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CHAPTER 1 

Introduction 

1. Breast cancer epidemiology and survivorship 

Breast cancer (BC) is the most commonly diagnosed cancer among women in the US and 

worldwide, with estimated nearly 300,000 new cases of female BC diagnosed in the US in 2023.1 

BC incidence rates slowly increased by about 0.5% per year from 2015 to 2019, largely due to a 

rise in local-stage disease.2 

The development of early detection and effective treatments (surgery, radiation, 

chemotherapy, and molecularly targeted agents) has made BC one of the most treatable cancers 

and markedly improved BC survival.3 The five- and ten-year survival rates for BC in the US 

from 2012 to 2018 reached 91% and 85%, respectively, and the mortality rate has been declining 

from 2011 to 2020 at an annual percent change of -1.3%.1,4 As of January 1, 2022, there were 

approximately 4.1 million women with a history of BC living in the US, with 77% being age 65 

or older.2,5 Despite the success of current BC treatments in extending the lifespan, there is a 

concern that these treatments may have long-term detrimental effects on cancer survivors.6 

Therefore, addressing BC survivors' post-treatment wellness and quality of life (QoL) is critical 

to providing quality health care.7 

Emerging evidence suggests that BC survivors may suffer from an increased rate of 

physical and cognitive decline, including physical dysfunction, compromised cardiopulmonary 

fitness, accelerated reproductive aging, and cognitive impairments earlier and/or at a greater 

burden than similarly aged individuals never diagnosed with cancer or exposed to systemic or 

targeted cancer therapies.3,8 These challenges may relate to/be driven by underlying molecular 
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mechanisms of cell aging in BC patients, such as telomere attrition, a decline of mitochondrial 

function, genome instability, epigenetic changes, and cellular senescence.3 The emergence of 

such characteristics and other aging phenotypes at an earlier age than commonly observed is 

considered age acceleration. Currently, the extent of age acceleration due to BC treatments and 

whether the acceleration persists beyond completion of cancer treatment is unclear because of 

the complex relationship between cancer, treatment and aging and the challenges of aging 

measurement. 

2. Aging and accelerated aging 

Population aging around the world accompanies longer lifespans as an enormous gain for 

human welfare but presents an unprecedented set of challenges for human health.9,10 Since 1950, 

the world population has witnessed a shift in the age structure.11 It is generally considered that 

people become dependent upon others when they reach the age of 65.12 Persons aged 65 years or 

over make up a fast-growing age group worldwide, with the projected number of persons aged 

65 or over to more than double between 2019 and 2050.11 It is predicted that the proportion of 

people aged 65 years or over will increase from 9% of the global population in 2019 to 15% in 

2050.11 In the US, it was estimated that 17.3% of the population was ≥65 years in 2022.13 

Aging is characterized by a progressive decline in physiological integrity, leading to 

impaired function and increased vulnerability to death. Twelve biological hallmarks contributing 

to the aging process and used to characterizee the aging phenotype are genomic instability, 

telomere attrition, epigenetic alterations, loss of proteostasis, disabled macroautophagy, 

deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell 

exhaustion, altered intercellular communication, chronic inflammation, and dysbiosis.14 
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Quantifying aging using measurable characteristics has important implications for clinical, basic, 

and observational research. 

Rowe and Kahn defined successful aging using a three-component model: the absence of 

disease, high psychological and physical functioning, and engagement with life.15 Later, healthy 

aging was described as a lifelong process optimizing opportunities for improving and preserving 

health and physical, social, and mental wellness; independence; quality of life; and enhancing 

successful life-course transitions.16 On the other hand, accelerated aging is featured by the 

emergence of typical aging phenotypes at an earlier age than commonly observed.17 Four 

domains have been proposed for the aging phenotype – body composition, energy balance, 

homeostatic regulation, and neuronal function.17 

Despite the lack of agreed-upon aging phenotypes, researchers have attempted to 

construct aging measurements. Several traditional measures of aging include physical 

performance18, processing speed19, frailty20,21, and cognitive assessment22. In addition, 

quantitative models have been developed based on telomere length23, metabolic- and DNA 

repair-related gene expression24, and epigenetic modifications, especially DNA methylation 

(DNAm).25 Studies have shown weak or moderate associations of these measures with aging 

outcomes above and beyond what is explained by chronological age (CA).26 More recently, 

measures of aging based on molecular biology have generated interest and conceptualized as 

biological aging (BA).27–32 Unlike individual biomarkers of aging, BA combines multiple 

biomarkers into one variable. 

A recently established measure of aging based on CA and nine clinical chemistry 

biomarkers – Phenotypic Age (PheAge) – is highly predictive of all-cause and cause-specific 

mortality among both healthy and unhealthy National Health and Nutrition Examination Survey 
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(NHANES) populations and could potentially track the effect of aging before aging diseases 

become clinically evident.26 The PheAge is a simple and cost-efficient measure of aging that 

could be conveniently applied in a clinical setting, and comparable to the BA defined by the 

Klemera-Doubal method, an established BA measure that has shown replication for prediction of 

morbidity, mortality, and health span, yet performs better than the Klemera-Doubal method in 

the healthy population.26,33 To date, the PheAge has been applied to several general or relatively 

healthy populations.33–36 In addition, DNAm PhenoAge was developed by regressing PheAge on 

blood DNA methylation data, resulting in an estimate based on 513 CpGs.31 PheAge and DNAm 

PhenoAge have been reported to have a positive or null association with BC risk.37–39 To date, 

only two studies have investigated the DNAm PhenoAge among BC survivors, reporting a null 

association of BC with DNAm PhenoAge (β=1.32, 95% CI=-0.60, 3.24, p=0.18) but positive 

associations with other DNAm-based clocks by Rentscher et al., and a marginal positive 

association by Kresovich et al. (β=0.13, 95% CI=0.00, 0.26, p=0.04).40,41 Both studies were 

subject to small sample sizes (N=89 and 190), only one baseline and one follow-up blood sample 

collection, and relatively short follow-up duration (up to 5 and mean 4 years post-diagnosis). No 

studies have directly investigated the clinical chemistry biomarker based PheAge among BC 

survivors. 

On the other hand, aging can also be reflected by frailty, a state of increased vulnerability 

to adverse health outcomes.42 A standard measure of frailty in research, the cumulative deficit 

index (CDI), is based on the concept that frailty is a nonspecific state vulnerability as a result of 

accumulation of deficits, comprising symptoms, signs, diseases, and disabilities selected from 

readily available information in health surveys. 42,43 Among the cancer population, CDI has been 

associated with chemotherapy toxicity, treatment adherence, and health outcomes including all-
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cause mortality and cognitive decline.44–49 However, the associations of long-term frailty with 

specific cancer characteristics and cancer-related treatments have not been systematically 

evaluated among BC patients. 

3. Relationship between aging and breast cancer 

The improved cancer survival and population aging has converged in an increase in older 

cancer survivors in recent decades, and the most marked increase in the number of cancer 

survivors aged 65 and older in US history.50,51 Older BC survivors are a growing population. 

With increased overall life expectancies, long-term BC survivors are at risk for manifesting 

features of accelerated aging. Evidence has shown that BC survivors have declined physical 

functions and QoL beyond age effects compared with non-cancer women.52–56 In 2015, the 

American Society of Clinical Oncology (ASCO) recommended that developers of research and 

clinical databases ensure that their systems collect geriatric assessment data and have the 

functionality to support real-world data studies designed to improve the evidence base supporting 

the treatment of older adults.57 However, geriatric assessments are infrequently conducted due 

largely to demands on provider time and lack of reimbursement, hindering our understanding of 

aging among cancer survivors.58 

Biologically, cancer and aging may initially appear to be opposite processes, whereby 

cancer is the consequence of an aberrant gain of cellular fitness, while aging is characterized by a 

loss of it. However, the underpinning of the two processes shares a common mechanism, the 

accumulation of cellular damage, represented by overlapping hallmarks of aging and cancer, 

including genome instability and mutation, reprogramming cellular metabolism, and cellular 

senescence.59–62 Therefore, aging and cancer are tightly interconnected and share many 

biological processes. 
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Besides the complex relationship between aging and cancer development, cancer 

treatments may also impact the aging process. Some long-term adverse outcomes among BC 

survivors that affect activities of daily living (ADL) and QoL have been linked to specific BC 

treatment. For example, chemotherapy agents such as taxanes have been associated with 

persistent neuropathy,63 and anthracyclines have been associated with subsequent risk of 

congestive heart failure.64 In addition, hormone therapy drugs such as aromatase inhibitors (AI) 

among post-menopause women are associated with increased risk of fracture and osteoporosis 

due to loss of bone density.65 The mechanisms underlying the effects of cancer treatments on 

accelerated aging among cancer survivors could be partly through their impact on non-tumor 

cells. Because of intrinsic differences in the genomes, epigenomes, and transcriptomes between 

tumor and normal cells, as well as shifts in cellular metabolism and inherent genome instability 

in most tumors, tumor and normal cells may respond differently to treatments, including 

chemotherapy, radiotherapy, hormone therapy, and immunotherapy, which potentially have a 

profound long-term impact on health.3 In addition, unlike tumor cells that frequently lose tumor 

suppressor proteins, active tumor-suppressive checkpoints remain in most normal cells, 

potentially associated with cell senescence and cellular damage that could contribute to 

accelerated aging.3 

To address rising aging-related challenges among cancer survivors, the National Cancer 

Institute convened basic, clinical, and translational science experts for a think tank in July 2018 

titled “Measuring Aging and Identifying Aging Phenotypes in Cancer Survivors,” stating that 

understanding of how cancer and its therapies contribute to the aging process is one of the major 

research needs. One of the major challenges in the field is the unclear aging trajectory among BC 

survivors, with two hypothesized trajectories: 1) accentuated aging with a paralleled “normal” 
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aging trajectory with weakened reserve and 2) accelerated aging with quicker progression 

(Figure 1).66 Recently, a few epidemiologic studies have been investigating the trajectories of 

selected aging-related outcomes among cancer survivors, but the trajectories among breast 

cancer survivors specifically have not been studied.67–69 

 

4. Guidelines for cancer survivors 

Based on current evidence of modifiable risk factors in reducing the risk for recurrence 

and overall survival after cancer diagnosis, the American Cancer Society (ACS) published a 

detailed update of its Nutrition and Physical Activity Guideline for Cancer Survivors (the ACS 

Guideline) in 2022.70 The ACS Guideline addresses four major aspects: body weight, physical 

activity, diet, and alcohol consumption as follows: 

1. Achieve and maintain a healthy body weight throughout life. 

• Keep body weight within the healthy range and avoid weight gain in adult life. 

