability and potential bias in access to plastic surgery con-
sultations; and implementing data-driven interventions by collecting patient-reported
information on barriers such as cultural beliefs, mistrust, and financial limitations. These
data could inform more tailored support services.

Health systems can play a key role by expanding outreach efforts, redistributing care
services, and tracking equity metrics. A recent study by Stankowski et al. found that
women with public health insurance and living furthest from a plastic surgeon were less
likely to receive reconstruction [37]. Outreach to rural and underserved communities
may include establishing mobile health units, satellite clinics, or telemedicine programs

21



Cancers 2025, 17, 2002

staffed by reconstructive specialists. Facilitating the distribution of plastic surgeons within
breast cancer centers can also improve the access to timely, integrated care specifically
targeting these barriers. Furthermore, tracking reconstructive procedure rates alongside
race, ethnicity, insurance status, and geographic data can help systems identify inequitable
gaps in care and set measurable goals for improvement.

Government institutions can support equity through policy and funding mechanisms.
This includes incentivizing medical practice in underserved areas through loan forgive-
ness, grants, or reimbursement bonuses for reconstructive plastic surgeons. Operational
funding could be directed toward non-urban hospitals to strengthen the reconstructive
service infrastructure. In addition, investing in patient navigation programs, transportation
assistance, and educational initiatives could help address logistical and informational
barriers to care. Policy reforms mandating parity in insurance coverage for reconstruction
and streamlining the authorization process may further reduce delays and denials. Lastly,
regional collaboration could be promoted by fostering partnerships between high-volume
cancer centers and smaller hospitals, improving referral networks and visiting specialists.

By implementing these coordinated strategies, clinicians, health systems, and govern-
mental bodies can work in tandem to reduce disparities and ensure more equitable access
to post-mastectomy breast reconstruction for all patients.

Future work could include multi-state studies to validate these findings and examine
whether California’s lack of racial disparities is replicable elsewhere. This is best carried
out with linked or enriched datasets, allowing researchers to perform multivariate analyses,
if possible. Incorporating mixed methods or qualitative elements would allow researchers
to further investigate the factors influencing patient decision-making, particularly racial
minorities, cultural perceptions, provider communication, and awareness of reconstruction
options. The goal of identifying disparities in access allows for targeted interventions.

5. Conclusions

Improvements in reconstruction rates after mastectomy are slow, with only 17.64%
proceeding with reconstruction. Nationally, 70.5% of patients receive MO and 29.6%
undergo reconstruction. Significant factors positively contributing to reconstruction are
private insurance, a high SES, cancer center care, and urban residencies. Identified barriers
include public health insurance enrollment, rural or non-urban residence, older age, a low
SES, and non-white race/ethnicity, possibly indicating monetary influences on care.
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Simple Summary: Genetic testing (GT) is a valuable tool in managing hereditary cancer
risk but remains underutilized. This study explores the role of clinician recommendations in
GT uptake, focusing on demographic and cancer history variables. From 784 respondents,
a subset with heightened hereditary cancer risk who had not completed GT was analyzed.
The results revealed that only 14.0% received clinician recommendations for GT, and
younger adults with fewer financial concerns and higher education levels were less likely
to receive recommendations. These findings underscore the need for enhanced clinician
education regarding GT indications and the integration of electronic medical record tools
to better identify eligible patients. Addressing these barriers through clinician-focused
education and decision-support systems can improve the standardization and uptake of
GT recommendations, ultimately enhancing cancer management.

Abstract: Background: Despite clinical utility in managing hereditary cancers, genetic
testing (GT) remains underutilized. While barriers include knowledge gaps and cost,
clinician recommendation is a major driver of GT uptake, with rates varying by cancer
type and family cancer history documentation. Methods: Adult participants (>18 years)
were recruited through multiple sources to complete a cancer family history survey for a
larger intervention trial. Participants with personal or family history indicating increased
hereditary cancer risk who had not undergone GT (N = 3001) were invited to complete
a baseline survey. Multivariable logistic regression was used to analyze associations
between demographics and cancer history by receipt of a clinician recommendation for
GT. Results: Among 784 respondents, most were White (84.6%), female (58.4%), and over
age 51 (75.3%), with 58.2% reporting a diagnosis of cancer. Only 14.0% reported receiving
a clinician recommendation for GT, with lower recommendation rates among younger
adults (20.1%), those reporting no financial stress (10.7%), and those with higher education
(12.0%). Multivariate analysis showed participants who did not report financial stress
(p = 0.049) were less likely to receive a recommendation. Discussion: These findings
highlight disparities in GT recommendation by clinicians. Increased clinician education
about indications for GT, the implementation of electronic medical record tools to facilitate
the identification of patients with guideline-concordant personal and/or biological-relative
cancer history, and patient-facing interventions could standardize the dissemination of
recommendations for GT. Conclusions: Future efforts that focus on increasing clinician
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education and electronic decision support should identify individuals with personal and /or
biological-relative cancer history meeting criteria for GT.

Keywords: adults; genetic testing; genetic risk; adherence; hereditary cancer

1. Introduction

As many as 1 in every 10 individuals diagnosed with advanced cancer has an underly-
ing genetic susceptibility to cancer [1]; however, many patients do not undergo clinically
indicated genetic testing (GT) for cancer susceptibility despite its utility in the detection,
prevention, and treatment of hereditary cancers [2-6]. Groups with particularly low rates
of GT include individuals who are of older age, are racial and ethnic minorities, and/or
have a personal/family history of cancer other than breast cancer [4,7-10]. Barriers to the
uptake of GT include knowledge gaps, cost concerns, and a lack of clinician recommenda-
tion [1,11,12].

Several studies have demonstrated that clinician recommendation drives GT up-
take [2,4-6,8,13-20]. Few patients seek testing without a clinician referral [13,21]. Factors
that influence clinician recommendation for GT include cancer type, having documenta-
tion of a comprehensive biological-relative history of cancer, and awareness of national
and international guidelines for GT. Rates of recommendation for GT are higher among
individuals with breast and/or gynecologic cancers associated with hereditary breast and
ovarian cancer syndrome (HBOC) and Lynch syndrome, with biologic females tested at
a higher rate than their male counterparts [8,9,13]. Rates of recommendation for GT are
lower for individuals with prostate and colorectal cancers (CRC), and for those without a
personal history of cancer but whose biological-relative history of cancer indicates a higher
risk for hereditary cancer syndromes [13].

The purpose of this study was to examine the determinants and correlates of receiving
a clinician recommendation for GT within a sample of patients meeting national guidelines
for GT for cancer susceptibility. This study adds to our previous work by including
individuals who had not undergone GT, and we account for the cancer type and family
history present [13].

2. Materials and Methods

Study surveys used previously validated measures to assess perceived benefits and
barriers to GT [13]. Respondents self-reported a recommendation for GT with a single
item developed from prior studies: “Has a doctor or other health care provider ever
recommended that you get cancer genetic testing?” (1) Yes, (2) No, (3) I don’t remember [22].
Responses two and three were collapsed to simplify analysis. Participants reporting (1) Yes,
were subsequently asked, “Who recommended the cancer genetic testing? (Choose all that
apply)” Fill-in response options were recoded (Table 1).

Analyzed descriptive variables are detailed in Table 2 and included gender iden-
tification (trichotomized into female, male, non-binary/transgender), age (current) (tri-
chotomized into years 18-50, 51-70, >70), education (dichotomized into vocational or less,
bachelor’s or higher), household financial stress (dichotomized into living comfortably,
getting by or finding it (very) difficult), insurance status (dichotomized into public (Medi-
care, Medicaid, Tri-care, Veterans Affairs, Indian Health) or private (employer-funded;
other)), race and ethnicity (choose all that apply), and employment status (trichotomized
into employed, unemployed/student, and retired /disabled).
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Table 1. Participant characteristics, N = 784. Descriptive statistics of baseline survey respondents

including receipt of a recommendation for GT.

Demographic Overall
Variables Level (n =784)
Female 458 (58.4%)
Male 318 (40.6%)
Gender: 1 (%) Non-binary, genderqueer, or o
7 (0.9%)
transgender
Missing 1 (0.1%)
Total gender 784 (100.0%)
American Indian or Native 8 (1.0%)
American, Alaskan Native e
Asian or Asian American 17 (2.2%)
Black or African American 35 (4.5%)
Hispanic/Latinx-only 29 (3.7%)
Middle Eastern or North o
Race and Ethnicity: n (%) African 7(0.9%)
Other (includes multiracial) 13 (1.7%)
White or European Amencan, 663 (84.6%)
non-Hispanic
Missing 12 (1.5%)
Total race and ethnicity 784 (100.0%)
Yes 133 (17.0%)
Ashkenazi Jewish ancestry: No 610 (77.8%)
1 (%) Missing 41 (5.2%)
Total ancestry 784 (100.0%)
18-50 194 (24.7%)
. N 51-70 375 (47.8%)
Age (in years): 1 (%) 71 or older 215 (27.4%)
Total age 784 (100.0%)
Less than high school, HS
diploma or GED, vocational 242 (30.9%)
Education: 1 (%) certificate, or associate’s
’ ? Bachelor’s degree or higher 540 (68.9%)
Missing 2 (0.3%)
Total education 784 (100.0%)
Current-ly employed (full or 348 (44.4%)
part time), or volunteer
Unemployed or student 32 (4.1%)
Employment: 7 (%) Retired, homemaker, or 404 (51.5%)
disabled e
Total employment 784 (100.0%)
Living comfortably 485 (61.9%)
Getting by, finding it (very) o
Financial stress on present difficult 286 (36.5%)
income: 1 (%) Missing or prefer not to 13 (1.7%)
answer
Total financial stress 784 (100.0%)
. . Public/government 370 (47.2%)
ge)alth insurance type: n Private 414 (52.8%)
? Total insurance 784 (100.0%)
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Table 1. Cont.

Demographic Overall
Variables Level (n =784)
Less than 1 52 (6.6%)
1to2 85 (10.8%)

Years since cancer

diagnosis: 1 (%) More than 2 319 (40.7%)
pros e Missing 328 (41.8%)
Total years since diagnosis 784 (100%)

Level 1

Breast, CRC, endometrial, or
prostate < 51 years; or ovarian
or pancreatic any age

98 (12.5%)

Level 2
]%hgibﬂity for MiGHT: n Breast, CRC, endometrial, or 400 (51.0%)
(%) prostate > 50-years; or other
cancer types
Level 3 286 (36.5%)
No personal history of cancer
Total eligible 784 (100%)
Received recommendation No or do not recall 674 (86.02/0)
for cancer GT: n (%) Yes 110 (14.0%)
’ Total recommended 784 (100.0%)

Table 2. Data on 110 participants for “Who recommended cancer GT? (Choose all that apply)”. Of
the 110 participating reporting receipt of GT referral, 17 participants reported that more than one
clinician recommended GT, n = 13 reported two clinicians, and n = 4 participants reported that three
clinicians recommended GT.

Who Recommended GT? Level Recommended GT
Primary care quV1der, family 31 (23.7%)
physician
Generalist Physician assistant 5 (3.8%)
Nurse 1 (0.8%)
Total generalists 37 (28.2%)
Dermatologist 1 (0.8%)
Endocrinologist 4 (3.1%)
Gastroenterologist 2 (1.5%)
Genetic specialist (genetic o
L. - 9 (6.9%)
Specialists counselor, clinical geneticist)
P Neuromuscular specialist 1 (0.8%)
Obstetrics/gynecologist 12 (9.2%)
Oncologist 44 (33.6%)
Surgeon 12 (9.2%)
Urologist 2 (1.5%)
Total specialists 7 (66.4%)
Others (i.e., fellow, do not 'Relatlve 2 (1.5%)
Undefined healthcare o
recall) . 5 (3.8%)
professional
Total others 7 (5.3%)
Total Recommendations for GT 131 (100%)

To test our hypothesis that participants with a personal diagnosis of a cancer type that
is prominent in known hereditary cancer syndromes would be more likely to receive a
clinician recommendation for GT, we trichotomized subjects’ cancer histories into three
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levels (Figure 1) according to the National Comprehensive Cancer Network® (NCCN®)
Clinical Practice Guidelines in Oncology (NCCN Guidelines®), which are widely used in
the United States. Level 1 cancer history includes individuals with a personal diagnosis of
early age-of-onset breast, colorectal, endometrial /uterine, or prostate cancers (diagnosed
age < 50 years) or personal diagnosis of ovarian or pancreatic cancers (diagnosed at any
age). Level 2 cancer history includes individuals with a personal history any other cancer
diagnosis (including Level 1 cancer types diagnosed at age > 50 years) [22]. Level 3 cancer
history includes individuals without a personal history of cancer (eligible for genetic
testing based on their family cancer history only). The rationale for categorizing cancer
histories like this is that the cancer diagnoses in Level 1 have been specifically highlighted
in genetic testing guidelines for >10 years and rely on personal history only. In contrast,
Level 2 cancer histories include additional cancer types and/or older ages of diagnosis plus
family cancer history meeting criteria that have more recently been included in expanded
guidelines for clinical GT such as the NCCN Guidelines® for pancreatic cancer at any

age [23]. Furthermore, individuals with Level 3 cancer history are identified only by their

family history of cancer, with no personal history of cancer.

History of Cancer in Those Meeting Criteria for MiGHT (N=784)

Level 1 (n=98) Level 3 (n=286)
Most Recent Personal Cancer Diagnosis (1 or more)

Breast
age <50, triple negative, Ashkenazi
Jewish, male breast

Breas, Prostate, CRC, Endometrial
age =50

Ovarian or Pancreatic
At any age

Any Other Cancers
Any age

PREMM = 2.5%
based on Family History

Prostate

age <50, Ashkenazi Jewish
Colorectal or Endometrial

Age <50,
E = i Breast
With or without family history With family history 1st/2nd degree relative <50 or male
breast
Ashkenazi Jewish Ancestry

Prostate
1st/2nd degree relative <50

Figure 1. MiGHT subjects were categorized into one of three levels based on personal and biological-
relative cancer histories.

As part of recruitment for a large trial evaluating interventions to promote the up-
take of genetic testing for cancer susceptibility, adults were invited to complete a family
health history survey eliciting a detailed family history of cancer diagnoses in first- and
second-degree relatives (MiGHT Study clinical trials.gov (NCT05162846) [22]. Subjects
were recruited from community oncology practices in the state of Michigan, cancer reg-
istries, oncology, gastroenterology, and primary care clinics at an academic medical center,
community health fairs, and radio and newspaper advertisements. Regardless of sex
assigned at birth, all participants were shown all cancer types (bladder, breast, cervical,
colorectal, endometrial, lung, melanoma, ovarian, pancreatic, prostate, and ten others),
and patients could report multiple primary cancers. The University of Michigan Medical
School Institutional Review Board approved this research (HUMO00180616, HUM00217689,
HUMO00231415). MiGHT is registered with clinicaltrials.gov (NCT05162846).

Individuals whose personal and/or family cancer histories met clinical guideline-
based criteria for GT (N = 3001) received an email invitation from the study team with a
unique link to complete a brief survey to assess eligibility for the clinical trial. Individuals
were excluded if they had already completed GT (n = 932), had a GT appointment scheduled
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(n = 64), did not have access to a phone or internet connection (n = 155), were under age 18
(n =1), did not communicate in English (n =7), or were deceased (n = 15); 831 individuals
provided informed consent for the trial.

Consenting subjects (n = 831) were asked to complete a baseline survey that included
questions about hereditary GT knowledge, receipt of clinician recommendations about GT,
and motivators and barriers to genetic testing uptake. Reminder emails to complete the
baseline survey were sent 1 day, 3 days, 5 days, and 10 days after consent. Initially up-to
eight, and later five, reminder phone calls were made one to three times each week for
four weeks.

We examined factors associated with receipt of a clinician recommendation for can-
cer genetic testing (assessed by self-report) and used multivariable logistic regression to
assess the association of demographic factors, cancer diagnoses, and receipt of clinician
recommendation for cancer GT.

Data for these analyses are drawn from the baseline survey of a larger intervention
clinical trial. Those who signed written consent were enrolled and offered USD 10.00 for
survey completion. Reminders were sent 1 day, 3 days, 5 days, and 10 days after consent.
Data were analyzed using R Foundation for Statistical Computing by R version 4.2.1 Core
team (2024) Vienna, Austria and SPSS Statistics for Mac version 29 by IBM Corporation
Armonk, New York (USA) (2024). The dataset supporting this study is available upon
request from the corresponding author due to the timing of the published dataset and
this article.

3. Results
3.1. Population Descriptions

Of the 831 consenting participants, 799 (96.1%) completed baseline surveys, and
784 received of a recommendation for GT (yes/no or I don’t remember) and were included
in this analysis. Demographic variables, cancer type, and receipt of a recommendation for
GT are summarized by frequency in Table 1. Of the 784 respondents, the majority were
female (58.4%), White (84.6%), and over the age of 51 years (75.3%). The majority reported
low household financial stress (61.9%), private (employer-funded) health insurance (52.8%),
and a bachelor’s or advanced degree (68.9%).

Of the 2878 cancer diagnoses reported, the most common were breast (n = 640, 22.2%),
followed by skin, (n = 546, 19.0%), (see Supplemental Table S1). A total of 498 (63.5%)
participants reported a personal cancer diagnosis, with 98 (12.5%) reporting Level 1 cancer
histories, 400 (51.0%) reporting Level 2 cancer histories, and 286 (36.5%) reporting no
personal history of cancer (Level 3) and qualifying for GT based on their biological relatives’
cancer history only.

Among the 286 (36.5%) participants with no personal history of cancer (Level 3) only
12.5% reported receipt of a recommendation for GT. Of the individuals in Level 3, 43.6%
were over age 50.

Of those reporting receiving a recommendation for GT, Table 2, the majority (n = 87,
66.4%) received recommendation from a clinical specialist such as an oncologist, urologist,
gastroenterologist, surgeon, obstetrician/gynecologist, or endocrinologist.

3.2. Univariate Analysis

Overall, 110 (14.0%) respondents reported receiving a clinician recommendation for
GT, with individuals over 50 years old (75.3%), those with households feeling financially
comfortable (51.8%), and those with higher education (12.0%) less likely to report receipt
of a recommendation (Table 3). Females reported receiving a recommendation more
frequently than males (17.0% vs. 9.4%, p = 0.006), Table 3.
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Table 3. Univariate analysis of clinician recommendation for GT by demographics, N = 784. The

p-values are from chi-square tests for within-group comparisons.

Reported Recommendation for GT

Variables Level Yes Total /.0 O.f .Sta?l'stlcal
n n Variation  Significance
Female 78 458 17.0%
Male 30 318 9.4%
Gender S p =0.006
Non-binary or 5 7 28.6%
transgender
Total 110 783 14.0%
18-50 39 194 20.1%
Age (in 51-70 53 375 14.1% — 0.003
years) 71 and older 18 215 8.4% p=5
Total 110 784 14.0%
<Vocational 45 242 18.6%
) Bachelor’s degree o _
Education or higher 65 540 12.0% p =0.043
Total 110 784 14.0%
Unemployed,
volunteer, or 5 32 15.6%
student
Employment ' orking full or 57 348 16.4% p =0201
part time
Retired or o
disabled 48 404 11.9%
Total 110 784 14.0%
Getting by or
finding it (very) 57 286 19.9%
Financial ti]jffiFulf p <0.001
stress g 52 485 10.7%
comfortably
Total 109 771 14.1%
Ith Private 63 414 15.2%
_ Healt Public 47 370 12.7% p=0311
mnsurance Total 110 784 14.0%
Yoars since Less than 1 12 52 23.1%
cancer 1to2 17 85 20.0% = 0.055
e More than 2 40 319 12.5% p=5
& Total 69 456 15.1%
Level 1 28 98 28.6%
Eligibility Level 2 46 400 11.5% b <0001
for MiGHT Level 3 36 286 12.6%
Total 110 784 14.0%

3.3. Multivariate Analysis

Patients exhibiting variables including low financial stress (p = 0.049), Level 2 cancer

types (p = 0.007), and Level 3 (p = <0.001) cancer history were significantly less likely to

report receiving a recommendation for testing, Table 4. Gender, age, and education level

were significant in univariate analysis, though not in multivariate.
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Table 4. Multivariate of clinician recommendation for GT by demographics, n = 768. Note 14 cases
were excluded due to missing values.

Independent Levels Odds Ratio  95% CI for Value
Variables (OR) OR P
Female 1.0
Gender Male 0.64 0.396-1.042 p=0.073
Non-binary 1.80 0.308-10.548 p=0.514
18-50 1.0
Age (in years) 51-70 0.82 0.474-1.403 p =0.461
71 or older 0.52 0.237-1.138 p=0.102
<Vocational 1.0
Educati ’
Heation Bachelor’s degree or 0.71 0449-1108  p=0.130
higher
Unemployed, 1.0
volunteer, or student '
Employment Workm%igil or part 1.21 0422-3485  p=0.720
Retired, homemaker, _
or disabled 1.00 0.340-2.966 p =2.99
Getting by or finding 10
Financial stress it (very) difficult ’
Living comfortably 0.63 0.402-0.998 p =0.049
Health insurance Private 1.0
coverage Public vs. private 0.92 0.548-1.529 p=0.735
o Level 1 1.0
Eh%/l[l_’gllt{%for Level 2 0.44 0.247-0.798  p=0.007
! Level 3 0.32 0.177-0.574 p <0.001

4. Discussion

In this analysis of U.S. adults, we found several predictors of who is receiving a
recommendation from their healthcare provider to undergo cancer GT. Our key findings
were that despite every participant in this study meeting clinical guidelines for clinical GT,
only 14.0% reported that their healthcare clinician recommended GT. This finding may
not represent the true population rate, as this study included only individuals who did
not undergo GT; however, it reinforces that a lack of clinician recommendation may be a
driving factor in the underutilization of GT among eligible individuals. It is possible that
recall bias is a factor in reporting receipt of a referral, noting that some studies report that
participants may not recall receiving GT [24,25].

While in univariate analyses, males were significantly less likely to receive a recom-
mendation than females, this effect was no longer significant in multivariate analysis,
which adjusted for other sociodemographic and clinical factors, suggesting this was likely
confounded by some factors, particularly cancer history and perceived financial stress.
This contradicts previous findings, where gender was a significant predictor of uptake of
GT, even when adjusting for other sociodemographic factors [13]. This could highlight a
difference in sampling between our study and others, with ours including only individuals
who have not undergone GT. Another difference between our study and previous reports
in the literature is that our analysis included a relatively high proportion of males and
individuals with a wide range of personal and/or family histories of cancer, as well as
those without a personal history of cancer. Age and education were also significant in
univariate analysis and not significant in multivariate. Age may affect patient access to

32



Cancers 2025, 17, 1994

care, treatment, and adherence, as it may correlate with health status or comorbidities. Age
may interact with gender to dilute its observed effect in our multivariate model.

Participants reporting living comfortably at the present received fewer recommenda-
tions for testing. The previous study found no effect of financial stress on recommendation,
though the difference could be due to the difference between perceived income and actual
income. Why living comfortably is associated with a lower recommendation rate is unclear
and merits further exploration. One possible explanation is that those that report higher
incomes may have providers that are less likely to perceive they need a recommendation
assuming these patients will advocate for themselves and ask for GT. Or it is possible
those with lower financial stress may have already had GT, excluding them from this study,
leading to sampling bias.

The type of cancer history was a strong predictor of clinician recommendation. Specif-
ically, compared to those with a personal history of Level 1 cancers with a well-established
recommendation for testing (pancreatic cancer or ovarian cancer at any age, personal
history of either breast cancer > age 50, colon cancer > age 50, uterine cancer > age 50,
prostate cancer > age 50), those with other, less striking personal cancer histories (Level 2)
were significantly less likely in multivariate analyses to be recommended GT. Those with
personal history of Level 1 cancers based on well-established clinical guidelines comprised
only 12.5% of our sample—this is because many individuals with Level 1 cancers were not
eligible for our study because they reported having already undergone GT. Our findings
suggest that while clinicians are referring patients with Level 1 cancer histories for GT, there
is still a need for continuing education to improve identification and referrals for patients
with Level 2 cancer diagnoses and those without a personal cancer diagnosis (Level 3),
whose family history of cancer informs eligibility for GT. Additionally, these findings may
be in part due to selection bias in our sample, as only individuals who had not previously
completed genetic testing were included. Individuals with higher motivation likely already
completed genetic testing, leaving only the less-motivated individuals in these groups in
our study cohort.

In our findings, the majority of “yes” recommendations tended to come from special-
ists (66.4%), particularly oncologists (33.6%), who are predominantly responsible for placing
referrals for GT. This aligns with the existing literature, which suggests that specialists are
more engaged in the GT referral process due to their specific roles and expertise.

Taken together, our findings indicate significant disparities in rates of recommendation
for GT by financial stress, age, and cancer history and type. This points to a need to increase
clinicians’ familiarity with indications for GT and specifically a need to identify males and
those who meet GT criteria due to family cancer history alone.

Although males are less likely to receive testing recommendations from clinicians, data
suggest that they are just as likely as their female counterparts to follow through with GT
if it is recommended [13]. Although clinician recommendation rates are particularly high
for females with breast cancer, recommendation rates for females with other cancer types
merit attention [8,13,18], as well as those for females with intersectional identities, such as
those involving race, sexual orientation, gender identity, or gender presentation [6,18,26].
Clinicians could receive education on current American Medical Association guidelines for
inclusive language when making clinical recommendations for those who do not identify
as cisgender, heterosexual, or monogamous to ensure referrals are placed in visits with
high clinician—patient rapport. Efforts to promote guideline-concordant recommendations
for GT could include both clinician and patient-facing interventions. For clinicians, this
may include post-graduate continuing medical education or maintenance of certification
requirements in current GT guidelines, evidence-based approaches to encourage testing
completion. Clinicians could also benefit from evidenced-based digital approaches to

33



Cancers 2025, 17, 1994

identify eligible patients and communicate the value of GT [3]. Additionally, best practice
alerts in electronic records could include conversation starters for specific diagnoses in
conjunction with quality improvement programs that decrease barriers to referrals for
genetic counseling and testing, increase motivation to test, or improve the coordination of
care efforts across specialties. For patients meeting GT guidelines, the alerts may include
secured-portal or SMS messages with conversation starters to empower advocating for
testing with their clinicians as well as links to patient-initiated testing options through clin-
ical laboratories that include information about potential out-of-pocket costs. Independent
clinical testing laboratories with relationships to specific clinicians or clinics could provide
test results within the patient’s electronic medical record with referral recommendations for
genetic counseling services, cascade testing, or testing for other genes. Finally, electronic
medical records are inconsistent in containing a complete family health history, limiting
appropriate referral to germline testing. Increased adherence to updating family cancer his-
tory in EMRs could improve provider compliance with national and international genetic
testing guidelines.

5. Conclusions

While recommendation rates remain strong for Level 1 cancer types and those report-
ing greater financial stress, patients who are older, have Level 2 cancer types, or have no
personal history of cancer could benefit from healthcare clinicians’ recognition of indica-
tions for genetic referrals for patients with less striking personal and/or family cancer
histories (Levels 2 and 3). The impact of a clinician recommendation on testing uptake
is substantial, and the impact is similar between sexes and cancer types, suggesting that
focused efforts are needed to promote increasing clinician recommendations, particularly
for males and those without a personal history.
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Simple Summary: This study explored how body weight (measured by BMI) affects
survival, quality of life, and daily activities in older adults with bladder cancer. We
analyzed data from over 8000 patients aged 65 and older and found that people with
higher BMI (overweight or obese) tended to live longer after bladder cancer diagnosis than
those with a normal or underweight BMI. Overweight patients also reported the best overall
physical and mental well-being. However, severe obesity came with downsides—these
individuals had the most difficulty performing daily tasks like bathing and dressing.
Meanwhile, underweight patients also struggled with daily activities. The findings suggest
that while extra weight may improve survival and, to some extent, quality of life, extreme
obesity can reduce a person’s ability to stay independent. This study highlights the
complex relationship between body weight, survival, and well-being in older adults with
bladder cancer.

Abstract: Background: The relationship between body composition and bladder cancer
outcomes is complex. While a higher body mass index (BMI) has been associated with
an increased risk of bladder cancer development, its impact on survival outcomes is less
clear. This study aimed to explore the association between BMI, survival, health-related
quality of life, and the performance of ADLs in a cohort of older patients with bladder
cancer. Methods: Data were obtained from the Surveillance, Epidemiology, and End
Results-Medicare Health Outcomes Survey, including patients diagnosed with bladder
cancer who had recorded BMI values. Analysis of variance was used to assess the
association between BMI categories and patient demographics as well as cancer/treatment
characteristics. Generalized linear models examined the impact of BMI on health-related
quality of life, as measured by the physical and mental component summary scores
when controlling for confounding variables. Kaplan-Meier survival curves across BMI
categories were compared using log-rank tests. Results: The final cohort consisted of
8013 patients (age > 65) with a mean age of 77.7 &= 7.1 years, the majority of whom were
White (85.6%) and male (74.8%). We observed no significant association between BMI
and cancer/treatment characteristics. The severely obese subgroup had the highest rate
of disability in performing ADLs (18.3%) followed by the underweight subgroup (10.3%).
Overweight patients exhibited the highest physical and mental component summary scores,
indicating better health-related quality of life. BMI was a significant predictor of overall

Cancers 2025, 17, 1200 https://doi.org/10.3390/ cancers17071200
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survival, with overweight, obese, and severely obese patients demonstrating improved
survival compared to those with healthy or underweight BMI. These findings remained
statistically significant in multivariable analysis. Conclusions: Our findings suggest a
dual role of BMI in older patients with bladder cancer: higher BMI provides a survival
advantage and, to an extent, a QoL advantage. At the same time, severe obesity did lead to
the lowest QoL despite improved survival outcomes. These results underscore the complex
interplay between BMI, survival, and QoL in this bladder cancer population.

Keywords: health-related quality of life; activity of daily living; bladder cancer; body mass
index; physical and component summary scores

1. Background

Bladder cancer (BC) is a disease found mostly in the population aged 55 and above
with an average age at diagnosis of 73 [1]. In 2024 alone, it was estimated to have af-
fected 83,190 individuals in the United States and led to 16,840 deaths [2]. Following
a BC diagnosis, patients often experience a significant decline in functional status and
overall health compared to their pre-diagnosis state [3]. Poor general health and impaired
ability to perform activities of daily living (ADLs) are among the strongest risk factors for
depression in older BC patients [4]. The association between BC outcomes and body mass
index (BMI) is widely researched. A 2023 umbrella review showed that being overweight
and underweight were positively and negatively associated with increased incidences of
BC, respectively [5,6].

Various studies have reported the effect of BC on activities of daily living (ADLs).
A 2017 systematic review showed that almost half of those who are treated with radical
cystectomy are frail or prefrail [7]. These individuals more frequently develop postop-
erative adverse events such as major complications and early mortality. Another study
by Monfardini et al. found that more than 55% of patients with bladder and renal cancer
had at least one Cumulative Illness Rating Scale grade three (severe) or four (extremely
severe) comorbidity [8]. Persons affected by BC often have smoking exposure, high BMI,
and are insufficiently active [9]. Our previous study demonstrated that patient clusters
based on mental and physical functioning exhibit significantly different survival outcomes,
independent of BC disease severity or treatment type [10]. Additionally, within two years
of diagnosis, a quarter of BC patients experience substantial changes in quality of life [11].
The association between body mass index (BMI) and BC survival is not clear, with some
studies showing better outcomes and others showing worse outcomes [12]. Some studies
have found that patients with higher BMI had better survival within the first five years
after radical cystectomy. Other studies have found that patients with higher BMI had
better outcomes [13-15].

There is also considerable interest in the relationship between BMI and Health-
Related Quality of Life (HRQoL) in BC survivors across settings [16-19]. Generally, a
higher BMI is consistently linked to lower HRQoL, highlighting the negative impact of
obesity on survivors’ well-being [20]. However, the studies also reveal variability in
the magnitude of these effects, pointing to the influence of demographic, clinical, and
treatment-related variables.

This study aims to clarify the relationship between BMI, HRQoL, and survival in BC
patients aged 65 and older. Herein, we will (1) evaluate the impact of BMI on health-related
quality of life (HRQoL) in patients with BC and (2) assess the association between BMI and
survival in these patients.
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2. Methods

Study Design: This is a population-based retrospective cross-sectional cohort study
conducted using the Surveillance, Epidemiology, and End Results-Medicare Health Out-
comes Survey (SEER-MHOS).

Study Population: This study utilized data from the SEER-MHOS database spanning
1999 to 2021 [21,22]. SEER-MHOS offers a unique opportunity for cancer research by
integrating cancer-specific data with health-related quality of life (HRQOL) information for
Medicare Advantage enrollees. This large, longitudinal dataset enables the investigation
of long-term cancer impacts on HRQOL, encompassing physical, emotional, and social
well-being, as well as the reverse relationship.

Our study focused on older patients with bladder cancer (BC). We included individuals
aged > 65 years who had a documented BC diagnosis and a recorded body mass index
(BMI), our primary variable of interest. To ensure a more homogeneous study population,
we excluded patients with a survival duration of less than six months, minimizing potential
confounding from individuals experiencing rapid mortality.

For patients with multiple records, we selected the most recent survey as the baseline
to ensure consistency in follow-up calculations for survival analysis. Given that some
patients had recurrent BC diagnoses, older survey records—some dating back as far as
a decade—might not accurately represent their current health status. Therefore, we pri-
oritized the most recent survey to capture the latest clinical information, enhancing the
relevance and reliability of our analysis.

Data Quality: The SEER-MHOS dataset maintains high data quality through rigor-
ous auditing and validation processes. These measures ensure that the resource remains
a reliable and valuable tool for cancer research. SEER-MHOS spans over two decades
(1999-2021), providing a large sample for analyzing long-term trends. Additionally, SEER
captures approximately 28% of the U.S. population, offering comprehensive cancer surveil-
lance data with demographic diversity [23]. SEER-MHOS maintains high data quality
through rigorous data collection protocols, periodic audits, and standardized validation
processes. SEER follows strict case ascertainment procedures, while MHOS ensures self-
reported HRQOL measures are collected consistently across survey cycles [22]. The linkage
between SEER and MHOS allows researchers to study cancer patients” health outcomes
with high reliability.

Outcome Measures: OQutcome variables of interest included (1) HRQoL measured
by the physical component summary (PCS), and mental component summary (MCS),
(2) overall ability to perform ADLs (ADLs), and (3) survival.

The physical component summary (PCS) is a comprehensive measure of physical
health, derived from responses across multiple domains, including physical functioning,
role limitations due to physical health, bodily pain, and general health perceptions. It is a
summary score ranging from 0 to 100, with a higher score indicating better physical health.
The mental component summary (MCS) is a comprehensive measure of mental health,
derived from responses across multiple domains, including general mental health, role
limitations due to emotional problems, social functioning, and vitality. Like the PCS, it
is a summary score ranging from 0 to 100, with a higher score indicating better mental
health [24]. ADLs consist of bathing, dressing, eating, sitting on/standing up from a chair,
walking, and using the toilet. The overall ADL ability was classified into three categories:
“No difficulty in any ADL”, “Difficulty in at least one ADL”, and “Disability in at least
one ADL”.

Independent Variable: The primary independent variable was BMI (kg/m?), with
the following classifications: BMI < 18.5 as “Underweight”; 18.5 < BMI < 25 as “Normal
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weight”; 25 < BMI < 30 as “Overweight”; 30 < BMI < 40 as “Obesity”; and 40 < BMI as
“Severe obesity”.

Covariates: Additional baseline characteristics (including age, gender, race, marital sta-
tus, home ownership, education level, income, and smoking status); cancer characteristics
(including surgery, chemotherapy, and stage of cancer); comorbidities (including muscular
disease, depressive symptoms for more than two weeks of the last year, pre-existing comor-
bid health conditions [computed as a summed disease burden of self-reported physician
diagnosed hypertension, cardio-vascular disease, chronic pulmonary obstruction disease,
diabetes mellitus, gastrointestinal disease, stroke, and other cancer]); and time from the
first cancer diagnosis to the survey.

Statistical Analysis: Patient characteristics at the baseline were summarized with
descriptive statistics and presented as frequencies (percentages) for categorical variables
and means (standard deviations) for continuous variables in the text and table. Bivariate
analyses were stratified by the level of BMI categories. The chi-square test of independence
was used to assess the association of the categorical outcome (e.g., ADL) and BMI categories.
Analysis of variance (ANOVA) was used to assess the association of numeric outcomes
(e.g., HR-QoL, PCS, and MCS) and BMI categories. All assumptions were inspected, and
a non-parametric test such as Kruskal-Wallis was used when the normality assumption
was violated [25].

To further evaluate the effect of BMI categories on HR-QoL (e.g., PCS and MCS), a gen-
eralized linear model (GLM) was used, adjusting for covariates [26]. Covariates in the GLM
model included age, gender, race, income, home ownership, education, smoking status,
surgery type, chemotherapy, cancer stage, pre-existing depression symptoms, muscular
disease, pre-existing comorbid health conditions, and time from the first cancer diagnosis
to the survey. Residual analysis was applied to check assumptions in linear regression. To
account for the skewness in the MCS, the Box—-Cox transformation (MCScox = [MCS* —1]/A)
was used with optimal lambda (A) = 2.25 [27]. The effect of BMI categories was evalu-
ated on the transformed the MCS in a multivariable GLM. Additionally, a log-rank test
corresponding to Kaplan—Meier survival analysis was used to assess whether there was
any significant difference in survival probability across BMI categories [28,29]. All tests
of statistical significance were two-sided with a significance level of 0.05. Analyses were
performed with SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA) [30].

3. Results

We included 33,145 SEER-MHOS records of 18,827 patients with BC (Figure 1).
We excluded 14,259 records prior to BC diagnosis, 565 records prior to age 65, and
539 records with less than 6 months of post-survey survival. We excluded 5001 records
without BMI data. This left us with 12,781 surveys related to 8013 patients. We only
included the last survey from each patient, leaving us with 8013 surveys from an equal
number of patients.

The mean age at the time of survey of the sample set was 77.68 years with a standard
deviation of 7.08 years. Most of the participants were male (74.8%) and White (85.6%).
The majority were married (58.7%), homeowners (74.5%), high school graduates or less
educated (54.7%), earning an annual income of USD 20,000 to 49,000 (37.9%), non-smokers
(85.7%), and in the overweight BMI category (40.7%) (Table 1).
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N=12,781 Surveys related to
8013 subjects

__°

{} == Considering last survey for each subject

[ N=8013

Figure 1. Study flow diagram.

___J

Table 1. Summary statistics of demographic and socioeconomic variables.

Variables Level Overall (N = 8013)
Age at survey
Mean (SD) 77.68 (7.08)
e Female 2017 (25.2%)
Gender: 1 (%) Male 5996 (74.8%)
. ) Married 4706 (58.7%)
Marl:lag;;atus‘ Other 3237 (40.4%)
¢ Unknown 70 (0.9%)
. Owner 5966 (74.5%)
Home Szﬁ;r;e“’hlp' Other 1803 (22.5%)
? Unknown 244 (3.0%)
White 6860 (85.6%)
Hispanic 463 (5.8%)
Race: 1 (%) Black or African American 345 (4.3%)
ace: ? Asian or Pacific Islander 309 (3.9%)
American Indian or Alaskan native 25 (0.3%)

Another race or multi-race 11 (0.1%)
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Table 1. Cont.

Variables Level Overall (N = 8013)

2—4 years 2640 (33.0%)

N Above 4 years 861 (10.7%)

Education: n (%) High school or less 4380 (54.7%)
Unknown 132 (1.6%)

Less than USD 20,000 2026 (25.3%)

Income: 11 (%) USD 20,000—49,999 3036 (37.9%)

S USD 50,000 or more 1490 (18.6%)

Unknown 1461 (18.2%)

. . Yes 1025 (12.8%)

SmOkm(%/S)mt“S' Not at all 6365 (85.7%)
A Don’t know or missing 123 (1.5%)
Underweight (BMI < 18.5) 181 (2.3%)

Bodv mass index erou Healthy range (18.5 < BMI < 25) 2638 (32.9%)

yk it (O/g) Pr " Overweight (25 < BMI < 30) 3258 (40.7%)

g/ o Obesity (30 < BMI < 40) 1756 (21.9%)
Severe Obesity (40 < BMI) 180 (2.2%)

3.1. Cancer Charateristics and BMI Association

The time from diagnosis to survey completion was correlated with time since cancer
diagnosis, with the shortest interval for those with severe obesity and the longest for
underweight individuals (p < 0.001, Table 2). Survival was also correlated with BMI
(p < 0.001), with shortest survival for severe obese and underweight patients and longest

survival for overweight patients.

Table 2. Mean and standard deviation of time in months since first cancer diagnosis to survey and

survival time in months since time of survey.

. . . Severe
Overall Underweight Healthy Overweight Obesity Obesity
Months since
_ first cancer 102 + 84 118 + 94 107+8 101483 96+79 87+ 70
diagnosis to survey
(p < 0.001)
Survival time
since survey 57 + 37 41+ 29 53 + 37 60 + 38 59 +38 53433

(p < 0.001)

Months since first cancer diagnosis to survey reports the time elapsed from the initial
diagnosis to study inclusion, regardless of potential disease-free intervals.

The cancer stage at diagnosis was not correlated with BMI at survey completion
(p = 0.17, Table 3). Similarly, there was no statistically significant correlation between BMI

and the type of surgical treatment (p = 0.24) or receipt of chemotherapy (p = 0.57).

Table 3. Distribution of cancer characteristics overall and by BMI categories.

. . . . Severe
Variables Overall Underweight  Healthy Overweight Obesity Obesity
Stage (p = 0.17)
Non-muscle invasive 6519 (81%) 149 (82%) 2128 (81%) 2632 (81%) 1461 (83%) 149 (83%)
Muscle invasive 1196 (15%) 21 (12%) 405 (15%) 509 (16%) 234 (13%) *
Metastatic 298 (3.7%) * 105 (4.0%) 117 (3.6%) 61 (3.5%) *
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Table 3. Cont.

Variables Overall Underweight  Healthy Overweight Obesity gli‘e,:;:y
Surgery (p = 0.24)
Cystectomy 980 (12%) 20 (11%) 343 (13%) 413 (13%) 187 (11%) 17 (9%)
Transurethral 3722 (46%) 86 (48%) 1230 (47%) 1526 (47%) 802 (46%) 88 (49%)
None/unknown 3311 (41%) 75 (41%) 1065 (40%) 1329 (41%) 767 (44%) 75 (42%)
Chemotherapy (p = 0.57)
Yes 969 (12%) 17 (9%) 310 (12%) 414 (13%) 208 (12%) 20 (11%)
None/unknown 7044 (88%) 164 (91%) 2328 (88%) 2844 (87%) 1548 (88%) 160 (89%)

* Numbers are masked per CMS policy.

3.2. Physical and Mental Component Summary Scores and BMI Association

The overall mean PCS score in the sample population was 37.3 £ 12.1, with the highest
score in the overweight category (38.5) and the lowest in the severe obesity category (30.7).
The overall mean MCS score was 51.6 & 11.4, with the highest mean observed in the
overweight category (52.3) and the lowest in the severe obesity category (46.5) (Figure 2).

Undemweight D—E—Q Undemweight } E:
Healthy range '—E—'I Healthy range
Ovemweight D—E—I Ovemeight - ro— {ED
Obesity | F——ro_ & }— Obesity | o @ O] }—
Severe obesity D—CE}-—'! Severe obesity ° P—‘B:—l

0 20 40 60 0 20 40 60 80
Physical component Summary score Mental Component Summary Score

Figure 2. Box plots for PCS and MCS scores by BMI categories.

The results of ANOVA showed a significant difference in PCS scores among the BMI
categories (F(4,7495) = 32.66, p < 0.0001). The distribution of the MCS scores was right-
skewed, and so the nonparametric Kruskal-Wallis (KW) test was performed for univariate
analysis of the MCS scores, indicating a significant difference in distribution of the MCS
among the BMI categories (KW p-value < 0.0001).

When looking at the PCS and MCS scores over time from 2007 to 2019, we observed a
trend towards higher scores (p < 0.0001, Figure 3) for the MCS, signifying improved mental
health over time. No significant overall change in the PCS scores was observed (p = 0.9).
From 2007 to 2019, we observed a stable PCS score for the healthy-range, overweight, and
obesity subgroups over time, a trend towards higher scores for the underweight subgroup,
and a trend towards lower scores for sever obese subjects over time.

ADLs and BMI Association: There was a significant difference in ADL ability corre-
lated with BMI (p < 0.0001, Table 4). Severely obese individuals had the highest percentage
of individuals with at least one ADL difficulty (57.8%) and the highest for disabilities
(18.5%), while underweight and obese patients had similar levels of overall disability
(45.4% having difficulty with one ADL and no disability for both). Healthy-range and
overweight individuals had fewer ADL difficulties and disabilities, with a majority having
no difficulties.
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Figure 3. PCS and MCS score trends by year.
Table 4. Frequency and column percentages of overall ADL ability by BMI categories.
Ability to Perform . . . Severe
ADLS * (p < 0.0001) Underweight  Healthy Range  Overweight Obesity Obesity
No difficulty in 77 (44.3%) 1525 (59.3%) 1926 (60.8%) 838 (48.5%) 41 (23.7%)
any ADLs ' ' ' ' '
Difficulty in at least o o o o o
one ADL 79 (45.4%) 867 (33.7%) 1103 (34.8%) 784 (45.4%) 100 (57.8%)
Disability in at least o o o o o
e ADL 18 (10.3%) 180 (7%) 141 (4.4%) 106 (6.1%) 32 (18.5%)
* Frequency missing = 196.
3.3. Survival Analysis by BMI
Kaplan—-Meier survival analysis demonstrated that the median survival time after
survey completion was 81.8 months. Our findings highlight a significant variability in
survival outcomes among different BMI categories, with underweight and normal-weight
individuals experiencing the worst survival (log-rank test p < 0.0001, Figure 4).
1.0 4
=
= 08~
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©
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0.0 ‘. - ~ v - - e e !v v ~ J
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Survival Time (months from time of survey)

Body Mass Index Category
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—— — 4:  Obesity — —-— 5. Severe ohesity

Figure 4. Kaplan—-Meier survival time after survey completion by BMI categories.
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Survival Probability

We compared the KM survival curves among BMI groups with first BC diagnosis as

the baseline, and we observed a similar result which shows the consistency of the result.