Figure 1. Hypothesized trajectories of aging-related consequences of cancer and cancer treatment 
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2. Be physically active. 

• Adults should engage in 150-300 min of moderate-intensity physical activity per 

week (or 75-150 min of vigorous-intensity physical activity); striving to meet or 

exceed the upper limit of 300 min is ideal. 

• Children and adolescents should engage in at least 1 h of moderate-intensity or 

vigorous- intensity activity each day. 

• Move more and sit less. 

3. Follow a healthy eating pattern at all ages. 

• A healthy eating pattern includes: 

o Foods that are high in nutrients in amounts that help achieve and maintain a 

healthy body weight; 

o A variety of vegetables – dark green, red, and orange, fiber-rich legumes 

(beans and peas), and others; 

o Fruits, especially whole fruits with a variety of colors; 

o Whole grains. 

• A healthy eating pattern limits or does not include: 

o Red and processed meats; 

o Sugar-sweetened beverages; 

o Highly processed foods and refined grain products. 

4. It is best not to drink alcohol. 

• People who do choose to drink alcohol should limit their consumption to no more 

than 1 drink per day for women and 2 drinks per day for men. 
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Adherence to the ACS Guideline or other lifestyle behavior recommendations consistent 

with the ACS Guideline has been reported to be associated with improved QoL and reduced risk 

of metabolic syndrome, cancer mortality, and overall mortality among cancer survivors.71–73 

Among BC survivors, the adherence to multiple components of the ACS Guideline has been 

associated with reduced all-cause mortality and improved QoL.74,75 

In summary, with significant advancements in breast cancer treatment and the increasing 

emphasis on healthy lifestyles among survivors , there remain critical knowledge gaps that 

impede our ability to understand challenges in survivorship and optimize patient outcomes. First, 

the aging trajectories among BC survivors specifically remain unclear. Further, whether the age 

acceleration is associated with cancer diagnosis and treatment lacks evidence from studies with 

long-term follow-up and detailed cancer-specific information. Therefore, my work aims to depict 

the age acceleration among BC survivors, evaluate the associations between age acceleration and 

cancer diagnosis and treatment, and assess the effect of adherence to the ACS Guideline on 

lowering age acceleration among BC survivors. 

This study has three specific aims: 

Aim 1: To estimate the PheAge Acceleration (PAA), derived from chronological age 

(CA) and clinical blood chemistry biomarkers, among breast cancer survivors and evaluate the 

association of PAA with cancer clinical characteristics and treatments. 

Aim 2: To evaluate the association of breast cancer characteristics and treatments with 

frailty status and the cumulative deficit index (CDI) among breast cancer survivors, and whether 

adherence to guidelines for cancer survivors improves deficits. 
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Aim 3: To evaluate the aging-related biomarkers, cognitive function, and frailty among 

BC survivors and cancer-free women in the UK Biobank (UKB). 

Research in accelerated aging among BC survivors could provide valuable insights into 

depicting the aging trajectory after BC diagnosis and identifying risk factors associated with age 

acceleration. In addition, a better understanding of the mechanisms that contribute to cancer- and 

treatment-associated age acceleration will lead to the development of new evidence-based 

strategies to identify high-risk populations for accelerated aging among BC survivors, thus 

expanding the evidence base for developing strategies to optimize healthy aging among this 

growing population. 
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CHAPTER 2 

Aim 1: PheAge Acceleration among breast cancer survivors 

To estimate the PheAge Acceleration (PAA), derived from chronological age (CA) and 

clinical blood chemistry biomarkers, among breast cancer survivors and evaluate the 

association of PAA with cancer clinical characteristics and treatments. 

1. Methods 

1.1 Study design 

This study is a clinic-based cohort study. 

1.2 Study population 

The Aim 1 leverages a clinic-based cohort, the Vanderbilt-Ingram Cancer Center (VICC) 

BRE03103. VICC BRE03103 is an ongoing breast tissue/body fluids repository project under the 

Specialized Program of Research Excellence (SPORE). The goal of the BRE03103 is to collect 

tissue and body fluid samples from (a) patients with an established diagnosis of breast cancer 

(any stage) or (b) patients undergoing investigation of a suspicious breast lesion, to facilitate a 

variety of studies examining patterns of gene and protein expression in cancer to further our 

understanding of cancer growth, spread, and response to therapy. These studies would lead to 

improved cancer therapies and novel prevention strategies, improving quality of life and survival 

of patients at risk for or with breast cancer. Patients are consented to have their medical 

information be used for research and be contacted for further research. The BRE03103 protocol 

is reviewed and approved by Vanderbilt University Medical Center (VUMC) Institutional Review 

Board (IRB) (#030747). 



 
 

12 

Participants are recruited from Surgical Oncology, Medical Oncology, and Radiation 

Oncology at two VUMC sites – VICC and Vanderbilt Health One Hundred Oaks. Subject 

eligibility criteria are as follows: 

1. Any subject >18 years of age with a breast lesion which is suspected to be cancer or a 

known diagnosis of breast cancer (any stage, at any point in the disease trajectory) who 

agrees to donate tissue/body fluids. 

2. Individuals of all age, races, and ethnic groups are eligible for this trial. The trial is open 

to the accrual of men and women. 

3. Subjects must sign informed consent for study of tumor specimens as part of a research 

project. 

4. Patients must give permission for their tumor specimens to be obtained from outside 

institutions for molecular analyses. 

5. All subjects participating in this protocol must be willing to be followed for recurrence, 

relapse, and death from disease. 

From January 2004 to January 2021, 3,454 participants were recruited into the study. 

From September to December 2022, 12 additional participants were recruited. All participants 

provided consent for future research, including accessing their electronic health record (EHR) 

data and further contact. 

Aim 1 of this study includes patients who meet the following criteria: 1) female; 2) had 

no personal history of any cancer (other than BC); 3) had at least one measure of PAA during 

follow-up (0.5 to 15 years after diagnosis/biopsy). We excluded participants who were deceased 

within two years after biopsy or BC diagnosis and censored participants’ information at the 
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diagnosis of a second BC, recurrence, metastasis, or two months before death. A study flowchart 

is shown in Figure 2. 

 

Figure 2.Aim 1 study flowchart 

1.3 Medical data acquisition and management 

Study recruitment and medical information is obtained from multiple resources, including 

Online Clinical Oncology Research Environment (OnCore), Vanderbilt Cancer Registry (VCR), 

and Research Derivative (RD). 

Study enrollment information, including study site, subject medical record number 

(MRN), name, study sequence number, status (on study vs expired), and status date, is securely 
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stored in OnCore database and monitored by study staff. The information from OnCore was 

obtained in February 2021. 

Cancer-related clinical information is obtained from VCR for study participants. The 

VCR at VICC is maintained by certified tumor registrars according to the standards set forth by 

the state of Tennessee and the Commission on Cancer, and data are regularly reported to the 

Tennessee Cancer Registry. Information in VCR includes primary site, histologic subtype, stage 

of disease, and treatment received, with the reference data dictionary from North American 

Association of Central Cancer Registries (NAACCR).76 

Complete EHR data for the BRE03103 participants are obtained from RD, a database of 

clinical and related data derived from the VUMC clinical systems and restructured for research, 

maintained by the Office of Research Informatics.77 Data is repurposed from VUMC’s enterprise 

data warehouse, which includes data from StarPanel (served as Vanderbilt’s EHR from 2001 to 

2017), Vanderbilt Perioperative Information Management Systems, Operating Room 

Management Information System, Epic (served as Vanderbilt’s EHR after 2017), Medipac, and 

Horizon Expert Orders, among others. The MRN and other person identifiers are preserved 

within the database.77 Data types include demographics, encounters, vitals, problem list, 

laboratory data, medications, Current Procedural Terminology codes, International Classification 

of Diseases (ICD) codes, and clinical notes and documentation, among others.77 Output include 

structured data points, such as ICD codes and encounter dates, semi-structured data such as 

laboratory tests and results, or unstructured data such as physician progress reports.77 

All data acquisition was completed between June and August 2021. Data from multiple 

sources were linked by patient MRN. Selected information with high research interest was 
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cleaned and stored in Research Electronic Data Capture (REDCap). REDCap is a secure web 

application for building and managing online surveys and databases.78 

For a subset of participants (n = 601), medical chart review by trained medical students or 

professionals was performed as a validation of data collected from VCR or RD. 

1.4 Definition of breast cancer status 

This study includes women with a BC history and non-cancer controls. 

A participant is defined as having a BC history if meeting any of the following criteria: 

1. Has a record of a first primary BC at any stage from VCR (N=1,853); OR 

2. Has BC at any stage in the problem list from RD but no other cancer history at BC 

diagnosis (N=113); OR 

3. Has an ICD code of malignant neoplasm of breast or (ICD-9 174 or ICD-10 C50) 

intraductal carcinoma in situ of breast (ICD-9 233.0 or ICD-10 D05.1), or personal 

history of malignant neoplasm of breast (ICD-9 V10.3 or ICD-10 Z85.3) but no other 

cancer history at BC diagnosis (N=22); OR 

4. Identified in medical chart review (N=12). 

Those who do not have a history of any cancer prior to the outcome assessment are 

considered as non-cancer controls. 

1.5 Exposure assessment 

Main exposures of interest include BC clinical characteristics and treatments, with details 

shown in Table 1. 
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Table 1. Breast cancer clinical characteristics and treatments 

Variable Value Note/example 
Clinical characteristics 
Stage 0  
 I IA; IB 
 II IIA; IIB 
 III IIIA; IIIB; IIIC 
Grade Low  
 Intermediate  
 High  

Subtype HR+ HER2− ER+ or PR+, HER2− 
 HER2+  
 Triple-negative ER-, PR-, HER2- 
Treatments 

Surgery 
Lumpectomy/partial 
mastectomy/segmen
tal mastectomy 

Partial mastectomy; lumpectomy; excisional biopsy; re-
excision of the biopsy site for gross or microscopic residual 
disease; segmental mastectomy 

 Mastectomy Total (simple) mastectomy; modified radical mastectomy; 
radical mastectomy; extended radical mastectomy 

Radiation therapy   

Chemotherapy Alkylating Carboplatin; Cisplatin; Cyclophosphamide 
 Anthracyclines Doxorubicin (Adriamycin); Doxorubicin liposomal; 

Epirubicin 
 Antimetabolite Methotrexate; 5-fluorouracil; Capecitabine; Gemcitabine 

(Gemzar) 
 Anti-

microtubule/taxane 
Taxane: Docetaxel; Paclitaxel 
Vinca alkaloids: Vinorelbine 

Hormone therapy 
Selective estrogen 
receptor modulators 
(SERM) 

Tamoxifen; Toremifene (Fareston) 

 Aromatase inhibitors 
(AI) 

Letrozole (Femara); Anastrozole (Arimidex); Exemestane 
(Aromasin) 

Targeted therapy  Trastuzumab (Herceptin); Pertuzumab (Perjeta) 
Immunotherapy   Pembrolizumab (Keytruda) 

 

1.6 Outcome assessment 

The outcome of Aim 1 is PAA, defined as the difference between PheAge and 

chronological age (CA). The method for calculating PheAge is described by Liu et al.26,79 

Briefly, PheAge is calculated using CA and nine blood biomarkers (albumin, creatinine, glucose, 
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C-reactive protein (CRP), lymphocyte percent, mean cell volume, red blood cell distribution 

width, alkaline phosphatase, and white blood cell count). The PheAge was derived from a 

nationally representative US sample, NHANES III,80 where 42 possible clinical measures were 

tested for selection using a Cox proportional hazard elastic net model and validated for 

predicting mortality risk based on ten-fold cross-validation in an independent sample, NHANES 

IV. The equation for calculating PheAge is as follows (Figure 3): 

 

Figure 3. PheAge calculation 

The PheAge Acceleration (PAA) is calculated as the residual resulting from a linear 

model when regressing PheAge on CA. 

In our study, blood test results were obtained from the laboratory data in the RD. Blood 

tests were conducted by Vanderbilt Pathology Laboratory Services according to standard 

protocols in the Test Directory81 during the patients’ clinic visits (excluding inpatient and the 

Emergency Department visits). Albumin, alkaline phosphatase, c-reactive protein, creatinine, and 

glucose are measured in serum;82 lymphocyte percent, white blood cell count, mean cell volume 

(derived), and red blood cell distribution width (derived) are measured in hematology.83 
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Due to the low availability of CRP in our data, we modified the PheAge following the 

same strategy of its original development using the 8 remaining available biomarkers, i.e., 

albumin, creatinine, glucose, lymphocyte percent, mean cell volume, red blood cell distribution 

width, alkaline phosphatase, and white blood cell count. Modified PheAge formula is as follows: 

𝑃ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑖𝑐	𝐴𝑔𝑒 = 143.59 +
ln	[−0.00645 × ln	(1 − 𝑀)]

0.08555  

Where: 

𝑀 = 1 − exp	(
−1.52078 × exp	(𝑥𝑏)

0.0077047 ) 

and: 

𝑥𝑏 = −17.676	 − 0.0344 × 𝐴𝑙𝑏𝑢𝑚𝑖𝑛 + 0.0079 × 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒 + 0.1120 × 𝐺𝑙𝑢𝑐𝑜𝑠𝑒

− 0.0111 × 𝐿𝑦𝑚𝑝ℎ𝑜𝑐𝑦𝑡𝑒	𝑃𝑒𝑟𝑐𝑒𝑛𝑡 + 0.0283 × 𝑀𝑒𝑎𝑛	𝐶𝑒𝑙𝑙	𝑉𝑜𝑙𝑢𝑚𝑒

+ 0.2072 × 	𝑅𝑒𝑑	𝐶𝑒𝑙𝑙	𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛	𝑊𝑖𝑑𝑡ℎ

+ 0.00202 × 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑒	𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑎𝑠𝑒	 + 0.0737 ×𝑊ℎ𝑖𝑡𝑒	𝐵𝑙𝑜𝑜𝑑	𝐶𝑒𝑙𝑙	𝐶𝑜𝑢𝑛𝑡

+ 0.0776 × 	𝐶ℎ𝑟𝑜𝑛𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙	𝐴𝑔𝑒 

The correlation between the modified PheAge and the original PheAge is 0.995 in 

NHANES III. The hazard ratio (HR) for all-cause mortality using the modified PheAge and the 

original PheAge is exactly the same in NHANES IV women (HR=1.07, 95% CI=1.06, 1.08). 

The modified PAA is calculated as the difference between PheAge and CA. The modified 

PAA will be used for all the analyses. For each participant, there might be various number of 

measures of PAA at multiple time points. 
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1.7 Statistical analysis 

The association between PAA and breast cancer status, age at diagnosis, clinical 

characteristics (including stage, grade, and subtype), and treatment (surgery, radiation therapy, 

chemotherapy, hormone therapy, and targeted therapy) were evaluated using linear mixed 

models, with time interval between diagnosis/biopsy and lab test as a natural spline and its 

interaction with the exposure as covariates, and subject as a random effect. The time interval 

between diagnosis/biopsy was treated as a natural spline in the models with 3 knots, i.e., at 1, 2, 

and 5 years after diagnosis/biopsy. The effects of treatment were evaluated among BC cases only 

in model 1 with mutual adjustment for other treatments and in model 2 with additional 

adjustment for cancer stage, grade, subtype. The association between PAA and specific drug 

types are evaluated among BC cases only with adjustment for other treatments and other drug 

types of the same treatment. Sensitivity analysis was conducted by excluding patients with no 

measure of PAA at baseline, i.e., between 1 year prior to diagnosis to 0.5 years after diagnosis. 

All analysis was performed in R version 4.2.1 on Vanderbilt University’s Advanced 

Computing Center for Research and Education (ACCRE) computing cluster. 

2. Results 

2.1 Participant characteristics 

There are 2,000 BC patients and 1,299 non-cancer controls in BRE03103 who met our 

overall study criteria (Table 2). Among them, 1,264 BC patients and 429 controls had at least 

one measure of PAA during follow-up and were included in the Aim 1 of the study (Table 3). 

BC cases were on average 4.8 years older than controls at biopsy (54.7 vs 49.9 years, p<0.001), 

had a 0.5 years longer follow-up (9.2 vs 8.7 years, p<0.001), higher proportion of death during 
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follow-up (8% vs 4%, p<0.001), and higher mean Charlson comorbidity index (CCI) at baseline 

(1.03 vs 0.84, p=0.03) and the latest follow-up (4.29 vs 3.00, p<0.001). 

Table 2. BRE03103 participant characteristics (N=3,299) 

  
Control Breast Cancer 

p 
(N=1,299) (N=2,000) 

Age at diagnosis/biopsy 48.0 ± 12.9 54.6 ± 12.0 <0.001 
Follow-up duration (year) 7.0 ± 4.0 8.8 ± 5.5 <0.001 
Vital status   <0.001 

Alive 707 (54 %) 974 (49 %)  

Deceased 31 (2 %) 194 (10 %)  

Unknown 561 (43 %) 832 (42 %)  

Race   <0.001 
White 1021 (79 %) 1713 (86 %)  

Black 131 (10 %) 170 (8 %)  

Other 147 (11 %) 117 (6 %)  

BMI at biopsy 28.0 ± 7.05 28.6 ± 6.27 0.021 
Charlson comorbidity index at biopsy 0.490 ± 1.13 0.901 ± 1.49 <0.001 
Charlson comorbidity index at latest follow-up 1.61 ± 2.62 3.76 ± 3.11 <0.001 
Mean±SD for p-values from t-test for continuous variables; n (%) and p-values from chi-square test for categorical variables. 
 

 

Table 3. Aim 1 participant characteristics (N=1,693) 
 Control Breast Cancer 

p 
  (N=429) (N=1,264) 
Age at diagnosis/biopsy 49.9 ± 12.4 54.7 ± 11.7 <0.001 
Follow-up duration (year) 8.7 ± 3.2 9.2 ± 4.6 0.01 
Vital status    

Alive 320 (75 %) 713 (56 %) <0.001 
Deceased 17 (4 %) 105 (8 %)  

Unknown 92 (21 %) 446 (35 %)  

Race    

White 364 (85 %) 1091 (86 %) 0.24 
Black 49 (11 %) 113 (9 %)  

Other 16 (4 %) 60 (5 %)  

BMI at biopsy 28.8 ± 7.71 28.8 ± 6.35 0.92 
Charlson comorbidity index at biopsy 0.84 ± 1.47 1.03 ± 1.51 0.03 
Charlson comorbidity index at latest follow-up 3.00 ± 3.39 4.29 ± 3.17 <0.001 
Mean±SD for p-values from t-test for continuous variables; n (%) and p-values from chi-square test for categorical variables. 
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Among BC patients, the majority were diagnosed at stage I (35%) or II (33%), and 17% 

were diagnosed at stage III/IV. There are 39% and 35% of the BC patients with intermediate- or 

high- grade BC, respectively. Almost half (45%) of the patients had HR+ HER2- BC, 13% had 

HER2+ BC, and 14% had TNBC. Most (89%) of the BC patients had surgery, 51% had radiation 

therapy, 60% had chemotherapy, 66% had hormone therapy, 17% had targeted therapy, and 3% 

had immunotherapy. The treatment details are shown in Table 4. During a median follow-up of 

9.10 years, 2% developed a second BC, and 20% had a recurrence or metastasis. 

Table 4. Clinical characteristics, treatments, and outcomes 
among breast cancer patients (N=1,264) 
  n (%) 
Clinical characteristics  

Stage  

0 100 (8 %) 
I 447 (35 %) 
II 413 (33 %) 
III/IV 216 (17 %) 
Unknown 88 (7 %) 

Grade  

Low 232 (18 %) 
Intermediate 499 (39 %) 
High 439 (35 %) 
Unknown 94 (7 %) 

Subtype  

HR+/HER2− 570 (45 %) 
HER2+ 163 (13 %) 
Triple-negative 171 (14 %) 
Unknown 360 (28 %) 

Estrogen receptor  

Positive 813 (64 %) 
Negative 284 (22 %) 
Unknown 167 (13 %) 

Progesterone receptor  

Positive 717 (57 %) 
Negative 377 (30 %) 
Unknown 170 (13 %) 

HER2  

Positive 164 (13 %) 
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Negative 743 (59 %) 
Borderline 8 (1 %) 
Unknown 349 (28 %) 

Treatments  

Surgery 1124 (89 %) 
Lumpectomy/partial 

mastectomy/segmental mastectomy 538 (43 %) 

Mastectomy 566 (45 %) 
Other/unknown type of surgery 20 (2 %) 
Missing 140 (11.1%) 

Radiation therapy 639 (51 %) 
Chemotherapy 759 (60 %) 

Alkylating 634 (50 %) 
Anthracyclines 469 (37 %) 
Antimetabolite 157 (12 %) 
Anti-microtubule/taxane 645 (51 %) 

Hormone therapy 837 (66 %) 
SERM 437 (35 %) 
Aromatase inhibitor 634 (50 %) 

Targeted therapy 213 (17 %) 
Herceptin/Trastuzumab 210 (17 %) 
Pertuzumab/Perjeta 56 (4 %) 

Immunotherapy 40 (3 %) 
Outcomes  

Second breast cancer 20 (2 %) 
Recurrence/metastasis 250 (20 %) 

 

2.2 PAA among BC patients and controls 

The predicted PAA among cases at biopsy and 1, 2, 5, 10 years after diagnosis are shown 

in Table 5. At diagnosis, BC patients have PAA of 2.20 years (95% CI=1.81, 2.60). There is a 

decrease in PAA after diagnosis. At year 2 after diagnosis, BC patients have negative PAAs of -

1.10 (95% CI=-1.43, -0.78) years. Then the PAA increases and reaches 1.22 (95% CI=0.83, 

1.61) at year 10 after diagnosis. 
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Table 5. Predicted PAA among breast cancer patients by year since diagnosis 
Year after diagnosis Predicted PAA 95% CI 
At diagnosis 2.20 (1.81, 2.60) 
1 -0.29 (-0.64, 0.05) 
2 -1.10 (-1.43, -0.78) 
5 -0.80 (-1.13, 0.46) 
10 1.22 (0.83, 1.61) 
Predicted PAA estimates using linear mixed models with a natural spline of year since diagnosis. 