Figure 5, rather than capturing uninterrupted disease duration, reports the time elapsed
from the initial diagnosis to study inclusion, regardless of potential disease-free intervals.

1.0 4
08 -
06 -
0.4 -

0.2

0.0 -

0 50 100 150 200 250 300 350 400 450 500 550 600

Survival Time (months from first cancer diagnosis)

Body Mass Index Category
1. Underweight — — — 2. Healthyrange — - — 3. Overweight
—— — 4. Obesity — —-— 5. Severe obesity

Figure 5. Kaplan—Meier survival time after first cancer diagnosis by BMI categories.

3.4. Multivariable Regression Analysis of PCS and MCS Outcomes

In multivariate analysis, with the normal range BMI as the reference, underweight,
and severe obesity had significantly lower PCS and MCS scores (Table 5). Obese patients
had significantly lower PCS scores, and overweight patients had significantly better mental
health than the normal range BMI. Modeling results also revealed that age is negatively as-
sociated with both the PCS and MCS results, indicating that older age results in lower scores.
Race and gender were not associated with the PCS, but females and White participants had
a significantly better MCS outcome. Variables such as depression symptoms, non-house
ownership, low income, and the number of comorbidities were linked to significantly lower
PCS and MCS scores. Smoking, muscular diseases, and undergoing cystectomy are also
linked to significantly lower PCS scores. The bladder cancer stage, surgical intervention,
receipt of intravenous chemotherapy, and time from the first cancer diagnosis to the survey
were not significantly associated with the MCS outcome. The time from the first cancer
diagnosis to the survey has no significant effect on either the PCS (p = 0.4066) or MCS
scores (p = 0.9082).

Table 5. Estimates of effect of patient characteristics on PCS and transformed MCS outcomes in
multivariable GLMs.

PCS Outcome Transformed MCS Outcome

Variables Estimate SE p Value Estimate SE

p Value

BMI Group (reference: Healthy range)

Underweight —1.74 0.89 0.05 —199.88 104.24
Overweight 0.34 0.30 0.2541 76.69 35.50
Obesity —2.15 0.36 <0.0001 27.40 42.66

Severe obesity —5.72 0.91 <0.0001 —321.00 106.35
Age —0.30 0.02 <0.0001 —5.68 2.29

0.0552
0.0308
0.5208
0.0026
0.0131

45



Cancers 2025, 17,1200

Table 5. Cont.

PCS Outcome Transformed MCS Outcome
Variables Estimate SE p Value Estimate SE p Value
Time from first cancer 0.00 0.00 0.4066 0.02 0.18 0.9082
diagnosis
Gender (reference: Male)
Female —0.36 0.30 0.2335 78.99 35.25 0.0251
Race (reference: White)
Black or American 0.56 0.64 0.3853 —256.98 75.43 0.0007
African
Other —0.03 0.44 0.9536 —335.63 51.21 <0.0001
Depression (reference: No)
Yes —2.46 0.37 <0.0001 —1351.7 43.28 <0.0001
Muscular disease (reference: No)
—0.51 0.33 0.1245 79.14 39.28 0.044
Surgery (reference: None/Unknown)

Cystectomy —-1.07 0.48 0.0257 —25.02 56.47 0.6578
Transurethral —0.31 0.29 0.2723 —30.89 33.47 0.356
Chemotherapy (reference: No)

—0.43 0.41 0.2985 27.04 48.59 0.5779
Stage (reference: Non-muscle invasive)

Metastatic —0.18 0.70 0.7995 —55.37 81.70 0.498
Muscle invasive 0.19 0.41 0.6396 —39.42 48.29 0.4144
Income (reference: USD 20,000-49,999)
>USD 50,000 1.11 0.37 0.0028 137.17 43.73 0.0017

<USD 20,000/ Unknown —0.84 0.29 0.0044 —126.47 34.56 0.0003
Home Ownership (reference: Owner)
Other -0.98 0.31 0.0015 —205.11 36.09 <0.0001
Education (reference: High school or less)
2-4 years 0.72 0.29 0.0128 104.81 33.76 0.0019
>4 years 2.07 0.45 <0.0001 125.71 52.75 0.0172
Smoker (reference: None/unknown)
—2.08 0.39 <0.0001 —43.75 45.97 0.3413
Number of comorbidities (reference: 2 or fewer)
> —5.23 0.34 <0.0001 —153.73 39.57 0.0001
3or4 —11.07 0.42 <0.0001 —513.70 49.60 <0.0001

4. Discussion

Our final cohort data are in line with prior studies both in terms of age [1]. sex [31],
and race [32]. Our study highlights the complex interplay between BMI, demographic
factors, and patient-reported HRQoL outcomes in older patients with BC. The significant
association between obesity and lower physical component summary (PCS) scores aligns
with the previous literature, suggesting that excess body weight may contribute to physical
limitations and reduced mobility, ultimately impacting overall physical well-being [20].
Our study indicates low PCS scores for underweight individuals as well. Interestingly,
overweight individuals demonstrated significantly better mental component summary
(MCS) scores compared to those with normal-range BMI, which may indicate potential
psychological resilience or benefits associated with a slightly higher body weight [33].

Age was a determinant of both physical and mental health, with increasing age
negatively associated with PCS and MCS scores. This finding is expected, as aging is often
accompanied by a decline in physical function, increased comorbidities, and potential
psychosocial challenges, such as reduced social engagement and loss of independence.
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While race and gender did not significantly impact PCS scores, females and White
individuals had significantly higher MCS scores. This may reflect differences in social
support, healthcare access, coping mechanisms, or cultural perceptions of mental health,
warranting further exploration into underlying psychosocial or systemic factors.

Socioeconomic and health-related variables played a significant role in both PCS
and MCS outcomes. Depression symptoms, lower income, lack of home ownership, and
a higher number of comorbidities were strongly linked to poorer HRQoL across both
dimensions. These results underscore the importance of addressing social determinants
of health in improving patient well-being. Additionally, smoking, muscular diseases, and
undergoing cystectomy were associated with lower PCS scores, suggesting that these
conditions contribute to significant physical health burdens.

The time from the first cancer diagnosis to the survey has no significant effect on either
the PCS or MCS scores.

Notably, cancer-related variables such as cancer stage, surgery type, chemotherapy,
and time from the first cancer diagnosis to the survey did not significantly impact MCS out-
comes. This finding suggests that while cancer treatment can impose physical stress, mental
health outcomes may be more influenced by pre-existing conditions, coping mechanisms,
and social support rather than the specific cancer treatment characteristics.

Our findings also highlight a significant variability in survival outcomes among
different BMI categories, with underweight and normal-weight individuals experiencing
the worst survival. This aligns with prior research suggesting that low BMI may be
associated with higher frailty, reduced physiological reserves, and increased vulnerability
to disease-related complications [34]. The poor survival in the underweight group may
reflect underlying malnutrition, muscle wasting (sarcopenia), or more advanced disease
states at original diagnosis.

Interestingly, overweight and obese individuals demonstrated better survival outcomes [15].
Several other studies also reported that higher BMI is associated with better survival in blad-
der cancer patients [35,36]. While obesity is typically associated with higher risks of chronic
diseases, higher BMI in bladder cancer patients may provide protective benefits. These
may include greater metabolic reserves during periods of severe illness, better tolerance to
treatment-related stress, and differences in inflammatory responses. However, it remains
unclear whether these benefits are directly due to excess body weight or other underlying
factors such as muscle mass, nutritional status, or differences in treatment received.

We compared Kaplan-Meier (KM) survival curves among BMI groups using
two different baseline time points: the time of the survey (Figure 4) and the first can-
cer diagnosis (Figure 5). This analysis aimed to identify any inconsistencies between the
approaches. Our findings demonstrated a consistent pattern across both methods. In this
dataset, the average time from the first bladder cancer (BC) diagnosis to the most recent
survey (i.e., inclusion in the study) was 8.5 years (102 months). However, it is important to
acknowledge that BC can recur following initial treatment. For patients with recurrent BC,
there may have been periods of disease-free survival between episodes of recurrence.

4.1. Limitations

This study has several limitations that should be considered when interpreting the
findings. In terms of sample selection, our analysis was based on data obtained from the
SEER-MHOS database, which comprises survey information on bladder cancer patients
enrolled in the Medicare Advantage Program from participating registries. As a result, the
study population may not fully represent the diverse demographics of the broader U.S.
population, nor can the findings be generalized to other countries. Nonetheless, our data
are in line with prior studies both in terms of age [1], sex [31], and race [32].
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As BMI was the main variable of interest, we excluded individuals with missing BMI,
which may introduce the potential for selection bias if the missingness is not random, as
these individuals may differ systematically from those included in the analysis. This study
occurred over a long timeframe over which the management of bladder cancer significantly
changed, and it continues to do so.

Regarding study design, the cross-sectional nature of this study limits its ability to
establish causality and exploration of temporal relationships between BMI, physical and
mental component summary (PCS and MCS) scores, and activities of daily living (ADLs)
disabilities. Consequently, causal inferences or longitudinal insights into these associations
cannot be drawn from the current findings.

4.2. Strengths of the Study

The SEER-MHOS data resource is one of the most comprehensive resources available
for analyzing cancer patients. It provides a unique opportunity for cancer research by
combining cancer-specific data with health-related quality of life (HRQOL) information for
Medicare Advantage enrollees. This is a unique and large dataset that gives researchers
the opportunity to study the long-term impact of cancer on health-related quality of life,
including physical, emotional, and social well-being. Additionally, it can be used to
compare cancer survival among different populations.

5. Conclusions

Our study underscores the multifaceted relationship between BMI, demographic and
socioeconomic factors, and HRQoL outcomes, as well as survival disparities among BMI
categories for older patients with bladder cancer. Future research should aim to further
explore the mechanisms driving these associations and investigate targeted interventions
to improve HRQoL and survival outcomes, particularly for high-risk groups such as under-
weight individuals and those with socioeconomic disadvantages. Integrating personalized
treatment strategies that consider both physical and mental health factors could lead to
better overall patient outcomes and quality of life.
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List of Abbreviations

BC Bladder cancer

BMI Body mass index.

SEER-MHOS  Surveillance: Epidemiology, and End Results-Medicare Health Outcomes Survey
PCS Physical component summary

MCS Mental component summary

ADL ADL

HR-QoL Health-related quality of life

ANOVA Analysis of variance.

GLM Generalized linear model

KW Kruskal-Wallis
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Simple Summary: This study looks at the health effects of homelessness in subjects diag-
nosed with lung cancer in a nationwide dataset in Hungary. Healthcare costs and survival
analysis showed worse outcomes, with the length of experienced homelessness playing a
key role.

Abstract: Differences in the lifestyle and health-service-seeking behavior of persons ex-
periencing homelessness (PEH) are well known. However, a comprehensive estimation
of the resulting healthcare utilization differences and health outcome impacts are so far
under-researched, especially at the national level. We aim to close this gap of evidence
for lung cancer within the Hungarian universal healthcare system. We analyzed lung
cancer-related information for the PEH population in the Hungarian national central health
insurance register dataset and a matched control population between 2015 and 2021. In
this period, 11,857 people were registered as homeless for the majority of at least one
year. To capture the effect of homelessness, we created a categorical “homelessness length
index” (HLI) according to the proportion of time an individual experienced homelessness
during the investigation period (HLI 0: 0; HLI 1: >0-1/3; HLI 2: >1/3-2/3; HLI 3: >2/3).
PEH individuals were matched 1:5 with a non-PEH control sample adjusted for age, sex
and region. We conducted Kaplan-Meier survival analysis and Cox proportional hazards
(CPH) regression adjusted for age, sex, HLI and average lung cancer-related healthcare
costs. Our final analysis sample consisted of 641 patients (233 PEH, 408 control) who
were newly diagnosed with lung cancer during the observation period. The lung cancer
prevalence in the PEH group was 1.97% as opposed to 0.69% in the control group. The
Kaplan-Meier curve showed lower average survival times for the PEH group, compared to
the control group. Lung cancer associated costs between diagnosis and death/censoring
were substantially different with average per patient cumulative costs of EUR 3668 in the
PEH group compared to EUR 6827 in the control group (2018 prices). This translated to
an average 47% lower annual lung cancer-related healthcare cost per PEH patient. CPH
analysis showed that after disease severity, the degree of time spent in homelessness had
the most significant effect on mortality, with a HR of 1.47 associated with both HLI 2 and 3
(95% CI: 1.08-2.00 and 1.01-2.14, respectively). We find that in Hungary, homelessness is
associated with a much higher lung cancer burden linked to a three-times-higher preva-
lence, lower overall survival and almost 50% lower annualized disease-specific healthcare
costs. Worse outcomes are mainly driven by long-term homelessness. Results could not be
further refined according to lifestyle-related factors due to data availability limitations.

Keywords: homelessness; lung cancer; survival analysis; healthcare costs; public health
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1. Introduction

Many studies have noted the detrimental health effects of homelessness. A recent
review and meta-analysis covering related studies found worse outcomes for people
experiencing homelessness (PEH) in virtually all disease fields and all-cause mortality [1].
The definitions for homelessness can include different types but most broadly, a PEH
is defined as a person lacking a fixed, adequate nighttime residence [2]. Nationwide
studies on the health effects of homelessness, however, are virtually nonexistent due to
homelessness being an issue that is rarely found in national databases with widespread
coverage, due to PEH having no official insurance status or claim. This generally does
not mean PEH receive no health care, but rather that examining healthcare utilization is
not feasible. This study is based on Hungarian health insurance data with the unique
opportunity to quantify the effects of homelessness on disease outcomes and healthcare
utilization due to universal health coverage at the national level including PEH.

Lung cancer is the most common cancer-related cause of death worldwide, according
to the World Health Organization (WHO) [3]. It has similar high mortality rates for both
sexes but shows differences in outcomes across the socioeconomic spectrum [4]. It is
also the most common cancer in the homeless population of a previous study [5]. These
factors make it a suitable disease to compare survival outcomes between PEH and a control
population. If a difference in survival is observed, it is also important to investigate the
likely causes of this difference as far as possible in the given data.

Hungary has a single-payer universal healthcare system, where the National Health
Insurance Fund (NHIF) provides high (around 95%) population coverage to roughly
9.7 million inhabitants [6]. This Bismarckian social insurance system requires an entitlement
reason (and preferably a contribution payment) for insurance coverage such as employment,
retirement status, student status, etc. One of these entitlement reasons can be homelessness.
In order to gain this homeless status, providers specializing in care for PEH have the right
to register their service users in the NHIF database, thus ensuring them full insurance
coverage for the next six months [7]. All insured individuals have a unique patient identifier
received at birth or by entering the national health insurance system at a later time point
(e.g., foreign citizens employed in Hungary). This identifier does not change during an
individual’s lifetime and is linked to their place of residence and, if applicable, the death
date from the central registries. This system provides the possibility to track all registered
PEH in Hungary at a national level over an extended period of time and observe the time
spent in homelessness, as well as all health services received in the Hungarian health
insurance system.

To see what impact homelessness has on lung cancer care costs and overall survival
outcomes in a universal healthcare system such as Hungary, we conducted a retrospective
cohort study with administrative healthcare data provided by the Hungarian NHIF.

2. Materials and Methods
2.1. Data Source

The central NHIF dataset contains records for all publicly reimbursed health services
used by insured individuals, including primary care, specialist outpatient care, inpatient
care, accident and emergency care, transport, pharmaceuticals, medical imaging, etc. Due
to the type of reimbursement, fee-for-service (FFS) in the form of a so-called German
point system mixed with Diagnosis-Related Groups (DRGs) for acute inpatient care, the
NHIF database contains ICD-10 (International Statistical Classification of Diseases and
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Related Health Problems 10. Revision) diagnostic codes, admission-related DRGs and ATC
(Anatomical Therapeutic Chemical Classification) pharmaceutical codes at an individual
patient-level. Through linkage with the death registry, the recorded date of death of each
individual who died in the observed period is also available. Due to death registry data
being mostly available without cause-of-death information, all survival analyses in this
study reflect all-cause mortality.

2.2. Study Sample

For our study sample, we selected all individuals from the NHIF database, whose
typical entitlement (>6 months) reason was homelessness in any given year between 2015
and 2021 (PEH sample). We then created a matched control group of the same sex and
age from the same region of residence with a one-to-five case-to-control ratio (control
sample). Our study thus draws lung cancer cases from the resulting total (Figure 1). We
then compared these two samples for newly diagnosed lung cancer outcomes and costs.
Consequently, data from all persons out of the homeless and matched populations who had
a diagnosis of lung cancer between 2010 and 2021 were extracted for analysis. Diagnoses
of lung cancer were defined as any healthcare services received for a main diagnosis of
C34 according to the ICD-10 classification system [8]. Cases of lung cancer between 2010
and 2014 were only used to filter for newly diagnosed cases from 2015 onwards, without
a previous record of a C34 diagnosis. They were not used in the main analysis since we
wanted to capture the entire disease progression as far as possible including survival times
and received healthcare services from first diagnosis to death alongside the time spent in
homelessness. Furthermore, some lung cancer cases newly diagnosed after 2015 had to be
excluded because their lung cancer diagnoses were dated after their registered death dates
(Figure 1). This is most likely due to the cancer having been found during autopsy, since
Hungary has one of the highest autopsy rates in Europe [9].

Entire NHIF database
N=~11 Million

v v

PEH sample Matched control sample
2015—2021 &= 1:5 match by age, sex and region
N= 11,857 N= 59,285

l

All C34 diagnoses 2010—2021
N= 829

First diagnosis
— 2010—2014
N= 150
v
All C34 new diagnoses
2015—2021
N= 679

Unsuitable for survival
—> analysis
N= 38

A

Final sample for analyses
N= 641

Figure 1. Study sample.
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We stratified the sample according to the share of time spent in homeless status
between 2015 and 2021. For this, a categorical variable called the homelessness length index
(HLI), was created where Category 0 stands for no time spent as homeless, i.e., the control
cohort. Categories 1, 2 and 3 of the HLI were defined asup to 1/3,>1/3 up to 2/3 and >2/3
of the total observation time spent as homeless, respectively. The decision for thirds was
made after sensitivity testing different groupings of the share of time. Overall, stratification
by thirds showed the most homogenous groups with the most stable differences between
groups. This stratification also proved to have the best model fit. To judge the model fit in
comparison, we used the concordance index as proposed by Harrel et al. [10,11]. This final
three-stage categorization also aligns with the three-group typology for homelessness by
Kuhn and Culhane [12] representing transitional, episodic and chronic homelessness.

For health service utilization costs, all costs that were registered in the database linked
with the diagnosis code for lung cancer (C34) were summed up on an individual patient
level annually in 2018 prices. The discounting of later years was performed according to
the rates given by the UNECE Statistical Database [12]. All cost data used in this analysis
were given in Hungarian Forint (HUF), so there was no need to approximate them via
assigned DRG points as would be the norm in many other healthcare insurance datasets.
Furthermore, to compare these costs to other healthcare systems, we converted them into
Euros and purchase power parity-adjusted Euros (PPPEUR) by using the appropriate
exchange rates and PPP conversion factors given by the UNECE and Eurostat [13,14]. In
the NHIF dataset, costs are split into five categories: inpatient, pharmaceuticals, outpatient,
radio-diagnostics and “other”. “Other costs” contains item-based medicine and item-based
devices, implants and procedures. These assets are expensive and, therefore, in the case of
some products (e.g., medicaments without Health Technology Assessment (HTA) approval)
require special approval (compassionate use). Some chemotherapy products are also
included in this category.

2.3. Statistical Analyses

For survival outcomes, we compared median survival times and five-year survival
and graphically plotted survival curves using the Kaplan-Meier approach [15]. Survival
times were calculated from the date of the index lung cancer diagnosis until the recorded
date of death, if available, or the date of censoring otherwise. All individuals still at risk at
the end of 2021 were right censored. Furthermore, we restricted the maximum observation
period to 5 years for all individuals since that was the longest period with sufficient data in
both groups for stratification.

To take into account the effects of other parameters on survival such as age, sex and
healthcare cost differences, we calculated the Cox proportional hazards (CPH) regres-
sion [16]. This multivariate regression approach is the most widely used method to infer
the effect of different variables on survival outcomes in medical research [17]. The average
yearly healthcare cost was also used as a control variable to explore the extent of mortality
hazard differences that could be associated with differential healthcare resource use be-
tween the PEH and control groups. We conducted the CPH analyses in a stepwise approach
by adding more variables one by one into different models and rerunning the analysis.
Better-performing variables that described the same characteristics were chosen. Since no
staging information was available, we used metastatic cancer codes as a proxy for more
severe stages of lung cancer. To identify these, we flagged all patients where C77-C79 codes
were registered in addition to the initial lung cancer diagnosis. The confidence interval was
set to 95% and a p value of <0.05 was considered statistically significant. All analyses were
conducted using R statistical software version 4.1.1. This study was based on the official
data provision process of the National Health Insurance Fund of Hungary [18] (approval
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number: 1043-46-2023, date of approval: 5 April 2023). Since data were handled directly on
the NHIF servers and only aggregated secondary data were published here, the study was
exempt from additional ethics approval.

3. Results
3.1. Sample Descriptives

For the period 20152021, there were 11,857 individuals who were classified as having
homeless status (PEH sample) and 59,285 individuals in the matched control cohort. In
the PEH sample, 23% (n = 2762) were females. Lung cancer was the most common cancer
observed, with a prevalence of approximately 20% (Appendix A, Table Al).

Of the total 71,142 individuals in the analysis sample, 641 were newly diagnosed with
lung cancer during the observation period (Figure 1). There were 233 PEH cases (PEH
group) compared to 408 control cases (control group) corresponding to prevalence rates of
1.97% and 0.69%, respectively (Table 1).

Table 1. Sample characteristics.

All New Lung Cancer Cases
S:n]ilgle g:;tpr;): PEH Group  Control Group
Total (N /%) 11,857 (17%) 59,285 (83%) 233 (36%) 408 (64%)
Males (N /%) 9095 (77%) 45,475 (77%) 196 (82%) 372 (85%)
Females (N /%) 2762 (23%) 13,810 (23%) 43 (18%) 68 (15%)
Age in 2015 (mean =+ SD) 43 (£12) 43 (£12) 53 (£7) 55 (£7)
Males 44 (£12) 44 (£12) 53 (+7) 56 (+7)
Females 41 (+12) 41 (+12) 53 (£6) 53 (£6)
Age at C34 diagnosis (mean & SD) - - 56 (£7) 58 (£7)
Males - - 56 (+7) 58 (+7)
Females - - 56 (1+6) 56 (1+6)
i\rlnue?r‘rl)e:i (S)ﬁD };ears registered as homeless 21 (+15) ) 19 (+1.3) )
gﬁ?;figse D(;f time registered as homeless 33% (425) ) 40% (429) )
Homelessness Length Index (HLI, N/%):
HLI 1 8095 (68% 1) - 138 (59% ¥) -
HLI 2 2292 (19% *) - 52 (22% ¥) -
HLI3 1470 (12% T) - 43 (19% 1) -

% refers to the entire PEH sample (N = 11,857). Percentages are rounded to the nearest full number and do not
add up to 100%. ¥ % refers to a PEH sample with a lung cancer diagnosis (N = 233).

Considering homelessness, lung cancer cases were overrepresented in the higher HLI
groups with a prevalence of 3.06% in the HLI 3 group, 2.31% in the HLI 2 group and 1.58%
in the HLI 1 group (Table 1).

3.2. Healthcare Costs

We summed up all healthcare costs associated with a C34 diagnosis between the index
diagnosis and death or censoring. This amounted to an average of HUF 1,136,568 per lung
cancer case in the PEH group and HUF 2,115,777 per lung cancer case in the control group,
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translating into a 46% lower average total lung cancer treatment cost per PEH patient.
These costs corresponded to EUR 3564 and EUR 6635 (2018 prices) and to PPP EUR 12,052
and PPP EUR 22,436 (2018 prices), respectively [13]. The difference in annualized cost per
patient was similarly 47% less in the PEH group (Table 2). The inpatient costs were the
most similar: only 20% lower per patient in the PEH group. In contrast, pharmaceutical
costs were the most different, over 80% lower per PEH patient, although these costs were
only a minor fraction of the total costs for both groups (3% for PEH vs. 8% for control). A
considerable part of lung cancer costs was recorded in the “other costs” category (49% for
PEH vs. 59% for control) (Table 2).

Table 2. Lung cancer associated healthcare costs (in 2018 prices, HUF and PPP EUR).

Percentage of

Difference
HUF EUR PPP EUR o Total Costs
PEH Control PEH Control PEH Control Control PEH Control
Average C34 associated
total healthcare costs per 1,136,568 2,115,777 3564 6635 12,052 22,436 —46% 100% 100%

patient

Average C34 associated
total healthcare costs per 675,562 1,276,978 2119 4004 7163 13,541 —47% 100% 100%
patient year

Average C34 associated
inpatient costs per patient 295,223 366,925 926 1151 3131 3890 —20% 44% 29%
year

Average C34 associated
pharmaceuticals costs per 19,119 100,084 60 314 203 1,061 —81% 3% 8%
patient year

Average C34 associated
outpatient costs per 15,008 26,245 47 82 159 278 —43% 2% 2%
patient year

Average C34 associated
radio-diagnostics costs 15,410 29,328 48 92 163 311 —47% 2% 2%
per patient year

Average C34 associated
other costs per patient 330,802 754,397 1037 2366 3508 8000 —56% 49% 59%
year

Source: NHIF data, exchange rates from Eurostat [14] PPP EUR rates from OECD [19].

3.3. Survival

Figure 2 shows the Kaplan—Meier survival curves stratified by group. After an initial
big drop in survival representing the high mortality rates of certain lung cancers in the
first year, the Kaplan—-Meier survival curves of the two groups converged before further
clear separation after two years (Figure 2). The median survival times were 292 days
(95% CI: 200—-419) for the PEH group and 330 (95% CI: 419-447) for the control group.
The difference when only looking at a single homelessness category, however, was not
statistically significant (p = 0.3). Kaplan-Meier survival analysis by HLI category was
only possible for the first year due to sample size issues. This showed a clear separation
of HLI 2 and 3 from HLI 0 and 1, meaning that persons experiencing long-term, chronic
homelessness showed a significantly lower initial average survival time when compared to
no or episodic homelessness (Appendix A, Figure Al). To test this observed difference and
measure its magnitude, we used CPH regression analysis.
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Survival probability

Survival plot lung cancer

Strata — FLAG=PEH — FLAG=Control
1.00-
0.751
0.501
0.251 \H——-_._._.——'
0.00
0 365 730 1095 1460 1825
Days
Survival plot lung cancer
FLAG=PEH{ 233 99 66 48 29 12
FLAG=Control{ 408 171 107 81 56 34
0 365 730 1095 1460 1825

Figure 2. Kaplan—-Meier survival plot (p = 0.3).

All-cause mortality hazard ratios (HRs) were tested for significance for different CPH
models, including different homelessness stratification approaches and control variables.
We found significant interactions between all-cause mortality and age, HLI, lung cancer-
specific healthcare costs and metastatic cancer stages. As shown by the rising concordance
index, the model performance improved with each variable addition after settling on the
most fitting way to stratify the sample by the level of homelessness.

First, we controlled for age and sex in all six models shown in the table. Although
female sex showed a reduced HR, this did not reach statistical significance in our study.
Nevertheless, based on previous evidence about sex-based differences in lung cancer
survival and the potential magnitude of female sex impact in our data, sex remained
included as a standard control variable in all models [20,21]. Age showed a significant
association with all-cause mortality (HR = 1.04, 95% CI 1.02-1.05) that was robust across
all models. Being one year older increased the hazard of dying in the given period by 4%,
keeping all other factors constant (Models 4-6) (Table 3).

Models 2 and 3, which included homelessness as a dummy or continuous variable,
did not deliver significant results as opposed to Model 4 where homelessness experience
was stratified based on the aforementioned sensitivity analysis and literature [12]. While
compared to the control cohort, short-term homelessness (HLI 1: 59% of the PHE group)
showed no significant difference, mortality hazard increased significantly by more than
50% for episodic or long-term homelessness represented in our sample by HLI 2 and 3
(HR =1.59, 95% CI: 1.18-2.16; and HR = 1.66, 95% CI: 1.15-2.41, respectively). Between HLI
2 and 3, the HRs only differed slightly when controlled for other factors (Models 5 and 6)
(Table 3).
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Table 3. Cox proportional hazards (CPH) regression results.

CPH

HR (95% CI)

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Age at diagnosis

1.03 (1.01-1.05) *

1.03 (1.01-1.05) *

1.03 (1.01-1.05) *

1.03 (1.02-1.05) *

1.04 (1.02-1.05) *

1.03 (1.02-1.05) *

Female sex

0.83 (0.63-1.02)

0.83 (0.63-1.02)

0.83 (0.63-1.01)

0.88 (0.67-1.16)

0.89 (0.67-1.18)

0.92 (0.69-1.21)

Homelessness yes/no

1.02 (0.99-1.47)

Homelessness in years

0.99 (0.91-1.07)

HLI
1 - - - 096 (0.75-1.24) 098 (0.76-1.26)  1.03 (0.80-1.32)
2 - - - 1.59 (1.18-2.16) *  1.51 (1.11-2.05) *  1.47 (1.08-2.00) *
3 - - - 1.66 (1.15-2.41) * 150 (1.03-2.18) *  1.47 (1.01-2.14) *

Total annualized lung
cancer associated
healthcare costs (per
HUF 100,000)

0.97 (0.96-0.98) *  0.97 (0.96-0.98) *

Metastatic cancer - - - - - 2.37 (1.92-2.93) *

Concordance index 0.563 0.565 0.563 0.584 0.675 0.690

HR: hazard ratio. Bold * = significant variables at p < 0.05.

To control for costs in the model, we included annualized lung cancer-associated
healthcare costs on an individual level. Higher costs were associated with a significantly
lower mortality hazard (—0.03 per additional HUF 100,000). However, the overall mag-
nitude of this association was only marginal when compared to the associations with
longer-term homelessness or disease severity (Models 5 and 6).

Metastatic cancer had by far the strongest association with mortality differences. With
an HR of 2.37 (95% CI: 1.92-2.93), patients with metastatic cancer diagnoses were more
than twice as likely to die at any point during the observation period than those without.
Furthermore, the differential results between Models 4 to 6 indicate that in total about
25-40% of the excess mortality hazard for HLI 2 and 3 was explainable by lower lung
cancer-specific healthcare costs and a higher prevalence of metastatic cancer cases in these
groups (Table 3).

4. Discussion

Generally, the Hungarian population of PEH we covered in this study is similar to
those in other studies; for example, the percentage of females in our study’s PEH population
(23%) is in line with the average sex distribution in homeless populations according to a
recent systematic review [22].

Our study shows that homelessness is not only associated with an increase in lung
cancer prevalence for the Hungarian PEH population, but this increase is linked to the
magnitude of time spent in homelessness. The high general prevalence and it being the
most common cancer in the PEH population is in line with a previous study [5].

This higher prevalence is likely to be due to multiple factors. First, there is usually a
much higher smoking rate amongst PEH populations [23]. Consequently, a previous study
found excess rates of many smoking attributable cancer types in the homeless population
of Boston [24]. A second factor that has been proposed to influence lung cancer prevalence
is pulmonary tuberculosis infections, being up to five times as prevalent among PEH as in
the non-homeless population [25,26]. Since our study was based on administrative data,
we could not control for any of these factors.

Our cost estimates of EUR 3668 and EUR 6827 for PEH and controls (EUR 5519 between
both groups) are along the lines of the EUR 4157 average treatment costs for lung cancer
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in Hungary from Inotai et al. based on earlier data from 2000 to 2012 [27]. Our average
treatment cost results of PPP EUR 18,661 also compare to the respective treatment costs of
EUR 25,063, EUR 17,777 and EUR 32,500 from France, England and Germany, as described
by McGuire et al. in 2015 [28].

We found only a limited positive impact of higher healthcare costs on lowering mor-
tality hazard, which may be reflective of the high fatality rate and standardized treatment
patterns for lung cancer. These results may also simply reflect the increased treatment
costs associated with a longer survival time. Overall, we found only limited evidence that
survival differences between PEH and controls with lung cancer are caused by significantly
different healthcare utilization. Our differential survival results are rather indicative of
more metastatic cancer cases within the PEH group, most likely due to later diagnosis and
lower general ability to battle lung cancer, especially in the case of episodic and long-term
homelessness (HLI 2 and 3).

A previous study in the USA found that a deficit in quality of life, as experienced
by PEH, lowered overall survival [29] and that from a survival perspective, the main
focus should lie on preventing people from experiencing long-term homelessness [30].
Although we were not able to reflect on quality of life, our findings are in line with this
conclusion, showing that transitional or short-term homelessness (HLI 1) had no significant
impact on survival, while longer-term homelessness increased the mortality hazard by
around 50%. These findings also support the hypothesis that a large proportion of socio-
economic differences in survival, which have been observed in other studies summarized
by Redondo-Sénchez et al. [4], are the result of differences in lifestyle and general resilience
rather than experienced differences in treatment.

It has to be noted though that these findings may only be generalizable to universal
healthcare systems similar to those in Hungary where PEH can have full access to public
healthcare services. In less equitable healthcare systems, it is likely that a similar analysis,
if feasible, would yield different results. From a public health perspective, however,
Hungary’s policy of providing PEH with full access to public healthcare services seems
to influence survival to some degree with the median survival time of 292 days among
PEH with lung cancer when compared to a study from Seattle, where the PEH lung cancer
patient median survival time was 211 days [31].

Further research may expand this study by looking at different cancer types and other
chronic diseases in the context of homelessness and outcomes. It would also be important
to assess whether previously experienced homelessness retains its legacy effect on disease
outcome and survival even if a certain time spent out of homelessness has passed.

Our study is based on administrative health insurance data, which brings some general
data limitations with it. Firstly, no data on privately funded healthcare service use are
available in the NHIF database. For the current study, it is very unlikely that homeless
people would have used private services and paid out-of-pocket, but this may not be
true for the control group, which can lead to some downward bias in the magnitude
of health service utilization differences. On the other hand, since the majority of lung
cancer treatment is conducted in inpatient or outpatient specialist care settings, relevant
services would be covered in the dataset as standard. A second general limitation is due
to known up-coding activities as a consequence of FFS reimbursement [32,33]. However,
these biases would appear in both groups (PEH and control) equally and, therefore, would
not affect the comparative results of the analyses. The third important administrative
limitation of our dataset is the potential selection bias of homeless cases. Since PEH status
is registered when accessing some type of health or care service provision, not all homeless
individuals in Hungary are registered by the NHIF. Those who appear in the NHIF dataset
are likely to be in a more fragile health status requiring acute care. Yet again, in the case of
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lung cancer, this bias may not be of particular importance in comparison to some chronic
diseases. Lastly, due to the ICD code format, we were not able to reflect on cancer staging
information and the potentially differential impacts of small- and non-small-cell lung
cancers on survival, healthcare utilization and cost differences that may also drive some
of the group differences [34]. However, we tried to catch some of these differences by
controlling for metastatic cancer codes which coincided with lung cancer diagnoses.

5. Conclusions

The results of this study imply that equitable healthcare provision for diagnosed lung
cancer cases may only influence negative survival outcome differences faced by homeless
people to a certain degree. The evidence on prevalence, metastatic stages and survival
differences indicates that the lung cancer disease burden is considerably higher in the
PEH group, which on average should lead to higher yearly costs with no difference in
access. The lower average costs for the PEH group, as seen in this case study for lung
cancer from Hungary, however, show that mere access does not necessarily lead to higher
utilization. Additional emphasis on screening, early detection and tackling issues that lead
to long-term homelessness is also needed to improve outcomes for this vulnerable group.
Earlier detection and treatment could not only improve survival and quality of life but also
limit the downstream costs of more severe lung cancer cases. Overall, our findings support
the need for broader, more complex policies to improve healthcare utilization among PEH
with lung cancer.
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Appendix A

Table A1. Ten most common cancers by case percentage in the PEH population.

Cancer ICD 10 Code Percentage of All Cancer Cases
C34 19.8%
C79 6.4%
C32 6.0%
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Table A1. Cont.

Cancer ICD 10 Code Percentage of All Cancer Cases
C78 5.9%
C77 4.6%
C10 3.4%
C53 3.1%
C13 2.9%
C18 2.5%
Ce7 2.5%

Survival plot lung cancer
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Note: Time series stop after groups fall below 10 individuals due to the data privacy policy of the NHIF

Figure A1. KM survival plot by HLI category (p = 0.004).
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Simple Summary: Breast cancer is a major health concern worldwide, with mortality rates varying
between ethnic groups. In Israel, Jewish and Muslim Arab women have different socioeconomic
backgrounds and lifestyle factors that may influence breast cancer outcomes. This study investigates
disparities in breast cancer mortality between these two groups and examines how factors such as
number of children, socioeconomic status, and place of residence affect mortality rates. By analyzing
data from over 800,000 Israeli women over a 30-year period, the researchers aim to understand
the complex interplay among ethnicity, sociodemographic factors, and breast cancer mortality. The
findings of this study could help identify key risk factors and protective elements specific to each
ethnic group. This information is crucial for developing targeted intervention programs to reduce
disparities and improve breast cancer outcomes for both Jewish and Muslim Arab women in Israel.

Abstract: Breast cancer mortality rates vary across ethnic groups in Israel, where protective factors
such as high fertility and breastfeeding rates may be moderated by socioeconomic factors and
mammography rates. We aim to investigate disparities in breast cancer mortality between Jewish and
Muslim Arab women in Israel and examine how sociodemographic variables and number of children
are associated with mortality. Our retrospective follow-up study uses data from the Israeli Central
Bureau of Statistics and multivariable Cox regression models, adjusting for age, number of children,
country of origin, locality size, and socioeconomic status. Compared to Jewish women, Muslim
Arab women exhibited lower breast cancer mortality rates. However, after adjusting for multiple
sociodemographic variables, no significant differences persisted between Jewish and Muslim Arab
women. Having more than three children was associated with lower mortality among Muslim Arab
women but not among Jewish women. European/American origin, larger localities, and medium
socioeconomic status were associated with higher mortality. Sociodemographic factors may therefore
explain the disparities in breast cancer mortality between Jewish and Muslim Arab women in Israel.
Targeted intervention programs that consider the unique characteristics and risk factors of different
ethnic groups are needed to reduce disparities and improve outcomes.

Keywords: breast cancer mortality; ethnic disparities; socioeconomic status; reproductive factors;
Israeli women; health inequalities

1. Introduction

Breast cancer is the second leading cause of death worldwide and the cancer with
the second-highest incidence rate [1]. According to the World Health Organization, in
2020, 2.3 million females were diagnosed with breast cancer worldwide. The incidence and
related mortality from breast cancer continue to grow despite remarkable advances in early
detection and treatment [2,3]. In Israel, the survival rate for breast cancer is relatively high,
with an estimated five-year survival rate of around 88% [4].
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Breast cancer morbidity and mortality is associated with various sociodemographic
risk factors. The risk of breast cancer morbidity increases with age [5]. Previous studies
have found higher breast cancer mortality rates among Black women as compared to
White women [6]. Among Jewish women of Ashkenazi descent, genetic characteristics
have been found that are associated with breast cancer morbidity [7]. In a previous study
we conducted, lower breast cancer mortality rates were found among women living in
non-urban areas as compared to women living in urban areas [8].

Various other factors affect breast cancer incidence. Women of lower socioeconomic
status tend to develop breast cancer less frequently than women of higher socioeconomic
status [9,10], but they face a higher risk of breast cancer mortality [2] and worse survival out-
comes [11,12]. They also tend to undergo mammography screening less frequently [13,14]
and are at a higher risk of late-stage diagnosis [15,16]. Reproductive factors such as
young maternal age at first birth [17,18], hormonal treatments [19,20], pregnancy and child-
birth [21,22], and breastfeeding [21,23,24] influence breast cancer incidence. Breastfeeding
and a long duration of breastfeeding have been found to be protective factors against breast
cancer morbidity [23,24]. Breastfeeding can help reduce the short-term increase in breast
cancer risk following pregnancy and provides additional protective benefits over time [21].
Women of lower socioeconomic status tend to breastfeed less [25].

As of 2022, Arab citizens of Israel constitute approximately 21.1% of the total pop-
ulation [26]. They tend to live in small- and medium-sized localities rather than large
ones [27]. Compared to Jewish women, they are, on average, younger at first birth [28], less
likely to use hormonal medications [29], undergo mammography [30], or enter the labor
market [31] but are more likely to breastfeed for longer [32,33]. Historically, Israel’s Arab
Muslim population has been characterized by particularly high fertility rates, but these
have decreased over the years [34]. Previous studies have found that Arab women have
lower breast cancer incidence and mortality than do Jewish women, though these gaps
have recently been narrowing [29,35]. In summary, the Arab community is characterized by
factors that can offer protection against breast cancer but also by factors that may negatively
impact survival rates. Additionally, all-cause mortality rates are higher among Arabs as
compared to Jewish women.

In this study, we aim to investigate breast cancer mortality disparities between Jewish
and Muslim Arab women in Israel. Our study examines how sociodemographic factors
(age, socioeconomic status, locality size, education) and number of children are associated
with breast cancer mortality in each ethnic group. Elucidating the interplay of ethnicity;,
sociodemographic factors, reproductive history, and breast cancer mortality in Israel offers
insight toward reducing disparities and improving outcomes.

2. Materials and Methods

We conducted a retrospective follow-up study on breast cancer mortality among Israeli
women over a 30-year period, from 1 January 1990, to 31 December 2020. The data for this
study were collected by the Israeli Central Bureau of Statistics from the Population Registry,
Education Registry, and Ministry of Health. The study group included 817,445 Israeli
women born between 1940 and 1960, of whom 743,090 were Jewish (90.9%) and 74,355 were
Muslim Arab (9.1%).

Data on birth year, ethnicity (Jewish/Arab), religion, country of origin, number of chil-
dren, and locality size were collected from the Population Registry. The number of children
was dichotomized into “3 children or less” and “more than 3 children”. The “country of ori-
gin” variable was defined by the woman’s father’s birth country in one of three categories:
1. Israel, 2. Asia/Africa, or 3. Europe/America/Australia. Locality size was dichotomized
into small (up to 20,000 inhabitants) and large (more than 20,000 inhabitants).

The socioeconomic status variable was constructed by combining two variables: edu-
cation (obtained from the Central Bureau of Statistics” Education Registry, which is based
on educational data from various sources such as educational institutions, administrative
files, surveys, censuses, administrative data, and more) and the socioeconomic status of
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residential areas (for the 20% of the population whose education data were missing). The
categorization was based on the distribution of these variables in Israeli society. High
socioeconomic status was determined by 15 or more years of education or a residential area
socioeconomic score of 8-10. Medium status was determined by 11-14 years of education
or a residential area score of 6-7. Low status was determined by up to 10 years of education
or a residential area score of 1-5.

The outcome variable was breast cancer mortality, and death year was obtained
from the Ministry of Health. For all variables except education, missing data were below
one percent.

First, we examined the distributions for age, number of children, country of origin,
locality size, and socioeconomic status, and analyzed differences between the groups
relative to these variables. The statistical significance of differences was calculated using
the Chi-square test for categorical variables and the t-test for age (Table 1).

Table 1. Distribution of research variables among Jewish and Muslim Arab women.

Jewish Muslim Arab
(n = 743,090) (n = 74,355) P

Age 39.08 (5.66) 37.99 (5.90) <0.001

Number of children 2.45 (1.95) 4.87 (3.54) <0.001
Asia/Africa 33.4% 4.0%

Country of origin Europe/America 44.0% 1.4% <0.001
Israel 22.6% 94.6%

Locality size Small 84.6% 55.3% 0,001
Large 15.4% 44.7%
Low 23.7% 84.7%

Socioeconomic status Medium 43.2% 11.8% <0.001
High 33.1% 3.6%

Next, we examined mortality rates per 10,000 women by ethnicity, number of children,
country of origin, locality size, and socioeconomic status. In assessing the disparities” effect
size between groups and their statistical significance, the Adjusted Hazard Ratio (AHR) for
breast cancer mortality was calculated after adjusting for age (Table 2).

Table 2. Breast cancer mortality rate by research variables among study population (n = 817,455).

Breast Cancer AHR (Age-Adjusted

11})/{8&?&3’15:; Hazard Ratio), 99% CI p

Ethnicity ]e?vish 105.40 1.00
Muslim Arab 84.33 0.866 (0.778-0.964) <0.001

) 0-3 106.54 1.00
Number of children >3 95.19 0.902 (0.845-0.962) <0.001

Asia/ Africa 96.47 1.00
Country of origin Israel 105.06 1.068 (0.997-1.143) 0.013
Europe/America 107.59 1.109 (1.031-1.192) <0.001

L Small 84.30 1.00

Locality size

Large 107.70 1.229 (1.136-1.330) <0.001

Low 99.96 1.00
Socioeconomic status Medium 111.94 1.179 (1.101-1.262) <0.001
High 97.27 1.019 (0.945-1.098) 0.526
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Then, via regression and adjusted Kaplan-Meier curves, we created multivariable
models to evaluate the relationship between ethnicity and breast cancer mortality. The
first model included age, ethnicity, number of children, and country of origin. The second
model included those four variables and locality size. The third model included all the
variables of the second model, as well as socioeconomic status (Table 3).

Table 3. Multivariate Cox models for breast cancer mortality prediction among study population
(n = 817,445).

Model 1 Model 2 Model 3
HR (99% CI) HR (99% CI) HR (99% CI)
ish 1.00 1.00 1.00
Ethnicity Jewis

Muslim Arab 0.815 (0.722-0.920)  0.849 (0.752-0.960)  0.904 (0.793-1.031)

Number of 0-3 1.00 1.00 1.00
children >3 0.925 (0.963-0.992)  0.938 (0.875-1.007)  0.924 (0.861-0.992)

Asia/ Africa 1.00 1.00 1.00
Cﬁ-‘tg of Israel 1.044 (0.972-1.120)  1.046 (0.974-1.123)  1.060 (0.985-1.140)
& Europe/America 1.166 (1.078-1.260) ~ 1.181 (1.092-1.277)  1.173 (1.083-1.270)

o Small 1.00 1.00

Locality size

Large 1.219 (1.124-1.322)  1.189 (1.095-1.291)

Low 1.00
Socioeconomic Medium 1.140 (1.060-1.227)

status

High 0.970 (0.893-1.364)

We found significant interactions (p < 0.001) among ethnicity, socioeconomic status,
and number of children and breast cancer mortality. We found significant interactions
between ethnicity and socioeconomic status, as well as between ethnicity and number of
children and the prediction of breast cancer mortality. Therefore, we decided to separately
examine the role of each of the following in predicting breast cancer mortality among
Jewish and Muslim Arab women: number of children, country of origin, locality size, and
socioeconomic status (Table 4).

Table 4. Breast cancer mortality rate by research variables among Jewish (n = 743,090) and Muslim
Arab women (n = 74,355).

Model A: Jewish Model B: Muslim Arab

(n =743,090)

(n = 74,355)

Age adjusted HR (99% CI)

Age adjusted HR (99% CI)

Number of 0-3 1.00 1.00
children >3 0.960 (0.896-1.028) 0.751 (0.609-0.927)

Asia/ Africa 1.00 1.00
Country of origin Israel 1.08 (1.001-1.146) 0.651 (0.159-4.466)
Europe/America 1.185 (1.096-1.282) 0.703 (0.373-1.326)

Small 1.00 1.00

Locality size

Large 1.217 (1.115-1.329) 1.177 (0.954-1.451)

Low 1.00 1.00
SOCiOfC;’“"miC Medium 1.146 (1.064-1.235) 1.309 (1.015-1.796)

status

High 0.988 (0.912-1.071) 1.591 (1.052-2.613)

It is important to note that for individuals who immigrated from Israel during the
follow-up period and did not return by the end of the follow-up, and for whom information
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Cumulative Survival

on their death was not obtained, survival data were calculated up to the year in which they
immigrated from Israel. In other words, such individuals contributed survival years until
the year they left Israel.

3. Results

Significant differences were found between Jewish and Muslim Arab women con-
cerning age, number of children, country of origin, locality size, and socioeconomic status
(p <0.001).

Higher all-cause mortality rates were found among Muslim Arab women as compared
to Jewish women (AHR =1.658, 99% CI (1.612, 1.704)) but lower breast cancer mortality rates
were found among Muslim Arab women (AHR = 0.866, 99% CI (0.778, 0.964)) (Figure 1).
After adjusting for age, lower breast cancer mortality rates were found among women
with more than three children (AHR = 0.902; 99% CI (0.845-0.962)), those of Asian/African
origin as compared to European/American origin (AHR = 1.109, 99% CI (1.031-1.192))
and Israeli origin (AHR = 1.068, 99% CI (0.997-1.143), p = 0.013), those living in smaller
localities (AHR = 1.229, 99% CI (1.136, 1.330)), and those with low socioeconomic status
as compared to medium socioeconomic status (AHR = 1.179, 99% CI = 1.101, 1.252). No
significant difference was found between high and low socioeconomic status (AHR = 1.019,
99% CI = 0.945, 1.098) (Table 2, Figure 1).

0500

&
Cumulative Survival

00 1000 2000 00

) 1000 2000 2000

Follow-up years Follow-up years

(a) (b)

Figure 1. Kaplan-Meier survivor curves among the study population: Jewish women (blue line) and
Muslim Arab women (red line): (a) All-cause mortality rates and (b) breast cancer mortality rates.

As displayed in Table 3, Model 1 accounted for age, ethnicity, number of children, and
country of origin. It found lower breast cancer mortality rates among Muslim Arab women
(HR =0.815; 99% CI (0.722, 0.920)), those with more than three children (AHR = 0.925; 99%
CI (0.963, 0.992)), and those of Asian/African origin as compared to European/American
origin (AHR = 1.166, 99% CI (1.078-1.260)). No significant differences were found be-
tween Israeli and Asian/African origin. Model 2 accounted for the same variables, along
with locality size. Likewise, it found lower breast cancer mortality rates among Muslim
Arab women (HR = 0.849; 99% CI (0.752, 0.960)), those with more than three children
(AHR = 0.938; 99% CI (0.875, 1.007), p = 0.019), those of Asian/African origin as compared
to European/American origin (AHR = 1.181, 99% CI (1.092, 1.277)), and those living in
smaller localities (AHR = 1.219, 99% CI (1.124, 1.322)). Similarly, no significant differences
were found between Israeli and Asian/African origin. Model 3 accounted for the same
variables as Model 2, along with socioeconomic status. It found no significant difference
between Muslim Arab and Jewish women. Lower breast cancer mortality rates were found
among those with more than three children (AHR = 0.924; 99% CI (0.861, 0.992)), those
of Asian/African origin as compared to European/American origin (AHR = 1.173, 99%
CI (1.083, 1.270)) and Israeli origin (AHR = 1.060, 99% CI (0.985, 1.140), p = 0.004), those
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living in smaller localities (AHR = 1.189, 99% CI (1.095, 1.291)), and those with low socioe-
conomic status as compared to medium socioeconomic status (AHR = 1.140, 99% CI (1.060,
1.227)). No significant difference was found between high and low socioeconomic status
(AHR = 0.970, 99% CI (0.893, 1.364)).

We found significant interactions between ethnicity and both socioeconomic status
and number of children and the prediction of breast cancer mortality. Accordingly, the
study population was divided into two groups, Muslim Arab women and Jewish women,
by Cox regression and adjusted Kaplan-Meier. The models were built for each group with
the following variables being entered separately with age: number of children, country of
origin, locality size and socioeconomic status.

Among Muslim Arab women, lower breast cancer mortality rates were found among
those with more than three children (AHR = 0.751; 99% CI (0.609, 0.927)) and higher rates
among those with high (AHR = 1.591, 99% CI (1.052, 2.631)) and medium socioeconomic
status (AHR = 1.309, 99% CI (1.015, 1.796)) as compared to low. Country of origin and
locality size were not significant predictors (Table 4, Figure 2).

Figure 2. Kaplan-Meier survivor curves among the study population: 0-3 children (blue line) and
>3 children (red line): (a) Breast cancer mortality among Jewish women and (b) Muslim Arab women.

Among Jewish women, number of children was not a significant predictor. Higher
breast cancer mortality rates were found among those of European/American (AHR = 1.185,
99% CI (1.096, 1.282)) and Israeli origin (AHR = 1.080, 99% CI (1.001, 1.146)) as compared
to those of Asian/African origin, those living in larger localities (AHR = 1.217, 99% CI
(1.115, 1.329)), and those with medium socioeconomic status (AHR = 1.146, 99% CI (1.064,
1.235)) as compared to low socioeconomic status. No significant difference was found
between high and low socioeconomic status (AHR = 0.988, 99% CI (0.912, 1.071)) (Table 4,
Figures 2 and 3).

Overall, Muslim Arab women had lower breast cancer mortality rates as compared to
Jewish women. Having more than three children was associated with lower rates in the
overall population and among Muslim Arab women but not among Jewish women. Women
of European/American origin had higher rates as compared to those of Asian/African
origin, consistently among Jewish women but not among Muslim Arab women. Living in
larger localities was associated with higher rates, consistently among Jewish women but not
among Muslim Arab women. Medium socioeconomic status was associated with higher
rates as compared to low status. Among Muslim Arab women, both high and medium
status were associated with higher rates, while among Jewish women, only medium status
was associated with higher rates as compared to low rate.
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Figure 3. Kaplan—-Meier survivor curves among the study population: low (blue line), medium (red
line), and high socioeconomic status (green line): (a) Breast cancer mortality among Jewish women
and (b) Muslim Arab women.

4. Discussion

This study investigated differences in breast cancer mortality between two groups
and examined how factors such as number of children, socioeconomic status, and place of
residence affect mortality rates. By analyzing data from over 800,000 Israeli women over
a 30-year period, the researchers’ goal was to understand the complex interrelationships
among ethnicity, sociodemographic factors and breast cancer mortality.

Similar to previous studies among Muslim Arab women, we also found higher fertility
rates [34], lower socioeconomic status [26], and higher tendency to live in smaller locali-
ties [27] as compared to Jewish women. Previous studies have also found genetic factors
associated with breast cancer morbidity and mortality, with specific genetic characteristics
identified among Jewish women of Ashkenazi descent [6,7]. In this study, lower breast can-
cer mortality was found among Jewish women whose countries of origin were Asia/Africa
as compared to those originating from America/Europe. However, this finding was not
observed among Muslim Arab women, possibly due to this community’s homogeneity
regarding country of origin.

Furthermore, this study found higher all-cause mortality rates among Arab women as
compared to Jewish women, while breast cancer mortality was higher in Jewish women [29,35].
However, these disparities were not significant after adjusting for variables such as number
of children, country of origin, locality size, and socioeconomic status. This may indicate
that the differences in mortality between groups can be explained by those variables.

Previous studies have found that women of lower socioeconomic status (SES) have
higher breast cancer mortality rates as compared to women of higher SES [2,11]. This
disparity has been attributed to lower rates of mammography screening [13,14] later-
stage diagnosis [15,16], and worse survival outcomes among women of lower SES [11].
However, a meta-analysis by Taheri et al. [12] suggests that the association between SES
and breast cancer mortality rates may not be as strong as previously thought. In contrast
to these findings, our study found higher breast cancer mortality rates among women of
medium SES as compared to low SES, both among Jewish and Muslim Arab women. This
can be explained by Israel’s National Health Insurance Law, which allows all women to
undergo mammography, significantly reducing the barrier to screening. Furthermore, the
law provides women of low SES with access to treatment, potentially leading to higher
survival rates.

Coinciding with our previous study [8], we found lower breast cancer mortality
rates among Jewish women residing in non-urban areas as compared to those living
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in urban areas. This finding was not observed among Muslim Arab women, possibly
due to differences in quality of life and air pollution exposure between Jewish and Arab
communities [35].

Furthuremore, our study found intriguing results regarding breast cancer mortality
rates among women of high socioeconomic status as compared to women of low socioeco-
nomic status. In Jewish women, no significant differences in breast cancer mortality were
found between high and low socioeconomic status groups. Conversely, in Arab Muslim
women, a gradient of increasing breast cancer mortality risk was observed with higher
socioeconomic status as compared to women of low socioeconomic status. This finding
could be explained by the fact that Jewish women of high socioeconomic status have greater
access to resources for extending survival from the disease, while Arab women of similar
socioeconomic status have less access. It can be hypothesized that Arab women of high
socioeconomic status are more likely to enter the labor market, which is still less common
in Arab society [31]. This entry into the workforce may be associated with relatively lower
breastfeeding rates. [33]. Furthermore, it can be speculated that Arab women of high
socioeconomic status are less likely to breastfeed and less likely to marry and have their
first child at a young age, which may increase the risk of morbidity. Previous studies have
shown that breastfeeding is associated with a reduced risk of breast cancer [23], and thus,
lower breastfeeding rates among Arab women of high socioeconomic status may partially
explain the higher breast cancer mortality rates in this group.

Full-term pregnancy and childbirth have been found in previous studies to be protec-
tive factors against breast cancer morbidity in the long term [21,22]. However, regarding
predictors of breast cancer mortality, we found a high number of children was protective in
the general population and among Muslim Arab women but not among Jewish women.
This phenomenon can be explained by several factors. Compared to Arab women in Israel,
Jewish women tend to have lower breastfeeding rates, older age at breastfeeding, and
older maternal age at first birth [28,33]. Arab women are more likely to breastfeed and
report fewer difficulties and barriers to breastfeeding [32,33]. Arab women are less likely to
enter the labor market [31] and less likely to use hormonal medications [29]. These factors,
along with the tendency of Arab women to have a lower maternal age at first birth and to
breastfeed more, may contribute to the lack of protective effect of a high number of children
against breast cancer mortality in Jewish women as compared to Arab women in Israel.

This study has several limitations. First, it is based on administrative data. Cause
of death was determined based on information collected from death certificates by the
Ministry of Health. Another limitation was the lack of data on breast cancer incidence
and prevalence rates among the studied groups. Such data would have provided a more
comprehensive picture and enabled the evaluation of mortality disparities in relation to
morbidity and survival disparities.

An additional limitation of our study is the use of parity as a dichotomous variable,
with a single threshold of three or more children. While this threshold aligns with the
average Israeli fertility rates, exploring different parity levels could provide more nuanced
insights. Future research should consider a more granular analysis of parity to better
understand how varying fertility rates in different populations might influence breast
cancer outcomes.

The absence of education data for a relatively large portion of the population led the
authors to use a composite variable of socioeconomic status instead.

5. Conclusions

This study’s findings underscore the complex interplay of ethnicity, socioeconomic
status, and reproductive factors in breast cancer mortality among Israeli women. The dif-
ferential impact of risk factors between Jewish and Muslim Arab populations emphasizes
the need for culturally sensitive, group-specific interventions. The paradoxical relationship
between socioeconomic status and breast cancer mortality in the Israeli context, particu-
larly among Muslim Arab women, warrants further investigation. Moreover, the varying
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protective effect of parity between ethnic groups suggests intricate interactions with factors
such as breastfeeding practices and age at first birth. These results highlight the importance
of developing nuanced research approaches and tailored prevention strategies that account
for the specific risk profiles of different ethnic and socioeconomic groups. Future studies
should aim to elucidate these complex relationships to inform more effective, targeted pub-
lic health interventions and policies, ultimately reducing breast cancer mortality disparities
in Israel’s diverse population.

Author Contributions: Conceptualization, R.P-M. and D.B.; methodology, R.P.-M.; software, D.B.
and R.P-M.; validation, R.P.-M.; formal analysis, R.P.-M.; investigation, R.P.-M.; resources, R.P.-M.
and D.B.; data curation, R.P-M.; writing—original draft preparation, R.P.-M.; writing—review and
editing, D.B.; visualization, D.B.; supervision, D.B.; project administration, D.B.; funding acquisition,
D.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Israel Academic College [Grant Number 112019] and
Jerusalem College of Technology [Grant Number 012022RP].

Institutional Review Board Statement: This study was approved by the Ethics Committee of the
CBS and the Population Registry Ethics Committee of Ramat Gan Academic College (No 1324).

Informed Consent Statement: Patient consent was waived due to the nature of the study as a retro-
spective mortality follow-up research using existing, anonymized data from national databases. The
study design precludes individual consent and was approved by the institutional ethics committee.

Data Availability Statement: Data are available upon reasonable request.

Conflicts of Interest: The author declares that there are no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.  Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394—424. [CrossRef] [PubMed]

2. Evelina, A.; Harvey, N.M. Breast Cancer; Exon Publications: Brisbane, Australia, 2022; Chapter 1.

3. Ferlay, ].; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Pifieros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An
overview. Int. J. Cancer 2021, 149, 778-789. [CrossRef] [PubMed]

4. Ben-Lessen, M.; Silverman, B.; Keinan-Boker, L. Breast Cancer in Israel: An update on morbidity and mortality data. In Israel
Center for Disease Control; Ministry of Health: Singapore, 2022. Available online: https://www.health.gov.il/PublicationsFiles/
breast_cancer_october2022.pdf (accessed on 1 May 2024).

5. Nasrazadani, A.; Marti, ].L.G.; Kip, K.E.; Marroquin, O.C.; Lemon, L.; Shapiro, S.D.; Brufsky, A.M. Breast cancer mortality as a
function of age. Aging 2022, 14, 1186-1199. [CrossRef]

6.  Giaquinto, A.N.; Miller, K.D.; Tossas, K.Y.; Winn, R.A.; Jemal, A.; Siegel, R.L. Cancer statistics for African American/Black People
2022. CA Cancer J. Clin. 2022, 72, 202-229. [CrossRef] [PubMed]

7. Diaz-Velasquez, C.E.; Gitler, R.; Antoniano, A.; Sefchovich, RK.; De La Cruz-Montoya, A.H.; Martinez-Gregorio, H.; Rojas-
Jiménez, E.A_; Penha, R.C.C.; Terrazas, L.I; Wegman-Ostrosky, T.; et al. Evaluation of genetic alterations in hereditary cancer
susceptibility genes in the Ashkenazi Jewish women community of Mexico. Front. Genet. 2023, 14, 1094260. [CrossRef] [PubMed]

8. Pinchas-Mizrachi, R.; Liptz, ].].; Zalcman, B.G.; Romem, A. Disparities in Breast Cancer Mortality Rates in Israel among Urban
and Rural Women. Int. J. Environ. Res. Public Health 2022, 19, 15785. [CrossRef]

9. DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A ; Jemal, A.; Siegel, R.L. Breast cancer statistics,
2019. CA Cancer J. Clin. 2019, 69, 438-451. [CrossRef]

10. Tresilian, G.; Morgan, J.; Wyld, L.; Reed, M.; Martin, C.; Chater, T.; Pemberton, K.; Leung, K.C.; Audisio, R.; Thompson, A_; et al.
A prospective cohort study to analyse the effect of socioeconomic deprivation on breast cancer stage at diagnosis, treatment
allocation and outcomes in older women in the United Kingdom. Eur. J. Surg. Oncol. (EJSO) 2022, 48, e87. [CrossRef]

11. Ji, P; Gong, Y,; Jiang, C.; Hu, X.; Di, G.; Shao, Z. Association between socioeconomic factors at diagnosis and survival in breast
cancer: A population-based study. Cancer Med. 2020, 9, 1922-1936. [CrossRef]

12.  Taheri, M.; Tavakol, M.; Akbari, M.E.; Almasi-Hashiani, A.; Abbasi, M. Relationship of Socio Economic Status, Income, and
Education with the Survival Rate of Breast Cancer: A Meta-Analysis. Iran. ]. Public Health 2020, 48, 1428-1438. [CrossRef]

13. Christiansen, S.R.; Autier, P; Stovring, H. Change in effectiveness of mammography screening with decreasing breast cancer
mortality: A population-based study. Eur. |. Public Health 2022, 32, 630-635. [CrossRef] [PubMed]

14. Luu, X.Q.; Lee, K; Jun, ] K,; Suh, M.; Jung, K.-W.; Choi, K.S. Effect of mammography screening on the long-term survival of breast

cancer patients: Results from the National Cancer Screening Program in Korea. Epidemiol. Health 2022, 44, €2022094. [CrossRef]
[PubMed]

72



Cancers 2024, 16, 2763

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Orsini, M.; Trétarre, B.; Daures, ].-P.; Bessaoud, F. Individual socioeconomic status and breast cancer diagnostic stages: A French
case—control study. Eur. J. Public Health 2016, 26, 445-450. [CrossRef] [PubMed]

Bradley, C.J.; Given, C.W.; Roberts, C. Disparities in cancer diagnosis and survival. Cancer 2001, 91, 178-188. [CrossRef] [PubMed]
Evans, D.G.; Harkness, E.F.; Howel, S.; Woodward, E.R.; Howell, A_; Lalloo, F. Young age at first pregnancy does protect against
early onset breast cancer in BRCA1 and BRCA2 mutation carriers. Breast Cancer Res. Treat. 2018, 167, 779-785. [CrossRef]
[PubMed]

Haricharan, S.; Dong, J.; Hein, S.; Reddy, J.P.; Du, Z.; Toneff, M.; Holloway, K.; Hilsenbeck, S.G.; Huang, S.; Atkinson, R.; et al.
Mechanism and preclinical prevention of increased breast cancer risk caused by pregnancy. eLife 2013, 2, e00996. [CrossRef]
[PubMed]

Naghizadeh, S.; Faroughi, F.; Mirghafourvand, M. Investigating the relationship between breast and gynecological cancers and
infertility and its treatments: A case-control study. Eur. . Cancer Prev. 2023, 32, 600-607. [CrossRef]

Pompei, L.d.M.; Fernandes, C.E. Hormone Therapy, Breast Cancer Risk and the Collaborative Group on Hormonal Factors in
Breast Cancer Article. Rev. Bras. Ginecol. Obs. 2020, 42, 233-234. [CrossRef]

Terry, M.B.; Liao, Y.; Kast, K.; Antoniou, A.C.; A McDonald, J.; Mooij, TM.; Engel, C.; Nogues, C.; Buecher, B.; Mari, V.; et al.
The Influence of Number and Timing of Pregnancies on Breast Cancer Risk for Women with BRCA1 or BRCA2 Mutations. JNCI
Cancer Spectr. 2018, 2, pky078. [CrossRef]

Lund, E.; Nakamura, A.; Snapkov, I.; Thalabard, J.-C.; Olsen, K.S.; Holden, L.; Holden, M. Each pregnancy linearly changes
immune gene expression in the blood of healthy women compared with breast cancer patients. Clin. Epidemiol. 2018, 10, 931-940.
[CrossRef]

Islami, F; Liu, Y.; Jemal, A.; Zhou, J.; Weiderpass, E.; Colditz, G.; Boffetta, P.; Weiss, M. Breastfeeding and breast cancer risk by
receptor status—A systematic review and meta-analysis. Ann. Oncol. 2015, 26, 2398-2407. [CrossRef] [PubMed]

AlEdeilah, R.D.; Alanazi, O.H.A.; AlHarby, B.S.E; Al Al Issa, M.S.; Al-Dhahry, S.A.S.; AlAnazi, AN.K.; AlAnazi, H.O.H.; Alanazi,
S.N.S. Breastfeeding as a Protective Factor against Breast Cancer: A Systematic Review. Clin. Cancer Investig. J. 2022, 11, 36—41.
[CrossRef]

Foster, S.F.; Vazquez, C.; Cubbin, C.; Nichols, A.R.; Rickman, R.R.; Widen, E.M. Breastfeeding, socioeconomic status, and
long-term postpartum weight retention. Int. Breastfeed. |. 2023, 18, 1-9. [CrossRef] [PubMed]

Alvakilli, N.; Publica, RM.A.d.A ; Sirota, Y.; Valley, LC.M.S.Y. DEMOGRAPHIC, ECONOMIC AND SOCIAL CHARACTERISTICS
OF ISRAEL MINORITIES. Adm. Publica 2022, 79-87. [CrossRef]

Haddad Haj-Yahya, N.; Khalaily, M.; Rudnitzky, A. Statistical Report on Arab Society in Israel 2021; Israel Democracy Institute:
Jerusalem, Israel, 2022. Available online: https://en.idi.org.il/media/18218/statistical-report-on-arab-society-in-israel-2021.pdf
(accessed on 1 May 2024).

Blickstein, I.; Baor, L. Trends in multiple births in Israel. Harefuah 2004, 143, 794-798, 839. [PubMed]

Tsanani, S.E.; Abu Ahmad, N.; Agbaria, M. Breast Cancer in Arab and Jewish Women in Northern Israel: A Retrospective
Database Study. Isr. Med. Assoc. J. 2023, 25, 495-499.

Pinchas-Mizrachi, R.; Solnica, A.; Daoud, N. Religiosity Level and Mammography Performance among Arab and Jewish Women
in Israel. J. Relig. Health 2020, 60, 1877-1894. [CrossRef] [PubMed]

Schein, A. Female labor force participation in Israel, 1955-2017. Isr. Aff. 2020, 26, 635-649. [CrossRef]

Keinan-Boker, L.; Shohat, T.; Wienstein, R.; Goldsmith, R.; Shimony, T.; Ophir, E.; Altman, H.; Amram, O.; Fisher, N.; Frost, D.;
et al. National Health and Nutrition Survey; Ministry of Health: Singapore, 2014. Available online: https://www.gov.il/blobFolder/
reports/mabat-infant/he/files_publications_units_ICDC_mabat-infant.pdf.pdf (accessed on 15 April 2024).

Zimmerman, D.R.; Kaplan, M.; Shoob, H.; Freisthler, M.; Toledano, M.; Stein-Zamir, C. Breastfeeding challenges and support in a
high initiation population. Isr. J. Health Policy Res. 2022, 11, 1-10. [CrossRef]

Staetsky, L.D. Stalling fertility decline of Israeli Muslims and the demographic transition theory. Popul. Stud. 2019, 73, 317-333.
[CrossRef]

Keinan-Boker, L.; Baron-Epel, O.; Fishler, Y.; Liphshitz, I.; Barchana, M.; Dichtiar, R.; Goodman, M. Breast cancer trends in Israeli
Jewish and Arab Women, 1996-2007. Eur. |. Cancer Prev. 2013, 22, 112-120. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



cancers m}\py

Article

Predictors of Clavien—-Dindo Grade III-IV or Grade V
Complications after Metastatic Spinal Tumor Surgery: An
Analysis of Sociodemographic, Socioeconomic, Clinical,
Oncologic, and Operative Parameters

Rafael De la Garza Ramos 2%, Jessica Ryvlin !, Ali Haider Bangash 1, Mousa K. Hamad -2,

Mitchell S. Fourman 3, John H. Shin 4, Yaroslav Gelfand -2, Saikiran Murthy 12 and Reza Yassari 12

1 Spine Research Group, Montefiore Medical Center, Albert Einstein College of Medicine, Bronx, NY 10467, USA;
jessica.ryvlin@einsteinmed.org (J.R.); alihaider2022-010@stmu.edu.pk (A.H.B.);
hamadmousa@gmail.com (M.K.H.); mfourman@montefiore.org (M.S.F.); ygelfand@montefiore.org (Y.G.);
samurthy@montefiore.org (5.M.); ryassari@montefiore.org (R.Y.)

Department of Neurological Surgery, Montefiore Medical Center, Albert Einstein College of Medicine,
Bronx, NY 10467, USA

Department of Orthopedic Surgery, Montefiore Medical Center, Albert Einstein College of Medicine,
Bronx, NY 10467, USA

Department of Neurological Surgery, Massachusetts General Hospital, Harvard Medical School,

Boston, MA 02115, USA; shin.john@mgh.harvard.edu

*  Correspondence: rdelag@montefiore.org

Simple Summary: This research aims to understand the influence of sociodemographic, socioeco-
nomic, clinical, oncologic, and operative parameters on a patient’s risk of major complications or
death within 30 days after surgery for spinal tumors that have spread from other parts of the body:.
The researchers looked at data from 165 patients who had this surgery at a major cancer center
between 2012-2023. The findings suggest that a patient’s background factors do not impact their
short-term surgical outcomes. Instead, factors like the patient’s overall health, spinal cord compres-
sion severity, and nutritional status seem more important. The research community may find these
findings helpful in optimizing outcomes for patients undergoing complex spinal tumor surgeries.

Abstract: The rate of major complications and 30-day mortality after surgery for metastatic spinal
tumors is relatively high. While most studies have focused on baseline comorbid conditions and
operative parameters as risk factors, there is limited data on the influence of other parameters such
as sociodemographic or socioeconomic data on outcomes. We retrospectively analyzed data from
165 patients who underwent surgery for spinal metastases between 2012-2023. The primary outcome
was development of major complications (i.e., Clavien-Dindo Grade III-IV complications), and
the secondary outcome was 30-day mortality (i.e., Clavien-Dindo Grade V complications). An
exploratory data analysis that included sociodemographic, socioeconomic, clinical, oncologic, and
operative parameters was performed. Following multivariable analysis, independent predictors
of Clavien-Dindo Grade III-IV complications were Frankel Grade A-C, lower modified Bauer
score, and lower Prognostic Nutritional Index. Independent predictors of Clavien-Dindo Grade V
complications) were lung primary cancer, lower modified Bauer score, lower Prognostic Nutritional
Index, and use of internal fixation. No sociodemographic or socioeconomic factor was associated with
either outcome. Sociodemographic and socioeconomic factors did not impact short-term surgical
outcomes for metastatic spinal tumor patients in this study. Optimization of modifiable factors like
nutritional status may be more important in improving outcomes in this complex patient population.

Keywords: metastatic spinal tumors; outcomes; sociodemographic; socioeconomic; complications;
mortality; Clavien-Dindo; vulnerability; modified Bauer score; health disparities
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1. Introduction

Complication rates after oncologic surgery for metastatic spine disease are high [1-7].
Major adverse events such as unplanned return to the operating room or complications
requiring management in an intensive care unit can all have a detrimental impact on a
patient’s postoperative course, potentially delaying chemotherapy or radiation treatment.
Major complications, including perioperative mortality, are currently estimated to affect
up to 35% of patients undergoing surgery, and the rate can be influenced by several risk
factors [1-3,8,9].

Factors reported in the literature include older age, multilevel metastases, baseline
performance status, frailty, malnutrition, and others [1,8-11]. Some studies have also found
that race and insurance status affect the overall complication and non-routine discharge rate
after spinal tumor surgery [12,13], but the association between multiple sociodemographic
and socioeconomic factors with major complication rates or 30-day mortality has been
understudied. In fact, most studies currently omit important covariates such as social
vulnerability or primary language, which may play a role in the short-term morbidity and
mortality of these patients and procedures.

Thus, the purpose of our study was to perform an exploratory data analysis into the
association, if any, of sociodemographic, socioeconomic, clinical, oncologic, and operative
parameters with the occurrence of Clavien-Dindo Grade III-IV or Grade V complications.

2. Materials and Methods
2.1. Study Design and Setting

This research investigation, which was carried out at an urban teaching hospital in a
large metropolitan region, was retrospective and single-center. The hospital is affiliated to
a cancer center that has been recognized by the National Cancer Institute. In July 2023, a
query was made to our neurosurgical spine operative database to identify our potential
research group.

2.2. Patients

We surgically managed 168 patients suffering from spinal metastases, spinal cord
compression, pathologic vertebral compression fractures, and/or spinal mechanical in-
stability between April 2012 and February 2023. Patients who met the following criteria
were included: they had to be tracked until death or for at least 30 days after surgery, and
they had to have comprehensive sociodemographic, socioeconomic, clinical, oncologic,
operative, and follow-up data. These criteria resulted in the exclusion of 1% (2) patients
for incomplete data and <1% (1) patient for loss prior to the minimum study follow-up
time, leaving 98% (165 of 168) of the patients for final analysis. Among our analytic sample,
surgical indications included metastatic spinal cord compression in 86% (142) of patients,
pathologic vertebral compression fractures in 50% (83) of patients, 29% (48) of patients had
unstable lesions, and 64% (106) of patients had potentially unstable lesions as identified
by the Spinal Instability Neoplastic Score (SINS). Surgical decompression was performed
for patients with myelopathy, motor weakness, or inability to ambulate if they presented
within 48 h of impairment; internal fixation was performed in patients who were at risk
for iatrogenic instability from surgical decompression or patients with a SINS indicative of
potential instability or instability.

2.3. Variables

Collected sociodemographic and socioeconomic data included age, sex (male vs.
female), self-reported race: White, Black, Hispanic or Latino, or other (Middle Eastern,
Asian, or Southeast Asian), primary language (English versus non-English), primary
insurance status at the time of surgery (Medicare, Medicaid, or private), year of surgery,
and SVI score and SVI subtheme scores (socioeconomic status, household composition
and disability, minority status and language, and housing type and transportation). The
SVI scores were obtained from the Centers for Disease Control and Prevention’s website
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(https:/ /svi.cdc.gov/map.html, (accessed on 1 September 2023)); the year immediately
preceding the date of surgery was used as well as patient’s domicile at the time of surgery.
These scores range from 0-1, with a higher value being indicative of higher vulnerability or
deprivation.

Collected clinical, oncological, and operative data included Eastern Cooperative On-
cology Group (ECOG) performance status within 30 days of surgery, body mass index
(BMI), American Society of Anesthesiologists class, Frankel grade at presentation (D-E vs.
A-C), primary cancer (lung, breast, prostate, kidney, thyroid, colorectal, hematologic, or
other), modified Bauer score, preoperative Prognostic Nutritional Index (PNI), de novo
cancer diagnosis, SINS, emergency-type procedure (performed within 24 h of admission),
use of internal fixation, open procedure, number of instrumented vertebrae, and use of
transpedicular decompression. The scales used are summarized and referenced in the
Supplementary Material Tables S1-S5.

2.4. Primary and Secondary Study Endpoints

The primary endpoint was development of at least one Clavien-Dindo Grade III
or IV complication within 30 days of surgery [10]. These are considered major surgical
complications and include complications requiring surgical, endoscopic, or radiological
intervention (such as epidural hematoma or wound infection requiring revision surgery),
or life-threatening complications requiring intensive care unit admission (such as adult
respiratory distress syndrome or unplanned intubation) [10]. The secondary endpoint was
development of a Clavien-Dindo Grade V complication within 30 days of surgery, which is
defined as 30-day mortality.

2.5. Statistical Analysis

All analyses were performed in Stata 16 IC (StataCorp, College Station, TX, USA).
An initial data exploration was carried out where distribution of data was assessed using
histograms and the Kolmogorov-Smirnov test. A univariable logistic regression analysis
was carried out with Clavien-Dindo Grade III or IV complications as the main dependent
variable; for the secondary outcome the same analysis was performed with Clavien-Dindo
Grade IV complications as the main dependent variable. The included independent vari-
ables were age, sex, race (White, Black, Hispanic or Latino, or other), non-English primary
language, Medicare primary insurance, Medicaid primary insurance, private primary in-
surance, year of surgery (2012-2017 or 2018-2023), overall SVI score, socioeconomic status
score, household composition and disability score, racial or ethnic group and language
score, housing type and transportation score, ECOG performance status, BMI, ASA class,
Frankel grade A-C, primary cancer (lung, breast, prostate, kidney, thyroid, colorectal,
hematologic, or other), modified Bauer score, preoperative PNI, de novo cancer diagnosis,
SINS, emergency-type procedure, use of internal fixation, open procedure, number of
instrumented vertebrae, and use of transpedicular decompression. All factors with a p
value less than 0.10 were then included in a multivariable stepwise logistic regression
analysis with backward elimination. Results are presented as odds ratios (OR) with 95%
confidence intervals (CI). Statistical significance was defined as a p value less than 0.05.

3. Results
3.1. Patients’” Baseline Data

A total of 165 patients were included in this study (Table 1). The median age of our
study population was 63 years (interquartile range [IQR] 54 to 70), and 62% (102 of 165) of
patients were men. The race distribution was 18% (n = 29) White, 45% (n = 74) Black, 30%
(n = 49) Hispanic or Latino, and 8% (1 = 13) other. Non-English was the primary language
in 21% (n = 35) of patients. The insurance distribution was as follows: Medicare: 38%
(n = 63), Medicaid: 36% (n = 60), and private insurance: 21% (n = 35). The median SVI score
was 89.8 (IQR 72.6 to 98.0). The median ECOG performance status was 2 (IQR 1 to 3) and
the median ASA Class was 3 (IQR 3 to 3) (Table 2). From the entire group, 21% (35 of 165)
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of patients presented with Frankel Grade A to C and 32% (n = 52) with complete inability
to walk. The median modified Bauer score was 2 (1 to 3) and the mean PNI was 42.5 + 7.7.

Table 1. Sociodemographic, socioeconomic, clinical, oncologic, and operative data of 165 patients.

Parameter Value

Age in years, median (IQR) 63 (54 to 70)
Male, % (n) 61.8 (102)
Race, % (n)

White 17.6 (29)

Black 449 (74)

Hispanic/Latino 29.7 (49)

Other 7.8 (13)
Primary language, % (1)

English 78.8 (130)

Non-English 21.2 (35)
Primary insurance, % (n)

Medicare 38.2 (63)

Medicaid 36.4 (60)

Private 21.2 (35)
Year of surgery

2012-2017 49.7 (82)

2018-2023 50.3 (83)
Social Vulnerability Index, median (IQR) 89.8 (72.6 to 98.0)
SVI subthemes, median (IQR)

Socioeconomic status 80.4 (56.8 t0 93.9)

Household composition and disability 70.1 (44.9 to 86.4)

Minority status and language 91.5 (85.0 to 97.6)

Housing type and transportation 87.6 (73.7 t0 95.9)
ECOG performance status, % (1)

0 5.6 (9)

1 36.4 (60)

2 30.3 (50)

3 23.6 (39)

4 42(7)
BMI in kg/m?, mean + SD 26.6 £5.6
ASA Class, median (IQR) 3(3to3)
Frankel Grade, % (n)

Frankel D-E 78.9 (130)

Frankel A-C 21.1 (35)
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Table 1. Cont.

Parameter Value

Primary cancer, % (1)

Breast 15.2 (25)
Lung 15.8 (26)
Prostate 20.0 (33)
Colorectal 49 (8)
Kidney 4.9 (8)
Hematologic 20.0 (33)
Other 17.8 (29)
Modified Bauer score, median (IQR) 2 (1to3)
Prognostic Nutritional Index, mean + SD 425+77
De novo cancer diagnosis, % (1) 37.0 (61)
SINS, median (IQR) 11 (8 to 13)
Emergency procedure, % (1) 26.0 (43)
Internal fixation 88.5 (146)
Open procedure 73.3 (121)
Number of instrumented levels, median (IQR) 4 (410 6)
Transpedicular decompression 55.8 (92)

ECOG = Eastern Cooperative Oncology Group; SINS = Spinal Instability Neoplastic Score.

Table 2. Outcomes by independent risk factor (univariable analysis).

Parameter Clllifisfngjlzrirllfl(ijcftrizie Odds Ratio with 95% CI Claﬁg:)f;ﬁg;ﬁ(;;ade v Odds Ratio with 9% CI
Increasing Age 09 (0.9to1.1)p=0.52 1.0(09to1.1)p=0.21
Male vs. Female 27% vs. 25% 1.1(0.5t02.2) p=0.88 9% vs. 8% 1.1(0.4t03.5)p=0.84
White vs. Not-White 28% vs. 26% 1.1(05t02.7)p=0.84 10% vs. 8% 1.3(0.3t05.0) p = 0.69
Black vs. Not-Black 27% vs. 25% 1.1(0.5t02.2) p =0.80 5% vs. 11% 0.5(0.2t01.5)p=0.21

Hispanic/Latino vs. Not

Hispanic/Latino 20% vs. 29% 0.6 (0.3t0o1.4) p=0.29 8% vs. 9% 0.9 (0.3t022) p=0.92
Other race vs. Not o o _ o, o, _
Other race 38% vs. 25% 1.9 (0.6 to 6.1) p = 0.30 23% vs. 7% 3.9 (09 to 16.1) p = 0.07 *

Non-English primary
language vs. English 17% vs. 28% 05(0.2t0o1.4)p=0.18 9% vs. 8%
primary language

1.0 (0.3 t03.9) p = 0.98

Medicare insurance vs. no 24% vs. 27% 0.8(0.4t01.7)p=0.61 8% vs. 9% 0.9(0.3t02.8)p=0.84
Medicaid Insurance vs. no 25% vs. 27% 0.9 (0.4t01.9)p=0.82 10% vs. 8% 1.3(0.4to4.1) p =0.60
Private insurance vs. no 29% vs. 25% 1.2(0.5t02.7)p=0.70 6% vs. 9% 0.6 (0.1t02.8) p=0.51

Year of surgery 2012-2017

vs. 2018-2023 28% vs. 24% 1.2 (0.6 to2.4) p = 0.627 6% vs. 11%

0.7 (0.4 to 1.3) p = 0.31

Increasing SVI 0.8(0.2t03.9) p=0.80

1.1(0.1t013.3)p=0.96

Increasing socioeconomic

status vulnerability 09(031t035)p =093

1.6 (0.2 t0 13.8) p = 0.69

Increasing household

5.0 (0.4 to 58.4) p = 0.20

composition and disability 1.1(0.3t04.3)p =0.92
vulnerability

Increasing minority status

and language 0.6 (0.1t05.1) p =0.64
vulnerability

0.5 (0.1to 12.6) p = 0.69
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Table 2. Cont.

Parameter

Clavien-Dindo Grade
ITI-IV Complication

Odds Ratio with 95% CI

Clavien-Dindo Grade V
Complication

Odds Ratio with 9% CI

Increasing housing type
and transportation
vulnerability

0.9 (0.2 to 5.4) p = 0.92

0.9 (0.1t0 14.9) p = 0.95

Increasing ECOG
performance status

1.8(1.2t02.6)p=0.01*

23(13t04.2)p=001*

Increasing BMI

1.0(0.9to 1.1) p = 0.95

0.8 (0.7 t0 0.9) p = 0.01 *

Increasing ASA Class

14 (0.8 to 2.5) p = 0.31

22(09t05.7)p=0.09*

Frankel Grade A-C vs.
D-E

51% vs. 19%

4.4 (2.0t09.8) p<0.001 *

17% vs. 6%

32(1.1t09.8) p=0.05*

Breast cancer vs. no
breast cancer

16% vs. 28%

0.5(02t01.5)p=0.22

4% vs. 9%

0.4 (0.1t03.3) p =040

Lung cancer vs. no
lung cancer

42% vs. 23%

25(1.1t05.9) p =0.04

31% vs. 4%

9.9 (3.1t031.7) p < 0.001 *

Prostate cancer vs. no
prostate cancer

18% vs. 28%

0.6 (0.2 to 1.5) p = 0.25

0% vs. 11%

Omitted

Colorectal cancer vs. no
colorectal cancer

25% vs. 26%

0.9 (0.2 to 4.9) p = 0.94

13% vs. 8%

1.6 (0.2t0 13.9) p = 0.68

Kidney cancer vs. no
kidney cancer

38% vs. 25%

1.8(0.4t07.7) p =046

13% vs. 8%

1.6 (0.2 t0 13.9) p = 0.68

Hematologic cancer vs. no
hematologic cancer

21% vs. 27%

0.7 (0.3 to 1.8) p = 0.48

6% vs. 9%

0.6 (0.2 to 3.0) p = 0.58

Other cancer vs. no
other cancer

34% vs. 24%

1.6 (0.7 t0 3.9) p = 0.26

4% vs. 10%

03(0.1t02.7) p =031

Increasing modified
Bauer score

0.5(0.3t00.8) p=0.001*

0.3 (0.2 to 0.6) p < 0.001 *

Increasing PNI

0.9 (0.8 t0 0.9) p = 0.005 *

0.9 (0.8t00.9)p=0.02*%

De novo cancer diagnosis
VS. no

26% vs. 26%

1.0 (0.5 to 2.1) p = 0.97

10% vs. 8%

1.3 (0.4 t03.9) p =0.63

Increasing SINS

0.9 (0.8 t0 0.9) p = 0.02 *

1.0 (0.8to 1.2) p = 0.97

Emergency procedure
VS. O

40% vs. 21%

24(1.1to5.1)p=0.02*

12% vs. 7%

1.7 (0.5 t05.2) p = 0.39

Internal fixation vs. no

25% vs. 37%

0.6(02t01.5)p=0.26

9% vs. 21%

03 (0.1t00.9)p=0.05*

Open procedure vs. no

29% vs. 18%

1.8(0.8to4.3)p=0.17

9% vs. 7%

14 (04t05.2)p =0.64

Increasing number of
instrumented levels

1.0 (0.8 t0 1.3) p = 0.72

0.8(0.5t01.2) p =025

Transpedicular
decompression vs. no

22% vs. 32%

0.6 (0.3t01.2) p=0.16

5% vs. 12%

0.4(0.1t01.3)p=0.12

SVI: social vulnerability index; ECOG: Eastern Cooperative Oncology Group; BMI: body mass index; ASA:
American Society of Anesthesiologists; PNI: Prognostic Nutritional Index; SINS: spinal instability neoplastic score;

* Included in the multivariable model.

3.2. Univariable Analysis of Factors Associated with Clavien—Dindo Grade I111-IV Complications
and Grade V Complications

From the total study group, 26% (43 of 165) of patients developed at least one Clavien—
Dindo Grade III or IV complication. These complications included unplanned return to
the operating room (n = 12), sepsis (1 = 11), pulmonary embolism (1 = 9), unplanned
intubation (n = 7), adult respiratory distress syndrome (n = 5), meningitis (n = 3), and
stroke (n = 2). The rate of Clavien-Dindo Grade V complications was 8.5% (14 of 165).
The crude rates of these complications as well as univariable analysis are summarized in
Table 2. No sociodemographic or socioeconomic factor was significantly associated with
these outcomes on univariable analysis.
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3.3. Multivariable Analysis of Factors Associated with Clavien—Dindo Grade III-1V Complications
and Grade V Complications

After controlling for ECOG performance status, Frankel Grade A-C, lung cancer,
modified Bauer score, PNI, SINS, and emergency procedures (Table 3), independent factors
associated with development of at least one Clavien-Dindo Grade III or IV complication
were Frankel Grade A—-C (OR 6.2, 95% CI 2.4 to 15.5; p < 0.001), the modified Bauer score
(OR 0.5, 95% CI1 0.3 to 0.91; p = 0.02), and the PNI (OR 0.9, 95% CI 0.8 to 0.9; p = 0.02).

Table 3. Stepwise multivariable logistic regression of factors associated with Clavien-Dindo Grade
II-IV Complications or Grade V Complications.