 

Compared with controls, BC patients have a greater PAA of 3.73 (95% CI=2.77, 4.68) 

years at diagnosis, and 1.68 (95% CI=0.67, 2.70) years at year 1 after biopsy. At year 2 and 5 

after biopsy, there is no difference in the predicted PAA between BC patients and controls. BC 

patients have a greater PAA of 1.16 (95% CI=0.15, 2.18) years than controls at year 10 after 

biopsy (Table 6). 

Table 6. Difference in predicted PAA by case-control status by year since diagnosis 
Year after diagnosis Δ PAA (case vs control) 95% CI p 
At diagnosis 3.73 (2.77, 4.68) <0.001 
1 1.68 (0.67, 2.70) 0.001 
2 0.54 (-0.30, 1.38) 0.21 
5 -0.51 (-1.30, 0.28) 0.20 
10 1.16 (0.15, 2.18) 0.03 
Predicted PAA estimates using linear mixed models with an interaction between case-control status and a natural 
spline of year since diagnosis. 

 

2.3 PAA and BC clinical characteristics 

The predicted PAAs by clinical characteristics, including age at diagnosis, cancer stage, 

grade, and subtype, at each time point are shown in Table 7. A positive PAA is observed across 

most groups at diagnosis, including age groups younger than 65, stage II and III/IV, all tumor 

grades, and all BC subtypes. At year 10 post-diagnosis, a positive PAA is observed among 
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patients diagnosed at <45, 55-64, and ≥65, with stage III/IV tumor, intermediate- or high-grade 

tumor, and HR+/HER2- and HER2+ BC, with the stage III/IV patients having the largest PAA of 

5.7 (95% CI=4.80, 6.61). 

The clinical characteristics are associated with PAA during the 10-year follow-up (Table 

8). Among BC survivors, compared to the patients diagnosed before 45 years old, those 

diagnosed at 65 or older have a lower PAA at diagnosis (ΔPAA=-2.33, p<0.001), but a higher 

PAA at year 2, 5, and 10 after diagnosis, with difference in PAA of 1.53 (p=0.004), 1.62 

(p=0.003), and 1.31 (p=0.047), respectively. Patients diagnosed at age 55-64 have a higher PAA 

at year 5 (ΔPAA=1.02, p=0.038) and year 10 (ΔPAA=1.47, p=0.008) after diagnosis, and 

patients diagnosed at age 45-54 have a lower PAA at year 10 after diagnosis (ΔPAA=-1.41, 

p=0.011), compared with patients diagnosed before 45. 
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Table 7. Predicted PAA by breast cancer clinical characteristics (N=1,264) 

Clinical 
characteristics N 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Predicted 

PAA 95% CI Predicted 
PAA 95% CI Predicted 

PAA 95% CI Predicted 
PAA 95% CI Predicted 

PAA 95% CI 

Age at diagnosis            

    <45 247 2.56 (1.69, 3.44) -0.44 (-1.22, 0.34) -1.63 (-2.37, -0.89) -1.51 (-2.26, -0.76) 0.99 (0.16, 1.82) 
    45-54 383 3.07 (2.37, 3.77) 0.39 (-0.24, 1.01) -0.77 (-1.36, -0.17) -1.1 (-1.7, -0.5) -0.42 (-1.12, 0.29) 
    55-64 379 1.9 (1.15, 2.65) -1.4 (-2.04, -0.76) -1.76 (-2.36, -1.15) -0.49 (-1.1, 0.11) 2.46 (1.75, 3.18) 
    ≥65 255 0.24 (-0.69, 1.16) 0.28 (-0.51, 1.07) -0.1 (-0.85, 0.65) 0.11 (-0.66, 0.89) 2.29 (1.3, 3.28) 
Stage            

    0 100  -0.48 (-2.1, 1.15) -2.04 (-3.58, -0.5) -1.35 (-2.69, -0.01) -0.72 (-1.98, 0.54) 1.23 (-0.14, 2.6) 
    I 447 0.53 (-0.21, 1.28) -1.06 (-1.67, -0.46) -2.23 (-2.78, -1.67) -2.27 (-2.82, -1.72) -0.33 (-0.97, 0.32) 
    II 413 2.34 (1.71, 2.98) 0.16 (-0.41, 0.73) -1.75 (-2.3, -1.2) -2.55 (-3.11, -2) -0.36 (-1.04, 0.32) 
    III/IV 216 4.32 (3.49, 5.16) 0.93 (0.19, 1.66) 1.43 (0.71, 2.15) 3.63 (2.89, 4.37) 5.7 (4.8, 6.61) 
Grade            

    Low 232 1.14 (0.08, 2.19) -1.93 (-2.79, -1.07) -2.57 (-3.35, -1.78) -1.7 (-2.47, -0.92) -0.43 (-1.35, 0.5) 
    Intermediate 499 1.48 (0.83, 2.13) -1.38 (-1.93, -0.83) -1.73 (-2.25, -1.21) -1.21 (-1.73, -0.68) 0.84 (0.22, 1.46) 
    High 439 3.22 (2.6, 3.83) 1.09 (0.54, 1.65) -0.18 (-0.72, 0.36) -0.41 (-0.96, 0.14) 1.52 (0.87, 2.17) 
Subtype            

    HR+/HER2- 570 2.31 (1.69, 2.94) -1.73 (-2.25, -1.22) -2.27 (-2.76, -1.79) -1.23 (-1.72, -0.75) 1.46 (0.86, 2.06) 
    HER2+ 163 2.19 (1.23, 3.16) 0.54 (-0.32, 1.4) 0.29 (-0.57, 1.15) 0.28 (-0.6, 1.17) 1.88 (0.83, 2.93) 
    Triple-negative 171 2.43 (1.48, 3.38) 1.73 (0.82, 2.63) -0.34 (-1.22, 0.54) -1.07 (-1.98, -0.15) -0.51 (-1.71, 0.69) 
Predicted PAA estimates using linear mixed models with a natural spline of year since diagnosis. 
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Table 8. Association between PAA and clinical characteristics among breast cancer patients (N=1,264) 

Clinical characteristics N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Age at diagnosis            

    <45 247 Reference Reference Reference Reference Reference 
    45-54 383 0.51 0.376 0.83 0.106 0.87 0.074 0.41 0.398 -1.41 0.011 
    55-64 379 -0.67 0.257 -0.96 0.062 -0.12 0.8 1.02 0.038 1.47 0.008 
    ≥65 255 -2.33 <0.001 0.72 0.203 1.53 0.004 1.62 0.003 1.31 0.047 
Stage            

    0 100  Reference Reference Reference Reference Reference 
    I 447 1.01 0.268 0.97 0.249 -0.88 0.237 -1.56 0.027 -1.56 0.044 
    II 413 2.82 0.002 2.2 0.009 -0.4 0.592 -1.84 0.009 -1.59 0.042 
    III/IV 216 4.80 <0.001 2.96 0.001 2.78 <0.001 4.34 <0.001 4.48 <0.001 
Grade            

    Low 232 Reference Reference Reference Reference Reference 
    Intermediate 499 0.35 0.584 0.55 0.295 0.84 0.082 0.49 0.308 1.26 0.027 
    High 439 2.08 0.001 3.02 <0.001 2.39 <0.001 1.28 0.008 1.95 0.001 
Subtype            

    HR+/HER2- 570 Reference Reference Reference Reference Reference 
    HER2+ 163 -0.12 0.834 2.27 <0.001 2.56 <0.001 1.52 0.003 0.42 0.494 
    Triple-negative 171 0.12 0.843 3.46 <0.001 1.93 <0.001 0.17 0.753 -1.96 0.004 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis. 

 



 
 

27 

2.4 PAA and BC treatments 

Among 1,236 BC patients who receive at least one type of cancer treatments, treatment 

type is associated with PAA during the 10 years of follow-up (Table 9). A positive association 

with PAA is observed for surgery, radiation therapy, chemotherapy, and hormone therapy at 

diagnosis. Patients who receive surgery have lower PAA than those who do not have surgery at 

year 2 (ΔPAA=-2.79, p<0.001), year 5 (ΔPAA=-5.80, p<0.001), and year 10 after diagnosis 

(ΔPAA=-7.02, p<0.001). Similarly, patients who receive radiation therapy have a lower PAA 

than those have no radiation therapy at year 5 (ΔPAA=-1.49, p<0.001) and year 10 (ΔPAA=-

1.56, p<0.001). In contrast, chemotherapy is associated with the highest PAA at diagnosis 

(ΔPAA=5.60, p<0.001) and the positive association is observed at year 1 (ΔPAA=2.61, 

p<0.001), year 2 (ΔPAA=1.65, p<0.001), and year 5 (ΔPAA=0.90, p=0.013) after diagnosis with 

a decreasing effect size. Hormone therapy is associated with a negative PAA at year 1 (ΔPAA=-

1.66, p<0.001) and year 2 (ΔPAA=-1.31, p<0.001), but a positive PAA at year 10 (ΔPAA=1.10, 

p=0.011) after diagnosis. There is no significant association between targeted therapy and PAA 

at any time point. The association between immunotherapy and PAA is negative at diagnosis 

(ΔPAA=-2.48, p=0.013), followed by a positive association at year 1 (ΔPAA=2.66, p=0.004) and 

year 5 (ΔPAA=2.65, p=0.009), and a negative association at year 10 (ΔPAA=-14.51, p=0.003). 