Clavien-Dindo Grave III-IV Complications

Parameter OR 95% CI p Value
ECOG performance status 1.2 0.8t0 2.0 0.37
Frankel Grade A-C 6.2 2.4to15.5 <0.001 *
Lung 0.8 0.2t02.8 0.76
Modified Bauer score 0.6 04t009 0.01*
Prognostic Nutritional Index 0.9 0.8t0 0.9 0.01 %
SINS 0.9 0.8to 1.0 0.08
Emergency procedure 22 0.8t0 6.5 0.15
Clavien-Dindo Grave V Complications

Parameter OR 95% CI p Value
Other race 6.4 0.7 to 57.8 0.10
ECOG performance status 1.2 0.8t02.0 0.37
BMI 0.9 0.7 to 1.0 0.15
ASA Class 1.6 0.4t05.8 0.48
Frankel Grade A-C 3.5 0.6 to 20.5 0.17
Lung 5.2 1.1to24.5 0.04*
Modified Bauer score 0.4 0.2t0 0.9 0.03 *
Prognostic Nutritional Index 0.9 0.8 t0 0.9 0.04 *
Internal fixation 0.1 0.1to0.4 0.01*

ECOG: Eastern Cooperative Oncology Group; BMI: body mass index; ASA: American Society of Anesthesiologists;
SINS: spinal instability neoplastic score; * statistically significant finding.

After controlling for other race, ECOG performance status, BMI, ASA class, Frankel
Grade A-C, lung cancer, modified Bauer score, PNI, and internal fixation, independent
factors associated with development of a Clavien-Dindo Grade V complication were lung
primary cancer (OR 5.2, 95% CI 1.1 to 24.5; p = 0.04), modified Bauer score (OR 0.4; 95% CI
0.2t00.9; p =0.03), the PNI (OR 0.9, 95% CI 0.8 to 0.9; p = 0.04), and use of internal fixation
(OR0.1;95% CI, 0.1 to 0.4; p = 0.01) (Table 3).

4. Discussion

The rate of major complications including perioperative mortality after metastatic spinal
tumor surgery is relatively high, estimated at 16-34% [1—4]. While many different factors
such as age, multilevel metastases, baseline performance status, frailty, and malnutrition have
been shown to be associated with adverse events [1,10,11], data also accounting for other
important sociodemographic or socioeconomic data such as race, primary language, and
social vulnerability, among others, are limited. In general surgical oncology, disparities in
outcomes have predominantly affected minority patients and patients with low socioeconomic
status [14]. Black and African-American patients have been shown to have higher risk of
adverse events and perioperative mortality across multiple studies [15-17]. Similarly, socially
vulnerable patients and patients without private insurance tend to have worse outcomes [18].

The present study sought to examine a cohort of surgical patients and perform an
exploratory analysis accounting for many different variables, including sociodemographic,
socioeconomic, clinical, oncological, and operative factors and their association with major
perioperative morbidity. We found that no single sociodemographic or socioeconomic
factor was associated with the development of Clavien-Dindo Grade Il or IV complications
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(major complications) after metastatic spinal tumor surgery. On the other hand, the only
clinical factors associated with this endpoint were a preoperative Frankel Grade A-C,
the modified Bauer score, and the PNI. Although several other studies have found that
race is associated with a higher likelihood of overall complications after oncologic spine
surgery [19], a study looking at both minor and major complications found that race
was associated with minor, but not major complications, similar to our findings [12].
An institutional series of 328 patients found that race, insurance, and income were not
associated with postoperative complications [13]. Likewise, a study examining the impact
of insurance status on in-hospital mortality and complications found that after adjusting
for acuity of presentation, socioeconomic status, hospital bed size, and hospital teaching
status, no difference in outcomes were found [20]. These results suggest that perioperative
complications are more likely the result of baseline patient characteristics such as the
neurologic exam, extent of disease, and nutritional status, among others.

When examining Clavien-Dindo Grade V complications, we also found that no so-
ciodemographic or socioeconomic factor was associated with this outcome. Short-term
mortality, particularly within 30 days, is usually more related to a patient’s preoperative
functional status, nutritional /inflammatory status, and the development of any periop-
erative adverse event rather than the primary tumor pathology [8,21,22]. Our findings
are consistent, however, with other studies that found that factors such as race, insurance,
or social vulnerability were not associated with post-treatment survival on multivariable
analysis [19,23,24].

Independent factors associated with both outcomes studied here included the modified
Bauer score and the PNI. The former is a composite score that includes primary cancer
type as well as extent of disease (assessed by the presence of visceral metastasis and
solitary vs. multiple metastatic lesions) and indicates that a patient’s baseline extent of
disease is perhaps more predictive of the postoperative course as opposed to a particular
sociodemographic or socioeconomic parameter [25,26]. Similarly, the PNI is a measure of
the nutritional-inflammatory status of a patient and has been found to be associated with
outcomes in oncologic spine surgery including postoperative survival and complication
occurrence [11,27,28]. While formal research in patients with metastatic spine disease is
lacking, nutritional supplementation of cancer patients is a potentially modifiable risk
factor that could impact the surgical recovery and tolerability of adjuvant therapy [29,30].

There are several limitations to the study, particularly selection bias. Our study is
a single-center experience so results may not be entirely generalizable to other popula-
tions. Our study group also consisted of mostly minority and socially vulnerable patients
which may not represent other study populations. The lack of an association between
sociodemographic or socioeconomic parameters may also be the result of sample size and
unmeasured covariates, among others. Nonetheless, over 35 multi-dimensional variables
were analyzed in a detailed univariable and multivariable analysis, as opposed to previous
studies focused more on comorbidities and surgical parameters as predictors of major
perioperative morbidity.

5. Conclusions

The present study sought to examine the association between different multi-dimensional
parameters and the development of major complications including 30-day mortality after
surgery for metastatic spinal tumors. We found that no sociodemographic or socioeconomic
factor predicted these events. On the other hand, preoperative neurologic status, the modified
Bauer score, and nutritional status, among others, may be more likely responsible for short-
term outcome in this challenging patient population. These findings may prove useful for
preoperative risk stratification and future research into potential optimization strategies.
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Simple Summary: This study aimed to assess the costs and healthcare resource utilization (HCRU)
of metastatic non-small cell lung cancer (NSCLC) by biomarker status in the pre- and post-approval
of the immuno-oncology agent. The analysis examined healthcare costs and HCRU before and
after the local regulatory approval of pembrolizumab as a first-line (1L) treatment. Patients were
stratified into mutation-positive and negative/unknown groups according to mutational status. The
negative/unknown group was further sub-grouped based on the availability of pembrolizumab at
the time of starting 1L treatment. Costs and HCRU were analyzed separately for the 1L treatment and
overall disease follow-up across lines of therapy and by groups. The study found that introducing 1L
immunotherapy has improved overall survival, but healthcare spending has increased concurrently.
Decision-makers may find our results useful in deciding how best to allocate resources for treating
metastatic NSCLC in terms of the health-economic model and policy.

Abstract: This study evaluated the economic burden of metastatic non-small cell lung cancer patients
before and after the availability of an immuno-oncology (IO) regimen as a first-line (1L) treatment.
Patients from 2014 to 2020 were categorized according to mutational status into mutation-positive and
negative/unknown groups, which were further divided into pre-1L IO and post-1L IO sub-groups
depending on the availability of pembrolizumab monotherapy in 1L. Healthcare costs and HCRU
for a 1L treatment and overall follow-up were reported as the mean total and per-month cost per
patient by groups. Of 644 patients, 125were mutation-positive and 519 negative/unknown (229 and
290 in pre- and post-1L IO, respectively). The mean total per-patient cost in 1L was lower in pre-
(EUR 7804) and post-1L IO (EUR 19,301) than the mutation-positive group (EUR 45,247), persisting
throughout overall disease follow-up. However, this difference was less when analyzing monthly
costs. Therapy costs were the primary driver in 1L, while hospitalization costs rose during follow-up.
In both mutation-positive and post-IO 1L groups, the 1L costs represented a significant portion (70.1%
and 66.3%, respectively) of the total costs in the overall follow-up. Pembrolizumab introduction
increased expenses but improved survival. Higher hospitalisation and emergency room occupation
rates during follow-up reflected worsening clinical conditions of the negative/unknown group than
the mutation-positive population.
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1. Introduction

Globally, lung cancer is the most frequent tumour and the leading cause of cancer-related
deaths [1]. In Italy, over 43,900 patients receive a lung cancer diagnosis each year [2]. In
particular, non-small cell lung cancer (NSCLC) accounts for approximately 80-85% of all lung
cancer diagnoses, with a five-year survival rate of less than 5% for Stage IV disease [34].
The high incidence rate of severe disability associated with NSCLC disease is a significant
public health issue. Furthermore, the high level of healthcare resource utilisation (HCRU)
incurred by NSCLC patients and the high costs of new pharmacological treatment can result
in financial pressure for healthcare payers [5,6]. Therefore, the estimate of healthcare costs of
NSCLC patients is of great interest nowadays for sound decision-making in the allocation
of limited resources to provide the best care in an economically sustainable context. Cost
analyses on the management of NSCLC have been examined more and more worldwide,
mainly in the USA. However, most papers were limited in assessing the economic value of
specific drugs focusing on subgroups of patients with a targetable genetic aberration, or on
specific histological subtypes (i.e., squamous or squamous), rather than examining the overall
NSCLC category or broader treatment patterns [7-12]. Above all, most studies have been
conducted before the approval of newer costly therapies such as immunotherapies, which
have changed the overall medical management of metastatic NCSLC in recent years. This
new class of medicine has improved clinical outcomes, but healthcare spending has increased
concurrently [13-18]. Unfortunately, estimations of the financial burden associated with the
management of NSCLC, especially after the approval of new costly therapies such as immune
checkpoint inhibitors (ICIs), are lacking in Italy.

Perrone et al. performed one of the first Italian analyses of NSCLC costs in 2004, but the
reliability of their findings is now outdated [19]. Another Italian study reported an increase
in the economic burden of metastatic NSCLC patients as opposed to previous analyses [20].
A real-world analysis evaluated the management of NSCLC cases diagnosed in the Veneto
region in 2015 and 2017 [21]. The study detected a 38% rise in the average overall cost
for the 2017 cohort compared to the 2015 cohort due to the introduction of new expensive
oncologic drugs for the care of metastatic diseases Likewise, an economic assessment of
advanced NSCLC patients treated with either pembrolizumab or tyrosine-kinase inhibitors
(TKI) estimated average per-patient healthcare costs of EUR 51,735 and EUR 30,708 during
the first year of the first-line (1L) treatment, respectively [22]. A recent cost comparison
across Europe showed that the mean per-patient cost related to Italian advanced NSCLC
patients who received two or more lines of therapy amounted to EUR 19,317 [23].

Following market access approval by the Italian Medicines Agency, pembrolizumab
was authorized in the Emilia-Romagna region in July 2017 as a 1L treatment for metastatic
NSCLC patients with a programmed death-ligand 1 (PD-L1) Tumour Proportion Score
(TPS) of at least 50% and no targetable mutations. The introduction of immuno-oncology
(IO) treatment in the 1L setting has significantly changed the overall medical and economic
management of metastatic NSCLC patients. Considering this recent therapeutic innovation,
this study evaluated medical costs and the HCRU of metastatic NSCLC before and after
the approval of a 1L immunotherapy agent in the Emilia-Romagna region (July 2017).

2. Materials and Methods
2.1. Study Design

This evaluation is an economic addendum analysis of a retro-prospective observational
study conducted in IRCCS Istituto Romagnolo per lo studio dei Tumori (IRST) “Dino
Amadori” (located in the Emilia-Romagna region), which investigated the clinical outcomes
of metastatic NSCLC patients before and after the regional regulatory approval of PD-L1

86



Cancers 2024, 16, 592

inhibitors in the 1L setting of NSCLC [24]. In this economic assessment, costs and HCRU
were evaluated in the same population reported by Danesi et al., adding the patients with
oncogenic driver mutations who were excluded in the previous manuscript [24]. The
perspective of the National Healthcare Service (SSN, Servizio Sanitario Nazionale) was
adopted while only considering costs sustained by the healthcare payer. Costs and HCRU
were expressed as per patient per month (PPPM) and mean total per-patient cost. The
analysis was conducted separately for the 1L treatment and overall disease follow-up (FU)
across lines of therapy. The first-line period was calculated as the time from the start of the
1L drug administration until the first of the following event: 30 days after the conclusion of
the 1L treatment, the start of the second-line therapy, the end of the observational period
(December 2020), the death, or the last visit. The overall disease FU period was calculated as
the time from the beginning of the 1L drug administration and the end of the observational
period (December 2020), the death, or the last visit. The study evaluated costs associated
with all-cause hospitalisations, cancer therapies, and outpatient and hospice care. Data
on HCRU included the number of ordinary hospitalisations, the relative length of stay
(LOS), the number of drug administrations, and outpatient and Emergency Room (ER)
admissions. In addition, the LOS of hospice admission was assessed.

2.2. Study Population

Patients included in this economic analysis had the same eligibility criteria as in the
previous study [24]: (i) aged >18 years (ii) with a confirmed diagnosis of NSCLC presenting
with Stage IV or Stage IIIB with a rapidly progressive disease (IIIBrp). These patients also
experienced disease progression to Stage IV within six months from the first anticancer
treatment without completing both radiotherapy and chemotherapy induction therapy. (iii)
Residents of the Emilia-Romagna region (iv) initiated 1L treatment between 1 January 2014
and 30 June 2020 at IRST, and (v) patients were enrolled after signing the informed consent
or after death. In comparison to the previous clinical study [24], we excluded patients who
died within 30 days of starting 1L treatment to avoid overestimation of costs and HCRU,
as well as patients who were enrolled in clinical trials during the study period, because
costs were reimbursed by study sponsors. The study subjects were recruited in two phases:
before (pre-1L IO) and after (post-1L IO) the approval of pembrolizumab as a 1L treatment
in the Emilia—-Romagna region in July 2017. The observational period for each patient
started at the diagnosis time of Stage IV /IIIBrp and ended with the patient’s death or the
end of the observational period (December 2020).

2.3. Cohorts Description

The overall population was stratified by mutation status of epidermal growth factor
receptor (EGFR) or anaplastic lymphoma kinase (ALK) or receptor tyrosine kinase (ROS1)
(EGFR/ALK/ROS1 mutation-positive vs. EGFR/ALK/ROS]1 negative or unknown). The
patients without oncogenic driver mutations or whose status were unknown were further
sub-grouped according to the availability of the first ICI available as 1L monotherapy in the
Emilia—Romagna region (pembrolizumab in PD-L1 TPS > 50% metastatic NSCLC) at the date
of initiation of 1L systemic anticancer treatment (pre- and post-1L IO, respectively). In short,
the medical cost and HCRU were calculated separately for the following patient groups:

1.  Mutation-positive with oncogenic driver mutation in EGFR, ALK, or ROS1, regardless
of the availability of the first ICI as 1L monotherapy at the date of their 1L starting time.
2. Negative/Unknown without oncogenic driver mutation or unknown status in EGFR,
ALK, or ROS1, which was divided into two sub-groups according to the availability
of the first ICI as 1L monotherapy:
e  Pre-1L IO included eligible patients who started 1L treatment from January 2014
to June 2017 before the 1L ICI was available in the Emilia-Romagna region;
e Post-1L IO included eligible patients who started 1L treatment from July 2017 to
June 2020 after 1L ICI was available in the Emilia-Romagna region.
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2.4. Data Sources

Patients diagnosed with metastatic NSCLC between January 2014 and June 2020 were
recruited from the IRST Electronic Health Record (EHR). The clinical dataset was obtained
from data registered by physicians in EHR during routine clinical practice. EHR contains
visits, routine laboratory examinations, disease assessments, administered drugs, and all
the procedures that NSCLC patients could receive in outpatient and inpatient settings.
Data on hospitalisation, drug prescriptions, outpatients and ER visits, and hospice care
were obtained from multiple administrative databases:

e  Hospital Discharge Records (SDO) collects information on hospital admissions, both
ordinary (with at least one overnight stay in hospital) and day-hospital stays (ad-
missions without an overnight stay), which was active until April 2016. The SDO
collects the start and end date of hospitalisation, the primary diagnosis coded accord-
ing to the International Classification of Disease, Ninth Revision, Clinical Modification
(ICD-9-CM), and the procedures and services provided. The remuneration system
is based on the classification of the Diagnosis Related Groups (DRG), which aggre-
gates the activities of each individual diagnosis and defines the reimbursement rate.
Under the DRG-based reimbursement system, each hospitalized patient falls into a
group of homogeneous diagnostic cases. Therefore, patients with the same DRG value
have been allocated the same reimbursement costs, which do not correspond to the
total amount of resources used during the hospital stay, but it is an average value of
resource utilisation attributable to that DRG [25];

e  Outpatient Specialist Assistance Database (ASA) collects individual information on
all outpatient visits, clinical tests, and procedures delivered in the outpatient setting.
The outpatient costs were estimated based on the assumption that each procedure is
reimbursed according to the Regional Healthcare Range of Fees [26]. The ASA costs
were calculated by multiplying the unit cost for resource consumption;

e Emergency Room Admissions Database (PS) contained information about any single

emergency admission, including procedures, diagnoses, and costs performed during
emergency room (ER) admission;
Electronic Health Records were used to retrieve data on biomarker and gene panel tests.
Pharmaceutical Databases (FED and AFT-direct hospital administration and territorial
pharmacies distribution) coded according to the Anatomical Therapeutic Chemical
classification system were used to collect data on drugs administered;

e Hospice Discharge Records contain the main information about any single hos-
pice admission;

e  Registry of Mortality (REM) of the Emilia-Romagna region was used to retrieve data
on vital status.

The assignment of a patient identification code to all Emilia-Romagna inhabitants,
regardless of admission setting (inpatient or outpatient), is an enabled deterministic record
linkage among these various databases.

2.5. Outcome Measures

Costs and HCRU associated with the 1L therapy and the overall disease FU were
estimated separately for the three groups of patients. A mean per-patient total and monthly
costs were estimated for the following categories:

e  Ordinary hospitalization refers to costs of all-cause hospitalization (with at least one
overnight stay in hospital), except inpatient stays for therapy administration (identified
by code 410);

e  Cancer therapy included costs of dispensed drugs, ordinary hospitalization, and day-
hospital service for therapy administration (Code 410), and the costs associated with
the outpatient setting of drug administration (Code 99.25), medical visits, and blood
draws performed before each drug administration;
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e  Outpatient procedures included costs associated with FU visits, diagnostic exams,
biomarker and gene panel tests, laboratory tests, and day-hospital admissions (with
code different from 410) performed in the outpatient setting;

e  Hospice included all costs associated with the hospice admission.

For HCRU, we collected the number and LOS of ordinary all-cause hospitalizations
except for therapy administration (Code 410), the number of drug administrations (ordinary
and day-hospital admission with Code 410, and outpatient visits with Code 99.25), the
number of outpatient visits (except access, which reported Code 99.25), the LOS of hospice
care, and the number of all-cause ER admissions.

2.6. Statistical Analysis

Categorical data were presented as frequencies and percentages, while continuous data
were summarized using median and minimum-maximum values for patient demographic
and treatment characteristics. Mean PPPM was reported for HCRU and costs, considering
the period of 1L treatment and the overall disease FU across the lines of treatments. Mean
total cost and HCRU per patient were also reported, as well as the percentile distribution to
better observe the data distribution. All the analyses were conducted using SAS 9.4 software
(SAS Institute, Cary, NC, USA).

3. Results
3.1. Patient Characteristics

A total of 644 patients were considered according to the study inclusion/exclusion
criteria. We identified 125 patients with oncogenic driver mutations (EGFR, ALK, or ROS1
mutation-positive group) and 519 without mutations or unknown status (EGFR, ALK,
or ROS1 negative/unknown group). The negative/unknown population was split into
pre-1L IO (N = 229) and post-1L IO (N = 290) sub-groups. Patient demographic and clinical
characteristics are summarized for each group in Table 1.

Most patients were over 70, with a median age of 70.6 (min—max: 35.7-89.9). In both
pre- and post-1L 1O groups, the majority of patients were males (>65.1%). An opposite
pattern was observed in the mutation-positive group, where females were 69.9%. Most
patients in the negative/unknown group were smokers, with a similar proportion in
pre- (94.8%) and post-1L 10 (92.6%). Conversely, the number of “never” (50.9%) and
“ever” (49.1%) smokers was similar in the mutation-positive group. A slight difference
in ECOG (Eastern Cooperative Oncology Group) Performance Status (PS) at IIIBrp/IV
stage diagnosis was observed between the mutation-positive and negative/unknown
groups. The predominant histology was adenocarcinoma, in particular, in the mutation-
positive group (96.0%), with a comparable proportion in pre- (75.6%) and post-1L 10
(78.2%). Among the known metastatic sites, the contralateral lung was the most prevalent
metastasis location in all three cohorts, accounting for more than one-third of patients.

3.2. Treatment Patterns

All 644 patients who met the study’s criteria received a 1L treatment. Due to the poor
prognosis, only 37.4% and 11.2% of patients received second- and third-line treatment,
respectively. Only 3.7% of patients received additional treatment beyond the third-line
treatment (Supplementary Tables S1 and S2).

In the mutation-positive cohort, 103 patients (82.4%) were treated with 1L targeted
therapy according to their mutation status, while 17 (13.6%) and five (4.0%) patients
received multi- and single-agent chemotherapy, respectively (Table 2).

In the negative/unknown cohort, multi-agent was the most common 1L regimen in pre-
(67.7%) and post-1L 10 (49.0%). In pre-1L 1O, 74 patients (32.3%) were treated with single-
agent therapy. In comparison, in post-1L 1O, the 1L treatment most utilized after multi-agent
chemotherapy was the PD-1/PD-L1 inhibitor single-agent pembrolizumab administrated to
67 patients (23.1%). Only 19 patients (6.5%) received pembrolizumab in combination with
chemotherapy. The median duration of the 1L treatment was 10.1 months (min-max: 1.0-67.0)
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for the mutation-positive group, and 2.7 (min—-max: 1.0-49.7) and and 3.8 (min—max: 1.0-41.2)
months for the negative/unknown cohort in pre- and post-1L 1O, respectively. The median
duration of overall FU across lines of therapy was 17.5 months (min-max: 1.6-76.8) for the
mutation-positive group, and 5.8 (min-max: 1.0-78.9) and 8.3 (min-max: 1.0-41.3) months for
the negative/unknown cohort in pre- and post-1L IO, respectively.

Table 1. Baseline demographic and clinical characteristics for mutation-positive patients with oncogenic
driver mutations (EGFR, ALK, and ROS1 mutations) and patients without mutations (EGFR, ALK, and
ROS1 negative or unknown), which were presented in two separate subgroups (pre- and post-1L 10).

EGFR, ALK, or ROS1 EGFR, ALK, or ROS1
Mutation-Positive Patients Negative/Unknown patients
Characteristics N =125 (%) ; r=e:-21215 I(g)) ]SO:E;(I; (Io/? )
[IBrp/1V stage
MIBrp 2(2.6) 10 (4.4) 6(2.1)
v 123 (98.4) 219 (95.6) 284 (97.9)
Age at [IIBrp/IV stage diagnosis
<70 years 69 (55.2) 118 (51.5) 124 (42.8)
70-74 years 18 (14.4) 52 (22.7) 67 (23.1)
75-79 years 13 (10.4) 35 (15.3) 70 (24.1)
80-84 years 18 (14.4) 22 (9.6) 20 (6.9)
>85 years 7 (5.6) 2(0.9) 9 (3.1)
Gender
Female 87 (69.6) 80 (34.9) 93 (32.1)
Male 38 (30.4) 149 (65.1) 197 (67.9)
Race
White 123 (98.4) 228 (99.6) 290 (100.0)
Other 2 (1.6) 1(0.4) 0(0.0)
Smoking history
Never 57 (50.9) 9(5.2) 17 (7.4)
Ever 55 (49.1) 165 (94.8) 212 (92.6)
Unknown 13 55 61
Year smoked
<20 years 7 (17.5) 9 (6.9) 17 (13.1)
>20 years 33 (82.5) 122 (93.1) 112 (86.9)
Unknown 40 131 129
Packs/year
<20 packs/years 14 (37.8) 11 (8.9) 20 (15.9)
>20 packs/years 23 (62.2) 113 (91.1) 106 (84.1)
Unknown 88 105 164
ECOG PS at IIIBrp/IV stage diagnosis
0 26 (22.6) 37 (17.0) 42 (15.2)
1 67 (58.3) 143 (65.6) 186 (67.1)
>2 22 (19.1) 38 (17.4) 49 (17.7)
Unknown 10 11 13
Histology
Squamous cell 1(0.8) 37 (16.4) 57 (20.0)
Non-squamous cell 121 (96.8) 172 (76.4) 223 (78.2)
Adenocarcinoma 120 (96.0) 170 (75.6) 223(78.2)
Large cell carcinoma 1(0.8) 2(0.8) 01(0.0)
Other 3(2.4) 16 (7.2) 5(1.8)
Unknown 0 4 5
Location of metastases
Bone 41 (32.8) 80 (34.9) 79 (27.2)
Lymph nodes 37 (29.6) 49 (21.4) 78 (26.9)
Brain 30 (24.0) 35 (15.3) 49 (16.9)
Liver 14 (11.2) 23 (10.0) 26 (9.0)
Pleura 25 (20.0) 30 (13.1) 44 (15.2)
Contralateral lung 49 (39.2) 77 (33.6) 99 (34.1)
Other 15 (12.0) 67 (29.2) 45 (15.5)
Missing/Unknown 0 3 5
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Table 2. First-line (1L) treatments administered by mutation status. The negative/unknown cohort
was further grouped based on the 1L immune checkpoint inhibitor monotherapy availability at 1L
starting time (pre-and post-1L IO).

EGFR, ALK, or ROS1 EGFR, ALK, or ROS1
Mutation-Positive Patients Negative/Unknown Patients
First-line (1L) Therapies N =125 (%) Z\II, 1:-212]; I(E/:) £0=st2-;(l; (1050) )
Multi-agent chemotherapy 17 (13.6) 155 (67.7) 142 (49.0)
Gemcitabine + Platin 5(4.0) 67 (29.3) 90 (31.0)
Pemetrexed +/— Platin 12 (9.6) 83 (36.2) 43 (14.9)
Paclitaxel + Carboplatin — 5(2.2) 9(3.1)
Single-agent chemotherapy 5(4.0) 74 (32.3) 62 (21.4)
Gemcitabine 4 (3.2) 42 (18.4) 30 (10.3)
Vinorelbine 1(0.8) 28 (12.2) 31 (10.7)
Docetaxel — 4(1.7) 1(0.4)
Targeted therapy 103 (82.4) 0(0.0) 0 (0.0)
Afatinib 23 (18.4) — —
Alectinib 7 (5.6) — —
Crizotinib 7 (5.6) — —
Erlotinib 10 (8.0) — —
Gefitinib 37 (29.6) — —
Osimertinib 19 (15.2) — —
PD-1/PD-L1 inhibitor single agent — — 67 (23.1)
Pembrolizumab — — 67 (23.1)
PD-1/PDL1 inhibitor + chemotherapy — — 19 (6.5)

3.3. Healthcare Costs

The mean total per-patient cost associated with 1L treatment in the mutation-positive
group amounted to EUR 45,247, which resulted in a mean per-patient per-month cost
(PPPM) of EUR 3814 (Table 3).

For the negative/unknown group, the mean total per-patient cost was lower, ranging
from EUR 7804 in pre-IO 1L to EUR 19,301 in post-IO 1L, or EUR 3381 and EUR 3464
per-patient per-month cost, respectively (Table 3). The main cost driver was associated
with cancer therapy, accounting for about 76.5% (EUR 34,597) and 64.9% (EUR 12,517) in
the mutation-positive and post-1L IO groups, respectively. The higher costs associated
with patients treated in the pre-1L IO group were mainly driven by cancer therapy (EUR
2790) and hospitalization (EUR 2789), representing 35.8% and 35.7% of the overall cost,
respectively. The hospitalization expenditure associated with the negative/unknown group
was remarkably high, especially in pre-1L IO. Regarding the outpatient procedures, the
mean total per-patient cost ranged from a maximum of EUR 5967 in the mutation-positive
group to a minimum of EUR 1988 in the pre-1IO 1L group. However, when the PPPM
spending was analyzed, the trend of the outpatient cost was the opposite, resulting in a
monthly cost of EUR 573 for the mutation-positive group and EUR 576 and EUR 741 for
pre- and post-IO 1L, respectively. The lowest costs were associated with hospice visits
across all groups.

The mean total per-patient cost associated with the overall disease FU varied from
EUR 70,985 in the mutation-positive group to EUR 19,649 and EUR 29,111 in pre- and
post-10 1L (Table 4).
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It was remarkable that the expenditures associated with the 1L of treatment accounted
for 63.7% and 66.3% of the total costs associated with the overall disease FU in the mutation-
positive and post-IO 1L groups, respectively. Conversely, the mean per-patient total cost
related to the 1L treatment of pre-1O 1L patients represented not even half (39.7%) of the
total cost associated with the overall disease FU. Compared with the 1L treatment, even if
the mean total per-patient cost of cancer therapy increased, a modest decrease in monthly
expenditures was observed in drugs and outpatient visits across groups during overall
disease follow-up (Tables 3 and 4). Conversely, monthly costs related to hospitalization
and hospice stays increased during the overall disease follow-up (Tables 3 and 4).

In the pre-1L IO group, the monthly ordinary hospitalization cost (45.2%) exceeded
that of drug therapy, becoming the primary cost driver during the overall disease follow-up
(Table 4).

As in the 1L treatment, the cost associated with hospice continued to have a low
budget impact on overall cost in all cohorts (Tables 3 and 4).

3.4. HCRU

HCRU reported as the mean total number per person and PPPM showed low hos-
pitalization in 1L and overall disease follow-up for all groups. However, both negative
cohorts had fewer inpatient admissions than the mutation-positive group. The total LOS
was similar across groups. The average length of hospitalization was between 6 and 8 days
in 1L treatment (with a monthly hospitalization range of 0.1-0.3 days), and between 14 and
16 days during overall disease follow-up (monthly hospitalization range of 1.2-3.3 days)
(Tables 5 and 6).

The total number of cancer therapy administrations in the mutation-positive group
varied from 17.4 in 1L treatment to 28.4 in overall disease follow-up (Tables 5 and 6).
Among negative/unknown patients, the total mean number of pharmacological treatments
ranged from 16.2 to 13.6 in 1L and between 20.5 and 21.4 in overall disease follow-up
(Tables 5 and 6). The findings showed a marked difference in negative /unknown cohorts,
where the mean PPPM number of cancer therapy administrations nearly doubled during
1L treatment in the pre-IO 1L group (4.8) compared to the post-1IO 1L group (2.5). The same
trend was observed throughout the entire disease follow-up, even if the gap narrowed
(pre 2.94 vs. post 2.1).

Outpatient visits accounted for one of the greatest HCRU proportions in each group
during 1L and the entire disease FU (Tables 5 and 6). The mean number of total outpatient
visits was much larger in the mutation-positive population than in the negative groups.
However, focusing on HCRU per patient per month, the number of outpatient visits was
similar across groups in 1L and entire disease FU (between 2.1 and 2.9).

We noticed hospice stay was short during 1L among all groups, increasing during
overall disease FU, especially in pre-1L 1O negative patients (Tables 5 and 6).

The rate of ER visits was relatively low but higher in the negative /unknown pre-10
1L group in overall disease follow-up (Tables 5 and 6).
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4. Discussion

The current study provided a real-world data analysis on the costs and HCRU of
managing metastatic NSCLC in pre- and post-approval of IO therapy in the 1L setting. The
analysis was conducted to investigate the costs and HCRU according to the mutational
status of patients: patients with oncogenic driver mutations and patients without mutations
or unknown status. Negative/unknown patients were further grouped in pre-1L IO and
post-1L 10; that is, before and after the availability of the first ICI as 1L therapy in the
Emilia—Romagna region (pembrolizumab in PD-L1 TPS > 50%). Costs and HCRU were
assessed as mean total per-patient and per-month costs separately for the 1L therapy and
the overall disease follow-up across lines of therapy.

Although NSCLC disease is a significant public health issue regarding economic
burden, little is known about trends in the cost of NSCLC management in Italy. To the
best of our knowledge, this economic assessment of metastatic NSCLC disease is one of
the few Italian studies conducted after the introduction of new ICIs, and that includes a
resource-utilization analysis. Our study showed that the higher mean total per-patient
costs were associated with the mutation-positive group, followed by post-1L IO and pre-1L
IO in 1L treatment and overall disease FU. The differences in the clinical pathways and,
more in general, in the approach to the disease among these three groups concern the use
of different drugs, the duration of treatment, and the survival gain, which are the most
responsible for this remarkable cost difference. Despite the high prices of new drugs, the
cost difference was less pronounced among groups when PPPM costs were analyzed. This
is because PPPM was not affected by treatment duration or prolonged survival as the mean
total per-patient cost.

The findings showed that the growth in cancer drug prices was exceeded by more than
half of the overall cancer spending. The high prices of these new cancer drugs influence
current and future spending. However, these high prices may be legitimized if drugs may
prolong survival and improve quality of life.

Most HCRU categories, such as hospital admissions for pharmacological treatment or
outpatient services, decreased with the course of the disease. In contrast, other items, such
as hospitalizations and hospice visits, grew over time.

It is not surprising that the costs sustained by the National Health Service for the
treatment of metastatic NSCLC were mainly driven by oncological therapies, followed
by hospitalizations and outpatient health services. This pattern is coherent with previous
Italian investigations [20,22]. Due to patients” worsening clinical conditions, hospitalization
costs associated with the total disease FU become the most significant component of total
costs in pre-1L IO. A large discrepancy in findings exists with the study of Migliorino et al.,
who reported a mean total PPPM halved from our 1L and total disease FU costs [20].
However, these disparities can be explained by the fact that these kinds of studies are
sensitive to the period in which the studies are conducted, and the fact that the study of
Migliorino was conducted in 2012, more than 10 years ago. Conversely, more similar to
our findings are the results estimated by Buja et al. [21], even if their study population
included only 52.07% of Stage IV NSCLC cases; it is also known that the cost associated
with NSCLC disease increases as the disease progresses [27]. However, the reported
total PPPM cost ranged from EUR 2601 for NSCLC patients diagnosed in 2015 to EUR
3611 for patients diagnosed in 2017 after adopting new drugs for metastatic patients [27].
Our findings on cancer therapy, in particular, for negative/unknown patients, are in line
with costs estimated by Piantedosi et al., who reported a pharmaceutical expenditure
per patient per month of EUR 1942 for mutation-positive populations and EUR 1316 for
negative/unknown mutational status populations [28].

In line with the findings of a multinational investigation that included Italy [29], the
most common setting for resource use was the outpatient context. Our study findings
related to monthly HCRU showed that mutation-positive patients with oncogenic driver
mutations (EGFR, ALK, or ROS1 mutations) seem to have a lower risk of hospitalization
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and ER visits than the negative/unknown population. However, further investigations
are required.

The introduction of new agents in clinical practices increased oncological therapy costs
associated with mutation-positive and post-1L IO cohorts. The mean per-patient total cost
associated with post-1L 1O is higher than those of pre-1L IO (+€ 11,497 in 1L). However,
when we considered the mean per patient per month (PPPM), the findings were similar
(+EUR 81 in 1L) due to a cost dilution for improving survival. Therefore, the availability
of pembrolizumab in the 1L setting has increased the mean per-patient total cost, but it
has demonstrated superior survival benefit, increasing the median overall survival from
6.2 months in pre-1L IO to 8.9 months in post-1L IO as documented by Danesi et al. [24].
This observation is consistent with the greater survival rate reported by previous studies
on the efficacy of costly drugs included in updated NSCLC clinical pathways [30,31].

Our study has several limitations. First, the analysis collected data at the hospital level
and did not capture potential costs for home care. This cost may be relevant, especially in
the late phases of the disease, contributing to a healthcare cost increase. Moreover, indirect
costs such as caregiver burden and lost workplace productivity are not evaluated. The
strength of this study is the inclusion of an HCRU analysis based on detailed real-world
data, which is scarce in previous Italian studies.

5. Conclusions

The current analysis provides real-world data on the cost and HCRU of NSCLC from
the National Health Service perspective. The results demonstrate that the mutation-positive
group has the highest costs, followed by the post-1L IO population and, lastly, the pre-1L IO
population. This discrepancy in cost can be attributed to the introduction of new expensive
anticancer treatments and the extension of survivability in mutation-positive and post-1L
10 patients. The economic burden of mutation-positive and post-1L IO is extremely high
during the first line of therapy, compared to the following treatment lines. However, when
PPPM expenses are examined, the cost disparity across groups is less noticeable.

Our results confirmed that introducing 1L immunotherapy has improved overall sur-
vival, but healthcare spending has increased concurrently with anticancer treatments and
hospitalization accounting for a considerable portion of total expenses. The follow-up data
revealed that the negative/unknown group had worsening clinical conditions compared
to the mutation-positive population, as evidenced by a higher rate of hospitalisation and
ER visits.

This study is one of the first Italian analyses that covered detailed cost and HCRU
data among metastatic NSCLC. In this context, real-world evidence is becoming increas-
ingly significant, allowing for a better understanding of the cost-effectiveness of various
therapeutic alternatives. Nonetheless, our findings are purely descriptive, and the data
provided here may help in informing decision-makers to determine resource allocation in
treating metastatic NSCLC regarding the health-economic model and policy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16030592/s1, Table S1: Second-line treatments administered
by mutation status; Table S2: Third-line treatments administered by mutation status.
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Simple Summary: This research explores the potential of machine learning (ML) to predict late-stage
colorectal cancer (CRC) diagnoses. The focus is on understanding how socioeconomic and regional
factors affect cancer care, particularly in detecting CRC at an advanced stage. We aim to merge data
on social determinants of health with individual demographics to uncover patterns indicating higher
CRC risk. We compared various ML models, such as decision trees, random forest, and gradient
boosting to find the most effective tool for this task. The goal is to utilize artificial intelligence (AI)
for early, more accurate CRC detection, which can lead to better treatment outcomes. This study
promises to significantly contribute to cancer research, potentially leading to more personalized and
efficient healthcare strategies that could ultimately save lives.

Abstract: Purpose: To assess the efficacy of various machine learning (ML) algorithms in predicting
late-stage colorectal cancer (CRC) diagnoses against the backdrop of socio-economic and regional
healthcare disparities. Methods: An innovative theoretical framework was developed to integrate
individual- and census tract-level social determinants of health (SDOH) with sociodemographic
factors. A comparative analysis of the ML models was conducted using key performance metrics such
as AUC-ROC to evaluate their predictive accuracy. Spatio-temporal analysis was used to identify
disparities in late-stage CRC diagnosis probabilities. Results: Gradient boosting emerged as the
superior model, with the top predictors for late-stage CRC diagnosis being anatomic site, year of
diagnosis, age, proximity to superfund sites, and primary payer. Spatio-temporal clusters highlighted
geographic areas with a statistically significant high probability of late-stage diagnoses, emphasizing
the need for targeted healthcare interventions. Conclusions: This research underlines the potential of
ML in enhancing the prognostic predictions in oncology, particularly in CRC. The gradient boosting
model, with its robust performance, holds promise for deployment in healthcare systems to aid
early detection and formulate localized cancer prevention strategies. The study’s methodology
demonstrates a significant step toward utilizing AI in public health to mitigate disparities and
improve cancer care outcomes.

Keywords: socioeconomic disparity; cancer care; predictive modeling; machine learning; Al social
determinants of health in oncology; spatial analysis; precision care

1. Introduction

Colorectal cancer (CRC) represents one of the most prevalent malignancies globally [1],
standing as the third most commonly diagnosed cancer in both men and women and the
third leading cause of cancer-related deaths in the United States in 2023 [2]. Overall, the
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incidence of CRC is declining among adults in the U.S., influenced by multiple factors.
Increased adherence to CRC screening plays a crucial role in early detection, resulting in
higher curability rates and improved survival rates [2-7]. Additionally, factors such as
dietary improvements and lifestyle changes also contribute to lower incidence by prevent-
ing cancer occurrence [8,9]. However, despite advancements in detection methods and
treatment modalities to reduce the overall incidence of advanced-stage CRC, it remains a
significant public health challenge owing to its substantial mortality rates [2,10]. Compre-
hensive understanding and awareness of its risk factors, prevention strategies, and early
symptoms are essential in combating its progression and ensuring timely medical intervention.
Literature has recognized a combination of genetic, environmental, and lifestyle factors
plays a contributory role in CRC etiology [11]. Several demographic variables are related
to CRC health outcomes, disparity, and mortality, including sex, age, race/ethnicity, and
others. These demographic variables have also been proposed as factors influencing the
determination of disease progression at diagnosis, ultimately impacting treatment decisions
and plans of care. Several studies have also highlighted the lifelong effects on health that
social determinants of health (SDOHs)—defined as the “conditions in which people are
born, grow, live, work, and age” [12]—and their interactions with non-modifiable factors
can have [13,14]. However, such studies tend to focus on elucidating the effect-modifying
role of one factor at a time, even though other factors may be involved. A reason for this
approach may be the scarcity of analytical tools (due to analytical complexity) for properly
accounting for the complex interaction patterns that exist among several potential cancer
factors. A more comprehensive approach to describing and evaluating how multi-level
factors affect cancer health outcomes require a clear emphasis on how multiple factors
at different levels interact with one another. One promising approach to this problem
is machine learning. While there are well-established ‘traditional” statistical methods to
predict cancer-risk outcomes based on several potential risk factors, many of these methods
are not optimal for accurately delineating complex non-linear relationships that might exist
between many risk factors and an outcome of interest. Machine learning (ML) techniques
allow for an agnostic, data-driven approach to map out potentially complex relationships
that are difficult to specify analytically (e.g., in the form of a regression-type equation).

1.1. Machine Learning Approaches in Predicting Cancer Outcomes—A Literature Review

Machine learning (ML) is a rapidly evolving field within biomedical research, par-
ticularly in oncology. It leverages the vast amount of data collected from various health
platforms to enhance the precision of cancer diagnoses [15,16]. At its core, ML involves the
use of algorithms and statistical techniques to analyze and learn from data patterns [17-19].
In the context of cancer research, ML techniques often utilize rich gene expression datasets
and integrate various risk factors to create predictive models [20-22]. For instance, in a
study by Hornbrook et al, ML integrated demographic factors such as gender and age with
clinical metrics, such as blood count to predict early colorectal cancer [23]. Following a
similar trajectory, numerous studies have successfully employed ML to integrate clinical
parameters such as tumor grade, blood indices, gender, smoking history, and age, leading
to accurate predictions of bone metastases in thyroid cancer patients [24]. Similar factors
have been instrumental in predicting the probability of advanced colorectal neoplasia in
asymptomatic adults using deep learning model [25]. There is a growing repository of
ML models constructed on data sourced from cancer databases such as the surveillance,
epidemiology, and end results (SEER) Program (https://seer.cancer.gov/), which utilize
predictors encompassing tumor attributes, demographic characteristics, and clinical char-
acteristics, to forecast metrics such as mortality and survivorship across a range of cancers
including oral, endometrial, and lung cancers [26-30].

Recent advancements in ML, particularly methods such as artificial neural networks
(ANN) and deep learning, have showcased promising results. They have been pivotal
in estimating the likelihood of cancers such as lung and colorectal spreading further.
These techniques integrate both clinical and demographic data for their predictions [31,32].
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Moreover, ML models have been meticulously curated to classify patients based on their
susceptibility to cancer development, disease stage, and potential treatment outcomes,
employing data from varied sources such as electronic health record (EHR) and SEER [33-35].

Furthermore, certain studies have explored the complex interplay between different
variables using ML techniques. A prime example would be the study by Levitsky et al.,
which employed patient-reported data within an ML framework, aiming to discern how
varying factors might collaboratively influence the prediction of lung cancer onset [36].
In summation, machine learning, with its innovative approaches, emerges as an invalu-
able tool in contemporary medical research that could significantly enhance conventional
methods of predicting cancer outcomes.

1.2. Role of Social Determinants of Health in Cancer Research

In line with population and public health research, increasingly, social determinants of
health (SDOHs), at the time of diagnosis or study enrollment are collected in epidemiologic
studies of cancer that enable a comprehensive analysis of cancer risk factors [37-40]. While
population-based cancer registries play a crucial role in monitoring cancer trends, they
may not comprehensively capture all incidences of cancer. Additionally, limitations in the
collection of variables for hypothesis-driven research within these registries can potentially
introduce bias into the results [41-43]. For example, information on patient insurance
status, patient comorbidities, and active follow-up of patients are inconsistently available.
Cancer data can be improved when used in combination with other secondary databases
containing social determinants of health to increase our understanding of the underlying
causes of cancer health disparities [43,44].

The influence of SDOH, neighborhood and environmental attributes on cancer-related
outcomes such as mortality, survivorship, and stage at diagnosis has been increasingly rec-
ognized in the scientific community. Health care accessibility, represented by factors such as
the presence or absence of a primary care physician and insurance status, holds substantial
sway over cancer screening rates and subsequent outcomes. For instance, residing in neigh-
borhoods characterized by high levels of racial and ethnic segregation has been associated
with low cancer screening rates and detrimental health outcomes [45,46]. Notably, a lack
of insurance coverage has been linked to poorer health outcomes [47-52]. Socioeconomic
elements, including financial insecurity, poverty, low-income status, and employment
conditions, also exert a significant impact on cancer-related health metrics [45,48,52-54].
In addition, adverse social and educational determinants such as high social vulnerability
and limited educational attainment have been correlated with negative outcomes in cancer
screening and overall health [45,55].

In addition to these established factors, other variables have emerged as potentially
relevant based on authoritative recommendations. Korn et al. proposed a systematic
review protocol to compile variables related to SDOH constructs for cancer screening and
outcomes. These include variables such as food insecurity, housing, language and literacy
skills, transportation, affordability, incarceration, and more [56]. These SDOH constructs
were identified and organized based on established frameworks and definitions, providing
a comprehensive view of the complex interplay between SDOH and cancer outcomes.

Through these studies, it becomes evident that SDOH are not merely peripheral
elements but integral components that significantly modulate cancer outcomes. This
evidence emphasizes the need for a more holistic approach to cancer research and treatment,
one that encompasses the complex interplay of these determinants.

1.3. Study Purpose

The purpose of this study is to explore the advanced capabilities of machine learning
(ML) and artificial intelligence (Al) in predicting late-stage colorectal cancer (CRC) diag-
noses, within the broader context of addressing socioeconomic and regional disparities
in cancer care. By integrating individual- and census tract-level social determinants of
health (SDOHs) with sociodemographic factors, the study aims to identify patterns that
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may signal a higher risk of late-stage CRC, which is characterized here as diagnoses made
at regional stage or with distant metastasis/systemic disease. Central to the research is the
comparative analysis of a suite of ML models—including penalized lasso logistic regres-
sion, decision tree, random forest, gradient boosting, and SVM classifier—to evaluate their
predictive prowess and ensure the most effective algorithm is deployed for this critical
healthcare challenge. This approach, which focuses on prognostic predictions using ML
algorithms, is a crucial element in cancer care, offering potential for early detection and
improved treatment outcomes. The study’s ultimate goal is to harness the power of Al
to generate precise, population-level predictions, thereby contributing significantly to the
field of cancer care and management.

2. Materials and Methods
2.1. Study Design and Setting

This study uses an ecological design to examine CRC outcomes for the period 2000 to
2020 in men and women aged 18 years of age and older residing in the state of Virginia.
The chosen study setting offers a distinct structure for exploring CRC since it represents a
significant health issue in Virginia, where 26 counties have been recognized as having the
highest colorectal cancer mortality rates in the country [57-59].

2.2. Theoretical Framework

This study introduces an innovative theoretical framework, the adaptive predictive
framework for cancer outcomes (APF-CO) in Figure 1, that synergistically merges elements
from the social-ecological model [60], the healthy people 2030 model [61], and the Kaiser
Foundation’s framework on social determinants of health (SDOHs) [62]. Designed to
foster a nuanced understanding of cancer outcomes, this integrative framework serves
as a substrate for employing machine learning algorithms to predict cancer outcomes
effectively.

In this multifaceted approach, we combine both clinical variables and SDOH to con-
struct a more holistic understanding of cancer outcomes. The framework is structured
around several key categories that span individual and societal determinants of health:
healthcare access, socio-economic status, diet and physical activity, educational attain-
ment, environmental factors, neighborhood characteristics, social and community support,
clinical metrics, treatment options, demographic attributes, and health behaviors.

To add depth and context to our framework, these categories are strategically mapped
across four levels of influence as outlined in the social-ecological model: individual, inter-
personal, organizational, and community. The intention behind this mapping is to illustrate
that variables from these categories are not isolated entities but interact dynamically across
different layers of the social fabric. This facilitates a comprehensive understanding of how
such complex interactions can exert a cascading influence on cancer outcomes.

By amalgamating a wealth of variables, drawn from diverse yet interconnected do-
mains, this modified theoretical framework offers an enriched, layered perspective. The
ultimate goal is to capitalize on machine-learning methodologies to decipher the intricate
web of determinants, thereby offering predictive understandings that are both accurate
and encompassing. This unprecedented approach, incorporating an expansive database
that combines traditional cancer registry data with metrics related to SDOH, sets the stage
for ground-breaking advancements in predictive oncology.

2.3. Data Sources

The primary data for this project i.e., cancer cases specific to CRC are obtained from
the Virginia Cancer Registry (VCR) [63]. The data include information on patient demo-
graphic characteristics, residential locations, as well as histological and clinical characteris-
tics, among other information. Census tracts-level social determinants of health include
data from the U.S. Census Bureau’s 2019 American Community Survey 5-year estimates
(2015-2019) [64], and from the mySidewalk health data [65]. mySidewalk includes more
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Social & Individual Determinants of Health

than 6000 preloaded community-level indicators from more than 50 trusted sources for the
entire country; these include data from the National Neighborhood Data Archive (NaNDA),
the Health Resources and Services Administration (HRSA), the Centers for Disease Con-
trol (CDC), the Environmental Protection Agency (EPA) National Air Toxics Assessment,
etc. [65]. These datasets are merged with the VCR dataset based on the patient’s residential

census tract at time of diagnosis as a common identifier.

Socio-Ecological Levels of Influence

Individual Interpersonal Organizational Community

Healthcare Insurance Status, Physician to population ratio, Primary payer at diagnosis
Socko QOutcomes
Economic Income, Qccupation, Food insecurity, Housing and Transportation costs ) =777~ E
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& Health Tobacco & Alcohol use, Physical activity levels, Sex & Gender, Race & Ethnicity *
Behaviors ;
Clincal Tumor size, Stage, Grade, Laterality, Histology, Primary site
Treatment Treatment status and type, Date of first treatment

L]

Figure 1. Adaptive predictive framework for cancer outcomes (APF-CO).

2.4. Study Population

Individuals aged 18 to 89, residing in Virginia between 2000 and 2020, and who were
diagnosed with primary and secondary CRC were selected for the analysis. The CRC cases
were identified using the following International Classification of Disease, 10th revision,
Clinical Modification (ICD-10-CM) codes: C18.0-C18.9, C19.9, and C20. Cases with missing
or invalid residential information at diagnosis were excluded.
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2.5. Data Collection and Variables Definitions

Individual-level Variables: Baseline characteristics were obtained from the VCR. They
include patient demographic characteristics (age at diagnosis, sex, patient race and eth-
nicity, marital status), year of CRC diagnosis, primary payer at diagnosis, residential
location (county, zip code, census tract); clinical characteristics such as tumor stage at
the time of diagnosis, tumor characteristics, primary tumor site, histologic type, grade,
laterality, and treatment information. Previous studies have shown individual factors
that have been associated with adverse cancer outcomes include age, gender, race and
ethnicity [66,67]. Important individual clinical factors include tumor size and thickness,
tumor grade, histology, stage at diagnosis, lymph node count and location, and treatment
types [68-71].

Neighborhood Social Determinant of Health Measures: The neighborhood SDOH
variables used in this study are summarized in Figure 1. They include socioeconomic,
racial, and geographic disparities (urban vs. rural). It has been shown that there is a higher
incidence and risk of adverse CRC outcomes amongst rural populations when compared
to urban populations [52,72,73].

Outcome Measure: The primary outcome of interest is a binary variable representing
the stage of CRC at diagnosis (late-stage vs. early stage). We defined “late” stage as all CRC
diagnoses recorded at regional stage (regional by direct extension, regional lymph nodes
only, and regional by both extension and lymph nodes) and distant metastasis/systemic
disease. We defined ‘early’ stage as all CRC diagnoses recorded as ‘localized” and in
situ [70].

2.6. Data Linkage and Management

The integration of the cancer registry data and the social determinants of health
(SDOH) information from census tracts was pivotal in constructing a comprehensive dataset
that not only highlights individual cancer outcomes but also provides an invaluable lens
into their potential interplays with socio-economic determinants at the micro-geographic
level. The primary dataset from the cancer registry contained specific residence information
for each patient. These residence data served as a key attribute for the data linkage.

Initially, we accessed a comprehensive dataset from a 20-year-long cancer registry,
revealing 74,921 documented CRC cases. Using the ArcGIS platform, a majority of the
cancer cases were geocoded based on patients’ residence information, translating them to
specific geographic co-ordinates. As a result, 74,435 records (99.35% of the total cases) were
perfectly georeferenced into their respective census tracts. For the 0.65% (486 records) that
were not initially georeferenced, the Missouri Census Data Center’s (MCDC) “apportioned”
population weight methodology was employed. This method, available on the MCDC'’s
online platform [74], employs patients’ zip codes to transition or “crosswalk” these cases
into designated census tracts. The procedure involves assigning a case to the census
tract with the highest population percentage from the given zip code, resulting in the zip
code-census tract crosswalk methodology. From the 486 records processed using MCDC,
454 were successfully matched, and only 32 records (0.04% of the total sample) remained
un-georeferenced.

The culmination of the linkage process yielded a unified dataset, encompassing 87 fea-
tures and a total of 74,921 rows. Rigorous data management protocols were meticulously
applied post-integration to address any missing values, discrepancies, or inconsistencies
that might have emerged during the merger. Specifically, an initial assessment revealed
that 75 features had missing values. To ensure data quality, columns with more than 90%
missing values were dropped, and missing values in numerical features were imputed with
median values, ensuring minimal impact on data distribution, while categorical features
were filled with a placeholder string ‘unknown’, preserving the original structure without
introducing bias. Rows lacking the crucial ‘stage at diagnosis’ data were also removed,
resulting in a refined dataset of 41,839 samples and 86 features. This rigorous approach
enhanced the dataset’s analytical robustness and reliability.
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2.7. An Overview of Machine Learning Techniques in Predicting Cancer Outcomes

Lasso Logistic Regression, a variant of logistic regression, is a statistical method used
for modeling the probability of a binary outcome based on multiple predictor variables. This
method, ideal for handling high-dimensional data, simplifies the model by reducing the
coefficients of less significant predictors. More specifically, this method reduces the impact
of less significant variables by shrinking their coefficients towards zero, thus simplifying
the model and enhancing interpretability [75-77].

Decision trees is a machine learning algorithm used for both classification and re-
gression tasks. This algorithm operates by sorting instances based on their feature values
through a process known as recursive binary partitioning. Each node in a decision tree
represents a specific feature, and each branch represents a decision path based on feature
values that leads to the next node [78,79]. They function through a sequence of binary
decisions: for example, in our context of 86 features, if a feature value X} is less than or
equal to threshold S, the tree follows the left branch; otherwise, it follows the right. This
process continues recursively until a leaf node, representing the final decision, is reached.
The process of node selection and thresholds determination (‘S’) is determined through
optimization techniques, making decision trees highly adaptable to specific datasets.

Random forest is an ensemble learning method. It operates by constructing a multitude
of decision trees during the training phase. For classification tasks, the random forest model
predicts the output class by employing a majority voting system across all the decision
trees, where each tree votes for a class, and the class receiving the most votes becomes the
model’s prediction. For regression tasks, it aggregates the predictions of individual trees
by calculating their mean. Unlike a single decision tree, random forest reduces the risk of
overfitting and increases prediction accuracy by combining the predictions of numerous
trees [79,80].

Gradient Boosting is a powerful machine learning technique used in both regression
and classification problems. It operates by training decision trees iteratively [81]. Each
subsequent tree in a gradient-boosted model focuses more on observations that previous
trees predicted inaccurately, essentially placing higher weight on these errors. This error-
correcting approach allows gradient boosting to continuously improve its predictions
throughout the training process [79]. The emphasis in gradient boosting is on improving
accuracy and reducing bias through iterative refinement, making it particularly effective in
complex predictive tasks such as cancer diagnosis and prognosis.

Support Vector Machines (SVMs) are supervised learning models that analyze data
and recognize patterns. They are used for classification and regression analysis. In scenarios
where data are linearly separable, SVMs employ a linear approach to establish a hyperplane
that best divides the data into distinct classes [82]. However, given the complexity and
non-linear relationships often present in medical datasets, including those related to cancer,
the use of SVMs with non-linear kernels is recommended. These non-linear kernels enable
the delineation of intricate decision boundaries and are more adept at handling high-
dimensional data.

2.8. Statistical Analyses

The cancer registry and population census data were merged to integrate records from
both sources. Patients’ characteristics between early- and late-stage diagnosis were com-
pared in a bivariate analysis using chi-square tests for categorical variables and t-tests for
continuous variables. Similarly, t-tests were utilized to compare the SDOH characteristics
at the census tract levels.

In the exploratory data analysis phase, several machine learning models from the
scikit-learn library to predict late-stage cancer diagnosis were used. This array included
lasso logistic regression, employing L1 regularization with the ‘saga” solver; decision tree;
random forest; gradient boosting; and a variant of support vector machine (SVM), specifi-
cally the SGD (stochastic gradient descent) classifier with hinge loss function. Notably, this
method serves as a computationally efficient approximation of SVMs, leveraging stochastic
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gradient descent for optimization in high-volume data scenarios. The random forest model
was configured with its default number of tree estimators, while the gradient boosting
classifier utilized Scikit-learn’s default settings. These default hyperparameter settings
were chosen for an initial broad assessment. Each model was configured to address class
imbalance using class weights.

To minimize overfitting and rigorously evaluate the performance of the models, a
5-fold cross-validation approach was used. This approach involved splitting the data into
five distinct subsets or ‘folds’. In each iteration, four folds were used for training while the
remaining fold served as the validation set. This process was repeated five times, ensuring
each fold was used for validation once. By doing so, this method offers a more comprehen-
sive assessment of a model’s performance across different data subsets, reducing biases
and providing an indication of its generalization capabilities. Performance metrics includ-
ing ROC-AUC, accuracy, sensitivity, and specificity were computed, capturing different
aspects of model efficacy. Additionally, for a comprehensive geographical analysis, the
best-performing model, based on these metrics, was used to estimate late-stage cancer
probabilities across various census tracts in Virginia, employing spatial-temporal analysis
for visualizing and identifying significant clusters over time.

All data management and spatial analyses were conducted using SAS and ArcGIS,
respectively, with Python and Scikit-learn serving as the primary tools for machine learning
model fitting and evaluation. The level of significance was set at p < 0.05, ensuring statistical
rigor in our findings.

3. Results
3.1. Baseline Characteristics

Baseline characteristics between early-stage ((42.74%) and late-stage (57.26%) diagnosis
are summarized in Table 1. Patients diagnosed at an early stage had a slightly higher
mean age (66.72 years) than those diagnosed at a late stage (65.85 years, p < 0.0001).
A significantly greater proportion of patients aged 40-49 were diagnosed at late stage
(p < 0.0001). Concerning race and ethnicity, there were slight variations, with Hispanics
and NH Asians being marginally overrepresented in the late diagnosis group (p = 0.005).

Table 1. Selected baseline characteristics by stage of diagnosis status.

Early Late

Patient Characteristics n = 17,884 (42.74%) n = 23,955 (57.26%)

Frequency (%) or Mean (SE)  Frequency (%) or Mean (SE) p-Value
Age at Diagnosis <0.0001
Age in years, Mean (SE) 66.72 (0.1) 65.85 (0.1)
Age Group <0.0001
18-39 471 (2.63%) 790 (3.30%)
40-49 1262 (7.06%) 2288 (9.55%)
50-64 5678 (31.75%) 7578 (31.63%)
65+ 10,473 (58.56%) 13,299 (55.52%)
Race & Ethnicity 0.005
NH White 12,263 (68.67%) 16,305 (68.19%)
NH Black 3263 (18.27%) 4279 (17.89%)
Hispanic 1786 (10.00%) 2517 (10.53%)
NH Asian 440 (2.46%) 702 (2.94%)
NH Pacific Islander 68 (0.38%) 74 (0.31%)
Unknown/Not Documented 39 (0.22%) 35 (0.15%)
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Table 1. Cont.

Patient Characteristics

Early
n =17,884 (42.74%)

Late
n = 23,955 (57.26%)

Frequency (%) or Mean (SE)  Frequency (%) or Mean (SE) p-Value
Marital Status at Diagnosis <0.0001
Married 9578 (57.00%) 11,935 (53.95%)
Unmarried 6523 (38.82%) 9437 (42.66%)
Unknown 702 (4.18%) 752 (3.40%)
Primary Payer at Diagnosis <0.0001
Medicaid 284 (1.70%) 636 (2.83%)
Medicare 9267 (55.52%) 11,762 (52.28%)
Private Insurance 6124 (36.69%) 8295 (36.87%)
Military 601 (3.60%) 680 (3.02%)
Indian /Public Health Service 2 (0.01%) 1 (0.00%)
Self-pay/Uninsured 413 (2.47%) 1122 (4.99%)
Year of Diagnosis <0.0001
2000-2004 5346 (29.89%) 7242 (30.23%)
2005-2009 4836 (27.04%) 5882 (24.55%)
2010-2014 3763 (21.04%) 4917 (20.53%)
2015-2019 3821 (21.37%) 5705 (23.82%)
2020 118 (0.66%) 209 (0.87%)
Stage of disease at diagnosis <0.0001
In Situ 2594 (14.50%) 0 (0.00%)
Localized 15,290 (85.50%) 0 (0.00%)
Regional 0 (0.00%) 16,005 (66.81%)
Distant 0 (0.00%) 7950 (33.19%)
Not Staged /Unknown 0 (0.00%) 0 (0.00%)
Primary Site <0.0001
Colon 12,521 (70.01%) 17,645 (73.66%)
Rectum 5363 (29.99%) 6310 (26.34%)
Grade <0.0001
Gradel 3421 (19.13%) 2390 (9.98%)
Grade I 8589 (48.03%) 13,067 (54.55%)
Grade III 1069 (5.98%) 4162 (17.37%)
Grade IV 194 (1.08%) 570 (2.38%)
T-cell 1(0.01%) 1 (0.00%)
B-cell 89 (0.50%) 92 (0.38%)
NK Cell 1(0.01%) 0 (0.00%)
Unknown Grade 4520 (25.27%) 3673 (15.33%)
Treatment Status <0.0001

No treatment given

351 (4.54%)

711 (6.54%)

Treatment given

7256 (93.88%)

10,044 (92.44%)
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Table 1. Cont.

Patient Characteristics

Early
n =17,884 (42.74%)

Late
n = 23,955 (57.26%)

Frequency (%) or Mean (SE)  Frequency (%) or Mean (SE) p-Value
VA\];E\;:‘: gs)urveillance (watchful 17 (0.22%) 5 (0.05%)
Unknown if treatment was 105 (1.36%) 106 (0.98%)
given
Days between date of initial
diagnosis and date first course 0.2142
of treatment
Time Lag, Mean (SE) 9.93 (1.97) 13.67 (2.28)
Surgery <0.0001
Yes 16,627 (92.97%) 19,698 (82.23%)
No 1077 (6.02%) 4060 (16.95%)
Unknown 180 (1.01%) 197 (0.82%)
Chemotherapy <0.0001
Yes 1835 (10.26%) 13,276 (55.42%)
No 15,575 (87.09%) 10,330 (43.12%)
Unknown 474 (2.65%) 349 (1.46%)
Radiation Therapy <0.0001
Yes 1384 (7.75%) 4063 (16.97%)
No 15,541 (86.98%) 18,717 (78.19%)
Unknown 943 (5.28%) 1157 (4.83%)
Vital Status <0.0001
Dead 7275 (40.68%) 14,859 (62.03%)
Alive 10,609 (59.32%) 9096 (37.97%)

Marital status significantly affected the stage at diagnosis. Married individuals were
more frequently diagnosed early, while a larger percentage of unmarried patients were
diagnosed at late stage (p < 0.0001). The primary payer at diagnosis showed that Medicaid
beneficiaries and the self-pay/uninsured group were more prone to late stage (p < 0.0001).
The year of diagnosis revealed temporal differences in staging. For instance, the period
between 2015 and 2019 saw a surge in late diagnoses (p < 0.0001). The stage of the disease
at diagnosis was as expected, with in situ and localized stages in the early diagnosis group,
contrasted by regional and distant stages in the late group.

Primary site analysis showed that colon diagnoses were more predominant in the
late diagnosis group, whereas rectum diagnoses leaned towards the early diagnosis group
(p < 0.0001). Regarding disease grade, early diagnoses had a greater proportion of Grade I,
while late diagnoses were rich in Grade II and III cases (p < 0.0001).

Treatment patterns displayed notable differences between the groups. Surgery was
more common in the early diagnosis group, whereas chemotherapy and radiation therapy
were more prevalent in the late diagnosis group (p < 0.0001). The vital status highlighted
a concerning trend, with a majority (62.03%) of the late diagnosis group succumbing to
the disease, in comparison to 40.68% in the early diagnosis group (p < 0.0001). Detailed
information on the baseline characteristics can be found in the Supplementary Content in
Table S1: Baseline Characteristics by Stage of Diagnosis Status.
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3.2. Census Tracts Characteristics by Stage at Diagnosis

The bivariate analysis of census tract SDOH characteristics and stage at diagnosis,
displayed in Table 2, reveals some intriguing disparities between early- (42.74%) and late-
stage (57.26%) patients. Access to healthcare, socio-economic status, education, lifestyle
behaviors, ethnicity, and environmental exposure all display certain associations with the
stage of diagnosis. Key differences include a higher percentages of uninsured individ-
uals, less routine check-ups, and lower access to healthy food in tracts with late-stage
patients. Socio-economic factors such as lower household income, higher expenditure on
transportation, and less workforce participation also correlate with late-stage diagnoses.
Educationally, those areas tend to have more people with less than high school education,
but fewer with some college education but no degree. Interestingly, areas with late-stage
diagnoses also recorded higher levels of binge drinking and a higher Hispanic population
percentage. Environmental exposure factors, including slightly elevated diesel particulate
matter levels and more prevalent underground storage tanks, were also more common
in areas with late-stage diagnoses. These findings suggest that a range of socioeconomic,
behavioral, and environmental factors may influence the stage at which patients are diag-
nosed with cancer. Detailed information on the census tracts characteristics can be found
in the Supplementary Content in Table S2: Neighborhood Census Tracts Characteristics by
Stage of Diagnosis Status.

3.3. Results of the Predictive Machine Learning Models

Table 3 presents the performance metrics from the cross-validation of five different
machine-learning models to predict CRC late-stage diagnosis. In the comparative analysis
of the ML models, the gradient boosting model exhibited superior performance with the
highest ROC-AUC score of 0.8549, indicating a strong capability in distinguishing between
late-stage and non-late-stage CRC diagnoses. It also achieved the highest prediction
accuracy at 77.25%, suggesting it is the most reliable model for correct predictions among
those tested. In terms of sensitivity, which measures the correct identification of actual
late-stage CRC cases, the lasso logistic regression model was the most proficient, with a
sensitivity score of 0.7405.

The random forest model, despite its highest specificity (80.72%), fell short in sensitiv-
ity (56.40%), indicating a tendency to miss a significant number of late-stage cases. This
could be a critical drawback in medical diagnostics where failing to identify late-stage
disease could have dire consequences. On the other hand, the decision tree and SVM
(SGD classifier) models showed a balance between sensitivity and specificity but lagged
in overall accuracy and exhibited low ROC-AUC scores of 0.7298 and 0.7006, respectively,
suggesting they might not be as effective for this particular diagnostic challenge.

In conclusion, the gradient boosting stands out as the most promising model, offering
a particularly robust approach for this prediction task.

3.4. Performance of the Best ML Predictive Model

To validate the performance of our gradient boosting model (GBM), which has proven
to be the most performant in predicting late-stage colorectal cancer, we conducted a single-
run evaluation. This involved partitioning our dataset into an 80-20 split, where 20%
constituted the testing set. The model was recalibrated on the training set, then we applied
it to the test set to compute critical metrics. The Receiver Operating Characteristic (ROC)
curve, depicted in Figure 2, was generated, resulting in an Area Under Curve (AUC) of
0.86—a strong indicator of the model’s discriminative power. To refine the model’s pre-
dictive precision, an optimal decision threshold was calculated at 0.446, which improved
the model’s sensitivity to 79.54% and specificity to 75.92%, thereby balancing the trade-off
between detecting actual cases and avoiding false alarms. Furthermore, the calibration
curve, illustrated in Figure 3, was derived from this evaluation, showcasing a close align-
ment between predicted probabilities and actual outcomes, further confirming the model’s
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reliability. These measures collectively confirm the robustness of the gradient boosting
model as a reliable tool for clinical prognostic applications.

Table 2. Selected neighborhood census tracts characteristics by stage of diagnosis status.

Census Tract Characteristics

Early

n =17,884 (42.74%)

Late

n = 23,955 (57.26%)

Mean (SE) Mean (SE) p-Value
Access to Healthcare
Percent Uninsured 7.816 (0.04) 7.9552 (0.04) 0.0085
Doctor Checkup in Past Year Among Adults (2020) 76.7273 (2.98) 76.5405 (3.03) <0.0001
Doctor Checkup in Past Year Among Adults (2020) 76.7273 (2.98) 76.5405 (3.03) <0.0001
Population with a Disability (2017-2021) 13.2833 (0.05) 13.1551 (0.04) 0.0372
Socio Economic
% Spent on Housing & Transportation 53.5814 (0.06) 53.2928 (0.05) 0.0003
%Spent on Housing 26.0618 (0.01) 26.0798 (0.01) 0.2533
% Spent on Transportation 27.5196 (0.06) 27.213 (0.06) 0.0003
Employment Access Index (2016) 20,613.6 (177) 21,241.2 (158) 0.0082
Labor Force Participation Rate (2017-2021) 63.3817 (0.08) 63.6564 (0.07) 0.0093
Median Household Income (2017-2021) 82,806.2 (326.1) 83,742.1 (285.2) 0.0311
% Pop with Access to Healthy Food 0.7214 (0.002) 0.7144 (0.001) 0.0088
Educational Attainment
Less than High school education 9.8888 (0.05) 10.027 (0.05) 0.0446
Educational Attainment—Some College No
Degree (2017-2021) 8.1371 (0.03) 8.0137 (0.02) 0.0005
Behaviors
Binge Drinking Among Adults (2020) 15.3011 (0.02) 15.3652 (0.01) 0.0017
Race and Ethnicity
White per capita 0.633 (0.002) 0.6335 (0.002) 0.8212
Black per capita 0.2003 (0.002) 0.1952 (0.001) 0.0141
Asian per capita 0.0483 (0.006) 0.0495 (0.005) 0.0987
Hispanic per capita 0.0789 (0) 0.0821 (0) 0.0008
Environmental Exposures
Air Quality: Respiratory Hazard Index (2014) 0.4039 (0.005) 0.4051 (0.004) 0.0707
Diesel Particulate Matter Environmental Justice 14,1463 (0.1) 14.398 (0.09) 0.0501
Index (2021) ’ ’ ’ ' ’
Diesel Particulate Matter Level in Air (2021) 0.2206 (0.008) 0.224 (0.007) 0.0026
Underground Storage Tanks (2021) 5.044 (0.05) 5.2027 (0.04) 0.0114
Population Weighted Density 3359.9 (43.17) 3546.9 (39.87) 0.0015

Table 3. Results of machine learning model evaluation for late-stage diagnosis prediction.

Overall Prediction

Model ROC-AUC Accuracy Sensitivity Specificity
Lasso (Penalized 0.7864 0.7159 0.7405 0.6975
Logistic Regression)

Decision Tree 0.7006 0.7068 0.6580 0.7432
Random Forest 0.7554 0.7032 0.5640 0.8072
Gradient Boosting 0.8549 0.7725 0.7263 0.8070
SVM (SGD Classifier) 0.7298 0.6760 0.6793 0.6735
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Figure 2. ROC curve from the GBM *. * GBM: Gradient Boosting Model.
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Figure 3. Calibration curve from the GBM *. * GBM: Gradient Boosting Model.

3.5. Feature Importance

The feature importance scores from the gradient boosting model, displayed in Figure 4,
are indicative of the relative contribution of each predictor to the model’s performance
for making predictions. These scores are calculated based on how much each feature
contributes to reducing the model’s loss function across all the trees in the ensemble. Each
feature’s score is a sum of the reduction in the loss attributed to that feature across all trees
in the model.
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Features
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Figure 4. Feature importance for the gradient boosting model.

The anatomic site exhibits the highest importance with an importance score of 0.019238.
This signifies that the location of the cancer within the body significantly impacts the
stage at diagnosis. The year of diagnosis follows with an importance score of 0.018704,
reflecting how advancements or changes in diagnostic methods over time may affect
late-stage diagnosis rates. Notably, specific years, such as 2015 and 2016, have been
highlighted due to an increased demand for screening [83,84] and the potential delays in
diagnosis [85] which can impact the stage at which CRC is identified. Age at diagnosis
is also a crucial factor, with an importance score of 0.007015. It is worth noting that
age has been established as a significant factor influencing the stage at which CRC is
diagnosed [54,70]. Environmental factors such as proximity to superfund sites, though less
impactful, still provide meaningful predictive power, suggesting a potential link between
environmental factors and disease progression. Socioeconomic factors such as expenditures
on transportation and housing, along with the primary payer, are also amongst the top
predictors, hinting at the socioeconomic dimensions of healthcare access and outcomes.
Social factors such as marital status may reflect the impact of support networks on health,
while ‘black per capita” indicates the potential influence of racial factors and disparities on
late-stage diagnosis. Environmental quality indices, including respiratory hazard index
and proximity to pollution and waste facilities, alongside health behaviors such as regular
checkups and mental health status represented by the percentage with depression, show
lower but non-negligible influence. Overall, it is important to note that these importance
scores are not indicative of causation or statistical significance. These scores assist in
emphasizing the multifaceted nature of cancer diagnosis stages, influenced by a blend of
medical, environmental, socioeconomic, and behavioral factors.
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3.6. Results of the Spatio-Temporal Analysis

A preliminary examination of the spatial distribution of anticipated probabilities at the
census tract level as displayed in Figure 5, indicates that the greatest likelihood for late stage
is observed inside a rural crescent spanning from the Appalachia Mountains to southwest
Virginia and in northern Virginia. The analysis presented in Figure 6 highlights several
hotspots of late-stage CRC diagnosis across Virginia. Deep red tracts in the southwestern
counties, including Lee, Scott, Buchanan, and Tazewell, are predominantly within rural
settings and are marked by significant challenges related to socio-economic and healthcare
access, potentially contributing to delayed CRC diagnoses. Historically, these areas were
heavily reliant on coal mining, which served as a major source of employment and played a
significant role in mitigating poverty. However, the decline of the coal industry has not only
led to economic challenges but also left a legacy of health exposures for former coal miners.
In the western and central regions of Virginia, counties such as Rockingham, Augusta,
Albemarle, Amherst, Bedford, and Campbell, exhibit hotspots despite their mixed rural-
suburban landscapes and generally favorable socio-economic conditions and healthcare
access. Notably, these counties are also characterized by a significant retiree population,
suggesting that the age demographic, with a larger proportion of elderly residents, could
be influencing the incidence of CRC. Interestingly, northern Virginia, represented by Fairfax
County, also emerges as a hotspot highlighting the multifaceted nature of healthcare access
and utilization. This county, while boasting a higher socio-economic status (SES), has its
own set of challenges that come with affluence, such as increased traffic and resultant
air quality concerns. The presence of hotspots across varied socio-economic landscapes
underscores the complex interrelation of factors influencing late-stage CRC diagnoses and
emphasizes the need for region-specific interventions.
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Figure 5. Predicted probability for CRC late stage in Virginia by census tract.
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Figure 6. Cluster of high and low predicted probability for CRC late stage.
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4. Discussion

In this work, we presented a ML framework for predicting CRC outcomes. More
specifically, the study incorporates an ML model along with spatial accessibility measure-
ment to highlight the spatial disparities in the probability of a late-stage CRC diagnosis
based on an array of social determinants of health variables, drawn from diverse yet in-
terconnected domains. The study also introduced an innovative theoretical framework,
integrating a wealth of SDOH variables to cancer registry data with a primary emphasis
on its generalizability and potential for reuse to predict cancer outcomes using ML tech-
niques. After rigorous data preprocessing, we evaluated the performance of five distinct
machine-learning algorithms using the ROC-AUC and other metrics. Notably, the gradient
boosting model achieved a superior ability to predict late-stage diagnosis. In contrast to
previous studies that predominantly focused on validating machine-learning techniques for
predicting cancer diagnoses within the general population, our research extends beyond the
validation of the gradient boosting model. We specifically targeted high-risk demographic
cohorts and conducted an exhaustive analysis of social determinants of health.

According to our gradient boosting model, the top five contributors to the diagnosis of
late-stage CRC, ranked in order of importance, are anatomic site, year of diagnosis, age at
diagnosis, proximity to superfund sites, and payer at the time of diagnosis. These findings
offer a novel perspective for examining the hierarchy of significance among contributors
to late-stage CRC diagnosis when utilizing national data. At a more comprehensive level,
encompassing all 20 contributors pinpointed by the gradient boosting model, the factors
contributing to the prediction of late-stage CRC diagnosis is ascribed to the intricate
interplay among individual-level, community-level, and environmental factors. These
results align with established literature, where each of these contributors has previously
been recognized as a potential risk factor for late-stage CRC diagnosis [54,86,87]. It goes
without saying that the gradient boosting model accurately discerned the key drivers of
late-stage CRC diagnosis, marking the initial crucial phase in the development of targeted
intervention strategies to enhance outcomes in CRC.

The gradient boosting model has become increasingly instrumental in oncology, of-
fering a multifaceted approach to cancer research, diagnosis, treatment, and prognosis.
This powerful algorithm leverages ensemble learning to enhance the accuracy of predictive
models and has proven particularly valuable in various facets of cancer management.
Gradient boosting finds notable applications in predicting cancer risk, [88] survival, [89,90]
and diagnosis stages, as well as assisting in cancer classification [91,92]. The capacity of
the gradient boosting model to integrate diverse data sources and discern intricate pat-
terns has proven transformative in advancing the understanding of cancer and improving
patient outcomes.

Historical space-time analysis of cancer data has typically entailed examining aggre-
gated data to detect patterns in order to understand how areas with varying levels of risk
evolve over time [93,94]. In this study, we also identified spatio-temporal clusters of high
and low predicted probability for late-stage CRC. Using the census tract as the unit, the
analyses identified about 10 statistically significant clusters in Virginia. The spatio-temporal
analysis facilitated the refinement of estimates related to area-level factors and established
risk factors for CRC, including their interactive dynamics. Furthermore, this analysis
yielded tangible, location-specific evidence that can guide targeted intervention strategies.

5. Limitations

Since the gradient boosting model employed in this study adopts a data-driven
approach, the model’s performance and predictive capabilities are contingent upon the
availability and quality of the data. For example, previous literature has identified several
SDOHs that have been associated with poor CRC health outcomes that were unable to be
obtained. Some of these include social isolation, neighborhood disadvantage/deprivation,
health literacy, and transportation options [45,54,95,96]. Data were analyzed from a single
state cancer registry. To further determine and verify the robustness and broad applicability
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of the results, national cancer databases such as the surveillance, epidemiology, and end
results should be analyzed. Regarding the aforementioned limitations, we intend to further
investigate them in subsequent studies. Finally, in these analyses default hyperparam-
eter settings were chosen from Scikit-learn for an initial broad assessment, with future
work planned to fine-tune these parameters using techniques such as GridSearchCV or
RandomizedSearchCV for optimized performance.

6. Conclusions

In conclusion, this study has not only showcased the advanced capabilities of machine
learning algorithms in predicting late-stage colorectal cancer but also underscored the
critical role of spatial accessibility measurements in understanding the disparities in late-
stage CRC diagnosis. The spatio-temporal analysis implemented here is particularly
instrumental, revealing statistically significant clusters of late-stage CRC diagnoses that
necessitate focused public health strategies. These strategies are vital in addressing the
observed disparities, reducing the incidence of late-stage CRC, and moving towards the
eradication of health inequities. The study’s multifaceted ML approach, with gradient
boosting leading the way, has not only validated its predictive accuracy but also illuminated
the path for future research to fortify and refine these predictive models, with the ultimate
aim of enhancing cancer care and management across diverse populations.
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Simple Summary: Over two-thirds of patients with cancer have an issue with their sleep,
and some research indicates that sleep may impact the development and progression of
cancer. The aim of this review is to highlight the current information on sleep issues,
such as sleep duration, sleep disruption, and sleep disorders, and the development and
progression of cancer, as well as the impact of cancer on sleep. This article outlines the
common sleep complaints in patients with cancer and discusses a logical approach and
treatment options for sleep issues in patients with cancer.

Abstract: Background/Objectives: Sleep issues are common in the general population,
and these problems occur even more frequently for people with cancer. Sleep problems may
pre-exist a patient’s cancer diagnosis, and there is a growing interest in understanding the
impact of sleep on cancer development and progression. Sleep disorders may impact cancer
through altered metabolism, impacts on immune response, and alterations in hormones and
gene expression. Sleep disorders may also arise after, or be aggravated by, an individual’s
cancer and cancer treatment. Treating a person with cancer’s sleep disorder may help
improve their healing, mental health, cognition, and overall resilience. Methods: Studies
examining a variety of aspects of the relationship between sleep and cancer were found by
searching the National Library of Medicine and characterized by their specific information
provided on the relationship between sleep and cancer. Results: This review article
summarizes our current understanding of the complex inter-relationship between sleep
and cancer, the underlying mechanisms that create these connections, and the methods
and impact of treating sleep issues in cancer patients. The article also outlines an approach
to sleep complaints for clinicians caring for patients with cancer. Conclusions: Significant
research is still needed to understand the full relationship between sleep disorders and
cancer. The impact of sleep issues on cancer and of cancer on sleep appears to be specific to
the tissue and the molecular type of cancer. The treatment of sleep disorders is multimodal,
and offers a promising avenue to improve the health and quality of life of cancer patients.

Keywords: sleep; sleep disorders; sleep disruption; cancer; insomnia; excessive sleepiness

1. Introduction
1.1. What Is Sleep?

Sleep is a normal dynamic physiological state, which is characterized by the decreased
responsiveness of the central nervous system to the environment. During this state, several
brain and body functions occur that are important in the maintenance of organs and
maximizing performance. Sleep is regulated, in part, by the accumulation of byproducts
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from neuronal and somatic activity, the homeostatic drive, and by an individual’s circadian
rhythm that helps with timing of sleep periods and coordinating other cycles [1]. A variety
of substances constitute the homeostatic drive; these substances increase during the wake
period. These substances include, but are not limited to, inflammatory-related molecules
such as adenosine, galanin, oleamide, cytokines, and tumor necrosis factor, as well as other
byproducts of cellular activity. The circadian rhythm is a recurrent transcription-translation
loop that creates a clock of approximately 24 h that regulates multiple physiological cycles.
The control of these multiple cycles is in an attempt to optimize our preparedness for
recurring physiological events and save energy when these processes are not needed.
Although we think of sleep as one of these events, many processes are governed by a
circadian rhythm, and over 20% of our genes are transcribed in a circadian fashion. From
a sleep—wake viewpoint, the main function of the circadian rhythm is to promote our
ability to be awake. The circadian drive typically builds through the day to remain awake
and offset the promotion of sleep by the homeostatic drive. These two major drivers help
explain the timing of sleep and the length of sleep through what is known as the two
process model [2]. In this model, the circadian drive promotes wakefulness through the day,
while at the same time, the homeostatic drive builds up as a chemical capacitor to promote
sleep (Figure 1). Once the homeostatic drive is above the circadian drive to be awake, the
person feels sleepy. Through the night, the substances comprising the homeostatic drive
are metabolized and reprocessed via the mechanisms in sleep. By morning, the homeostatic
drive to sleep dips below the circadian drive to be awake, and the person awakens [2].

Circadian Drive Homeostatic Drive
(Waketfulness)  (Sleepiness)

Amount of Drive

6:00 AM Noon 6:00PM MN 6:00 AM

Figure 1. This figure depicts the two process model. The homeostatic drive increases as a result of

activity while awake and then is metabolized during sleep. This drive increases the drive for sleep.
The circadian drive also increases through the day and opposes the homeostatic drive by promoting
wakefulness. The circadian rhythm is accentuated by light, activity, food, and social interaction
during the waking period.

Sleep may be contextually thought of as one state, but comprises multiple different
states. Sleep is typically subdivided into non-rapid eye movement (NREM) sleep and rapid
eye movement (REM) sleep [3]. NREM sleep is also subdivided into Stages N1, N2, and
N3, which are associated with a gradual decrease in responsiveness to the environment
and isolate the cerebral cortex from sensory inputs for processes such as replenishing
neurotransmitters and energy stores, synaptic pruning, and processing flushing of waste
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products. Some of these functions also occur in REM sleep. We associate this state with
dreaming and emotional processing. REM sleep is also thought to have important sec-
ondary effects on the immune system, autonomic system regulation, and the processing of
emotions [4].

1.2. What Is Cancer?

Cancer is a collection of diseases linked by the characteristics of the uncontrolled
growth of abnormal cells. According to the World Health Organization, approximately
one in five individuals will develop cancer in their lifetime, and there are an estimated
20 million new cancer cases diagnosed and 9.7 million deaths related to cancer each year [5].
According to the American Cancer Society, more than 2 million people are diagnosed with
cancer in the United States annually. As therapies have improved, the growing population
of cancer survivors is estimated to be over 18 million people. These patients will require
evaluation for and management of the sequelae of their disease and treatment [6]. While
the different kinds of cancer share the commonality of uncontrolled cellular growth, the
underlying triggers and downstream effects are unique. Any organ system can develop
cancer. Additionally, cancer cells can spread to other organs, either through local invasion or
by metastasis. Some of the cellular processes that allow for the spread of the cancer appear
to be linked to sleep and the circadian rhythm. Significant debate exists as to the impact of
sleep on cancer risk and progression, with many important scientific findings supporting
either a correlation or no impact [7,8]. Even though some generalizations may be made
regarding cancer, it is important to realize that the interplay of sleep and cancer is likely
specific to the tissue and molecular subtype of cancer based on the underlying molecular
and physiological processes of each cancer type. Although this makes generalizations
difficult, the overarching conclusion is that cancer may have unique interactions with
sleep. In understanding the impact of sleep on cancer, it is also important to acknowledge
that sleep is strongly intertwined with additional processes that have been independently
studied for their effect on cancer, such as circadian rhythm and melatonin secretion. While
sleep and circadian rhythms are heavily linked, they are two separate processes. This article
will touch briefly on some aspects of the circadian rhythm; however, we will mostly focus
on the interaction of sleep and cancer.

Sleep offers an opportunity to broaden our understanding of cancer in the light of
understanding the influence of both the states of wake and sleep on normal and aberrant
cellular and organ function. Understanding sleep also promotes a better understanding of
the influence of these states on the treatment of cancer and the interaction on the body as a
whole. In addition to illuminating vulnerabilities, studying sleep offers the opportunity for
new paradigms in therapy and improvements in the quality of life for patients with cancer.

2. Influence of Sleep on Developing Cancer
2.1. Sleep Duration and Cancer Risk

Sleep provides a vital period for several regulatory functions; understanding the
impact of sleep duration and disruption on these regulatory functions may enlighten us to
the role of sleep duration in the risk of the developing of cancer. Some cancers appear to
have a possible relation to sleep duration (Table 1); however, this association is complex
and numerous studies addressing this question have reached different conclusions. Longer
sleep length may increase the risk for cancer. In a study of the UK Biobank and breast
cancer, Richmond found a 1.19 weighted odds ratio in favor of developing breast cancer
for each hour of sleep longer than 8 h and a mild protective effect of sleep for less than
7 h [9]. Other studies show an association between longer sleep duration and cancer; for
example, there is an association between a sleep duration more than 9 h and a higher risk of
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colorectal and liver cancer and a sleep duration greater than 10 h and lung cancer [10-12].
In contrast, Verksalo et al. described a lower incidence of breast cancer in individuals who
had longer sleep duration in a prospective study [13]. Kakizaki also found an increased
risk of development of breast cancer in women who slept less than 6 h a day. Two studies
studying this same question could not determine a relationship between sleep duration
and breast cancer [14-16]. Zhou et al. also found that short sleep duration was associated
with an increased risk of cancer of the lung, by 16% [17]. Short sleep duration may also
increase the risk of colorectal and other cancers [18]. In a long-term follow-up study
involving sleep duration, Gapstur et al. found a correlation between shorter sleep duration
and the development of prostate cancer [19], and Sigurdardottir et al. also found that
sleep disruption and a shorter sleep duration are correlated with an increased risk of the
development of prostate cancer in older males [20]. Alternatively, Lu, using a meta-analysis
of 10 studies, did not find a statistically significant relationship of short or long sleep
duration with an increased overall risk of cancer, but trends were noted for short sleep
with the development of prostate cancer, thyroid cancer, and ovarian cancer, and long
sleep duration with colorectal cancer [21]. An umbrella review of this topic also supports
the conclusion that the impact of sleep duration on carcinogenesis appears to be tissue-
specific [20]. This conclusion is also supported by a study by Li et al. which supported
both an increased risk of 21% for long sleep duration and colorectal cancer, and a trend for
skin cancer with short sleep duration. The fact that the impact of sleep duration appears
to be tissue-specific raises questions as to the association being more related to specific
underlying physiological pathways intrinsic to each tissue type, or whether the relationship
is based on the response of each tissue type to the impact of sleep on more systemic control
mechanisms, such as the immune system [22,23]. Evidence from animal data supports a
role for sleep restriction in carcinogenesis. One study found that sleep restriction increased
polyp development in mice with a genetic predisposition to form intestinal neoplasms [24].
These studies suggest that sleep duration may play a role in the development of some
cancers or may exacerbate a pre-existing abnormality, making cancer more likely. These
studies also do not give us an understanding of the role that each stage of sleep may play
in cancer development. We currently lack any knowledge of the contribution of specific
sleep stages (NREM, REM) and perturbations therein as it relates to carcinogenesis.

Table 1. Cancer types associated with sleep issues.