Table 9. Association between PAA and breast cancer treatments (N=1,236) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Surgery 1,124 /112 1.68 0.022 0.24 0.694 -2.79 <0.001 -5.80 <0.001 -7.02 <0.001 
Radiation therapy 639/597 1.09 0.008 0.93 0.01 -0.17 0.619 -1.49 <0.001 -1.56 <0.001 
Chemotherapy 759/477 5.6 <0.001 2.61 <0.001 1.65 <0.001 0.90 0.013 0.52 0.225 
Hormone therapy 837/399 1.01 0.017 -1.66 <0.001 -1.31 <0.001 -0.44 0.23 1.10 0.011 
Targeted therapy 213/1,023 -0.67 0.201 0.13 0.78 0.43 0.344 0.35 0.453 0.51 0.35 
Immunotherapy 40/1,196 -2.48 0.013 2.66 0.004 0.62 0.515 2.65 0.009 -14.51 0.003 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with 
mutual adjustment for other treatments. 
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The associations of PAA with surgery and immunotherapy remain largely unchanged 

after additional adjustment for cancer stage, grade, and subtype (Table 10). However, radiation 

therapy is negatively associated with PAA at year 5 (ΔPAA=-1.78, p<0.001) and year 10 

(ΔPAA=-1.86, p<0.001); chemotherapy is positively associated with PAA only before year 2 

(ΔPAA=4.83, p<0.001 at diagnosis; ΔPAA=1.81, p<0.001 at year 1; ΔPAA=0.84, p=0.050 at 

year 2); hormone therapy is associated with PAA at diagnosis (ΔPAA=1.52, p=0.003), year 1 

(ΔPAA=-1.13, p=0.015), and year 10 (ΔPAA=1.62, p=0.001) after diagnosis. 

Table 10. Association between PAA and breast cancer treatments (N=1,236) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Surgery 1,124 /112 1.9 0.03 0.47 0.549 -2.59 0.001 -5.64 <0.001 -6.91 <0.001 
Radiation therapy 639/597 0.79 0.056 0.62 0.083 -0.47 0.174 -1.78 <0.001 -1.86 <0.001 
Chemotherapy 759/477 4.83 <0.001 1.81 <0.001 0.84 0.050 0.11 0.79 -0.22 0.647 
Hormone therapy 837/399 1.52 0.003 -1.13 0.015 -0.79 0.082 0.11 0.813 1.62 0.001 
Targeted therapy 213/1,023 -1.08 0.105 -0.29 0.647 0.01 0.993 -0.08 0.894 0.07 0.923 
Immunotherapy 40/1,196 -2.88 0.004 2.27 0.012 0.21 0.821 2.22 0.028 -14.82 0.002 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, 
with adjustment for cancer stage, grade, subtype, and mutual adjustment for other treatments. 

 

The predicted PAAs for each treatment and at each time point in model 1 and model 2 are 

shown in Table 11 and Table 12, respectively.  
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Table 11. Predicted PAA by breast cancer treatment (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Predicted 
PAA 95% CI Predicted 

PAA 95% CI Predicted 
PAA 95% CI Predicted 

PAA 95% CI Predicted 
PAA 95% CI 

Surgery            

Yes 1,124 1.33 (0.49, 2.16) -1.24 (-2.05, -0.43) -2.34 (-3.14, -1.54) -2.23 (-3.03, -1.44) -0.32 (-1.14, 0.5) 
No 112 -0.35 (-1.86, 1.15) -1.48 (-2.78, -0.18) 0.45 (-0.8, 1.69) 3.57 (2.31, 4.83) 6.7 (5.35, 8.04) 

Radiation therapy            

Yes 639 4.51 (3.13, 5.9) 1.91 (0.55, 3.27) 0.58 (-0.78, 1.93) 0.3 (-1.06, 1.65) 2.39 (1.01, 3.77) 
No 597 3.43 (2.18, 4.68) 0.99 (-0.22, 2.2) 0.75 (-0.45, 1.94) 1.79 (0.59, 2.98) 3.96 (2.74, 5.17) 

Chemotherapy            

Yes 759 6.62 (5.5, 7.75) 3.51 (2.41, 4.61) 2.61 (1.51, 3.7) 2.78 (1.68, 3.88) 4.67 (3.54, 5.79) 
No 477 1.02 (-0.33, 2.38) 0.9 (-0.35, 2.14) 0.96 (-0.25, 2.17) 1.87 (0.67, 3.07) 4.15 (2.92, 5.39) 

Hormone therapy            

Yes 837 4.62 (3.49, 5.76) 0.99 (-0.11, 2.08) 0.34 (-0.74, 1.43) 0.95 (-0.14, 2.03) 3.39 (2.28, 4.49) 
No 399 3.62 (2.36, 4.87) 2.64 (1.42, 3.86) 1.65 (0.45, 2.86) 1.38 (0.18, 2.59) 2.29 (1.03, 3.54) 

Targeted therapy            

Yes 213 3.96 (2.48, 5.43) 1.88 (0.46, 3.3) 1.32 (-0.09, 2.73) 1.62 (0.2, 3.04) 3.8 (2.29, 5.3) 
No 1,023 4.62 (3.4, 5.84) 1.75 (0.56, 2.95) 0.89 (-0.29, 2.07) 1.27 (0.08, 2.45) 3.29 (2.1, 4.48) 

Immunotherapy            

Yes 40 2.13 (-0.17, 4.44) 4.29 (2.12, 6.46) 1.53 (-0.7, 3.77) 3.96 (1.61, 6.3) -11.17 (-20.77, -1.57) 
No 1,196 4.61 (3.4, 5.83) 1.63 (0.44, 2.82) 0.91 (-0.27, 2.09) 1.31 (0.13, 2.49) 3.34 (2.15, 4.53) 

Predicted PAA estimates using linear mixed models with a natural spline of year since diagnosis, with mutual adjustment for other treatments. 
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Table 12. Predicted PAA by breast cancer treatment (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Predicted 
PAA 95% CI Predicted 

PAA 95% CI Predicted 
PAA 95% CI Predicted 

PAA 95% CI Predicted 
PAA 95% CI 

Surgery            

Yes 1,124 1.25 (-0.35, 2.86) -1.32 (-2.92, 0.27) -2.42 (-4, -0.83) -2.3 (-3.89, -0.72) -0.39 (-1.98, 1.2) 
No 112 -0.65 (-2.96, 1.65) -1.79 (-3.97, 0.38) 0.17 (-1.98, 2.33) 3.34 (1.16, 5.52) 6.52 (4.25, 8.78) 

Radiation therapy            

Yes 639 2.87 (0.62, 5.12) 0.25 (-1.98, 2.49) -1.07 (-3.3, 1.16) -1.34 (-3.56, 0.89) 0.76 (-1.49, 3) 
No 597 2.08 (-0.07, 4.23) -0.37 (-2.49, 1.75) -0.6 (-2.72, 1.51) 0.44 (-1.67, 2.55) 2.62 (0.49, 4.75) 

Chemotherapy            

Yes 759 4.39 (2.12, 6.66) 1.26 (-1, 3.52) 0.37 (-1.89, 2.63) 0.55 (-1.71, 2.81) 2.46 (0.19, 4.73) 
No 477 -0.44 (-2.64, 1.76) -0.55 (-2.69, 1.59) -0.47 (-2.59, 1.65) 0.43 (-1.68, 2.54) 2.68 (0.55, 4.81) 

Hormone therapy            

Yes 837 3.96 (1.88, 6.04) 0.32 (-1.74, 2.38) -0.32 (-2.37, 1.73) 0.3 (-1.76, 2.35) 2.73 (0.66, 4.8) 
No 399 2.43 (0.28, 4.58) 1.45 (-0.68, 3.58) 0.47 (-1.65, 2.59) 0.19 (-1.92, 2.3) 1.11 (-1.03, 3.25) 

Targeted therapy            

Yes 213 2.14 (-0.37, 4.65) 0.06 (-2.42, 2.53) -0.5 (-2.97, 1.97) -0.2 (-2.68, 2.27) 1.97 (-0.55, 4.5) 
No 1,023 3.23 (1.11, 5.34) 0.34 (-1.76, 2.45) -0.51 (-2.61, 1.59) -0.12 (-2.22, 1.98) 1.91 (-0.2, 4.01) 

Immunotherapy            

Yes 40 0.34 (-2.54, 3.22) 2.49 (-0.29, 5.27) -0.27 (-3.1, 2.56) 2.14 (-0.78, 5.05) -12.87 (-22.63, -3.12) 
No 1,196 3.22 (1.1, 5.33) 0.22 (-1.89, 2.32) -0.49 (-2.59, 1.61) -0.08 (-2.18, 2.01) 1.95 (-0.16, 4.06) 

Predicted PAA estimates using linear mixed models with a natural spline of year since diagnosis, with adjustment for cancer stage, grade, subtype, and mutual adjustment for other 
treatments. 
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When treatment is considered in combination, certain treatment combinations are 

associated with PAA, compared with surgery only (Table 13). At diagnosis and year 1 after 

diagnosis, receiving radiation therapy, hormone therapy, or their combination plus surgery, is not 

associated with PAA, compared to receiving surgery only; receiving surgery plus chemotherapy 

(ΔPAA=6.28, p<0.001 at diagnosis; ΔPAA=5.25, p<0.001 at year 1) or any combinations 

involving chemotherapy (ΔPAA ranging from 4.56, p=0.001 to 7.56, p<0.001 at diagnosis, and 

2.49, p=0.044 to 4.48, p<0.001 at year 1), is associated with an increase in PAA, compared to 

surgery only. Patients receiving different treatment combinations do not have a different PAA at 

year 2 compared to those who only receive surgery. At 10 years post-diagnosis, compared to 

survivors receiving surgery only, those receiving chemotherapy (ΔPAA=2.65, p=0.034) or 

hormone therapy in addition to surgery (ΔPAA=3.27, p=0.005), and several other combinations 

involving hormone therapy (ΔPAA ranging from 2.44, p=0.024 to 3.37, p=0.007), have an 

increased PAA. The mixture of other treatment combinations is associated with an increased 

PAA at diagnosis, year 1, year 5, and year 10 after diagnosis. 

After adjustment for cancer stage, grade, and subtype (Table 14), we observe a similar 

association pattern as these from unadjusted analyses. At year 1, chemotherapy (ΔPAA=4.83, 

p=0.001), the combination of radiation and chemotherapy (ΔPAA=3.85, p=0.009), or the 

combination of radiation therapy, chemotherapy, hormone therapy, and targeted therapy 

(ΔPAA=2.98, p<0.004), in addition to surgery, is associated with an increased PAA. At year 10, 

hormone therapy (ΔPAA=3.81, p=0.002), or any hormone therapy involved combinations except 

the combination of radiation, and hormone therapy, and chemotherapy, is associated with an 

increased PAA, compared with surgery only (ΔPAA ranging from 2.66, p=0.026 to 3.07, 
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p=0.007). The mixture of other treatment combinations is associated with an increased PAA at 

diagnosis and year 10 after diagnosis. 