Sleep Issue Cancers Found in Association Sources
Prolonged Sleep Breast cancer, colorectal cancer, liver [9-12]
Duration cancer, lung cancer

Breast cancer, lung cancer, colorectal

. [14,17-20]
cancer, prostate cancer, skin cancer

Shortened Sleep Duration

Breast cancer, lung cancer, thyroid cancer,

oral cancer, prostate cancer [17,20,25-28]

Insomnia

Breast cancer, prostate cancer, nasal cancer,
melanoma, bladder cancer, lung cancer,

Obstructive Sleep Apnea . . . [29-33]
liver cancer, cervical cancer, kidney cancer,
uterine cancer, colorectal cancer
Parasomnias Breast cancer, oral cancer [30]
Hypersomnia Gastric cancer, head and neck cancer [34]

2.2. Sleep Disorders and Cancer Development

Beyond sleep duration, other sleep disturbances and disorders may impact cancer
risk (Table 1). Fang et al. used a nationwide, nested case—control study to determine
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that, through complex mechanisms, sleep disorders may increase cancer risk [30]. Some
of this risk may be tissue-specific, but also dependent upon the type of sleep disruption.
Zhou et al. found, in a meta-analysis of 11 studies including over 460,000 participants,
that sleep disruption increased the overall risk of cancer [17]. Assessing multiple studies,
the increased risk of any cancer attributable to sleep disturbances is, at most, a small
increase. By exploring this relationship for individual tumor types, we may be able to better
understand the impact of sleep disruption on cancer and the mechanism of this relationship.
When specifically looking at breast cancer, the hazard ratio increased to 2.38 for women
who endorsed insomnia, characterized as non-restorative sleep, difficulty initiating sleep,
or difficulty maintaining sleep in a study from Norway of 33,332 women [25]. Yap et al.
also found in a meta-review that the presence OSA increased the risk of developing breast
cancer by 36% [29].

Each sleep disorder may influence different molecular processes, and thus the effect of
sleep disorders on cancer may be more specific to the type of sleep disruption and tumor
type (Table 1). For example, in their meta-analysis, Zhou et al. more specifically found
that insomnia was associated with an increased risk of lung cancer with an odds ratio
of 1.11, but sleep apnea did not appear to increase the risk of lung cancer [17]. Likewise,
Shi et al. performed a meta-analysis with over 570,000 subjects, and found a 24% increase
in the risk of cancer in those with the complaint of insomnia, with a higher risk of cancer in
women. Shi et al. also found that the highest associated risk for patients with insomnia was
developing thyroid cancer [26]. A similar connection was noted by Chui et al., in a study
looking at insomnia and breast cancer risk [27]. An increased risk of breast cancer and
oral cancer was also described in 43,585 patients with insomnia who used hypnotics [28].
While additional studies have sought to answer this same question, this association was
not replicable. For example, an additional study of 110,011 women did not find a link
between insomnia and breast cancer [35]. This pattern of conflicting evidence has also been
seen for prostate cancer. One Icelandic cohort of 2102 senior men over a 5-year follow-up
showed that those endorsing difficulties initiating and maintaining sleep had a 70% higher
risk of prostate cancer [20]. Yet, several other studies were unable to confirm this link in
prostate cancer. Some of these discrepancies may be based on how insomnia is defined and
diagnosed in each study. This potential risk of insomnia and cancer raised questions as
to the possibility of the influence of insomnia on hormonal regulation, melatonin, and the
immune system (Figure 2). Insomnia in patients with coexisting depression, are known
to have elevated the thyroid-stimulating hormone (TSH), as sleep is noted to normally
suppress this hormone [36]. Therefore, the increase in TSH could increase the incidence of
thyroid cancer in some individuals. Melatonin also decreases in some insomnia patients,
and is noted to have an impact on checking cell proliferation, slowing mitotic processes,
and influencing the immune mechanisms. Insomnia itself has been linked to changes in
inflammation and immune function, which are all plausible pathways by which insomnia
may increase the likelihood of the development of cancer [37].

Other types of sleep disorders may increase the risk of some cancers. In addition
to individuals with insomnia, Fang et al. found that patients with parasomnias have
an increased risk of breast cancer and a significant increase in risk of oral cancers [30].
Fang et al. also described that subjects with obstructive sleep apnea (OSA) had a higher
risk of breast, prostate, and nasal cancer. Using OSA as the model for sleep disruption,
Gozal et al. found hazard ratios ranging from 1.07 to 1.41 in several types of cancer in
individuals with OSA [31]. Although the overall risk of cancer in individuals with OSA
was not found to be elevated, individuals with OSA were noted to have a significantly
increased incidence of several types of cancer, including melanoma, bladder, lung, liver,
cervix, and kidney. In a study involving approximately 20,000 subjects, Marriott et al found
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that nocturnal hypoxemia was independently associated with cancer, and OSA severity
was associated with increased incidence of cancer, but the latter was felt to be related to
other coexisting risks [38]. Thus, they concluded that OSA was not an independent risk
factor for cancer. Sillah et al. described an association between OSA and an increased
risk of breast cancer, uterine cancer, melanoma, and renal cancer based on a population of
34,402 participants [32]. In a study of 163 participants, the incidence of colorectal neoplasia
on colonoscopy was three times higher in participants who had polysomnogram verified
OSA than participants who did not have sleep disordered breathing [32,33]. Sleep apnea
has been postulated to have several pathophysiological cascades, triggering a multitude of
mechanisms that could lead to possible increases in the incidence of cancer (Figure 2). The
expression of the hypoxia-inducible factor is altered by OSA [39]. The hypoxia-inducible
factor regulates processes that help protect cells in the setting of prolonged hypoxemia,
but also impact cell cycle and growth. The relatively rapid cycle of hypoxia and recovery
clearly influences the cell metabolism, inflammatory and immune response [40]. Similarly,
the oxidative stress of sleep apnea may induce changes in DNA and RNA stability [41].
The link of sleep apnea and cancer is very complex and many confounding variables
exist, such as obesity [42]. These studies, however, suggest that the potential link between
sleep and cancer may depend upon the specific pathways that are interrupted, and that
sleep itself may have an impact on stabilizing cell growth and inhibiting carcinogenesis.
Therefore, understanding the link between sleep disruption and downstream secondary
effects, resulting in mechanistic and microenvironmental changes, is key to understanding
the impact of sleep disorders on the development and progression of cancer.

Inflammation
Immune Cellular

Regulation % ﬂ \ﬁ Metabolism

Sleep
Hormone and . . Cellular Division
Growth Factor £ ] Deprlvatlon, :> Regulation and

Regulation Fragmentation Stabilization of

. DNA, &RNA
and Disorders
Neurotransmitter U Weight
Regulation . Regulation
Hypoxemia
Response

Figure 2. This diagram demonstrates the variety of mechanisms by which sleep, sleep disruption,
and sleep disorders may influence cancer development and progression.

Hypersomnia disorders may also increase the risk for cancer. Higher incidences
of head and neck and gastric tumors were found in women with narcolepsy [34]. The
mechanisms proposed that could underly the impact of narcolepsy on cancer risk are related
to the immune response or the loss of orexin [34]. Narcolepsy with cataplexy (narcolepsy
type 1) results from the loss of neurons that produce orexin. Orexin is relevant to narcolepsy
as it appears to help stabilize the wake state. However, orexin also has proposed systemic
roles, notably including that it may regulate apoptosis through the OrexinlR receptor.
This receptor has been found to be expressed in some colorectal and pancreatic tumors,
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indicating a potential vulnerability of these tumors to orexin [43]. When tumors are
subjected to orexin A in vivo or in vitro, there is a significant reduction in tumor size [44].
Interestingly, a dual orexin receptor antagonist, almorexant, with a similar ability to orexin
A, also causes apoptosis in pancreatic cancer cells, raising interesting implications for
therapy [45]. Thus, it is conceivable that the loss of orexin in narcolepsy could prevent the
inhibition of aberrant cell growth. This connection supports the possibility that some forms
of sleep disorders, such as narcolepsy, may give additional clues to specific tissue regulation.

These studies suggest that individuals with insomnia, hypersomnia, parasomnia, or
OSA may have a higher risk of developing cancer. The link of sleep disruption to cancer
may be confounded by changes in immune response, impairment of melatonin release, or
changes in weight, and these changes in immune response, weight, and other regulatory
factors may make specific types of cancer more likely to occur (Figure 2). Yet it is unclear if
these causes of sleep disruption may have a causal link or may be a result of confounding
factors that also increase the risk of developing cancer. Thus, the role of sleep duration,
fragmentation, and other sleep disorders in cancer development and progression needs
further delineation to provide a clearer linkage of sleep disorders and cancer development.

3. Sleep Disorders in Cancer
3.1. Sleep Disorders in Individuals with Cancer

Many people suffer from sleep complaints, and this rate increases in cancer pa-
tients [46]. Sleep complaints are reported by as high as 75% of cancer patients in a variety
of studies [47,48] (Table 2). Sixty-six patients with cancer reported a sleep disturbance in a
meta-analysis of 160 studies [49]. Although there is no consensus on the term sleep quality,
many investigators use different sleep questionnaires, such as the Pittsburgh Sleep Quality
Index, to assess overall sleep issues. Performing a meta-analysis of 59 epidemiological
studies with different sleep quality questionnaires, Chen et al. found a global prevalence of
poor sleep quality in 57.4% of patients with cancer [50]. Both adult and pediatric patients
with cancer can have a wide array of sleep issues, which are including but not limited to
excessive sleepiness, difficulty initiating or maintaining sleep, and unusual nocturnal move-
ments, similar to the general population [51,52]. The specific type of cancer, the treatment
plan, and the patient’s overall course appears to impact the rate of sleep issues [53]. Over
three-fourths of non-small cell lung cancer patients complain of poor sleep, most having
their sleep symptoms predate the start of therapy [54]. As discussed in the section on the
association of sleep disorders and the risk of developing cancer, sleep issues may start prior
to the diagnosis and treatment of cancer, and may last years after the individual’s cancer is
in remission. This is frequently seen in breast cancer patients, many of whom have sleep is-
sues prior to their cancer diagnosis that are frequently aggravated with chemotherapy [55].
The presence of sleep issues may also increase the likelihood of side effects from the cancer
treatment, as Jung et al. found with higher incidence of chemotherapy-induced gastroin-
testinal symptoms in breast cancer patients with sleep issues [56]. Similarly, patients with
head and neck cancers and OSA may have exacerbation of their OSA with therapies such
as radiation [57]. In a single-center review of over nine thousand patients, Page et al. found
that one in five patients with cancer developed insomnia during treatment [58]. Part of
the increase in the prevalence of sleep complaints may be from pre-existing conditions or
vulnerabilities, the effects of the tumor on sleep, the influence of cancer-directed therapies,
and the stress and emotional burden of a cancer diagnosis. Patients may also have changes
in weight, diet, and activity levels that influence sleep and waking. Yet, sleep disruption
may also be a prognostic factor in cancer. Palesh et al. found that cancer patients with
better sleep efficiency and duration, measured by actigraphy, had lower mortality [59].
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Table 2. Common sleep complaints in patients with cancer.

Sleep Complaint Behaviors Disruptors Disorders
eview time In bed (a.s soc1:at1on) Inquire into sleep Sleep-related breathing
and timing of sleep (circadian . . .
. . . S environment disorders, pain, reflux,
Insomnia issue), napping, activity

Medications, supplements,

Inquire into the daily routine and caffeine, ETOH, nicotine

sleep-associated behaviors

other medical, and
psychiatric issues

Review time in bed dedicated to
sleep and timing of sleep
(circadian issue)

Inquire into daily routine and
sleep-associated behaviors

Inquire into sleep
environment

Medications, supplements,
caffeine, ETOH, nicotine

Excessive Sleepiness

Sleep-related breathing
disorders, pain, reflux,
other medical, and
psychiatric issues

Sleep-Related
Breathing Issues

Ask about sleep position, ETOH,
nicotine airway irritants

Weight changes, reflux,
nasal congestion

Sleep-related breathing
disorders, lung, heart,
brain, neuromuscular
disorders

Ask about environment the
movement occurs in, timing
of movement and relationship
to caffeine, ETOH, nicotine
and stress

Restless Legs and
Other Nocturnal
Movement Disorders

Caffeine, ETOH, diet

Restless legs syndrome,
periodic limb
movement disorder,
other sleep transition
movements, and
neurological issues

Nocturnal
Events—Parasomnias,
Nocturnal Seizures

Other sleep disorders, ETOH,
short-acting hypnotics

Parasomnia, nocturnal
seizures, delirium

3.2. Sleep Disorders and Cancer Progression

Interest in sleep and cancer has increased due to increased understanding of how

sleep may directly influence cancer, as well as how sleep may regulate mechanisms that

may regulate tumor growth and metastasis. As mentioned in the section on sleep disorders

in patients with cancer, cancer patients experience high rates of sleep disturbances. These

sleep disturbances may, in turn, have profound consequences. In addition to the reduced

quality of life, cancer patients with sleep issues have higher rates of mood disorders, shorter

time to progression, and reduced survival [60].

In the Wisconsin Sleep Cohort study, with 22 years of follow-up data, subjects with

sleep-disordered breathing were found to have a higher mortality rate from cancer than

those without sleep-disordered breathing [61]. This group also found that individuals with

increased severity of hypoxemia had higher cancer-related mortality rates. Huang et al.

also found a higher mortality rate among individuals with advanced lung cancer and sleep

apnea [62]. Similarly, an increase in mortality in patients with melanoma and sleep apnea

was noted in a five-year follow-up study [63]. The link between sleep issues and cancer-

related mortality is likely complex as, contrary to these findings, the Women’s Health

Initiative population study failed to find a link of insomnia with cancer mortality [64].

In determining the impact of sleep disorders on cancer progression, it is important to

look beyond mortality rate. Sleep issues may impact other aspects of cancer progression,

as well as recovery. For example, OSA has been associated with an increase in metastasis

rates [31]. Untreated OSA results in intermittent hypoxia, which in turn can give rise to

more aggressive growth in melanoma. This has been replicated in animal studies with

experimentally created intermittent hypoxia [65]. Martina Garcia et al. found a direct

relationship between an increase in the severity of sleep apnea and an increase in the

aggressiveness of melanoma [66,67]. Despite this, the same group did not find an increase
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in markers for aggressiveness in breast cancer in patients with concurrent OSA, suggesting
that there may be a tumor-specific component to this interplay [68]. Other sleep disorders
such as insomnia may also impact cancer survival. Wang et al. found that ovarian cancer
patients with insomnia had shorter survival times [69]. Similarly, a meta-analysis of
studies of sleep and multiple cancer types conducted by Strom et al. found that disturbed
sleep during treatment was associated with shorter time to disease progression and lower
survival [70]. In animal studies, mice that had chronically fragmented sleep had accelerated
tumor growth [71]. This raises the question of what are the underlying mechanisms that
regulate the connection between sleep disruption or intermittent hypoxemia on increasing
tumor growth. It is most likely that both may have a subtle effect through multiple
pathways. The reason for this increase in tumor growth and aggressiveness in sleep
fragmentation may be connected to the hormonal, immune, and cellular metabolic factors
noted above; however, other factors may also be involved in accelerating tumor growth.
Beyond the effect of hypoxemia, sleep disruption itself impacts carcinogenesis and cancer
growth through its impact on angiogenesis, immune response, metabolism, and hormone
regulation (Figure 2). Understanding the mechanisms underpinning the relationship
between sleep and cancer has allowed researchers to better define questions, and has
led to increased interest in the field. For example, there is a growing body of work on
sleep, the immune system, and cancer. There is a bidirectional relationship of the immune
system and sleep, with both processes regulating the other. This is demonstrated in the
increase in sleep complaints with increased levels of inflammation frequently seen in cancer
patients [72]. Increased inflammation, such as that seen in cancer, can have a key impact
on sleep quality, fatigue, pain, and mood [73]. Cancer progression may be impacted by
the inflammation caused by sleep issues [74]. Fragmentation of sleep is associated with
increased inflammatory markers and glucocorticoid and catecholamine levels. Elevated
glucocorticoid and catecholamine levels may weaken the immune response and promote
angiogenesis. Beyond inflammation, sleep disruption has been shown to impact the
expression of other growth factors and hormones, as well as their receptors. Through this
and other mechanisms, sleep disruption and fragmentation aid tumor progression. Beyond
the direct impact on cancer, sleep disruption can negatively impact healing and resilience
by limiting cognitive and emotional spheres. This prolongs the negative impacts of cancer,
even after there is no evidence of disease.

Sleep disruption and fragmentation in cancer patients result in multiple physiological
changes that impact tumor progression and recovery in a tumor-specific manor. Under-
standing this relationship may help us to better care for cancer patients; therefore, more
research on this topic is needed [48].

4. The Impact of Cancer and Cancer Treatments on Sleep

Cancer and cancer-directed therapies may have direct and indirect effects on the
brain circuits involved in the regulation of the wake and sleep states. These effects may
be altering the molecular signaling pathways of the homeostatic and circadian drives.
These signaling pathways may be influenced by changes in cellular metabolic products,
hormonal regulation, and inflammatory and immune products. Similarly, the side effects
of chemotherapy, radiation therapy, and surgery can include nausea, pain, and fatigue,
which frequently result in disturbed sleep. Sleep changes can also occur because of the
changes in activity level, diet, and mood that come with cancer and cancer treatment. The
understandable emotional toll of the diagnosis of cancer creates substantial stress on the
individual, worsening their quality of sleep.

In understanding the influence of cancer on sleep and sleep issues, it is important
to understand the impact on each stage. Unfortunately, very few studies have used
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polysomnography to characterize sleep stages in cancer patients. One study that explored
this question was conducted by Parker et al., who used ambulatory polysomnography to
characterize sleep stages in 114 cancer patients, and found that people with cancer have
reduced total sleep and less slow wave and REM sleep compared to people who did not
have cancer. In this study, cancer patients also had increased arousals and more sleep
continuity compared to the participants who did not have cancer [75]. This study also
found that individuals who slept more during the day had less sleep at night. Reinsel et al.
conducted a two-night sleep study protocol of patients with breast cancer, and found a
normal average sleep efficiency at 86.7%, with relatively normal distribution of sleep stages.
Patients with a higher intensity of sleep disruption had higher periodic limb movements
indices in sleep [76]. Unfortunately, the subjects were not asked about symptoms of restless
legs syndrome. Although the connection between periodic limb movements in sleep and
breast cancer is unclear, studies like these suggest that each cancer type may have a unique
effect on sleep regulation.

Physiologically, cancer may also play a direct role in sleep regulation and drive.
Frequently, tumor-immune system interactions result in the release of several cytokines that
contribute to the homeostatic sleep drive, including TNF-«, I-1(3, and IL-6, which can cause
daytime fatigue and lead to sleep problems such as insomnia and sleep disruption [77].
These cytokines and molecules can increase after cytolytic therapies. The hypothalamic
sleep-wake circuitry may also be impacted by cancer through the impact of cancer on
hormones such as leptin and ghrelin [78]. More directly, cancer may directly invade the
brain centers that control sleep—wake state. Craniopharyngiomas specifically invade the
hypothalamus, potentially disrupting both centers in the control of sleep and circadian
rhythm [79]. Patients with damage to the hypothalamic center may show an inability to
stabilize their sleep state, including REM sleep, similar to the instability of sleep state that
occurs in narcolepsy. The diagnosis of cancer and the implications of cancer can influence
the patient’s emotional balance. This secondary effect on mood and mood disorders, such
as depression and anxiety, can frequently present sleep issues [80]. Lastly, patients with
cancer may change their daily routine, causing disruption to their schedule and causing
less activity, which subsequently influences sleep. Thus, cancer has numerous pathways to
cause disruption of sleep.

In addition to the physiological and psychological burden of cancer, the treatment
of cancer may also disrupt sleep. Several studies have demonstrated that both radiation
therapy and chemotherapy cause fatigue and insomnia [81]. Medications such as gluco-
corticoid steroids are commonly used in cancer therapy regimens, yet these frequently
cause insomnia, especially when the steroid has a longer half-life or is taken later in the
day or requires twice-daily dosing [82]. Other chemotherapies are also associated with
insomnia. Kiss, in a meta-analysis, found insomnia was a common side effect for most
chemotherapies, hormonal therapies, and immunotherapies [83]. This included finding
that checkpoint inhibitor therapies had similar rates of insomnia as other immuno- and
non-immuno-targeted therapies, with odds ratios for insomnia ranging from 1.4 to 1.49 [83].
In another study, Ancoli-Israel et al. found that in breast cancer patients, chemotherapy was
shown to increase the severity and chronicity of insomnia, especially in those who had a
tendency for insomnia prior to the cancer diagnosis [55]. Immunotherapies for cancer may
also influence sleep and the indirect pathways that impact sleep [84]. Zarogoulidis et al.
studied 49 patients with lung cancer undergoing only immunotherapy directed toward
programmed cell death ligand 1 (PD-L1), and found that those with higher PD-L1 expres-
sion had a higher likelihood of improvement in sleep latency and sleep duration reduction
in fatigue compared to patients with lower PD-L1 expression [85]. They also found that
after nine months of therapy, those who had a complete response of their tumor also had
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near-complete resolution of their sleep issues. This included cancer-related fatigue, as well
as fatigue related to confounding factors. Patients who had partial and complete response
of their tumor also had an improvement in emotional status, pain status, fatigue, and
overall sleep quality. There is a growing interest in modifiable moderating factors of the
relationship between cancer and sleep, such as the gut microbiome. Studying fatigue in
cancer patients, Hajjar et al. found that the gut microbial species, Eubacterium hallii, was
associated with lower fatigue scores, whereas Cosenzaea was associated with high fatigue
scores [86]. This demonstrates the inter-relationship of multiple systems that may change
with cancer and cancer therapies, and their potential influence on sleep.

Overall, the impact of cancer and cancer treatment on sleep may occur through both
tumor-specific and general systemic mechanisms. Additional studies are needed to better
define both these direct and indirect pathways, and to determine the best interventions
for patients.

5. The Effects of Treating Sleep Disorders in Cancer Patients

In light of the possible impact of sleep disorders on carcinogenesis, as described above,
treating a cancer patient’s sleep disorders could conceivably influence their outcomes. To
date, data are still limited on the impact of treating sleep disorders on cancer outcomes.
Most studies show that treatment of the sleep disorder improves sleep-related symptoms.
As an example, Ganjei et al. found that treatment of OSA with continuous positive airway
pressure improved the daytime sleepiness and fatigue in patients with cancer and OSA,
but the study did not include any data on the subsequent cancer status [87]. Similarly, the
treatment of insomnia in patients with cancer with pharmacological and nonpharmacolog-
ical therapies improved the insomnia symptoms, with little information on the effect on
cancer progression [88,89].

Although intermittent hypoxia triggered more aggressive growth of melanoma and
other tumors in both animal and human studies, clinical evidence of improved cancer-
related outcomes in those treated for their sleep issues is sparse [65,66]. In a small study
of patients with sleep apnea, Gharib et al. found a reduction in cancer-associated tran-
scriptional signatures with continuous positive airway pressure (CPAP) treatment of OSA,
suggesting that an improvement in sleep hindered the environment for tumor growth [90].
Another study found a decrease in inflammatory factors, improved immune response, and
reduced vascular endothelial growth factor in patients who were complaint with long-term
CPAP [91]. Other treatment paradigms for sleep disorders may add to other improvements
in cancer outcomes [92]. Insomnia can be treated with cognitive behavioral therapies for
insomnia (CBT-I). For cancer patients with insomnia, CBT-I can improve not only their sleep
quality, but also their quality of life, whilst also decreasing comorbidities, and potentially
even reducing healthcare costs [93-95]. CBT has been shown to improve insomnia, in
fact, Peoples et al. found that CBT resulted in better outcomes than CBT in combination
with armodafinil [96]. In addition to CBT-I, other nonpharmacological interventions for
insomnia may provide some benefits to cancer patients [97]. These include acupuncture
and progressive muscular relaxation [98-100]. Medications appear to have mixed results.
Few pharmacological studies examining the treatment of insomnia exist. In one small
study of temazepam versus a melatonin group and a placebo group, both melatonin and
temazepam showed an improvement in sleep issues, but no improvement in quality of
life [101]. Another small study of 30 patients with advanced cancer demonstrated that
trazadone as a treatment for insomnia both improved sleep quality and reduced night-
mares [102]. However, a meta-analysis of seven randomized studies with trazadone in the
general population failed to show significant improvements in sleep latency, duration, or
efficiency. Despite this, patients randomized to trazadone did perceive better sleep quality
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in three of the studies [103]. Melatonin at a nightly dosage of 3 mg was also found to reduce
insomnia severity in cancer patients [104]. Exogenous melatonin at low doses (1-3 mg),
timed appropriately, can also have an effect on circadian rhythm, but at high doses, it
may provide antioxidant properties. In another study of patients with breast cancer and
neuropathy, pregabalin improved both insomnia and pain better than duloxetine [105]. The
key information lacking for these studies is the impact on the cancer itself. Further research
is needed to elucidate the benefits of treating sleep disorders for cancer patients.

6. Clinical Approach to Sleep Issues in Patients with Cancer

The approach to sleep issues in patients with cancer should be holistic, including a
review of daily routine, sleep and wake timing, sleep environment, diet, supplements,
additional medical issues, recent therapies, and attitudes towards sleep. Sleep issues in
cancer patients can fall into three subtypes: sleep issues independent from the cancer, sleep
issues related to the cancer or cancer therapy, or sleep issues related to the stress of the
diagnosis. Understanding the driver is important for the clinician to best address the sleep
issue. Each of these possibilities are not exclusive, and thus deserves clinical introspection
as the drivers may offer unique opportunities in approach. In many situations, treating the
sleep issue as well as the underlying driver may result in better outcomes.

As many as three-fourths of patients with cancer may have a sleep-related complaint.
A methodical approach should be taken when evaluating sleep disturbances in cancer
patients (Table 2). Simple screening questions may aid the clinician to identify a sleep
issue. The following three questions from the Patient-Reported Outcomes Measurement
Information System (PROMIS) questionnaire may provide an entry route: “Are you sleepy
during the day”, “Do you feel refreshed during the day”, and “Are you satisfied with
your sleep” [106]. The backbone of the evaluation rests on the patient’s history. For
clinicians who are not formally trained in sleep medicine, questionnaires such as the
Pittsburgh Sleep Questionnaire Index can provide general coverage of sleep issues, with
subsections highlighting specific symptoms of sleep apnea, insomnia, or movement issues
(Table 3) [107].

Table 3. Sleep questionnaires by category.

Questionnaire Category Questionnaire Questionnaire Overview

“Are you sleepy during the day”, “Do you feel
Introductory Questions PROMIS Sleep Questions refreshed during the day”, and “Are you satisfied
with your sleep”

General questionnaire of 19 items for review of

General Sleep Assessments  Pittsburgh Sleep Quality Index sleep issues

Sleep Disorder Questionnaire 175-item assessment of sleep habits and disturbance
Sleep Diary To track sleep schedule and time
Daytime Sleepiness Epworth Sleepiness Scale Able to quantify subjective sleepiness over time
OSA STOP-BANG Questionnaire Assesses risk of underlying obstructive sleep apnea
Insomnia Pittsburgh Sleep Quality Index Can also be used to track sleep symptoms over time

. . Assesses severity and impact of insomnia on
Insomnia Severity Index

the patient
Athens Insomnia Scale Assesses severity of insomnia
International Restless Legs Questionnaire to assess the impact of RLS on the
RLS . .
Syndrome Scale patient—can be followed over time
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A clinical history should detail the major characteristics relating to possible sleep
disturbances, their time of onset, and their course over time in relationship to the patient’s
cancer. The cancer type may also play a role, as well as the therapies and treatment
course. To appropriately support their patient, the clinician should ensure that they have a
detailed understanding of the patient’s sleep complaints, as well as the factors that may
be propagating the sleep issues. Understanding the patient’s daily schedule and habits on
both work and non-work days necessitates tracking daily therapy routines, sleep location,
and environment, habits to prepare for sleep or during middle of the night when awake,
use of other substances (caffeine, alcohol, herbs, recreational drugs, etc.), and a description,
if possible, from their bed partner of movements, snoring, or witnessed pauses in breathing.
Clinicians should gather clues to typical work schedule, wake-up time without an alarm,
mealtime, and activity times through the day to assess the timing and strength of the
patient’s circadian rhythm (Table 4).

Table 4. Evaluation approach for sleep complaints in patients with cancer.

Clinical Approach to Evaluating Sleep Complaints in Patients with Cancer

Sleep History

Bedtime routine and schedule (bedtime and waketime) for work and
nonwork days
Sleeping environment (specifically presence of stimulating items, amount of
light, noise, temperature, and bed comfort)
Disruptors of sleep
Internal—pain, nausea, reflux, breathing issues
External—light, noise, uncomfortable environment
Personal history of sleep disorders
Personal history of sleep disorder symptoms (daytime fatigue,
morning headache)
Personal history of maladaptive behaviors (such as needing to perform specific
stimulating routines before bed, worrying or reviewing a mental list in bed,
sleeping on couch, or leaving lights or television on at night)
Beliefs about sleep or features that help or impair sleep
History from bed partner (snoring, witnessed apneas, abnormal movements)
Presence of insomnia or hypersomnia (Epworth Sleepiness Scale)
Presence of nocturnal events
Daily activities
Daily routine including meals, activities, social interaction, and
sunshine exposure

Work history and job activities and environment
Intake amount and timing of alcohol, caffeine, and/or supplements

Cancer History

Treatment regimen
Therapy dosage, timing, and adverse effects
Relationship of symptoms to the treatment

Additional medical or mental health concerns
Review medication list
Current or personal history of substance use

Approximately one-fifth of workers work a rotating or night shift; thus, shift work
may be an important factor for sleep deprivation and circadian rhythm. Furthermore,
understanding the patient’s perspective on sleep and their daily symptoms is important
to assess if the patient views sleep as an important or not-so-important aspect of their
health. Additionally, understanding the treatment schedule may also help, as these can also
attenuate or induce brief shifts in sleep—wake times. Given the limited availability of some

133



Cancers 2025, 17,911

treatments, some patients may need to arrive at the health facility very early, earlier than

their normal start of day, or stay late at night to receive their therapy, thus causing added

d

isruption to their schedule. Tools such as a sleep diary or actigraphy can help elucidate

the patients sleep-wake pattern, and provide evidence for a circadian rhythm issue.

For many patients with cancer, multiple drivers may play a role in the development

and accentuation of sleep disturbances, and conversely, their importance for good sleep

(Figure 3, Table 5). Thinking of the homeostatic drive, factors influencing adenosine,

cytokines, or other metabolic byproducts may be either enhanced or blocked. Caffeine,

which blocks the effects of adenosine, may play a significant role in insomnia and sleep

d

isruption, leading to more daytime fatigue, and thus added caffeine use.

Table 5. Approach to good sleep.

Sleep Environment

Dark, quiet, comfortable bed and pillow; temperature (68-72 F°)

Adequate time for sleep

Dedicating 8 h for sleep

Circadian Rhythm Timing and Reinforcement

Activity, exercise, sunlight, regular meal times, social interaction during the day

Decreased light (especially blue light blocking), activity, large meals, and social
interaction in evening close to bedtime

Consider a hot bath or shower in the evening

Promoting the Homeostatic Drive

Activity for brain and body, avoidance of caffeine

Encouraging Good Sleep Associations

Bedroom is only for sleep or intimacy, no television or cell phone, no exercising,
working, fighting, worrying in bedroom

Possible use of worry book in a room other than bedroom

Avoidance of Disrupting Agents

Avoid caffeine, alcohol, and nicotine products

Optimizing Medication Regimen

Maximizing alerting agents in the AM

Timing sedating agents in the PM

Other factors such as the total time in bed; the timing of sleep; the possibility of

something disturbing sleep(such as OSA, or periodic limb movements), or reflux; or

external factors, such as an uncomfortable bed or a noisy or lighted sleep environment,

should be considered. Also, mood and conditioned associations, such as worrying in

bed, may contribute to poor sleep. The clinician should consider agents that may initiate

these factors, as well as additional drivers that may perpetuate sleep issues (Table 5).

P

atients may start with insomnia as part of chemotherapy, but perpetuate this insomnia

with maladaptive behaviors, such as sleeping with the television on. Some patients may
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require formal sleep testing, such as polysomnography, especially when considering that
the patient may have a sleep-related breathing disorder, nocturnal movement disorder, or
is at risk for injury from nocturnal events (Table 6).

Table 6. Indications for polysomnography;,.

Polysomnography is routinely indicated for:

Evaluation for sleep apnea

Differentiating central vs. obstructive sleep apnea

Evaluation for sleep-related hypoxemia

Evaluation for hypoventilation

Evaluation for narcolepsy/primary hypersomnolence in combination with multiple
sleep latency tests the next day

Positive airway pressure titration for patients requiring nocturnal respiratory support
Evaluation prior to upper airway surgery when surgery is being considered for snoring
or OSA

Patients with heart failure or cardiovascular disease who have disturbed sleep,
nocturnal dyspnea, snoring, or other nocturnal symptoms suggestive of sleep-related
breathing disorders

Patients who have symptoms of sleep apnea or hypoventilation when symptoms persist
despite appropriate medical management

Evaluation of sleep-related symptoms in patients with neuromuscular disorders
Evaluation of patients with nocturnal movements and daytime sleepiness

Subsequent sleep studies needed for follow up:

Patients with oral appliance treatment for OSA after clinical titration

Following appropriate healing from surgical treatment to assess residual OSA
Re-evaluate return of symptoms in patients with SRBDs after surgical or

dental treatment

Re-evaluate PAP settings in patients with SRBD after significant changes in weight
Re-evaluate patients who do not respond appropriately after initiation of PAP

Polysomnography should be considered for

Suspicion of sleep apnea in patients with:

Coronary artery disease
Previous stroke or TIA
Tachyarrhythmias or bradyarrhythmias

Evaluation of unusual or atypical parasomnias or those with specific motor patterns
To evaluate if SRBD improved after final fitting of oral appliance

Polysomnography is an option for

Evaluation of patients with sleep-related events, suggestive of parasomnias or nocturnal
epilepsy, that are potentially injurious, have forensic implications, or insufficient
response to conventional therapy

Patients with intractable insomnia that have failed both cognitive behavioral therapy
and pharmacological therapy

Further investigations should address specific questions assessing symptoms of OSA,
restless legs syndrome (RLS), insomnia, and hypersomnia (i.e., narcolepsy). Additionally,
the subjective estimate of daytime sleepiness may provide further clues [108]. The Epworth
Sleepiness Scale (ESS) is a reliable measure to assess subjective sleepiness, but it has not
been specifically validated for cancer patients [108] (Table 3). Clinically significant daytime
sleepiness is demonstrated by a score of greater than or equal to 10. Originally validated
in patients with OSA, sleepiness scores from 10 to 15 are typically associated with OSA,
whereas lower scores are more likely in those with insomnia or restless legs syndrome,
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which are typically low; thus, higher scores raise suspicion of primary hypersomnia
disorders or additional causes of sleepiness.

Sleep Environment

Ample Activity and (Dark, Quiet, ;
Light Duringthe Comfortable, with Avoidance of Aggnts that
= ol no distractions) Promote Sleep Disruption
a:&’ i(:;glci\:intygl)naps U , (caffeine, alcohol, nicotine)
% Treatment of
/S\t:lequ(ate Time fglr'1 GOOd Internal Sleep Disruptors
eep (assuring 8 hrs <: (Sleep Apnea, Pain,
for sleep per night) Sleep Reflux, Mvt. Disorders)

Appropriate Circadian & % Optimize Medication
Timing of Sleep @

> : Regimen (Alerting
(sleeping during the agentsin AM and

night, awake during Sedatingin PM)
the day) Suitable Associations ~ Emotional State
with Sleep (the Conducive for Sleep
bedroomis only (control of anxiety,
associated with sleep depression)
or intimacy)

Figure 3. Many factors can influence sleep. This diagram illustrates the variety of components
involved in achieving good sleep and the domains by which sleep may be disrupted.

6.1. Clinical Approach to OSA

Obstructive sleep apnea can be prevalent in patients with cancer ranging from 4 to
50%, and some outcome studies suggest that certain cancers progress in relation to the
severity of the OSA [62,109]. Consequently, given the prevalence in and potential impacts
of OSA on cancer patients, it is important for clinicians to screen for sleep apnea [40].
Symptoms to monitor include daytime sleepiness, snoring, or witnessed apnea events
by bedpartner. To best identify patients at risk for sleep apnea, clinicians can use the
STOPBANG questionnaire. The tool contains eight items, and a score of three indicates that
a patient should be further evaluate for sleep apnea (Table 3) [110]. While the STOPBANG
questionnaire was validated in the general population and not specifically for cancer
patients, Wong et al. determined that it had a 73% sensitivity and 71% specificity in a group
of 249 cancer patients [111]. In the laboratory, polysomnography is the gold standard for
determining the type and severity of sleep-related breathing disorders (Table 6). Treatment
plans are typically based upon these polysomnographic results and adapted to the severity
and patient’s acceptance of the therapy. To determine severity, the apnea hypopnea index is
typically used to indicate the average number of respiratory events per hour of sleep [112].
For adults, 0-5 is considered normal, while 5-15 is mild, 15-30 is moderate, and >30 events
per hour is severe. Patients without daytime symptoms and mild sleep apnea may respond
to conservative therapies such as nasal steroids or decongestants, sleeping in the side
position, weight loss, and avoiding alcohol and respiratory suppressants. If there is a
presence of daytime symptoms or patients have moderately severe sleep apnea, there
is a possible benefit to the use of oral appliances, positive airway pressure devices, or
surgery. Notably, no matter the degree of sleep apnea, all severity levels may respond to
positive airway pressure. Special consideration may be given to challenging issues. Those
patients with mucosal ulcers due to chemotherapeutic agents, or radiation therapy or skin
breakdown from radiation or surgery, may be physically limited for wearing a CPAP mask
or oral appliance. Patients who have developed claustrophobia or significant anxiety may
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benefit from less intrusive CPAP interfaces such as nasal pillows, and patients may find
less leaks from the mask using a variety of “CPAP” fitting pillows. Finding a mask that
is comfortable and well-fitting is crucial to success. Nevertheless, the patient must accept
and see the therapy as a necessary and key part of the overall strategy to improve their
prognosis and health.

6.2. Clinical Approach to RLS

Restless legs syndrome (RLS) can be easily diagnosed by the constellation of having
uncomfortable and unpleasant sensations with the urge to move their legs that is worse
with rest, totally or partially relieved with movement, and primarily occurring in the
evening or night. Although the overall prevalence of RLS in patients with cancer is not
known, few case reports suggest RLS can be observed. Moreover, some therapies, such as
dopamine antagonists used to treat nausea and aromatase inhibitors used in breast cancer,
may increase the frequency of RLS [113]. RLS also may become prevalent in cancer patients
as sequelae of cancer treatments, such as anemia, iron deficiency, the use of antipsychotics
for sleep, and even environmental issues, such as being still for prolonged periods of time in
small spaces, are risk factors for exacerbating RLS. In a small study, Yennurajalingam et al.
found that 38% of patients with advanced cancer had symptoms of RLS [114]. Conversely,
adjunctive therapies used to treat cancer and cancer treatment-associated pain and nausea,
such as gabapentin and narcotics for pain, or pregabalin and benzodiazepines, may im-
prove RLS symptoms [115]. RLS frequently causes sleep disruption and reduces overall
total sleep time, triggering difficulty falling asleep and increasing daytime fatigue, con-
sequently adding to the comorbidity of cancer. Gabapentinoid medications can provide
significant improvement in RLS symptoms and improve sleep. These medications can be
used as first-line therapies for RLS, and are an excellent option for treating RLS symptoms
in patients with cancer. Focusing on alleviating the patient’s symptoms of feeling an un-
controllable urge to move is key, especially when their therapy requires them to remain
still for prolonged periods of time. Similarly, treatment using oral iron or iron infusion or
therapy of low iron levels, ferritin levels below 75 mcg/L, or iron saturation below 30%
may reduce symptoms and medication requirements [116,117].

6.3. Clinical Approach to Excessive Sleepiness

Frequently, patients with cancer complain of excessive sleepiness. This is frequently
confused with fatigue, the sense of loss of energy. The distinguishing feature is the ability
to fall asleep, as fatigue is the loss of energy without an increased ability to fall asleep,
and sleepiness is an increased ability to sleep or doze. Common drivers of sleepiness
include sleep deprivation, sleep disruption such as sleep apnea, or factors adding to the
homeostatic pathway, such as adenosines or cytokines, medication effects, or circadian
rhythm issues (Table 3). Some of these patients should be considered for polysomnographic
evaluation, especially if there is snoring or concerns of hypoventilation (Table 6). Less
commonly, if these etiologies are excluded, the clinician should consider the possibility
of a primary hypersomnia issue, such as narcolepsy or idiopathic hypersomnia. These
conditions require further evaluation and treatment in a sleep center. Narcolepsy is divided
into type 1, associated with loss of the wake-stabilizing neurotransmitter orexin (or also
defined by presence of cataplexy), and type 2, which is not associated with cataplexy.
Patients with narcolepsy may have symptoms related to the dysregulation of REM sleep,
including irresistible bouts of excessive daytime sleep, hypnogogic and/or hypnopompic
hallucinations, or sleep paralysis. The diagnosis of narcolepsy is confirmed by an overnight
monitoring of sleep of least 6 h, followed by a multiple sleep latency test (MSLT) demon-
strating a mean sleep latency of less than 8 min and the presence of two of the five naps

137



Cancers 2025, 17,911

showing sleep-onset REM periods [112]. Other primary hypersomnias, such as idiopathic
hypersomnia, may be possible. Idiopathic hypersomnia is defined as a continuous feeling
of dogged sleepiness despite prolonged periods of sleep, similar to that described by some
patients undergoing radiation or chemotherapy. Idiopathic hypersomnia is uncommon;
however, it is important to consider the differences. The mainstay of therapies for primary
hypersomnias is treatment with wake-promoting agents and stimulants during the day and
therapies to consolidate and deepen sleep at night. Newer stimulants, such as pitolisant
and solriamfetol, add to the existing list of stimulants, such as modafinil and armodafinil.
Medications such as sodium oxybate and low-sodium oxybates are proving helpful to
improve daytime sleepiness in both narcolepsy and idiopathic hypersomnia [118]. While
a mechanistic relationship between narcolepsy, hypersomnia, and cancer is still unclear,
the clinician should first address issues such as assuring enough time is dedicated to sleep,
optimizing medication timing of sedating medications in the evening and alerting drugs in
the morning, addressing sleep disruption from sleep apnea, reflux, pain and environmental
disrupters, and optimizing the patient’s circadian rhythm by including light exposure and
activity during the day.

6.4. Clinical Approach to Insomnia

Insomnia may present at any time in the course of a patient’s cancer. Insomnia is
defined by difficulty initiating sleep or difficulty maintaining sleep with daytime conse-
quences. In cancer patients, insomnia can be triggered by or worsened by the cancer itself;
the medications used to treat the cancer; the anxiety and fear associated with a cancer diag-
nosis; the use of alcohol, caffeine or herbs; and a lack of activity during the day (Figure 3,
Table 4). The clinician should consider the patient’s comorbidities, including underlying
anxiety and depression, which are frequently associated with insomnia. Insomnia may be
triggered by a sudden change in the patient’s life or even medication, yet insomnia com-
monly persists as a result of adopting a maladaptive behavior. These behaviors regularly
include sleeping with the television or lights on, sleeping in a recliner chair or away from
the bedroom, reading on a computer or getting involved in an engaging activity before bed,
or having foods such as alcohol or coffee in the evening. A few studies have attempted
to measure the effects of specific nonpharmacological approaches to insomnia. Jung et al.
found that cognitive behavioral therapy for insomnia (CBT-i) was effective in cancer pa-
tients for reducing sleep complaints and decreasing dependence on hypnotics [98]. CBT-1
can be directed at restructuring maladaptive beliefs and breaking these sleep-prohibitive
behaviors, and may benefit these patients in other domains [119,120]. Acupuncture was
also found to reduce symptoms of insomnia in cancer patients [99]. Additionally, cancer
patients may turn to supplements and herbs to improve their prognosis or reduce their
symptoms, although these should first be cleared by their oncologist to ensure that the
herbs and supplements do not interact with their chemotherapy. In one study, melatonin at
3 mg was found to reduce insomnia symptoms, and in another study, lavender combined
with footbaths appeared to provide some benefits [101,121]. The clinician may also wish
to identify possible over-the-counter remedies or supplements that do not improve sleep
long-term, but may interact with other aspects of the patient’s cancer therapy.

Insomnia is best approached with a multi-pronged strategy. Important components of
this approach include promoting the correct clues for sleep and waking, bringing an end to
maladaptive behaviors, optimizing current medications, and then considering medication
(Table 5). Patients should be counseled to set a regular schedule, accentuating activity and
light during the day, avoiding napping and caffeine during the day, while making sure
the bedroom is dark, comfortable, and quiet at night. These features promote the natural
signals for sleep and wake periods. Including CBT-I will also encourage these behaviors,
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while working to forgo maladaptive behaviors. CBT-I does require trained personnel, and
these resources can be limited. Digital CBT-I can provide an accessible effective alternative
to in-person CBT-I [122]. CBT-I can be offered as an online or phone application in the form
of cost-effective programs that have demonstrated benefits, especially to those patients
with limited access [122-124]. While few studies exist on many of these programs, the
program Somryst (formerly the SHUTi application) has demonstrated effectiveness in the
published studies, and is cleared by the United States Food and Drug Administration (FDA)
for digital CBT-I. Given that these patients may be on many medications, many cancer
patients are willing to try behavioral therapies, yet those with severe insomnia will still
request hypnotic medications [125]. Pharmacotherapy for insomnia is best when directed
as a short-term therapy, and most helpful for those sleeping less than 6 h due to this
group having a limited response to CBT-I [126]. Although frequently prescribed initially as
short-term, many hypnotic medications become chronic in this patient population [127].
Medications such as benzodiazepine receptor agonists (zolpidem, eszopiclone), low-dose
doxepin, or orexin receptor antagonists (suvorexants, lemborexants, daridorexants) are
approved by the FDA for insomnia. Each provide benefits for the general population,
but evidence for cancer patients is minimal [92]. These patients have successfully tapered
off medication with continued sleep benefits through the use of directed CBT-I [98]. For
patients who have intractable insomnia, it is important to consider additional underlying
sleep disorders, such as restless leg syndrome or sleep apnea, or other underlying medical
or psychiatric disorders. If these are identified, treatment of the underlying issue, in
addition to addressing the insomnia, is important to best care for the patient [128].

6.5. Clinical Approach to Parasomnias

Parasomnias as a result of cancer is an area with little information. While some
patients with cancer may develop nocturnal events, many of these are during treatment,
and may involve periods of delirium caused by metabolic derangement, medications, or
toxins, and can be confused for a parasomnia (Table 3). These nocturnal events can be
difficult to differentiate from classical NREM and REM-related parasomnias, even for a
highly skilled clinician. As with other sleep disturbances, a clear description of the events
is the cornerstone of the evaluation. Clinical details such as time of occurrence, duration,
frequency of events, behavior and clarity of speech, retained memory for the event, dream
mentation, and specific characteristics observed, such as eyes open or closed, are clues to
the underlying etiology. Additional features such as a family history of events, age of onset,
and exacerbating factors are also helpful. If these events appear to increase the risk of injury
to self or others, or the patient has additional symptoms of other sleep disorders, a video
polysomnography with an extended EEG montage should be performed [129] (Table 6).
Typically, parasomnias are divided into the stage of sleep from which they arise [112].
Disorders of arousal which arise from NREM and consist of sleepwalking, sleep terrors,
and confusional arousals usually occur in the first third of the night, and comprise variable
behaviors lasting typically minutes, for which the patient has minimal or partial memory
of the event. Although there are other REM parasomnias, REM sleep behavior disorder
is associated with patients acting out their dreams, which many times are violent. These
events are more common in the latter half of the night, and patients and bedpartners may
be seriously injured. A key feature of all these parasomnias is that the behavior described
varies between events. When events do not vary and appear to have the same pattern of
movements with each episode, these stereotypical events are more concerning for epileptic
seizures. Epileptic seizures are classically stereotypic, demonstrating the same behavior
each time, and can vary in onset and duration during the night. These events, too, require
a more thorough investigation, as the seizures may be a result of metastasis to the brain.
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Cancer patients can have a wide array of sleep issues arising from many factors;
thus, taking a personalized approach to treatment is essential. As these cases may have
multiple domains of medical issues, the same range of domains may exist driving the sleep
symptoms in these, requiring a multifaceted diagnostic and therapeutic approach.

7. Future Directions

Sleep influences many physiological and molecular processes. Understanding how
these processes impact the development and progression of specific cancer types could help
us to better elucidate the pathophysiology of and risk factors for cancer. Further research is
needed to understand these mechanisms, as well as the individual impact of each stage of
sleep on these processes. These same pathways may present opportunities for therapeutic
intervention both directly influencing the cancer, as well as improving the resilience and
quality of life of patients with cancer.

8. Conclusions

In summary, the relationship between sleep and cancer is complex and confounded
by many variables. Additional research is needed to delineate the mechanisms by which
various sleep issues impact the mechanisms that underpin cancer risk and development.
While the impact of sleep on various cancer types is still not well defined, it is important for
clinicians to evaluate for and treat sleep disturbances in cancer patients, as this may improve
overall health, quality of life, and possibly improve the individual’s cancer outcomes.
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The following abbreviations are used in this manuscript:

DNA Deoxyribonucleic acid

CBT-I Cognitive behavioral therapy for insomnia

CPAP Continuous positive airway pressure

FDA United States Food and Drug Administration

NREM Non-rapid eye movement sleep

OSA Obstructive sleep apnea

PROMIS Patient-Reported Outcomes Measurement Information System
REM Rapid eye movement sleep

RLS Restless legs syndrome

RNA Ribonucleic acid

STOPBANG Snore, tired, observed apnea, pressure (hypertension), body mass index, age,
neck, gender
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Simple Summary: This scoping review explores how technological tools can support cancer re-
habilitation for cancer patients undergoing chemotherapy. Technologies such as wearable devices,
mobile health (mHealth) applications, telerehabilitation platforms, and virtual reality have emerged
as valuable aids for maintaining or improving patients” physical activity levels. By mapping these
tools, we highlight their benefits in managing cancer- and treatment-related side effects, such as
fatigue and reduced mobility, ultimately enhancing quality of life. This review also identifies areas for
integrating these resources into care practices and outlines directions for future research to maximize
clinical effectiveness and accessibility.

Abstract: Background/Objectives: Cancer patients undergoing chemotherapy often face challenges
that reduce their physical function and quality of life. Technological resources offer innovative solu-
tions for physical rehabilitation, but the extent of their application in this context remains unclear. This
scoping review aims to explore and map the various technological tools used to support physical re-
habilitation in cancer patients during chemotherapy, focusing on their potential to improve outcomes
and enhance patient care. Methods: A scoping review was conducted following the Joanna Briggs
Institute (JBI) guidelines and the PRISMA-ScR framework. Comprehensive searches were performed
in the MEDLINE, CINAHL, Scopus, SPORTDiscus, and COCHRANE databases. The included
studies focused on the technological resources used in physical rehabilitation for cancer patients
undergoing chemotherapy. Data extraction followed the World Health Organization’s “Classification
of Digital Health Interventions v1.0” to categorize the technologies. Results: A total of 32 studies met
the inclusion criteria. The most commonly used technologies included wearable devices (16 studies),
web-based platforms and telerehabilitation systems (7 studies), mHealth applications (6 studies),
virtual reality (2 studies), and exergaming (3 studies). These tools were designed to enhance physical
function, manage treatment-related symptoms, and improve overall quality of life. Wearable devices
were particularly effective for monitoring physical activity, while web-based platforms and mHealth
applications supported remote rehabilitation and patient engagement. Conclusions: Technologi-
cal resources offer significant opportunities for personalized rehabilitation interventions in cancer
patients undergoing chemotherapy. However, further research is needed to evaluate the long-term
effectiveness, cost-efficiency, and clinical integration of these tools to ensure broader accessibility and
sustainable impact.

Keywords: oncology rehabilitation; digital health tools; supportive care in cancer; mHealth applications
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1. Introduction

Cancer continues to be a leading public health challenge worldwide, with an esti-
mated 20 million new cases and 10 million deaths reported in 2022 alone, according to
GLOBOCAN [1-3]. By 2040, global cancer incidence is expected to rise to 29.9 million cases
annually, with over 70 million people living after cancer, which will place an increasing
burden on healthcare systems and affect the long-term well-being of survivors [3-5]. As
the number of cancer survivors grows, the long-term effects of both the disease and its
treatments become more critical to address.

Chemotherapy, despite advances in cancer treatment, remains a common therapeu-
tic approach, either used alone or in combination with targeted and immunotherapeutic
agents [6,7]. Unfortunately, chemotherapy exposes patients to a range of adverse effects,
increasing morbidity and treatment costs while negatively impacting health-related qual-
ity of life (HR-QOL), and may limit the administration of future treatments, potentially
affecting long-term outcomes [6-8].

Comprehensive care is critical for cancer patients during treatment, as prolonged peri-
ods of inactivity and the disease itself can result in fatigue, peripheral neuropathy, nausea,
cardiotoxicity, cognitive impairments, and overall functional decline [7,9]. These effects
often persist long after treatment, causing long-term functional challenges in returning
to normal life, work, or independent living [10]. Although supportive care interventions
address some of these effects, many remain difficult to manage, emphasizing the need for
continuous improvements in mitigating chemotherapy-related side effects [7,8].

In these context, physical rehabilitation plays a crucial role in helping patients maintain
or regain functionality during cancer treatment [10,11]. Exercise has shown substantial
benefits, including improved mental health, reduced fatigue, and enhanced well-being,
with guidelines recommending at least 150 min of aerobic activity and 2-3 resistance
sessions per week during and after treatment [12].

Despite these benefits, several factors have been identified as barriers to exercise,
including cancer therapy-related side effects, kinesiophobia, lack of access to tailored facili-
ties, and individual health beliefs and preferences [13]. In recent years, digital technological
advancements have introduced new possibilities for health [14-16]. As digital technologies
advance, becoming smarter and interconnected through wireless communication, unimag-
inable possibilities open for the advancement of science, health, and rehabilitation [15].

In this setting, technologies such as mobile health applications, wearable devices,
telerehabilitation platforms, and virtual reality systems are designed to remotely monitor,
guide, and support physical activity and symptom management [17-19]. These tools enable
patients and healthcare providers to engage in rehabilitation programs more efficiently,
offering personalized feedback, progress tracking, and symptom management, often in real
time [15,16]. However, despite the growing interest in digital health interventions within
oncology, the scope of available technological resources for physical rehabilitation in cancer
patients undergoing chemotherapy remains unexplored [18,20].

While existing studies suggest that mobile health applications and tele-rehabilitation
tools can enhance self-management and symptom control in cancer patients, a compre-
hensive map of these technologies is necessary to identify trends and gaps in the litera-
ture [18,21]. This scoping review aims to map the available technological resources for
physical rehabilitation in cancer patients undergoing chemotherapy, highlighting areas
where further research is needed to optimize the use of technology in cancer care.

2. Materials and Methods

A scoping review was carried out to explore the current body of scientific literature, fol-
lowing the guidelines established by the Joanna Briggs Institute (JBI) [22,23]. The PRISMA-
ScR framework (Preferred Reporting Items for Systematic Reviews and Meta-Analyses

for Scoping Reviews) was utilized to ensure systematic organization and transparency
throughout the research process, as outlined in the PRISMA-ScR guidelines [22,24,25]. The
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review protocol was also registered on the Open Science Framework® platform, with the
following https:/ /doi.org/10.17605/OSF.IO/RV795.

2.1. Research Method

The research question was developed using the Population, Concept, and Context
(PCC) framework, as outlined by the Joanna Briggs Institute [23,25]. The study focused
on adults over the age of 18 who were cancer patients undergoing chemotherapy (Popula-
tion), participating in physical rehabilitation programs (Context), and using technological
resources (Concept). These criteria guided the selection of studies for the bibliographic
sample, with search terms derived from this framework. To ensure broad coverage, the
search included both free terms and database-specific descriptors. The search strategy was
tailored for each database using English-language descriptors and syntax customized to the
following platforms: MEDLINE®, CINAHL®, Scopus, SPORTDiscuss, and COCHRANE.
A combination of medical subject headings (MeSHs), subject headings, and free-text terms
was employed, enhancing the search’s comprehensiveness (Appendix A Table A1). Ad-
ditional articles were manually added by examining the reference lists of all publications
included in the review, a method referred to as “backward citation searching”. The liter-
ature search was carried out to include studies published up to 31 March 2024, with no
time restrictions.

2.2. Eligibility Criteria

The inclusion and exclusion criteria were established based on the PCC framework,
focusing on the guiding question: What technological resources are available for physical
rehabilitation in cancer patients undergoing chemotherapy? Sub-questions were posed to
refine the focus, exploring which types of technologies are used, what functionalities they
provide, and their feasibility or acceptability.

Studies were excluded if they focused on: individuals under the age of 18; patients
receiving treatments other than chemotherapy; or programs focused solely on well-being,
psychological support, behavior change, or symptom management instead of physical re-
habilitation. Additionally, studies focused on the prehabilitation phase or cancer survivors
post-treatment were excluded, as well as non-primary research (editorials, letters, reviews,
gray literature, dissertations, and book chapters). Only primary research published in
English, French, Spanish, or Portuguese was considered. Qualitative, quantitative, and
mixed-methods studies were included.

2.3. Data Extraction

The search results from each database were imported into Rayyan® software (https:
//www.rayyan.ai, accessed on 14 August 2024), a web-based tool designed to assist in the
systematic review process, to streamline the review process [26]. After removing duplicate
references, two researchers (A.A. and C.S.F) independently carried out the initial screening
of titles and abstracts, applying the previously established inclusion and exclusion criteria.
The full texts of the selected references were then obtained to finalize decisions on their
inclusion [27]. Any disagreements regarding inclusion or exclusion were resolved by
consulting a third researcher (B.A.) to reach a consensus.

Each selected article was assigned an identifier (S) based on the order of review. The
PRISMA 2020 framework was used to organize the data and to ensure transparency and
consistency throughout the screening and selection process [28].

2.4. Data Analysis

Data were collected using a customized extraction form, capturing the following
details for each study: author, year of publication, and country; study design; study
objective; participant characteristics; type of technology used; purpose; type of intervention;
main instruments; and outcomes (Table 1). Data extraction and synthesis were performed
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independently by two researchers (A.A. and C.S.E,), with a third researcher (B.A.) available
to resolve any disagreements.

To provide a structured categorization of technological resources in healthcare, data
were analyzed based on the “Classification of Digital Health Interventions v1.0” from
the World Health Organization [29]. This framework provides a structured approach for
describing digital technologies in healthcare, categorizing them into four key target groups:
clients, healthcare providers, health system managers, and data services. For this analysis,
we extracted information regarding the target group and type of technological resource
used in each study, aligning it with the WHO classification.

A multi-input table was created to present the relationships between the types of
technologies and their targets, functionalities, and primary objectives. Table 2 offers a
comprehensive overview of technological interventions.

Table 1. Characteristics of studies included in the scoping review.

Purpose of
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web-based o promote
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S01 pre-post- for cancer Web-based . physical PROMIS, 2
2024 . . . prostate monitor .. depression,
[30] interventional  patients app . activity 6MWT .
(USA) . cancer anxiety, walking
study undergoing . d : program di
chemother- patients epression, istance
fatigue
apy
Ezfaftlz;:tgft:e To enhance
Cheong I Prospective . strength Improved
502 2018 interven- mobile 102 color- mHealth and 12-week ZMWT, IPAQ, strength
. . healthcare ectal cancer  app + We- . S PG-SGA, . ’
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promotioi in activity P PA
breast cancer program
patients
Evaluate
walking-
based To promote
. outdoor P
Prospective, .. 59 NSCLC outdoor Increased
Iticen- activity and activit Walking- outdoor
S28  Mouri 2018 mu program for Y &
57] (Japan) ter, hvsical pancreatic Pedometer and based PA 6MWT, IPAQ activity,
P single-arm arétizllit in cancer improve program improved
study NSCL Cyan d patients qual.ity of QoL
pancreatic life
cancer
patients
Evaluate To monitor
ActiGraph ac- activity
celerometer levels and . .
rospective or . ctiGra increase . ctiGraph,
Prospecti P 47 ActiGraph . Personalized ActiGraph High
529  Parker 2019 . o pancreatic physical adherence,
single-arm monitoring accelerom-  moderate- . MVPA .
[58] (USA) stud activity in cancer oter to- activity metrics increased
y v patients . intervention MVPA
pancreatic vigorous
cancer physical
patients activity
Evaluate To promote
Kinect-based intZractive Reduced
de Oliveira rehabilitation o Kinect-based .
S30 2018 Controlled for fatioue 60 cancer Xbox rehabilita- rehabilitation FACIT-F, fatigue,
[59] . trial g patients Kinect tion and SF-36 improved
(Brazil) reduction in program : .
cancer rec.luce quality of life
patients fatigue

154



Cancers 2024, 16, 3949

Table 1. Cont.

Purpose of
ID Athor/Year/ Stu‘d Y Objective Population  Technology Tecl}nolog- Intervention  Instruments Outcomes
Country Design ical
Resource
Assess the . Reduced
Randomized impact of To improve shoulder
de Oliveira Kinect-based shoulder Kinect-based o
S31 controlled . 50 cancer Xbox e . disability, no
2020 .. exercises on X X mobility exercise DASH, ROM 8
[60] . clinical patients Kinect change in
(Brazil) . shoulder and reduce program
trial o P muscle
mobility and disability treneth
disability streng
Evaluate the
use of T
Nintendo Wii o .
- maintain Maintained
Pr " Fit for 22 hemato- hvsical hvsical
LOSPECUVE - aintaining logic . PRYSIC4E Wi Fit-based HADS, pysica
532 Tsuda2016  single-arm . . Nintendo perfor- - performance,
e physical malig- - exercise PG-SGA, :
[61] (Japan) feasibility Wii Fit mance and improved
performance nancy . program 6MWT .
study . . improve anxiety and
in patients hologi d -
hematologic psychologi- epression
. cal health
malignancy
patients
6MWT: 6-Minute Walk Test; 2MWT: 2-Minute Walk Test; BFI: Brief Fatigue Inventory; BMI: Body Mass Index;
CREF: cancer-related fatigue; DASH: disabilities of the arm, shoulder, and hand; FACIT-F: Functional Assessment
of Chronic Illness Therapy—Fatigue; FFI: Foot Function Index; HADS: Hospital Anxiety and Depression Scale;
IPAQ: International Physical Activity Questionnaire; MVPA: moderate-to-vigorous physical activity; PG-SGA:
Patient-Generated Subjective Global Assessment; PHQ-9: Patient Health Questionnaire-9; PROMIS: Patient-
Reported Outcomes Measurement Information System; PFS: Piper Fatigue Scale; QLQ-C30: Quality of Life
Questionnaire—Core 30; ROM: range of motion; SF-36: Short-Form (36) Health Survey; SPADI: Shoulder Pain
and Disability Index.
Table 2. Technological resource types and categorization.
Appropri-
ID. Technology WHO DI_.H Functionality Feasibility Usability ateness/ Objective . Ke'y
Type Classification 1 Findings
Suitability
. Well-suited for
High Highly usable promoting
Exercise adherence, for remote use hvsical Improved Improved
Web-based DHI 1.1— planning, easy to use for phy physical anxiety,
S01 o . and adaptable activity and . :
application  Client-targeted mental home-based : . activity, depression,
[30] L for patients managing .
(EPT tool) (therapy) health monitoring, no . mental and walking
o s undergoing mental health .
monitoring significant cost - health distance.
. chemotherapy. in cancer
barriers. .
patients.
G.O(?C! Mobile app Appropriate
. feasibility: and wearable -
Exercise . for addressing Improved
DHI 1.2— . mobile app are good self- . Improved
mHe- . guidance, .. fatigue and strength,
502 Client-targeted - and wearable monitoring strength,
alth + Wea- physical R . endurance, endurance,
[31] . (self- .. devices are tools suited for endurance,
rable device o activity . . well-targeted . and reduced
monitoring) . practical; tracking fatigue .
tracking . for fatigue.
adherence was fatigue and e
rehabilitation.
75%. performance.
Requires Suitable for
technological comprehen-
familiarity, but ~ Engaging, but sive physical Improved
) : Improved )
DHI 1.1— Group feasible for requires more and . BMI, anxiety,
S03 mHea- . . . . . physical, psy- .
Client-targeted  exercise, VR patients technological psychological . depression,
[32] Ith + VR o, O, chological
(therapy) therapy comfortable knowledge for rehabilitation, and muscle
. . . status
with tech. use. including mass.
Adherence anxiety
varies. reduction.
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Table 2. Cont.

Appropri-
ID. Technology WHQ D}.H Functionality Feasibility Usability ateness/ Objective . Kgy
Type Classification PO Findings
Suitability
. Easy to use
Exercise, a dlrI:: lrge}rllce and provides ~ Highly suitable szﬁulc;d
App-based DHI 1.4— nutrition, - ! regular for fatigue Reduced _rausue,
S04 hi i 1 practical for P K . distress, and
3] coaching Client-targeted menta patients support for reduction and distress, increased
(PINK!) (coaching) health . . psychological mental health increase PA .
. needing daily . physical
coaching and physical management. .
support. health activity.
Feasible for
ounger Interactive and Improved
. Interactive youns; . Well-suited for Improve range of
Exergaming DHI1.1— . patients or engaging, but O
S05 . gaming for e upper upper motion; no
(Xbox Client-targeted : those familiar access to . . L
[34] . physical - . extremity extremity significant
Kinect) (therapy) . with gaming technology ey . . .
activity ) . rehabilitation.  functionality change in
systems; cost may limit use.
strength.
may vary.
High Easy to use for Improved
adherence, breast cancer Well-suited for functional
Web-based feasible for atients at mitigatin capacity and
exercise DHI1.1— Web-based P gaung Counters pactty
506 . . remote home; remote  chemotherapy- . strength, no
system Client-targeted exercise . - physical R
[35] . intervention, access ensures related ) . significant
(e-Cuidate- (therapy) therapy bl bili hvsical deterioration h .
Chemo) accessible to usability physica changes in
patients with during deterioration. body
Internet access.  chemotherapy. composition.
. Maintained
. Convenient for .
Feasible for . . fitness,
. . tracking fitness
Hich- highly active levele. but completed
Wearable DHI 1.2— intefsit patients but limite, dto Suitable for Tracks marathons,
507 (Polar V800  Client-targeted 1y may not be . motivated, physical improved
physical . patients - . . .
[36] sports (self- e suitable for all physically fit activity and physical
I training . capable of . . .
watch) monitoring) . cancer patients . patients. fitness fitness
tracking . engaging in .
due to high S o . during
] ; high-intensity
intensity. R cancer
activities.
treatment.
High
High mproved
adhfarence, Highly us§ble Very suitable Impr'oves 6MWT,
Telereha- feasible for for supervised . functional L
ey g DHI 1.1— Remote for patients . significant
S08 bilitation . . remote care remote . capacity .
Client-targeted exercise . erns needing improve-
[37] platform L. with sensors, rehabilitation, through .
. (remote care) monitoring . remote ments in
(eChez-Soi) accessible for good s remote .
) . rehabilitation. . functional
patients with adherence. exercise .
. capacity, no
internet access.
adverse
events.
High Easy to use for
tracking Improved
adherence to .
Fitbit, practical physical Suitable for adherence to
DHI 1.2— Physical ! activity and . daily activity
Wearable . .. due to e promoting Promotes .
S09 s Client-targeted activity providing . . tracking,
(Fitbit) + . automated . physical physical N
[38] (self- tracking, reminders 2 . . slight im-
SMS o - SMS, though activity during activity
monitoring) reminders through SMS, provements
engagement though SMS chemotherapy. in physical
with SMS was 0 & ¢ pt'y_ f
moderate. engagemen activity.
may vary.
Feasible for High
patients Easy to use adherence,
undergoing and practical Suitable for Evaluates reliable
10 Telereha- DHI1.1— Remote chemotherapy,  for telerehabili- home-based telerehabili- platform,
bilitation Client-targeted exercise high tation rehabilitation tation for minor
[39] o . )
platform (remote care) monitoring adherence, programs with  for lung cancer  lung cancer technical
some technical

issues reported
but resolved.

few technical

problems.

patients.

patients

issues, high

patient
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Table 2. Cont.

Appropri-
ID. Tecrlllwnology WHQ D}.H Functionality Feasibility Usability ateness/ Objective . Kgy
ype Classification PO Findings
Suitability
High High
adherence Suitable for Well-suited for adherence,
(90%), feasible home-based improving improved
DHI 1.1— for multiple virtual exercise, fitness and Improves physical
S11 Home-based
eHealth a ient-targete: . myeloma 1 usable uality of lite itness an itness an
[40] Healthapp  Cli geted orci yel highly usabl quality of lif fi d fi d
remote care atients across  and adaptable in multiple uality of life uality o
exercise pati d adaptabl in multipl, quality of lif quality of
various for patient myeloma life, no
treatment needs. patients. adverse
stages. events.
. Maintained
Feasible for . Suitable for or reduced
breast cancer Practical and supportin Supports BMI
A . patients easy to use for PPOTing PP . !
pp-based Coaching for . S weight weight increased
- DHI 1.4— . undergoing maintaining .
S12 coaching . PA, nutrition, . management management physical
[41] (PINK! Client-targeted stress chemotherapy, physical and physical durin; activit
. (coaching) cost-effective activity and physt 5 Iy
Coach) management for remote lifestyle activity in chemother- especially in
ct. high h ny breast cancer apy antihormone
Sl;};ine’nceg changes. patients. therapy
’ patients.
High .
adherence to Usggiifgr Suitable for a dli lrge}rlme
Remote- wearables and pat 1 improving . d/
mHealth DHI1.1— emote remote requunng crose fitness and Improves \mprove
513 (Go-EXCAP  Client-targeted supervised monitorin, monitoring strength, fitness and fitness and
[42] . g exercise, . & during gt strength
mobile app) (remote care) monitoring practical for rehabilitation well-targeted strength through
improving . / for remote
fi ! accessible for . . remote
itness during interventions. S
chemotherapy. home use. monitoring.
Feasible for Imﬁ) r;z;ﬁ
remote exercise ~ Highly usable Suitable for ac}’ziv}i]t and
programs, high for remote colorectal Improves S Chz)llo i
. Supervised engagement supervision, cancer patients physical psy &
Video DHI1.1— cal
S14 conferencin Client—ta£ oted exercise, reported, provides needing both activity and well-bein
[43] (Meet )g (remot, & re) motivational accessible motivational physical and psychologi- hich &
eetapp emote care strategies through support during  psychological cal enea gment
standard video exercise support during ~ well-being egff;gctive !
conferencing programs. chemotherapy. o
tools motivational
’ strategies.
Feasible with Suitable for
high Easy to use improving
adherence, pedometer- physical
Pedometer- DHI 1.2— Phvsical accessible for based activity and Er;lharilcels Im}F rc;vei:l
S15 based Client-targeted aczfzicta patients with programs, reducing gc’zf/icta Ijic’zf/icta
[44] walking (self- trackiny limited well-suited for fatigue, ‘o dch’ red Ce}é{
program monitoring) 8 physical tracking especially for fati f M
activity walking patients atigue atigue.
experience, activity. undergoing
low-cost. chemotherapy.
Easy to use for . Increz?sed
High tracking W(:zll—sulte.zd for physlcal
. adherence, physical mereasing activity and
mHealth app DHI 1.2— Physical feasible for activi physical improved
S16 (Smart Client-targeted activity, . ity activity Tracks PA, quality of
. . remote intensity and . . .
[45] Aftercare (self- intensity o -7 intensity and HRQoL life,
. ) monitoring of providing ’ :
app) monitoring) tracking oxercise roal-ime tracking especially
capacity feedback for quality of life exercise
ationts improvements. capacity im-
P ’ provements.
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Table 2. Cont.

Appropri-
ID. Tecrlllwnology C‘llzggiggsn Functionality Feasibility Usability ateness/ Objective Fir:f;i s
M Suitability 8
Usable for .
. - Moderate im-
Feasible, patients
Pedometer thoush fatigue needing Suitable for };:10;’}%2??:
(ONWALK .DHI L2— Walking + poses remote encouraging Imprc_)ves activity and
S17 Client-targeted challenges to physical . physical .
100) + Tele- weekly SMS . physical . QoL; fatigue
[46] (self- . adherence. activity 2 . activity and L
health o reminders ; . activity during limited
monitoring) Technologi- guidance, but QoL
platform cally accessible fatigue chemotherapy adherence to
and affordable. reduced . the .
engagement intervention.
High
adherence,
Pedometer- High dalystep  maintaning ments
based DHI 1.2— Physical adherence, ary step amtaiing ents
- . . - tracking, physical Improves daily steps
S18 walking Client-targeted activity practical for . A e
. . . accessible for activity and QoL, track and specific
[47] program (self- tracking via tracking . . . .
o . home-based improving daily steps symptoms in
(SILVA ex monitoring) pedometer walking-based . .
connect) interventions implementa- QoL during breast and
tion chemotherapy colorectal
cancer
patients.
Feasible with Suitable for Significant
high . enhancing Enhances improve-
Pedometer- DHI 1.2— . Simple and . . .
519 based Client-targeted Physical adherence, easy to use for physical physical ments in
X activit accessible and R . activity and activity, physical
) Y Y Y Yy
[48] walking (self . tracking daily . . . .
rooram monitoring) tracking low-cost, stens quality of life improves activity and
progra & suitable for ps: during QoL quality of
home use. chemotherapy. life.
S.ignificant
improve-
Usable and Suitable for ments in
practical for improving physical
Pedometer Multimodal Feasible for comPrehen- physical Imprqves function,
(Omron DHI 1.2— e . sive . physical
S20 Walkin Client-targeted rehabilita- leukemia rehabilitation, function, function QoL, and
[49] Stvle Pro% + (sel fjg tion (aerobic, patients during includin ! reducing QoL, an ci reduction in
Myltim dal monitoring) strength, consolidation hvsi lg fatigue, and . d, fatigue and
intlé rver?tioan onitoring nutrition) chemotherapy ac}:iv}i’ts Csn d supporting faetiuiz anxiety.
di tyr QoL during & Emotional
etary chemotherapy well-being
support was also
improved.
Feasible, Well-suited for
accessible with reducing .
Activity DHI 1.2— . affordable Easy to use for sedentary Monitors Incree}sed
. Physical monitoring . and physical
521 tracker- Client-targeted . technology, . : behavior and . .
activity and increasing ) . increases activity and
[50] based PA (self- . adherence . improving -
ooram monitoring) tracking ries based on physical tivity level physical reduced
progra onttoring va ;Satii?:t © activity. ac Zuz,in?gve s activity sitting time.
motivation. chemotherapy.
Feasible for
real-time Easy to use for Suitable for Improved
intensity tracking romotin ﬁ) sical
DHI 1.2— Physical tracking, activity n?oderate—tgo— Tracks PA ac}’ziv}i]t and
SenseWear . ) A accessible for intensity, . . 4 vity an
522 Client-targeted activity, . o vigorous provides quality of life
accelerome- . . most patients, providing .
[51] ter (self- intensity though useful physical feedback on through
monitoring) tracking tech & 1 feedback activity and intensity activity
‘e icir;lrlrf:nts eeh ;ccalon improving tracking and
d Phy quality of life. feedback.

may challenge
some users.

activity levels.
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Table 2. Cont.

Appropri-
ID. Technology WHQ D}.H Functionality Feasibility Usability ateness/ Objective . Kgy
Type Classification PO Findings
Suitability
Feasible, with
high adherence
to Simple and
walking-based easy to use, Well-suited for Reduced
Walking DHI 1.2— Physical programs. highly usable tracking steps Tracks st P t'e uce d
523 program Client-targeted vt Low-cost and for tracking and racks steps, ahgue an
50 ‘th 16 activity bl . S monitors improved
[52] wit] (se trackin accessible, daily steps and monitoring fati lity of
pedometer monitoring) 8 making it improving fatigue during atigue qu?; yo
practical for physical chemotherapy. e
patients activity.
undergoing
chemotherapy.
Feasible with
good Easy to use for Well-suited for ImProveq
adherence, tracking quality of life
DHI 1.2— Sedent accessible, sedentary advanct(?d " Track and reduced
524 activPAL ac-  Client-targeted eccentary though behavior and cancer patients Jacks sedentary
behavior L needing to sedentary c
[53] celerometer (self- ki adherence may motivating . behavior in
monitoring) tracking vary for patients to reduce behavior advanced
) . . sedentar
patients with increase ary cancer
advanced movement. behavior. patients.
cancers.
Feasible with Suitable for
Misfit Shine good improvin, Improved
activit adherence, k}: sicalg IF ical
trackei] DHI 1.2— Physical affordable, and Easy to use, acliivy nd Monitors Iz };sma d
S25 (eHealth Client-targeted ac’zvit accessible for highly usable i 1ty ?1. P daily ac llvtl y ?111 P
[54] interven- (self- trackiny daily use; for monitoring quadléi’ir(: e physical qua tlhy do .11 ¢
. monitoring) & effective for daily activity. 8 activity with dally
tions + wear- . chemotherapy activit
. tracking y
able devices) hvsical or cancer tracking.
physt treatment.
activity.
Feasible with
high Easy to use for Reduced
Moderate-to- adherence, real-time Well-suited for fati
DHI 1.2— . accessible for hysical romotin ratigue,
vigorous L p & increased
526 SenseWear Client-targeted hvsical tracking activity MVPA and Tracks derate-t
[55] Armband (self- physt MVPA, monitoring, reducing MVPA moderate-to-
o activity . vigorous
monitoring) trackin affordable, and providing cancer-related hvsical
& practical for motivational fatigue. P E.’Sl.ia
cancer feedback. activity:
rehabilitation.
Feasible with Suitable for High
a d}?(f;lce Easy to use for encouraging adherence,
Pedometer- DHI 1.2— . low-cost, and promoting physlcal .bu.t no
. Physical - adherence to activity and Encourages significant
527 based Client-targeted . practical for . . .
[56] walkin (self- activity increasin walking adherence to adherence to  difference in
o ral(i monitoring) promotion h sicalg programs rehabilitation PA program physical
prog & paczlivit during cancer programs activity
throu }}’1 treatment. during between
walki ri;g chemotherapy. groups.
Feasible with Increased
good outdoor
. adherence, Ugable and Well-suited for activity,
Walking- DHI 1.2— ractical for simple to ) - . 4
based . : Outdoor practica’ fo implement for 1mproving mprovec
528 outdoor Client-targeted activit promoting increasin quality of life Improves quality of life
[57] activity (self- trackin}ig outdoor out doorg in patients QoL in patients
(Pedometer) monitoring) activity, physical with advanced with NSCLC
requires activity. cancer. and
patient ’ pancreatic
motivation. cancer.
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Table 2. Cont.

Appropri-
ID. Tecrlllwnology WHQ D}.H Functionality Feasibility Usability ateness/ Objective . Kgy
ype Classification PO Findings
Suitability
Feasﬁ)ilgehwﬁh Suitable for a d}I1{e lfeice
.. Easy to use for increasing . !
ActiGraph .DHI 12— Ac’t.1v1ty adhe.rence, personalized MVPA through Monitors increased
529 Client-targeted ~ tracking for practical for . . . MVPA
accelerome- . . physical personalized activity
[58] (self- personalized personalized . ; . through
ter . . activity interventions levels )
monitoring) PA physical . . personalized
. tracking. in cancer
activity atients PA
interventions. intervention.
. ; p . . .
Feasible for
patients with
access to Well-suited for sz(égieed
Interactive gaming Highly usable reducing im rove,d
Kinect-based DHI 1.1— e systems, high for interactive fatigue and P .
S30 e . rehabilita- e . - Improves quality of life
59] rehabilita- Client-targeted tion. fatieue engagement, rehabilitation, improving QoL through
tion (therapy) ro c{uctign though some engaging for quality of life interaci;ive
patients may patients. during cancer rehabilita-
find cost or treatment. tion
accessibility a on-
barrier.
Feasible for
shoulder Suitable for
. mobility Usable for m;\prolvmg Rhedulced
Shoulder improvement, patients shoulder Improves shoulder
Kinect-based DHI1.1— i1 though cost . mobility, shoulder disability, no
S31 exercise Client-targeted mobility, and access to needing though not as mobility, significant
[60] exercise . rehabilitation . ! .
program (therapy) thera gaming of shoulder effective for reduces changes in
Py technology mobilit muscle disability muscle
may limit ¥ strength strength.
feasibility for improvement.
some patients.
Feasible for
patients with s
access to Usable and Suitable for M;;lr;’glcr;?d
gaming engaging, maintaining L
Wii Fit-based Physical systems, though physical Milr:i;?;s p?goir;lj:;e’
s3 exercise DHI 1.1— o };m 0 moderate adherence performance ff Zm n nx? tv and
[61] program Client-targeted pes (;hola:) Ci'_e’ adherence, varies based on and Pimo rojesce’ a::le ers?on
(exergaming (therapy) P ly gr t practical for patient supporting mp ntal P in
and VR) calsuppo psychological condition and mental health he lt; hematologi
support and technological during ea n?;rllia r?a(r)1gclc
physical access. chemotherapy. tg t Y
performance patients.
maintenance.

WHO DHI: World Health Organization Digital Health Intervention; PA: physical activity; MVPA: moderate-to-
vigorous physical activity; QoL: quality of life; SMWT: Six-Minute Walk Test; BMI: Body Mass Index; HRQoL:
health-related quality of life; NSCLC: non-small cell lung cancer.

3. Results

A total of 624 articles were retrieved from the initial search across various databases.

After removing duplicates, 572 articles remained for the initial screening based on title and
abstract. Forty-five articles were selected for full-text review, including those identified
through backward citation searching. Ultimately, 32 studies met the inclusion criteria for
analysis (Figure 1) [28].

A detailed summary of the included studies, including information on the authors,

year and country of publication, study design, objective, population characteristics, tech-
nology type, objectives, interventions, measurement tools, and outcomes, is presented in
Table 1.
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{ Identification of studies via datab and regi ] [ Identification of studies via other methods
—
Records identified from:
& Registers (n = 624)
3 Scopus (n=187); Records removed before . " |
g Medline (n=59); | screening*: Recgirt(;?i::]e:g?ﬁlfg‘if:‘or?h =31)
= PUBMed (n=24); i Duplicate records removed etc g (n=
5 CINAHL(n=182); (n=52) 4
= SPORTDiscuss (n=82);
Cochrane (n=90)
I
Records screened »| Records excluded*
(n=572 (n=527)
Reports sought for retrieval 5| Reports not retrieved Reports sought for retrieval | Reports not retrieved
= (n=45) 7l (n=3) (n=31) 1 (n=0)
g
: I l
(2
e e i A Reports excluded:
Reports assessed for eligibili Reports excluded: Reports assessed for eligibili ;
n =p 42 gibility > Not during chemotherapy (n 4 531 gibility > Not during chemotherapy (n
! i =14) el =7)
Non- Physical Rehabilitation Non- Physical Rehabilitation
program (n = 11) program (n =2)
Study on non-technological
(n=1)
) Scoping Review (n = 1)
v Systematic Review (n=5)
3 Studies included in review
3 (n=32)
o
=
-

*Duplicates were flagged by Rayyan® (Al-based systematic review tool) and manually verified for accuracy.

Figure 1. Article identification and inclusion process—PRISMA diagram flow (2020).

3.1. Characteristics of the Included Studies

Although there was no time limit set, the included studies span from 2013 to
2024 [27-58], with the majority published between 2018 and 2024 (S01, S03, S04, S05,
S08, S09, S10, S11, S12, S13, S14, S16, S21, S22, S23, S26, S27, S29, and S31). The studies were
conducted in various countries, highlighting the global interest in technological interven-
tions for cancer rehabilitation. The most represented countries are the USA (S01, S09, S12,
513, 515, 519, and S29), Canada (S08, S10, S11, S24, and S27), and Germany (504, S07, S12,
and S17), with additional studies from every part of the globe (Brazil, Republic of Korea,
China, Australia, Japan, France, Denmark, Sweden, Norway, and Turkey).

The study designs varied, with randomized controlled trials (RCTs) being the most
common, used in nine studies (S04, S06, S09, S18, S19, S20, S22, S27, S31). This was
followed by single-arm interventional studies, featured in eight studies (501, S03, S09,
S10, S12, S23, S29, S32). Pilot studies were conducted in five studies (S05, S08, S09, S10,
517), while feasibility studies appeared in four studies (S08, S11, S21, S32). Additionally,
non-randomized controlled trials were used in two studies (523, S30), and qualitative
studies were included in two studies (S13, S14). The review also included one case report
(507) and two longitudinal observational studies (S15, 524).

The studies included in this review encompassed a diverse range of cancer patients,
with populations varying in size, cancer type, and treatment phase. Most studies focused
on patients undergoing chemotherapy at various stages of their treatment. A significant
number of studies specifically targeted patients actively undergoing chemotherapy, includ-
ing S01, S02, S04, S06, S08, S10, S11, 513, S15, 517, S18, and S19. Other studies included
patients receiving multiple treatments, such as chemotherapy combined with other modali-
ties (S03, S05, S07, S09, S12, S16, S20, S21, S23, and S32). A few studies focused on other
treatment phases, such as cancer survivorship (514, 524, S25). Sample sizes varied across
the studies. The smallest study involved a single patient (507), while the largest primary
study included 112 participants (525). Common cancer types were well-represented, in-
cluding breast cancer (S01, S04, S05, S06, S12, S15, S18, S19, S21, S23, S27), colorectal cancer
(502, S09, S14, S23), lung cancer (503, S08, S10, S13, S16, S22), multiple myeloma (S11, S13),
and hematologic malignancies (S20, S32).
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3.2. Characteristics of Technological Resources

Each technology in the reviewed studies was carefully implemented to address spe-
cific rehabilitation goals, including the promotion of physical activity, improvement of
mental health, reduction in fatigue, and enhancement of quality of life for cancer patients
during and after chemotherapy. The wide array of technological resources used in these
interventions, such as wearable devices, mHealth applications, telerehabilitation platforms,
VR, and AVGs, reflects the diverse approaches to supporting cancer rehabilitation. These
resources can be systematically classified using the WHO Digital Health Intervention (DHI)
v1.0 framework [29], which organizes interventions based on the target group—clients (e.g.,
self-monitoring and coaching), healthcare providers, or health systems. The majority of the
interventions targeted clients, focusing on promoting physical activity, monitoring health
parameters, and managing symptoms (DHI 1.1-1.4), as outlined in Table 1 [29].

Wearable devices emerged as one of the most widely used tools, particularly for
monitoring physical activity, vital signs, and sleep patterns. According to the WHO DHI
classification, these devices fall under DHI 1.2: Client-targeted monitoring interventions
(502, S07, S09, S15, S17-524, S26-529) [26]. For example, wearables like Fitbit (S09, S15)
were commonly used to track steps and physical activity, while accelerometers such as the
SenseWear (522, 526) and ActiGraph (S29) provided continuous monitoring of physical
activity and physiological metrics like heart rate and step count. Additionally, sports
watches like the Polar V800 (S07) played a role in tracking exercise intensity during high-
intensity training programes.

In conjunction with wearables, mHealth applications (apps) were frequently deployed
to offer additional functionalities such as feedback, progress monitoring, and tailored
rehabilitation programs. In studies like S02, S03, S04, S12, 513, and 516, these applica-
tions facilitated physical activity tracking and often included components such as dietary
guidance, symptom management, and mental health support. These mHealth apps are
categorized under DHI 1.1: Client-targeted digital interventions [29]. Notable examples
include the PINK! app (504, S12), which supported physical activity and provided nu-
tritional and mental health guidance. Similarly, apps like GO-EXCAP (513) and other
smartphone-based applications (S16) facilitated exercise capacity tracking while offering
psychological support to patients.

In addition to wearables and mobile apps, digital platforms (501, S06, S08, S10, S11,
S14, S25) enabled patients to participate in home-based rehabilitation programs, with real-
time supervision and monitoring of physical exercises. These platforms, classified under
DHI 1.4: Client-targeted support for rehabilitation and management, allowed healthcare
providers to engage with patients remotely, offering interactive components that enhanced
patient engagement and adherence to their rehabilitation programs [29].

Technologies also extended beyond monitoring and feedback into immersive envi-
ronments such as VR-based interventions (S03, S32), which fall under DHI 1.4 [29]. These
VR-based tools combined physical therapy with psychological support to improve both
physical and mental well-being during cancer treatment.

AVGs were another innovative approach used in studies such as S05, S30, S31 and
S32. Through exergames like Xbox Kinect and Nintendo Wii, patients engaged in gamified
exercise programs aimed at improving endurance, strength, and functionality. These
interventions are categorized under DHI 1.3: Client-targeted digital health education and
training [29].

Furthermore, web-based platforms like the e-CuidateChemo platform (S08) and the
Exercise Planning and Tracking (EPT) tool (S01) provided structured exercise programs for
patients at home, mitigating physical decline associated with chemotherapy. These systems
are classified as DHI 1.1: Client-targeted digital interventions for self-management [29],
emphasizing their role in empowering patients to take control of their rehabilitation.

In summary, most of the studies (1 = 13) focused on client-targeted interventions (DHI
1.0), with the primary goal of promoting physical activity, monitoring symptoms, and
managing rehabilitation remotely [29]. Table 2 provides a comprehensive overview of the
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technological resources used in these studies, their WHO DHI classifications, functionalities,
and key findings.

3.3. Technological Functionalities

The technological resources employed across the studies served a wide range of func-
tionalities, categorized according to the WHO’s DHI v1.0 classification [29]. A graphical
representation of the technological resources and their functionalities is provided in Fig-
ure 2, illustrating the distribution of technologies across different categories, including
physical activity tracking, exercise programs, symptom management, and mental health
support.

TECHNOLOGICAL RESOURCE AND FUNCTIONALITY

Active Video Games (AVGs)
Virtual Reality (VR)
Wearable Devices

e E

Digital Health Platforms (Web-based Apps & Telerehabilitation)

uMental Health Support = Symp 1 mExercise Programs  m PA Tracking
Figure 2. Distribution of technology types and functionalities.

A primary functionality observed was “client-targeted tools for self-monitoring” of
physical activity (DHI 1.2), predominantly using wearables. These devices, including
Fitbits, accelerometers, and pedometers, were widely used to monitor exercise intensity,
track steps, and assess physical activity levels across studies like S02, S03, S09, S11, 513, 516,
522,523,525, and S29. Increased adherence to physical activity guidelines was commonly
reported with these tools. For instance, the use of Fitbits in S09 was associated with
improved step counts and walking distance. Similarly, pedometers and activity trackers
in 521, 523, and S25 were linked to enhanced physical activity levels and reductions in
sedentary behavior.