Given that radiation therapy is not associated with PAA in previous results, we re-

grouped the treatment combinations and present the results in Table 15 for model 1 and Table 

16 for model 2. Without adjustment for cancer clinical characteristics (Table 15), compared with 

patients receiving surgery with or without radiation therapy, those receiving additional 

chemotherapy involved treatment have an increased PAA at year 1 (ΔPAA ranging from 1.96, 

p=0.034 to 4.61, p<0.001). At year 10 post-diagnosis, additional hormone therapy involved 

treatment is associated with an increased PAA (ΔPAA ranging from 1.70, p=0.038 to 2.75, 

p=0.006). The mixture of other treatment combinations is associated with an increased PAA at 

all time points. No association except the mixture of other treatment combinations is associated 

with PAA at year 2 and year 5. After adjustment for cancer stage, grade, and subtype (Table 16), 

the association of PAA with chemotherapy and hormone therapy largely remains, except that the 

combination of chemotherapy and hormone therapy in addition to surgery (with or without 

radiation therapy) is only associated with an increased PAA at diagnosis and year 10. 
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Table 13. Association between PAA and breast cancer treatment pattern (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery only 67 Reference Reference Reference Reference Reference 
Surgery+radiation 49 -0.48 0.816 0.53 0.76 -0.94 0.531 -2.77 0.041 0.95 0.525 
Surgery+chemo 69 6.28 <0.001 5.25 <0.001 2.07 0.086 -0.05 0.963 2.65 0.034 
Surgery+hormone 140 0.94 0.514 0.1 0.939 -1.99 0.07 -2.46 0.014 3.27 0.005 
Surgery+radiation+hormone 186 0.34 0.814 0.03 0.981 -1.83 0.09 -1.85 0.056 2.44 0.024 
Surgery+chemo+hormone 142 6.82 <0.001 1.71 0.175 -1.24 0.254 -1.45 0.139 2.74 0.013 
Surgery+radiation+chemo 102 4.56 0.001 4.48 0.001 0.26 0.819 -2 0.055 0.39 0.746 
Surgery+radiation+chemo+hormone 185 7.56 <0.001 2.49 0.044 -0.94 0.377 -2.49 0.009 1.66 0.118 
Surgery+radiation+chemo+hormone+targeted 66 6.96 <0.001 3.76 0.005 0.57 0.632 -0.91 0.412 3.37 0.007 
Other 230 4.96 <0.001 3.34 0.006 1.47 0.159 1.72 0.066 6.02 <0.001 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis. 

 

Table 14. Association between PAA and breast cancer treatment pattern (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery only 67 Reference Reference Reference Reference Reference 
Surgery+radiation 49 -0.41 0.843 0.61 0.726 -0.87 0.561 -2.4 0.077 1.1 0.459 
Surgery+chemo 69 5.91 <0.001 4.83 0.001 1.68 0.209 -0.21 0.865 2.44 0.078 
Surgery+hormone 140 1.34 0.367 0.44 0.738 -1.6 0.162 -1.83 0.089 3.81 0.002 
Surgery+radiation+hormone 186 0.86 0.564 0.51 0.691 -1.32 0.234 -1.14 0.27 3.07 0.007 
Surgery+chemo+hormone 142 6.58 <0.001 1.43 0.277 -1.5 0.195 -1.5 0.171 2.66 0.026 
Surgery+radiation+chemo 102 3.99 0.01 3.85 0.009 -0.34 0.798 -2.4 0.06 0 0.999 
Surgery+radiation+chemo+hormone 185 6.84 <0.001 1.71 0.186 -1.67 0.141 -2.99 0.005 1.09 0.346 
Surgery+radiation+chemo+hormone+targeted 66 6.22 <0.001 2.98 0.04 -0.19 0.883 -1.46 0.249 2.77 0.046 
Other 230 3.81 0.009 2.14 0.109 0.29 0.806 0.75 0.504 4.97 <0.001 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for cancer 
stage, grade, and subtype. 
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Table 15. Association between PAA and breast cancer treatment pattern (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery(+radiation) 116 Reference Reference Reference Reference Reference 
Surgery(+radiation)+chemo 171 5.47 <0.001 4.61 <0.001 1.45 0.092 -0.2 0.8 1.07 0.237 
Surgery(+radiation)+hormone 326 0.88 0.428 -0.08 0.929 -1.48 0.068 -1.01 0.175 2.33 0.005 
Surgery(+radiation)+chemo+hormone 327 7.51 <0.001 1.96 0.034 -0.65 0.418 -0.97 0.188 1.70 0.038 
Surgery(+radiation)+chemo+hormone+targeted 106 6.58 <0.001 3.27 0.001 1.01 0.269 0.39 0.654 2.75 0.006 
Other 190 4.95 <0.001 3.13 0.001 2.07 0.01 3.23 <0.001 6.16 <0.001 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis. 

 

Table 16. Association between PAA and breast cancer treatment pattern (N=1,236) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery(+radiation) 116 Reference Reference Reference Reference Reference 
Surgery(+radiation)+chemo 171 5.17 <0.001 4.26 <0.001 1.13 0.277 -0.41 0.686 0.92 0.399 
Surgery(+radiation)+hormone 326 1.33 0.248 0.32 0.739 -1.03 0.226 -0.45 0.58 2.89 0.001 
Surgery(+radiation)+chemo+hormone 327 6.99 <0.001 1.38 0.164 -1.19 0.179 -1.38 0.102 1.32 0.152 
Surgery(+radiation)+chemo+hormone+targeted 106 6.23 <0.001 2.88 0.012 0.65 0.539 0.13 0.901 2.52 0.028 
Other 190 3.55 0.004 1.67 0.129 0.64 0.523 1.91 0.05 4.88 <0.001 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for cancer stage, 
grade, and subtype. 
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We further examine the association between PAA and specific drugs used in treatment. 

Without adjustment for cancer clinical characteristics (Table 17), the associations of PAA with 

most chemotherapy agents (alkylating agent, anthracyclines, and anti-microtubule agents/taxane) 

diminished over time, reverting to negative or null at 10 years, with the respective ΔPAA of 

alkylating agent, anthracyclines, and anti-microtubule agents/taxane changing from 3.82, 2.75, 

and 3.90 (all p<0.001) around diagnosis to -2.43 (p<0.001), -2.41 (p<0.001), and -0.20, 

(p=0.712). Antimetabolites, on the other hand, show an opposite association pattern with PAA 

than other chemotherapy drugs, where a positive association is observed only after year 2 which 

further increases to 7.26 years higher PAA (p<0.001) at 10 years, compared to those not 

receiving antimetabolites. The hormone therapy and PAA association at 10 years post-diagnosis 

is likely driven by aromatase inhibitors (AI) (ΔPAA=1.53, p<0.001). Selective estrogen receptor 

modulators is inversely associated with PAA (ΔPAA=-1.03, p=0.01) at 10 years post-diagnosis. 

The association between targeted drugs and PAA is only observed for pertuzumab but for not 

trastuzumab, where pertuzumab shows a positive and stronger association with PAA at year 2 

(ΔPAA=2.25, p=0.007) and year 10 (ΔPAA=8.36, p<0.001), resembling the pattern observed for 

the antimetabolites. The results remain largely unchanged after additional adjustment for cancer 

stage, grade, and subtype (Table 18). 
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Table 17. Association between PAA and breast cancer drugs for chemotherapy, targeted therapy, and hormone therapy (N=1,236) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Chemotherapy            

Alkylating 634/602 3.82 <0.001 1.82 0.001 0.08 0.888 -1.61 0.004 -2.43 <0.001 
Anthracyclines 469/767 2.75 <0.001 1.79 <0.001 0.23 0.614 -1.81 <0.001 -2.41 <0.001 
Antimetabolite 157/1,079 0.47 0.419 -0.91 0.074 2.62 <0.001 5.79 <0.001 7.26 <0.001 
Anti-microtubule/taxane 645/591 3.90 <0.001 1.44 0.005 0.56 0.254 0.27 0.584 -0.20 0.712 

Hormone therapy            

SERM 437/799 1.06 0.012 -1.52 <0.001 -1.49 <0.001 -1.41 <0.001 -1.03 0.011 
Aromatase inhibitor 634/602 1.39 0.001 -1.03 0.003 -0.87 0.008 0.1 0.768 1.53 <0.001 

Targeted therapy            

Trastuzumab 210/1,026 -0.83 0.135 -0.16 0.746 0.19 0.704 0.21 0.682 0.39 0.495 
Pertuzumab 56/1,180 -0.76 0.404 0.40 0.631 2.25 0.007 4.92 <0.001 8.36 <0.001 

Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for other 
treatments and other drugs of the treatment type. 

 

Table 18. Association between PAA and breast cancer drugs for chemotherapy, targeted therapy, and hormone therapy (N=1,236) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Chemotherapy            

Alkylating 634/602 3.78 <0.001 1.77 0.002 0.02 0.968 -1.65 0.003 -2.44 <0.001 
Anthracyclines 469/767 2.50 <0.001 1.52 0.002 -0.04 0.938 -2.08 <0.001 -2.65 <0.001 
Antimetabolite 157/1,079 0.10 0.869 -1.31 0.01 2.22 <0.001 5.41 <0.001 6.91 <0.001 
Anti-microtubule/taxane 645/591 3.50 <0.001 1.02 0.053 0.13 0.793 -0.16 0.756 -0.60 0.278 

Hormone therapy            

SERM 437/799 1.31 0.002 -1.25 0.001 -1.23 <0.001 -1.15 0.001 -0.79 0.057 
Aromatase inhibitor 634/602 1.55 0.001 -0.86 0.029 -0.71 0.062 0.27 0.48 1.69 <0.001 

Targeted therapy            

Trastuzumab 210/1,026 -0.98 0.155 -0.31 0.629 0.02 0.969 0.03 0.958 0.21 0.764 
Pertuzumab 56/1,180 -0.93 0.308 0.22 0.794 2.05 0.015 4.72 <0.001 8.16 <0.001 

Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for 
cancer stage, grade, subtype, other treatments, and other drugs of the treatment type. 
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2.5 Sensitivity analysis 

After excluding BC patients with no measure of PAA at baseline, i.e., between 1 year 

prior to diagnosis to 0.5 years after diagnosis, the sensitivity analysis is based on 1,205 

participants (Table 19), including 776 BC cases (Table 20). 

Table 19. Participant characteristics in sensitivity analysis (N=1,205) 

  
Control Breast Cancer 

p 
(N=429) (N=776) 

Age at diagnosis/biopsy 49.9 ± 12.4 53.7 ± 11.5 <0.001 
Follow-up duration (year) 8.73 ± 3.15 8.80 ± 4.29 0.76 
Vital status    

Alive 320 (75 %) 466 (60 %) <0.001 
Deceased 17 (4 %) 67 (9 %)  

Unknown 92 (21 %) 243 (31 %)  

Race    

White 364 (85 %) 660 (85 %) 0.58 
Black 49 (11 %) 79 (10 %)  

Other 16 (4 %) 37 (5 %)  

BMI at biopsy 28.8 ± 7.71 29.0 ± 6.31 0.58 
Charlson comorbidity index at biopsy 0.844 ± 1.47 1.33 ± 1.63 <0.001 
Charlson comorbidity index at latest follow-up 3.00 ± 3.39 4.61 ± 3.10 <0.001 
Mean±SD for p-values from t-test for continuous variables; n (%) and p-values from chi-square test for categorical variables. 

 

Table 20. Clinical characteristics, treatments, and outcomes among breast 
cancer patients in sensitivity analysis (N=776) 
  n (%) 
Clinical characteristics  

Stage  

0 19 (2 %) 
I 231 (30 %) 
II 330 (43 %) 
III/IV 183 (24 %) 
Unknown 13 (2 %) 

Grade  

Low 112 (14 %) 
Intermediate 300 (39 %) 
High 338 (44 %) 
Unknown 26 (3 %) 
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Subtype  

HR+ HER2− 350 (45 %) 
HER2+ 141 (18 %) 
Triple-negative 142 (18 %) 
Unknown 143 (18 %) 

Estrogen receptor  

Positive 513 (66 %) 
Negative 232 (30 %) 
Unknown 31 (4 %) 

Progesterone receptor  

Positive 440 (57 %) 
Negative 303 (39 %) 
Unknown 33 (4 %) 

HER2  

Positive 142 (18 %) 
Negative 486 (63 %) 
Borderline 8 (1 %) 
Unknown 140 (18 %) 

Treatments  

Surgery 726 (94 %) 
Lumpectomy/partial mastectomy/segmental mastectomy 318 (41 %) 
Mastectomy 391 (50 %) 
Other/unknown type of surgery 17 (2 %) 
Missing 50 (6.4%) 

Radiation therapy 431 (56 %) 
Chemotherapy 611 (79 %) 

Alkylating 534 (69 %) 
Anthracyclines 393 (51 %) 
Antimetabolite 97 (12 %) 
Anti-microtubule/taxane 552 (71 %) 

Hormone therapy 540 (70 %) 
SERM 285 (37 %) 
Aromatase inhibitor 424 (55 %) 

Targeted therapy 180 (23 %) 
Herceptin/Trastuzumab 177 (23 %) 
Pertuzumab/Perjeta 49 (6 %) 

Immunotherapy 39 (5 %) 
Outcomes  

Second breast cancer 13 (2 %) 
Recurrence/metastasis 163 (21 %) 
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The predicted PAA among BC patients are shown in Table 21. BC patients have a 

positive PAA of 2.39 (95% CI=1.95, 2.83) at diagnosis and a negative PAA of -1.08 (95% CI=-

1.48, -0.69) at year 2 and -1.50 (95% CI=-0.90, -0.10) at year 5 after diagnosis, similar to the 

predicted PAA among all BC patients, followed by a positive PAA at year 10 (PAA=0.54, 95% 

CI=0.04, 1.03), which is lower than the predicted PAA among all patients. 

Table 21. Predicted PAA among breast cancer patients by year since diagnosis in sensitivity 
analysis (N=776) 
Year after diagnosis Predicted PAA 95% CI 
At diagnosis 2.39 (1.95, 2.83) 
1 -0.11 (-0.51, 0.30) 
2 -1.08 (-1.48, -0.69) 
5 -0.50 (-0.90, -0.10) 
10 0.54 (0.04, 1.03) 
Predicted PAA estimates using linear mixed models with a natural spline of year since diagnosis. 

 

The differences in predicted PAA between cases and controls are observed at diagnosis 

and year 1 after diagnosis (Table 22), with cases having a higher PAA of 3.90 years (p<0.001) 

and 1.85 years (p<0.001), respectively. The difference at year 10 observed in all participants is 

not significant in the sensitivity analysis. 

Table 22. Difference in predicted PAA by case-control status by year since diagnosis in sensitivity 
analysis (N=776) 

Year after diagnosis Δ predicted PAA (case vs 
control) 95% CI p 

At diagnosis 3.90 (2.92, 4.86) <0.001 
1 1.85 (0.81, 2.88) <0.001 
2 0.54 (-0.32, 1.41) 0.21 
5 -0.23 (-1.04, 0.59) 0.58 
10 0.46 (-0.59, 1.52) 0.39 
Predicted PAA estimates using linear mixed models with an interaction between case-control status and a 
natural spline of year since diagnosis. 
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Compared with the association of PAA with BC clinical characteristics among all 

patients, the sensitivity analysis shows that age at diagnosis is no longer associated with PAA at 

year 10 post-diagnosis, stage is associated with PAA only at year 5 (stage I vs 0: ΔPAA=-2.89, 

p=0.033; stage II vs 0: ΔPAA=-3.07, p=0.022; stage III/IV vs 0: ΔPAA=3.04, p=0.026) and year 

10 (stage I vs 0: ΔPAA=-3.76, p=0.013; stage II vs 0: ΔPAA=-4.42, p=0.003) but not at prior 

time points, TNBC is associated with PAA only at year 1 (ΔPAA=3.33, p<0.001) and year 2 

(ΔPAA=1.84, p=0.001), but not at year 10 (Table 23). The association between tumor grade and 

PAA is retained in the sensitivity analysis. 
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Table 23. Association between PAA and clinical characteristics among breast cancer patients in sensitivity analysis (N=776) 

Clinical characteristics N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Age at diagnosis            

    <45 162 Reference Reference Reference Reference Reference 
    45-54 255 0.58 0.349 0.53 0.358 0.55 0.324 0.19 0.738 -1.43 0.035 
    55-64 226 -0.03 0.963 -0.67 0.254 -0.16 0.786 2.12 <0.001 1.26 0.075 
    ≥65 133 -2.18 0.003 1.1 0.101 1.52 0.02 1.8 0.008 1.46 0.096 
Stage            

    0 19 Reference Reference Reference Reference Reference 
    I 231 -0.67 0.627 -0.52 0.708 -1.92 0.147 -2.89 0.033 -3.76 0.013 
    II 330 0.71 0.597 0.85 0.533 -1.21 0.355 -3.07 0.022 -4.42 0.003 
    III/IV 183 2.57 0.061 1.34 0.332 1.83 0.169 3.04 0.026 0.6 0.696 
Grade            

    Low 112 Reference Reference Reference Reference Reference 
    Intermediate 300 0.40 0.584 0.88 0.178 1.43 0.02 0.56 0.363 1.67 0.032 
    High 338 1.72 0.016 3.14 <0.001 2.79 <0.001 0.87 0.157 1.80 0.019 
Subtype            

    HR+/HER2- 350 Reference Reference Reference Reference Reference 
    HER2+ 141 -0.73 0.235 2.21 <0.001 2.51 <0.001 1.05 0.061 0.08 0.918 
    Triple-negative 142 -0.56 0.363 3.33 <0.001 1.84 0.001 -0.78 0.175 -1.09 0.162 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis. 
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In the sensitivity analysis (Table 24), we observed similar associations of surgery 

(ΔPAA=-9.53, p<0.001), radiation therapy (ΔPAA=-1.06, p=0.040), hormone therapy 

(ΔPAA=1.18, p=0.045), and immunotherapy (ΔPAA=-11.9, p=0.015) on PAA at year 10 post-

diagnosis. However, surgery is no longer significantly associated with PAA at diagnosis 

(ΔPAA=-0.37, p=0.675), as observed in all participants. Radiation therapy is associated with a 

decreased PAA at year 5 (ΔPAA=-2.34, p<0.001) with no positive association at diagnosis or 

year 1, as observed in all cases. Chemotherapy is associated with an increased PAA only at 

diagnosis (ΔPAA=4.80, p<0.001) and year 1 (ΔPAA=2.16, p<0.001), not at later times. 

Hormone therapy, targeted therapy, and immunotherapy show similar associations with PAA 

with the results among all cases. After adjustment for cancer stage, grade, and subtype (Table 

25), we further observe a negative association between chemotherapy and PAA at year 5 

(ΔPAA=-1.22, p=0.032) and year 10 (ΔPAA=-1.96, p=0.004). 

 



 
 

43 

Table 24. Association between PAA and breast cancer treatments in sensitivity analysis (N=774) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Surgery 726/48 -0.37 0.675 -2.33 0.004 -5.51 <0.001 -9.32 <0.001 -9.53 <0.001 
Radiation therapy 431/343 0.88 0.055 0.61 0.141 -0.25 0.540 -2.34 <0.001 -1.06 0.04 
Chemotherapy 611/163 4.80 <0.001 2.16 <0.001 0.95 0.064 -0.17 0.745 -0.90 0.162 
Hormone therapy 540/234 1.08 0.024 -2.13 <0.001 -1.56 <0.001 -0.51 0.258 1.18 0.045 
Targeted therapy 180/594 -1.03 0.061 -0.04 0.931 0.5 0.32 -0.07 0.889 0.02 0.971 
Immunotherapy 39/735 -2.50 0.014 2.72 0.003 0.89 0.36 2.11 0.043 -11.9 0.015 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with mutual 
adjustment for other treatments. 