Beyond monitoring, several technologies also supported structured exercise programs,
classified under “client-targeted therapy” (DHI 1.1). Mobile Health applications (e.g., S02,
S05) and telerehabilitation platforms (e.g., S08, S10, S13) allowed patients to engage in
structured exercise regimens incorporating both strength and aerobic training. Notably,
studies like S01, S06, S12, S18, S20, S30, and S31 demonstrated how web-based or interactive
rehabilitation tools contributed to improvements in physical function, endurance, and
muscle strength. Furthermore, exergaming technologies in studies such as 520, S30, and
S31 provided engaging, interactive exercises, enhancing upper extremity functionality and
shoulder mobility.

In addition to physical rehabilitation, several technological resources extended their
functionalities to include symptom management and mental health support. For example,
wearables in studies like S03 and 513 helped monitor symptoms such as fatigue and psy-
chological distress, enabling patients to manage both the physical and emotional impacts
of their treatment. Similarly, VR-based interventions (e.g., S03, S30) contributed not only
to physical rehabilitation but also to the improvement of mental health outcomes, reduc-
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ing anxiety and depression. The PINK! app (e.g., S04, S12) effectively supported mental
well-being by reducing psychological distress and fatigue in breast cancer patients.

4. Discussion

This scoping review highlights the potential of technological tools to enhance physi-
cal rehabilitation in cancer patients undergoing chemotherapy. The 32 studies analyzed
employed a variety of technologies, including wearable devices, mHealth apps, digital
platforms (web-based apps and telerehabilitation), VR, and exergaming systems, with a
predominant focus on client-targeted functionalities. These tools were found to address
critical rehabilitation needs, such as improving adherence to physical activity protocols,
enhancing functional capacity, and managing chemotherapy-related side effects.

Wearable devices, such as Fitbits and accelerometers (such as SenseWear, ActiGraph
and sports watches), emerged as the most frequently used technology [31,38,44,45]. Pri-
marily serving as self-monitoring tools (DHI 1.2), wearables tracked metrics like steps,
heart rate, and sleep patterns. Real-time feedback provided by these devices was shown
to improve adherence to physical activity guidelines. For instance, a study in 2022 [38]
demonstrated that using Fitbit increased step count and walking distance in colorectal
cancer patients during chemotherapy. Similarly, research conducted in 2019 [45] showed
the effectiveness of SenseWear in tracking physical performance among advanced lung
cancer patients. The feasibility and usability of wearables were consistently high across
studies, with patients successfully integrating these tools into their daily lives. A 2017
study [44] found that the Fitbit Zip effectively supported real-time feedback on physical
activity, helping patients meet recommended activity levels during breast cancer treatment.
Patients showed strong adherence to wearable devices, finding them easy to use even dur-
ing demanding chemotherapy cycles, as demonstrated in studies [31,44]. These wearables,
particularly Fitbit and accelerometers, proved effective in promoting adherence to physical
activity, which is essential for maintaining functionality during chemotherapy.

Similarly, mHealth applications and telerehabilitation platforms also demonstrated
high usability. Platforms such as eChez-Soi and GO-EXCAP provided real-time feedback
and personalized interventions, which patients found intuitive and motivating [37,42].
These tools helped sustain engagement and adherence, particularly when real-time feed-
back was incorporated into their functionality. However, advanced technologies like VR
presented challenges, as access to devices and technological literacy posed barriers for
some patients, as noted in studies [32,61].

The technologies evaluated in this review were largely suitable for cancer rehabilita-
tion. Wearable devices were particularly effective in tracking physical activity, a critical
component of rehabilitation during chemotherapy [31,44]. Telerehabilitation platforms
provided a valuable solution for patients with limited mobility or those living far from
treatment centers, as highlighted in studies [37,39]. These platforms enabled remote su-
pervision and interaction with healthcare providers, allowing patients to participate in
structured exercise programs from home. However, more complex technologies, such as
VR and exergaming, proved more beneficial for younger or tech-savvy patients who were
more familiar with gaming systems, as seen in studies [46,60].

Mobile health applications were widely used across studies to support structured
exercise programs and symptom management. For instance, the PINK! app was particularly
effective in reducing psychological distress and fatigue among breast cancer patients,
while GO-EXCAP provided tailored, home-based exercise programs that promoted patient
autonomy [41,42]. These applications, categorized as client-targeted interventions for self-
management (DHI 1.1), addressed areas such as physical activity, nutrition, and mental
health coaching, with high feasibility and engagement, even when patients experienced
treatment-related fatigue [42].

Telerehabilitation platforms and web-based applications, as demonstrated in studies
such as [36,37], enabled patients to receive remote supervision for their rehabilitation
exercises. These platforms, classified under remote care interventions (DHI 1.1), allowed
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for real-time monitoring and provided feedback, which improved functional capacity and
endurance. For example, the eChez-Soi platform [37] achieved high patient satisfaction
and notable functional improvements, particularly among lung cancer patients who found
it difficult to attend in-person rehabilitation sessions [39].

Virtual reality and exergaming systems were explored in four studies [32,46], offering
a more interactive and engaging approach to rehabilitation. Virtual reality was shown
to improve body composition and reduce fatigue, as demonstrated in one study [32],
while exergaming systems (e.g., Xbox Kinect) used in [46] engaged patients in gamified
exercises to enhance muscle function and increase physical activity levels. Although these
technologies provided high levels of engagement, their adoption was limited by patient
access and familiarity with the devices.

Across the studies, the feasibility of these technologies was consistently rated as high.
Wearables like Fitbits and accelerometers demonstrated strong usability and adherence,
while telerehabilitation platforms provided an accessible and flexible alternative to in-
person rehabilitation. However, advanced technologies like VR faced challenges related to
technological literacy and access, limiting their widespread adoption.

The findings of this scoping review align with previous studies that underscore the
increasing role of digital health interventions in cancer rehabilitation. Wearable devices
and mHealth applications, such as those used to monitor physical activity and manage
symptoms, have demonstrated significant potential in improving patient adherence to
rehabilitation protocols [17,18]. These technologies not only offer real-time feedback but
also facilitate self-management, resulting in improved patient outcomes and satisfaction.
However, the integration of more advanced technologies like VR poses challenges, includ-
ing technological literacy and access [19]. Despite these barriers, VR has been effective in
reducing symptoms such as anxiety, pain, and fatigue, emphasizing its potential in cancer
rehabilitation. Furthermore, a study [62] has highlighted the importance of balancing the
benefits of exercise programs with the potential risks, especially for patients undergoing
systemic treatments. Addressing barriers and facilitators, as identified in another study [63],
is crucial for ensuring broader adoption and success of digital health tools in oncology care.

Challenges and Limitations

This scoping review identified several challenges when analyzing technological re-
sources for physical rehabilitation in cancer patients undergoing chemotherapy. A sig-
nificant challenge was the diversity of technologies across the 32 included studies. In-
terventions ranged from simple wearables like pedometers and accelerometers [31,44,47]
to advanced systems like VR and exergaming [32,59], as well as telerehabilitation plat-
forms [37,39]. This diversity made it challenging to categorize and analyze the technologies
due to differences in technological complexity and functionality. The technologies were
classified using the WHO DHI framework to streamline the analysis.

Another challenge was the inconsistency in study designs, outcomes, and reporting.
Some studies were large-scale trials [39,42], while others were smaller pilot studies or
case reports [36,38], making direct comparisons difficult. Moreover, few studies provided
detailed long-term adherence data, limiting insights into the sustainability of interventions.
Although some studies [31,44] reported high adherence to wearables and mHealth apps,
the lack of longitudinal data restricted a comprehensive understanding of their long-
term impact.

Access to technology and digital literacy were also significant barriers. Advanced in-
terventions, such as VR and telerehabilitation [32,46], posed challenges for older patients or
those with limited technological experience. Additionally, telerehabilitation platforms [37]
required reliable internet access, which was not always available for patients in rural or
low-resource settings, further contributing to disparities in access.

Moreover, there was a lack of personalized interventions. Most technologies followed
a standardized approach, which may not have addressed the individual needs of cancer
patients. Only a few studies [38] offered tailored interventions based on patient prefer-
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ences or abilities, and this lack of customization may have impacted patient engagement
and outcomes.

Finally, limited evidence exists on the cost-effectiveness of these technological in-
terventions. While the studies demonstrated the feasibility and usability of wearables
and mHealth apps [33,41], none provided a comprehensive cost analysis. This absence of
cost-effectiveness data raises concerns about the scalability and equitable application of
these interventions in broader clinical practice.

5. Conclusions

This scoping review mapped various technological resources used for physical reha-
bilitation in cancer patients undergoing chemotherapy, including wearables, mobile-based
applications, telerehabilitation, web-based platforms, virtual reality, and exergames. These
technologies may have the potential to improve physical function, manage symptoms,
and enhance quality of life. However, despite the positive outcomes in the short term,
their long-term effectiveness remains uncertain and requires further validation through
clinical trials. The diversity of tools such as mHealth apps (e.g., the PINK! app) and wear-
ables like Fitbit illustrates the broad range of options available for cancer rehabilitation,
though personalization and sustained engagement are areas that need enhancement. A
key challenge identified was patient adherence, particularly due to factors such as fatigue
and low motivation, which are common in patients undergoing chemotherapy. However,
technologies that provided real-time feedback, such as wearables and specific mHealth
apps, showed promise in improving engagement with rehabilitation programs. Future
research should prioritize the development of more personalized interventions tailored to
patients” individual needs and preferences, which can improve adherence and optimize
rehabilitation outcomes.

Additionally, evaluating the cost-effectiveness and accessibility of these technologies is
crucial, especially for underserved and low-resource populations. Overcoming barriers to
access, including digital exclusion, is essential to ensure that these technological resources
are equitably available to all cancer patients, thus maximizing their rehabilitation potential.
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Appendix A

Table A1. Research strategies according to the database.

Database Research Strategy

((MH “Neoplasms”) OR (“Cancer patients”) OR (MH “Cancer Survivors”) OR (MH
“Chemotherapy, Adjuvant”) OR (MH “Antineoplastic Agents”) OR (“Chemotherapy”)) AND
((MH “Technology”) OR (MH “Health Resources”) OR (MH “Digital Technology”) OR (MH
“Biomedical Technology”) OR (MH “Digital Health”) OR (MH “Wearable Electronic Devices”) OR
(“technological resources”)) AND ((MH “Rehabilitation”) OR (MH “Physical Therapists”) OR
(MH “Rehabilitation Nursing”) OR (MH “Physical and Rehabilitation Medicine”) OR (“physical
rehabilitation”) OR (MH “Physical Education and Training”) OR (MH “Exercise”) OR (MH
“Telerehabilitation”) OR (MH “Exercise Therapy”) OR (“Exercise”)))

Medline

166



Cancers 2024, 16, 3949

Table A1. Cont.

Database Research Strategy

(((MM “Cancer Patients”) OR (MH “Antineoplastic Agents”) OR (MH “Chemotherapy, Cancer”)
OR (MH “Chemotherapy, Adjuvant”) OR (“Cancer patients”) OR (“Cancer Survivors”) OR
(“Chemotherapy”)) AND ((MH “Health Resource Utilization”) OR (MH “Assistive Technology
Services”) OR (MH “Telerehabilitation”) OR (MH “Digital Technology”) OR (“Technology”) OR
(“Health Resources”) OR (“Digital Technology”) OR (“Biomedical Technology”) OR (“Digital
Health”) OR (“Wearable Electronic Devices”) OR (“technological resources”) OR (“eHealth”))
AND ((MH “Rehabilitation”) OR (MH “Rehabilitation, Cancer”) OR (MH “Therapeutic Exercise”)
OR (MH “Aerobic Exercises”) OR (MH “Muscle Strengthening”) OR (MH “Physical and
Rehabilitation Medicine”) OR (MM “Exercise Therapy”) OR (“Physical Therapists”) OR
(“Rehabilitation Nursing”) OR (“Physical and Rehabilitation Medicine”) OR (“Physical
Rehabilitation”) OR (“Physical Education and Training”) OR (“Exercise”) OR
(“Telerehabilitation”) OR (“Exercise Therapy”)))

CINAHL

(((DE “CANCER chemotherapy”) OR (DE “CANCER patients”) OR (“Cancer patients”) OR
(“Chemotherapy”)) AND ((DE “SPORTS & technology”) OR (“Digital Health”) OR
(“Technological Resources”) OR (“Technology”) OR (“Health Resources”) OR (“Digital
Technology”) OR (“Biomedical Technology”) OR (“Wearable Electronic Devices”)) AND ((DE
“PHYSICAL therapy”) OR (DE “EXERCISE”) OR (DE “EXERCISE therapy”) OR
(“Rehabilitation”) OR (“Physical Therapists”) OR (“Rehabilitation Nursing”) OR (“Physical and
Rehabilitation Medicine”) OR (“physical rehabilitation”) OR (“Physical Education and Training”)
OR (“Exercise”) OR (“Telerehabilitation”) OR (“Exercise Therapy”)))

Sport Discus

(TITLE-ABS-KEY ((“Chemotherapy Cancer”) OR (“Chemotherapy”) OR (“Antineoplastic

Agents”)) AND TITLE-ABS-KEY ((“Technology”) OR (“Health Resources”) OR (“Digital
Scopus Technology”) OR (“Biomedical Technology”) OR (“Digital Health”) OR (“Wearable Electronic
Devices”) OR (“technological resources”)) AND TITLE-ABS-KEY ((“Exercise”) OR (“Exercise
Therapy”) OR (“Rehabilitation”) OR (“physical rehabilitation”) OR (“Rehabilitation Cancer”)))

((IMH “Neoplasms”) OR (“Cancer patients”) OR (MH “Cancer Survivors”) OR (MH
“Chemotherapy, Adjuvant”) OR (MH “Antineoplastic Agents”) OR (“Chemotherapy”)) AND
((MH “Technology”) OR (MH “Health Resources”) OR (MH “Digital Technology”) OR (MH
“Biomedical Technology”) OR (MH “Digital Health”) OR (MH “Wearable Electronic Devices”) OR

Cochrane (“technological resources”)) AND ((MH “Rehabilitation”) OR (MH “Physical Therapists”) OR
(MH “Rehabilitation Nursing”) OR (MH “Physical and Rehabilitation Medicine”) OR (“physical
rehabilitation”) OR (MH “Physical Education and Training”) OR (MH “Exercise”) OR (MH
“Telerehabilitation”) OR (MH “Exercise Therapy”) OR (“Exercise”)))
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Simple Summary: Breast cancer is a leading cause of death among women worldwide, but
survival rates vary significantly depending on race and socioeconomic status. Women from
lower-income backgrounds and minority populations often face barriers to early diagnosis
and timely treatment, leading to worse clinical outcomes. This study examines racial
and socioeconomic disparities in breast cancer mortality and survival, aiming to quantify
the impact of these factors through a systematic review and meta-analysis. By analyzing
data from multiple studies, we assess how access to healthcare, screening programs, and
treatment availability influence survival rates. Our findings highlight the urgent need
for policies that improve access to early detection and equitable treatment, particularly
for underserved communities. Understanding these disparities can help guide healthcare
interventions and research efforts to reduce inequalities in breast cancer outcomes and
improve survival rates for vulnerable populations.

Abstract: Background/Objectives: Breast cancer is one of the leading causes of female
mortality worldwide, but significant racial and socioeconomic disparities persist in disease
outcomes. This review aimed to analyze racial and socioeconomic inequalities in mortality
and survival from breast cancer, identifying the impact of social risk factors on access to
diagnosis and treatment. Methods: A systematic literature review and meta-analysis was
performed following PRISMA guidelines. Eighteen studies published between 2014 and
2024 were included, with 11 contributing to the meta-analysis. Random-effect models
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were used to assess correlations between socioeconomic status, race, and clinical outcomes,
including heterogeneity and publication bias analyses. Results: The strongest associations
were observed between income, race, and breast cancer survival, with survival significantly
worse among Black women and low-income populations (p < 0.001). Income also showed a
strong positive correlation with clinical outcomes. In contrast, the overall effect on mortality
was not statistically significant (p = 0.290), likely due to high heterogeneity across studies
(I = 100%). These findings suggest that structural disparities in access to healthcare and
early detection substantially affect survival rates. Conclusions: Racial and socioeconomic
disparities in breast cancer outcomes remain critical public health challenges. Targeted
policies to expand early diagnosis and ensure equitable access to effective treatment are
essential to reduce these disparities and improve survival in underserved populations.

Keywords: socioeconomic disparity; culture-specific cancer outcomes; breast cancer

1. Introduction

With over 2.3 million new cases registered in 2022 [1] breast cancer is the most diag-
nosed cancer worldwide, 99% of which occur in women [2,3]. The World Health Organi-
zation (WHO) stated that breast cancer caused 670,000 deaths globally in 2022 [4]. Over
3 million cases and 1 million deaths from breast cancer are projected to occur yearly by
2040, which represents a global public health concern [2].

Several biological, environmental and social variables contribute to the development
and progression of breast cancer [5,6]. Genetic factors (specifically family history), un-
healthy lifestyle choices (e.g., diet, physical inactivity, smoking, drinking), environmental
hazards (e.g., ionizing radiation), and social and psychological issues contribute to its
prevalence [7,8]. Research has shown that hereditary factors and mutations account for
5-10% of breast cancer cases, while modifiable risk factors account for 20-30% [9].

Breast cancer mortality is intrinsically linked to racial and social inequities. Unfortu-
nately, there is a significant disparity in mortality rates between different ethnic and socioe-
conomic groups, which reflects a clear inequality in access to health care and treatment
outcomes. These racial inequities play a crucial role in breast cancer mortality. Studies have
shown that women belonging to minority ethnic groups, such as Afro-descendants, Hispan-
ics, and indigenous women have higher mortality rates compared to white women [10,11].
For example, in the United States, the five-year survival rate for non-Hispanic white women
is approximately 91%, compared to 82% for Black women and 83% for Native American
women [12]. Furthermore, Black women are 40% more likely to die from breast cancer
than white women, despite having lower incidence rates [13]. These disparities reflect
long-standing structural barriers in access to screening and timely treatment.

These inequalities can be attributed to a combination of factors, including differences in
access to health services, lower quality of care, lower adherence to treatment, and diagnosis
at more advanced stages of the disease. Women from low socioeconomic backgrounds,
with lower educational levels and incomes, are more likely to face challenges in accessing
health services and receive late diagnosis. These inequalities can be exacerbated by the
lack of adequate health insurance, lack of transportation, language barriers, and lower
awareness of the importance of early detection and regular follow-up [14].

Reducing disparities in breast cancer outcomes, early detection, and timely treatment
depends on making relevant services available to everyone. The programs for reaching the
underserved, however, must eliminate existing structural barriers, including but not limited
to distance, costs, and poor health information. Available data support that structural
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factors, i.e., access to education, employment, and the health system, are not equal and
have a significant effect on breast cancer outcomes, particularly in low- and middle-income
countries [15,16]. Results that have been contrasted in studies across regions depict the
ability of women in high-income countries to benefit from better coverage of screenings
and access to treatment on time, women in resource-constrained settings often present with
the disease at a later stage and few treatment options [16,17].

For instance, the WHO suggests that women in well-resourced areas who are 50 to
69 years old and at average risk for breast cancer undergo organized, population-based
mammography screening every two years [18]. When resources are scarce—as they often
are in low-resource areas where mammography screening is impractical or too expensive
—, attention should instead be directed towards early detection by ensuring that women
experiencing symptoms can get a proper diagnosis and treatment for their breast cancer as
soon as possible [2].

Researchers have shown the need for breast cancer studies that address variables such
as environmental and lifestyle factors; barriers preventing women from being diagnosed
and treated, such as cultural taboos, geographic location, socioeconomic issues, and more
effective methods of cancer prevention at the populational level, evaluating screening
methods and techniques that meet women’s needs. In a study carried out by Yedjou et al.
(2019), the authors report that racial and economic disparities persist, and one can identify
and reduce these disparities. Although several other studies have shown the importance
of knowing and verifying the impact of disparities on breast cancer mortality, to our
knowledge, no studies have systematically reviewed the scientific literature to identify
how these disparities affect the morbidity and mortality of women with breast cancer and,
therefore, how to develop interventions to improve quality of life [19].

A solid grasp of the global patterns and variability in disease burden is essential for
the success of these endeavors. Yedjou et al. (2019) highlighted that new strategies and
approaches are needed to promote prevention, improve survival rates, reduce breast cancer
mortality, and improve health outcomes. Understanding whether there is a relationship
between breast cancer mortality and socioeconomic and geographical location variables
is important to help build preventive strategies to reduce breast cancer mortality rates.
Therefore, the primary aims of this systematic literature review and meta-analysis were to
(a) summarize the findings of studies examining racial and socioeconomic inequalities in
mortality and survival from breast cancer, and (b) determine the magnitude of the overall
associations between breast cancer mortality and social risk factors on access to diagnosis
and treatment through a meta-analysis. This information may offer direction to women
aiming to mitigate their heightened risk of breast cancer.

2. Materials and Methods
2.1. Protocol and Registration

This study is a systematic review conducted according to the methodology of the
Joanna Briggs Institute (JBI) [20], recognized for its rigorous and practical approach to
reviews in the health area. The review was also conducted using the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) and PRISMA-NMA guide-
lines [21]. This review is registered in PROSPERO (International Prospective Register of
Systematic Reviews) under number CRD42024599149.

2.2. PICO(S) Criteria

The research design was structured based on the PICO(S) model, as follows: Pop-
ulation (P)—Women with breast cancer; Exposure/Indicator (I)—Analysis of mortality
associated with breast cancer; Comparison (C)—Racial and social disparities in mortality;
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Outcome (O)—Identification of risk factors and impacts of screening strategies; and Type
of Study (S)—Cross-sectional and longitudinal observational studies [22].

2.3. Search Strategy

In June 2024, a systematic literature search was conducted with the assistance of a
research librarian. The search was conducted in the scientific databases PubMed, Em-
base, Scopus, Web of Science, Science Direct, SciELO, Biblioteca Virtual em Satide (BVS),
Cochrane Library and LILACS. Grey literature was also explored to broaden the scope
of the results. The Medical Subject Heading (MeSH) terms “breast cancer”, “mortality”,
“social health disparity” and “screening” were combined with Boolean operators and the
search strategy was adapted to the specificities of each database. The search was conducted
independently by two researchers and validated by the main author (Table 1).

Table 1. Search Strategies Conducted in the Databases.

Database Search Strategy
PUBMED ((((breast cancer) AND (mortality)) AND (screening)) AND (social disparity))
AND (racial disparity)
EMBASE (mortality), (screening), (breast cancer), (social determinants of health),
(disparity)
Virtual Health Library (BVS) (breast cancer) AND (mortality) AND (screening) AND (social disparity)
y AND (racial disparity)
LILACS (breast cancer) AND (mortality) AND (screening) AND (social disparity)
AND (racial disparity)
WEB OF SCIENCE (breast cancer) AND (mortality) AND (screening) AND (social disparity)
AND (racial disparity)
(breast cancer) AND (mortality) AND (screening) AND (social disparity)
MEDLINE AND (racial disparity)
SCIENCEDIRECT (breast cancer) AND (mortality) AND (screening) AND (social disparity)
AND (racial disparity)
COCHRANE (breast cancer) AND (mortality) AND (screening) AND (disparities)
y g p

2.4. Eligibility Criteria

The target was cross-sectional and longitudinal population-based observational stud-
ies with random sampling, published between 2014 to 2024. The year 2014 marks the publi-
cation of the World Health Organization’s position paper on mammography screening [23],
which provided global guidance for breast cancer early detection strategies. Limiting the
inclusion of studies published after this milestone ensures that the findings reflect contem-
porary practices, technologies, and health policy environments. Only studies with adult
participants (>18 years) and published in English, Portuguese or Spanish were considered.
We included cross-sectional and longitudinal population-based studies because these ob-
servational designs are the most appropriate for investigating associations between social
determinants and cancer outcomes at a population level. Randomized trials on racial and
socioeconomic disparities are extremely limited, and other study designs (e.g., qualitative
or case studies) do not allow for generalizable, quantitative comparisons of mortality or
survival. Cross-sectional studies offered insight into prevalence and disparities, while
longitudinal studies allowed evaluation of trends over time and survival estimates.

Studies conducted in specific populations, such as pregnant women and indigenous
people, as well as systematic reviews, meta-analyses, dissertations, theses, technical reports,
editorials and qualitative studies, were excluded. This decision was made because Indige-
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nous populations often present unique sociocultural, geographic, and health system-related
characteristics that distinguish them significantly from the general population. Including
such studies in this meta-analysis could introduce substantial heterogeneity, as these groups
face specific barriers to healthcare access and have different health outcomes that require a
tailored analytical framework. Therefore, we opted to exclude them in order to preserve
methodological consistency and comparability across studies.

2.5. Study Selection

The study selection occurred in three stages. Initially, six researchers (Group 1)
screened the articles based on title and abstract. In case of disagreements, there was
a discussion among the members or a final decision was made by the project coordinator.
Subsequently, the selected articles were randomly distributed among the researchers for
full reading and data extraction. The final stage involved an independent review by three
experts (Group 2), who certified the final selection of studies.

2.6. Data Extraction and Analysis

The search results from each database were imported into Rayyan® software (https:
//www.rayyan.ai, accessed on 14 August 2024) [24], a web-based tool designed to assist
in the systematic review process, to streamline the review process. The extracted data
included title, first author, year of publication, language, study objective, methodological
design, collection site, sample size, mean age, socioeconomic variables and frequency of
mammographic screening by age group and race/color.

The meta-analysis was conducted using a random-effects model, weighting the effects
of each study by the inverse of its variance [25]. Heterogeneity was assessed using the
12 index and Cochran’s Q test, with values greater than 50% being considered indicative
of moderate to high heterogeneity. Sensitivity analyses were performed using the robust
Huber-White estimator and robust weighted variance meta-analysis. Statistical analyses
were conducted using RStudio software, version 4.3.0.

Although the included studies differed in design (cross-sectional vs. longitudinal), all
provided quantitative estimates of the association between sociodemographic variables
and breast cancer mortality or survival. Given the small number of eligible studies and
the use of a random-effects model, we chose to analyze the data jointly. Heterogeneity and
publication bias were thoroughly assessed to ensure the robustness of the findings.

2.7. Assessment of Methodological Quality and Risk of Bias

Two researchers using the JBI checklist for prevalence studies and Crombie’s criteria for
cross-sectional studies independently assessed the methodological quality of the studies.
Nine items were considered, including sample adequacy, a detailed description of the
setting and methodology, and measurement reliability. The risk of bias was analyzed
using a funnel plot and Egger’s test. The assessment table is provided as Supplementary
Materials (Table S1).

3. Results
3.1. General Presentation

The initial search identified 239 articles, of which 54 were duplicates. After screening
titles and abstracts, 38 articles were considered relevant for a full-text review. Of these,
16 articles were excluded because they did not meet the inclusion criteria. Therefore,
18 articles were included in the final sample and 11 participated in the meta-analysis
(Figure 1).
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Identification

Screening

Included

Identification of new studies via databases and registers

Identification of new studies via other methods

Records identied from: Records removed before screening: Records identified from:
Databases (n =9) Duplicate records (n = 54 Citai hing (n = 1
Registers (n = 239) plicate records (n = 54) jon searching (n = 12)
Records screened Records excluded
(n=185) (n = 149)
Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
(n=36) (n=2) (n=12) (n=0)
Reports excluded: :
Reports assessed for eligibility Paid articles (n = 4) Reports assessed for eligibility Soo';:n;ﬁ:m:‘t 10)
(n=34) Scooping Review (n = 4) n=0) Escape from the topic (n = 2)
Escape from the topic (n = 8)
New studies included in review

(n=18)

Figure 1. Flow diagram of the systematic review steps.

After analyzing the 18 studies selected for this systematic review, the data were
extracted and synthesized according to the research objectives. Regarding the geograph-
ical distribution of the studies, the majority (16) were carried out in the United States of
America (USA), using large national databases such as SEER and the National Cancer
Database [26—41]. Two studies were conducted in Brazil, investigating regional and socioe-
conomic inequalities in breast cancer outcomes [42,43]. No studies conducted exclusively
in Europe or Asia were identified, although some multicenter articles included diverse
populations [39,40].

Data for the studies were collected from the early 1990s to the late 2020s. Most reported
annual data, while others reported aggregate trends over a decade [29,35]. The studies were
cross-sectional analyses for retrospective cohorts and population-based registries based
on national health systems [37,38]. One study assessed racial disparities exclusively, and
the others assessed an interaction of differences in socioeconomic status, health insurance
coverage, and regional disparities in breast cancer outcomes [31].

Methodological approaches varied, with eight studies using large national databases
and others employing smaller-scale data from academic hospitals and regional health
systems. The studies uniformly observed large heterogeneity in breast cancer mortality
rates, diagnostic predictions, and treatment outcomes, highlighting the very complex
interplay of biological, socioeconomic, and systemic factors that drive disparities.

Overall, the results of these studies emphasized that there is an urgent need for tar-
geted public health and policy interventions to address the identified inequalities, especially
among racial minorities and low-income populations. Table 2 demonstrates the individual
characteristics of the studies included in the review.
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Table 2. General characteristics of the articles included in the review.

Citation (First Author

et al., Year) Country  Sample Number Brief Conclusion
Geographic disparities influence breast cancer
Anderson et al., 2023 USA 2.176 mortality, with access to treatment a
critical determinant.
Chen et al,, 2023 USA 415.077 Advanced dlagpostlc rnethods. reduce dlSp.arltleS, but
rural populations still face higher mortality rates.
Azin et al., 2023 USA 382,975 'Advanced' tumor staging highlights the .role of
socioeconomic status in breast cancer survival rates.
Fei Wang et al,, 2021 USA 78.708 Urban populat19ns hav.e better outcomes dgg to better
access to diagnostic and treatment facilities.
Guan et al., 2019 USA 5.622 D1spar1t1e§ in genetic screening c'ontrlbute to
differential outcomes in minority groups.
Nogueira et al., 2018 Brazil 481 Regional 1nequa.ht1es e?<acerbate d1spar1t1§s in breast
cancer diagnosis stage and mortality.
Hormone receptor status (ER+/PR+) significantly
Li Tao et al., 2016 USA 103.498 affects survival, particularly in low socioeconomic
status groups.
Late screening and late-stage diagnosis are associated
Boyko etal., 2024 UsA 07 with higher mortality, even in safety-net hospitals.
Eom et al., 2023 USA 2984 Targeted interventions in underserved regions reduce
late-stage diagnoses and mortality.
Late diagnosis and limited access to treatment are key
Babatunde et al., 2021 USA 3.286 factors leading to poor outcomes in
low-income settings.
. . 2.045 in Aracaju, Inequalities in access to treatment are important
Renna Junior et al., 2021 Brazil 7.872 in Curitiba  factors in breast cancer mortality in deprived regions.
Socioeconomic status has a strong impact on
Feinglass et al., 2015 USA 582.396 mortality, even after adjustment for stage and
clinical characteristics.
Sanderson et al., 2015 USA 64.384 Regoular mammograp hy r?duces mortality by up to
45%, but disparities persist among black women.
Iqbal et al., 2015 USA 373,563 Black women are less hke.ly to be diagnosed at stage I
and have higher mortality, even for small tumors.
Black women have higher hospital mortality and
Akinyemiju et al., 2016 USA 67.084 post-surgical complications compared to
white women.
ER+/PR+ breast cancer mortality is significantly
John et al., 2021 USA 10.366 higher in African American women due to
socioeconomic status and hospital-type.
Black women face higher hospital mortality and
Akinyemijua et al., 2015 USA 71.156 receive fewer mastectomies compared to
white women.
Racial/ethnic disparities in mortality after breast
Shariff-Marc et al., 2016 USA 9.372 cancer diagnosis highlight the influence of

socioeconomic status and race.
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3.2. Meta-Analysis

The data presented in Table 3 and Figure 2 indicate that mortality did not exhibit a
significant combined effect (p = 0.290, coefficient = —0.192), despite high heterogeneity
(I = 100%, p < 0.001), suggesting substantial variations across studies. These differences
may be influenced by factors such as regional disparities, healthcare policies, and popu-
lation characteristics. Additionally, Egger’s test (p = 0.003) suggests potential publication
bias, supported by the asymmetry in the funnel plot (Figure 2B).

Table 3. Meta-Analysis Results for Mortality, Survival, and Income.

Coefficient Standard CI 95% (Lower 2 o0 > Egger’s
Outcome (Estimate) Error z-Value p-Value Upper) I (%) T Test (p)
Mortality ~ —0.192 0.181 —1.059 0.29 —0.548 t0 0.163 100 195272 0.003
Survival 5.596 0.622 9.004 <0.001 4.377 to 6.815 98.604 0.032 0.006
Income 5.010 0,129 38.755 <0.001 4.757 to 5.263 84.708 0.001 <0.001
Tianhui Chen (2023) om 12.00 [11.98, 12.02) N
Arash Azin (2023) | 7.00 [6.98. 7.02] ?
Fei Wang (2021) | | -6.60 [-6.69, -6.51] .
Alice Guan (2019) | -14.10 [-14.42, -13.78] ”
Mario Cirio Nogueira (2018) - -25.50 [-26 45, -24.55] E &
Kirsten Y, Eom (2023) :; 4.20[3.92, 4.48] B
Oluwole A, Babatunde (2021) = | 11.90 [11.68, 12.12] s,
Maureen Sanderson (2015) ] 11.90 [11.85, 11.95) 2
Javaid lgbal (2015) 320[3.19, 3.21] o
Tomi F, Akinyemijua (2015) | | 25.90 [25.83, 25.97)
Salma Shariff-Marc (2016) 3.20(3.14, 3.26] 12 -

A
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Figure 2. The figure presents the meta-analysis results for mortality (A,B), survival (C,D), and income
(E,F). Forest plots (A,C,E) display the effect sizes and confidence intervals for each study, illustrating
variability in estimates across different populations. Funnel plots (B,D,F) assess publication bias,
where asymmetry suggests potential bias in mortality (B) and income (F), as confirmed by Egger’s
test. High heterogeneity is observed in all outcomes, indicating significant variations among studies,
which may be influenced by regional, socioeconomic, and methodological differences. Original figure
created by the authors based on data included in the present study:.
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In contrast, the survival analysis revealed a significant positive effect (p < 0.001, co-
efficient = 5.596, 95% CI: 4.377 to 6.815), with high heterogeneity (I? = 98.6%, p < 0.001).
Although the corresponding funnel plot (Figure 2D) appears relatively symmetrical, Eg-
ger’s test (p = 0.006) indicates mild publication bias. Similarly, income showed a significant
association with outcomes (p < 0.001, coefficient = 5.010, 95% CI: 4.757 to 5.263), with notable
heterogeneity (I> = 84.7%). The funnel plot (Figure 2F) suggests substantial asymmetry,
confirmed by Egger’s test (p < 0.001). These findings highlight the influence of socioe-
conomic and demographic factors on the analyzed outcomes and reinforce the need for
careful interpretation, particularly in the presence of high heterogeneity and potential bias.

The high heterogeneity observed in the meta-analysis (I> = 100% for mortality,
12 = 98.6% for survival) suggests that racial and socioeconomic disparities in breast cancer
outcomes vary across different contexts. These variations may be attributed to differences
in healthcare systems, screening policies, and population characteristics. Although some
studies report survival improvements among Black women, heterogeneity remains high,
indicating persistent structural challenges that hinder full equity.

While subgroup analyses could help identify sources of heterogeneity, the limited
number of eligible studies (n = 11) reduced the feasibility of stratified meta-analyses. We
acknowledge this as a limitation and suggest that future reviews explore larger datasets or
focus on specific study designs to enable meta-regression or subgroup comparisons.

In addition to the aggregated effects presented above, Table 4 provides a study-by-
study summary of the 11 articles included in the meta-analysis, specifying the outcome
assessed, the main sociodemographic variables evaluated, and whether the associations
were statistically significant.

Table 4. Summary of key data extracted from the 11 studies included in the Meta-Analysis.

Sample Outcome Effect Size Sociodemographic Statistically
Author (Year) Country Size (n) Assessed (ES) SE Variables Significant?
Tianhui Chen (2023) USA 415,277 Mortality 12.0 0.0101 Race, income Yes
Arash Azin (2023) USA 382,975 Mortality 7.0 0.0083 SES Yes
Fei Wang (2021) USA 78,708 Survival —66 0.0458  Urbanvs. rural Yes
residence
Alice Guan (2019) USA 5622 Survival —14.1 0.1657  Genetic ancestry Yes
Mario (Czbll\;(;guelra Brazil 481 Mortality —25.5 0.4858 Region, income No
Kirsten Y. Eom (2023) USA 2284 Survival 4.2 0.1438 Race, insurance Yes
Oluwole A. Babatunde ;g\ 3286 Mortality 11.9 0.1143 Insurance, Yes
(2021) income
Maureen Sanderson USA 64,384 Mortality 119 0.0258 Race, Yes
(2015) mammography
Javaid Iqbal (2015) USA 373563  Mortality 32 0005  Racestageat Yes
diagnosis
Tomi F. Akinyemijua . SES, surgical
(2015) USA 71,156 Mortality 259 0.0342 treatment Yes
Salma Shariff-Marc . Race/ethnicity,
(2016) USA 9372 Mortality 3.2 0.0313 SES Yes

Abbreviations: ES = Effect Size; SE = Standard Error; SES = Socioeconomic Status.
For each study included in the meta-analysis, key information was systematically

extracted, including sample size, outcomes assessed, sociodemographic variables analyzed,
effect size (ES), standard error (SE), and statistical significance. Effect sizes and corre-
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sponding standard errors were directly collected from the results reported by the original
authors, considering adjusted estimates (e.g., Odds Ratio, Hazard Ratio, or regression
coefficients) whenever available. When the standard error was not explicitly provided, it
was calculated based on the confidence intervals reported, following standard statistical
procedures. Statistical significance was recorded according to the criteria adopted by each
study, with p-values < 0.05 considered significant.

3.3. Methodological Quality Assessment

The studies included in this review were classified according to their methodological
design, using the Joanna Briggs Institute’s (JBI) criteria applied to prevalence studies and
Crombie’s criteria used for cross-sectional studies. The methodological assessment indi-
cated that, in most prevalence studies, quality criteria were adequately met, particularly
regarding sample representativeness, appropriate recruitment, and the use of validated
measures. However, some limitations were identified, especially concerning the detailed
description of the study setting and methodology, as well as the lack of control for con-
founding factors, which may compromise the reliability of the findings.

Overall, the methodological quality of the included studies was classified as moderate
to high, with some specific limitations. Nevertheless, the presence of studies with low
sample representativeness and insufficient control of confounding variables should be
considered when interpreting the findings of this systematic review

3.4. Bias Risk Assessment

To assess the risk of bias, an inverted funnel plot and Egger’s test were used [44,45].
The funnel plot (Figure 3) visually suggests a relatively balanced distribution of studies,
indicating no strong publication bias. Egger’s test (p = 0.832) further confirmed the absence of
publication bias (p > 0.05), suggesting that the findings of this review are robust and reliable.

Funnel Plot for Bias Assessment (Only OR)
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Figure 3. Funnel plot (inverted, or “Christmas tree” shape) assessing potential bias in studies
reporting odds ratios (OR). Each “x” denotes a single study. The dashed vertical line represents the
null effect (OR = 1).

3.5. Summarized Results

Differences in access to healthcare services and mammographic screening significantly
impact clinical outcomes among socioeconomic groups. Patients with private health
insurance are more likely to undergo regular mammograms and receive an early diagnosis
compared to those with public insurance [39]. However, paradoxically, privately insured
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patients also exhibit a higher risk of diagnostic delays compared to those in the public
healthcare system [35], potentially due to differences in referral protocols, waiting times,
and treatment coverage.

Regular mammographic screening is associated with a significant reduction in breast
cancer mortality, with studies indicating up to a 45% mortality reduction [40]. More-
over, shorter screening intervals have been linked to reduced overall mortality (adjusted
OR = 0.57; 95% CI: 0.36-0.89; p = 0.013) [27]. However, low-income women continue to
have reduced access to regular screenings, contributing to delayed diagnoses and increased
mortality rates.

Socioeconomic factors such as income, education, and housing conditions strongly
influence breast cancer outcomes [43]. Women with lower educational attainment ex-
hibit higher mortality rates even after adjusting for clinical variables (HR = 1.27; 95% CI:
1.24-1.31) [42]. Patients in socioeconomically disadvantaged communities also face barriers
such as limited access to advanced medical technologies and reduced social support, directly
impacting survival [41]. These findings highlight the need for targeted public policies to
ensure equitable access to screening and treatment, minimizing socioeconomic disparities.

Finally, the methodological quality assessment revealed that while most studies em-
ployed appropriate statistical methods, approximately 40% did not adequately justify
sample size, and 35% had methodological deficiencies that may have influenced results.
However, the absence of publication bias, as confirmed by Egger’s test (p = 0.832), suggests
that the findings of this review are reliable and robust.

4. Discussion

Although breast cancer mortality has been extensively studied worldwide, gaps re-
main regarding racial and socioeconomic disparities associated with the disease. Our
meta-analysis reinforces that socioeconomic and racial factors remain decisive in deter-
mining breast cancer outcomes, particularly in relation to survival rates. The high degree
of heterogeneity found among the studies analyzed indicates significant variations in
demographic characteristics, methodological differences, and access to healthcare systems.

According to Ahmed [46], barriers to accessing mammography screening and early
treatment are closely linked to socioeconomic and racial factors. Similarly, a meta-analysis
by Silva et al. [15] found that women in low- and middle-income countries experience
higher mortality rates due to late diagnosis and a lack of screening infrastructure. These
findings suggest that access to healthcare services significantly influences disparities in
breast cancer prognosis.

The discrepancies in survival rates among women with breast cancer reflect not
only biological tumor behavior but also the impact of social determinants such as access to
healthcare services and socioeconomic status. Newman et al. [13] emphasize the importance
of public policies aimed at eliminating barriers faced by low-income African-American and
Hispanic women, ensuring early screening, appropriate treatments, and strategies tailored
to vulnerable populations. Additionally, educational programs, free screenings funded
by non-commercial sources, and initiatives promoting equitable distribution of modern
evidence-based treatments have been proposed to reduce these disparities.

Targeted intervention programs have demonstrated positive effects on survival among
vulnerable groups. According to Grant et al. [47], while such programs improve out-
comes, uneven coverage of screening services sustains gaps in late-stage diagnoses. Yedjou
et al. [19] further suggest that awareness-raising and social support programs can help
reduce inequalities in disadvantaged populations, highlighting the need for more compre-
hensive interventions.
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There is a strong correlation between low income and more advanced clinical stages
of breast cancer. Women with lower socioeconomic status have limited access to pre-
ventive screenings, early diagnosis, and guideline-recommended drug treatments, which
contributes to disease progression and increased mortality. Our meta-analysis confirms
these associations, adding pooled statistical support to the literature. Opia [48] observed
that economic interventions aimed at expanding access to screening and treatment are
associated with reduced inequality. This is supported by Pearson [49], who emphasizes that
financial and geographic barriers continue to limit timely access to screening, particularly
for women relying on underfunded public health systems.

Study Limitations

The included studies were assessed using different methodological criteria: the JBI
Checklist for prevalence studies and Crombie’s Criteria for cross-sectional studies. While
this approach ensured a systematic and structured analysis, differences in methodological
designs may have influenced the findings. Notably, variations in sample size justifica-
tion and inadequate control of confounding factors in some studies contributed to the
observed heterogeneity. One limitation is the combination of different study designs
(cross-sectional and longitudinal), which may introduce heterogeneity. However, this was
mitigated by the use of a random-effects model and sensitivity analyses. Additionally, the
lack of standardization in analyzed variables impacted the consolidated interpretation of
findings. Differences in statistical methods, inclusion and exclusion criteria, and outcome
measurement approaches pose challenges for generalizing conclusions. Approximately
45% of the studies did not provide clear information on response rates or sample attrition
management, potentially introducing bias.

Despite these limitations, the rigorous selection and methodological assessment
process—conducted independently and repeatedly—enhances the reliability of this meta-
analysis. This comprehensive and methodologically robust approach provides valuable
insights into the impact of socioeconomic and racial disparities on breast cancer mortality.

Future research should address these limitations through methodological standardiza-
tion, more detailed sample size justification, stricter control of confounding factors, and
inclusion of grey literature. These efforts will ensure more precise and comparable analyses,
further elucidating the impact of inequalities on breast cancer outcomes. Further studies
should also consider using mixed-methods approaches, including qualitative analyses, to
explore how social, cultural, and psychological dimensions shape access to cancer care and
influence outcomes. Such approaches can offer a deeper understanding of the lived experi-
ences behind the statistical disparities. Additionally, there is a need to include evidence
from underrepresented regions, particularly in Asia and Africa, where socioeconomic
and racial dynamics may differ substantially. Expanding geographic representation will
enhance the generalizability of findings and support the development of more globally
inclusive health policies.

5. Conclusions

This systematic review and meta-analysis highlighted that racial and socioeconomic
disparities continue to play a major role in breast cancer outcomes, especially for African
American, Hispanic populations, and those belonging to low-income groups. While such
inequalities have been reported in previous studies, few have synthesised comparable
quantitative data on death and survival, which indicate high heterogeneity at the popula-
tion and regional levels. The findings bring out the need for public policies to ensure access
and equal rights, to have screening done as early as possible, and to diagnose and treat
breast cancer. Actions should include having government-funded programs for screening
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on a population basis, educating vulnerable communities, and ensuring that there is a fair
allocation of evidence-based interventions. On top of this, the current disparities in cancer
care show the need for an international collaborative network to cut gaps in equitable access
and early detection. Health policies must reinforce health systems with financial support
for cancer control programs and ensure that every patient has access to high-quality cancer
services. Only through shared world plans can we truly achieve fair results in breast cancer
prevention and care.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers17101641/s1, Table S1: Methodological Quality of Preva-
lence Studies (JBI Checklist).
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