 

Table 25. Association between PAA and breast cancer treatments in sensitivity analysis (N=774) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Surgery 726/48 0.95 0.325 -0.97 0.271 -4.15 <0.001 -7.95 <0.001 -8.17 <0.001 
Radiation therapy 431/343 0.56 0.222 0.3 0.47 -0.56 0.166 -2.64 <0.001 -1.4 0.007 
Chemotherapy 611/163 3.79 <0.001 1.13 0.056 -0.09 0.869 -1.22 0.032 -1.96 0.004 
Hormone therapy 540/234 1.74 0.004 -1.46 0.012 -0.89 0.122 0.16 0.783 1.85 0.008 
Targeted therapy 180/594 -2.02 0.008 -1.03 0.161 -0.49 0.503 -1.08 0.145 -0.98 0.23 
Immunotherapy 39/735 -3.05 0.002 2.18 0.018 0.33 0.728 1.52 0.141 -12.27 0.012 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with 
adjustment for cancer stage, grade, subtype, and other treatments. 
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The association between treatment combination and PAA in the sensitivity analysis is 

shown in Table 26. Due to the limited number of patients in several treatment groups, we only 

analyze the association with the condensed combination groups. Chemotherapy and 

chemotherapy involved treatment in addition to surgery (with or without radiation therapy) are 

associated with an increased PAA at diagnosis (ΔPAA ranging from 4.39, p=0.008 to 6.26, 

p<0.001), and chemotherapy is associated with an increased PAA at year 1 (ΔPAA=3.78, 

p=0.027). The mixture of other treatment combinations is associated with an increased PAA at 

diagnosis (ΔPAA=4.14, p=0.013). After adjustment for cancer stage, grade, and subtype, the 

association between PAA and chemotherapy at diagnosis remains, with the addition of 

chemotherapy, the combination of chemotherapy and hormone therapy, and the combination of 

chemotherapy, hormone therapy, and targeted therapy associated with increased PAA of 4.21 

(p=0.019), 5.52 (p=0.001), and 4.70 (p=0.009), respectively, compared to surgery only or the 

combination of surgery and radiation therapy. No other association is significant, potentially due 

to the limited sample size (Table 27). 
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Table 26. Association between PAA and breast cancer treatment pattern in sensitivity analysis (N=774) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery(+radiation) 16 Reference Reference Reference Reference Reference 
Surgery(+radiation)+chemo 139 4.39 0.008 3.78 0.027 0.18 0.917 -0.85 0.614 -2.35 0.233 
Surgery(+radiation)+hormone 135 0.59 0.728 -1.04 0.544 -2.47 0.144 -1.07 0.526 -0.83 0.670 
Surgery(+radiation)+chemo+hormone 271 6.26 <0.001 0.72 0.665 -2.07 0.211 -2.03 0.220 -2.08 0.275 
Surgery(+radiation)+chemo+hormone+targeted 96 5.25 0.002 1.99 0.247 -0.46 0.789 -1.05 0.540 -0.23 0.909 
Other 117 4.14 0.013 2.61 0.126 1.52 0.370 2.83 0.095 1.71 0.384 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis. 

 

Table 27. Association between PAA and breast cancer treatment pattern in sensitivity analysis (N=774) 

Treatment N 
At diagnosis Year 1 Year 2 Year 5 Year 10 

Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 
Surgery(+radiation) 16 Reference Reference Reference Reference Reference 
Surgery(+radiation)+chemo 139 4.21 0.019 3.58 0.053 0.04 0.983 -1.12 0.539 -2.46 0.238 
Surgery(+radiation)+hormone 135 1.01 0.561 -0.67 0.702 -2.02 0.242 -0.74 0.667 -0.32 0.874 
Surgery(+radiation)+chemo+hormone 271 5.52 0.001 -0.04 0.982 -2.77 0.105 -2.84 0.095 -2.74 0.160 
Surgery(+radiation)+chemo+hormone+targeted 96 4.70 0.009 1.42 0.437 -0.97 0.593 -1.70 0.348 -0.73 0.725 
Other 117 2.49 0.157 0.93 0.607 -0.10 0.954 1.09 0.543 0.12 0.952 
Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for cancer 
stage, grade, and subtype. 
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The association between PAA and specific drug groups for chemotherapy, hormone 

therapy, and targeted therapy shows some aberrations from the results among all patients (Table 

28). Most chemotherapy agents remain similarly associated with PAA, but anti-

microtubule/taxane drugs shows a negative association with PAA at year 10 (ΔPAA=-1.49, 

p=0.027). At year 10 post-diagnosis, we do not observe significant associations of PAA with 

hormone therapy drugs, SERM and AI. Pertuzumab is associated with an increased PAA at year 

10 among all patients (ΔPAA=8.36, p<0.001), but in the sensitivity analysis shows a remarkably 

negative association with PAA (ΔPAA=-27.41, p<0.001). The inconsistency is likely due to the 

small group of patients receiving pertuzumab (N=49). Further adjustment for cancer stage, grade, 

and subtype does not change the results materially. 
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Table 28. Association between PAA and breast cancer drugs for chemotherapy, targeted therapy, and hormone therapy in sensitivity analysis 
(N=774) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Chemotherapy            

Alkylating 534/240 3.3 <0.001 1.8 0.006 -0.23 0.717 -2.2 0.001 -2.8 <0.001 
Anthracyclines 393/381 2.3 <0.001 1.62 0.002 0.16 0.745 -2.5 <0.001 -2.22 <0.001 
Antimetabolite 97/677 1.22 0.063 -0.23 0.702 3.3 <0.001 7.71 <0.001 6.76 <0.001 
Anti-microtubule/taxane 552/222 3 <0.001 0.91 0.14 0.16 0.786 -0.91 0.134 -1.49 0.027 

Hormone therapy            

SERM 285/489 1.09 0.02 -2.21 <0.001 -1.79 <0.001 -1.91 <0.001 -0.26 0.609 
Aromatase inhibitor 424/350 1.51 0.001 -1.06 0.01 -0.9 0.026 0.44 0.283 0.72 0.157 

Targeted therapy            

Trastuzumab 177/597 -1.18 0.045 -0.34 0.533 0.26 0.638 -0.2 0.711 -0.08 0.898 
Pertuzumab 49/725 -0.79 0.41 1.17 0.186 2.3 0.011 6.71 <0.001 -27.41 <0.001 

Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for 
other treatments and other drugs of the treatment type. 

 
Table 29. Association between PAA and breast cancer drugs for chemotherapy, targeted therapy, and hormone therapy in sensitivity analysis (N=774) 

Treatment N yes/ 
N no 

At diagnosis Year 1 Year 2 Year 5 Year 10 
Δ PAA p Δ PAA p Δ PAA p Δ PAA p Δ PAA p 

Chemotherapy            

Alkylating 534/240 3.22 <0.001 1.7 0.008 -0.33 0.605 -2.31 <0.001 -2.89 <0.001 
Anthracyclines 393/381 2.05 <0.001 1.38 0.007 -0.09 0.86 -2.77 <0.001 -2.5 <0.001 
Antimetabolite 97/677 0.82 0.209 -0.64 0.286 2.88 <0.001 7.28 <0.001 6.34 <0.001 
Anti-microtubule/taxane 552/222 2.6 <0.001 0.51 0.42 -0.25 0.682 -1.35 0.03 -1.94 0.005 

Hormone therapy            

SERM 285/489 1.39 0.004 -1.89 <0.001 -1.48 0.001 -1.6 <0.001 0.04 0.942 
Aromatase inhibitor 424/350 1.7 0.001 -0.88 0.065 -0.71 0.129 0.63 0.185 0.92 0.103 

Targeted therapy            

Trastuzumab 177/597 -1.8 0.023 -0.96 0.211 -0.37 0.631 -0.85 0.271 -0.72 0.39 
Pertuzumab 49/725 -1.12 0.244 0.84 0.348 1.96 0.03 6.35 <0.001 -27.62 <0.001 

Difference in PAA estimated using linear mixed models with an interaction between exposures and a natural spline of year since diagnosis, with adjustment for cancer 
stage, grade, subtype, other treatments, and other drugs of the treatment type. 
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3. Discussions 

In this clinic-based cohort study of BC patients, we observed age acceleration up to 10 

years after diagnosis. Clinical characteristics, including the advanced stage, high tumor grade, 

and triple-negative subtype, were associated with higher age acceleration. Systemic therapy, 

including chemotherapy and hormone therapy, was associated with age acceleration. 

Emerging evidence indicates that BC survivors might experience accelerated aging, 

measured by aging-related diseases, physical and cognitive function decline, and biomarkers.3,8,84 

Previous research demonstrated that exposure to chemotherapy and/or radiation was associated 

with markers of cellular aging, including higher DNA damage and lower telomerase activity, 3-6 

years post-diagnosis among 94 BC survivors.85 However, the associations were evaluated 

without adjustment for BC clinical characteristics, such as stage, obscuring the distinctions 

between the effects of BC itself and cancer-related treatments. 

To our knowledge, no study has investigated the blood chemistry marker-based PAA 

among BC survivors. Several studies have investigated the DNAm-based PAA and other 

biological age (BA) metrics among BC patients and survivors.40,41,86 In a study comparing pre- 

and post-treatment DNAm-based BA among 72 BC patients, receiving radiation alone or in 

combination with chemotherapy was associated with the increase in BA in one or more 

measures.86 Rentscher et al. reported a null association of DNAm PhenoAge with BC status 

(β=1.32, 95% CI=-0.60, 3.24, p=0.18), chemotherapy (β=1.77, 95% CI=-1.05, 4.60, p=0.22), and 

hormone therapy (β=1.17, 95% CI=-1.13, 3.46, p=0.32), but positive associations using other 

DNAm clocks.41 In the Sister Study where all participants had a family history of BC, BC 

survivors had a higher PAA compared to cancer-free women (β=0.13, 95% CI=0.00, 0.26, 

p=0.04) at approximately 4 years post-diagnosis.40 Surgery had minimal impact on PAA, while 
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radiation therapy was positively associated with PAA (β=0.39, 95% CI=0.19, 0.59, p<0.001).40 

In our study, radiation therapy was associated with a decreased PAA at 5 and 10 years post-

diagnosis. The time-dependent patterns of PAA by chemotherapy and hormone therapy in our 

study were modestly similar to the second study, with chemotherapy having a stronger but non-

significant association with the BA metric GrimAgeAccel measured within 4 years post-

diagnosis (β=0.24, 95% CI=-0.03, 0.50, p=0.08), potentially due to the small number of BC 

survivors receiving chemotherapy (N=67),while hormone therapy had a stronger association with 

the BA metric DunedinPACE measured beyond 4 years post-diagnosis (β=0.45, 95% CI=0.0.8, 

0.83, p=0.02), indicating the relatively short-term effects on age acceleration of chemotherapy 

and the long-term effect of hormone therapy. However, the two aforementioned studies were 

subject to a limited sample size (89 and 190 BC survivors) and/or lack of baseline or multiple 

follow-up blood samples. 

The mechanisms underlying the age acceleration among BC survivors involve intricate 

cellular and molecular processes associated with BC and related treatment. The age acceleration 

could be partly attributed to the damage and dysfunction in normal cells induced by 

chemotherapy treatments, including telomere attrition, mitochondrial dysfunction, genomic 

instability, epigenetic alterations, cellular senescence, and chronic inflammation.3,87–89 

Particularly, antimetabolites involved regimen of cyclophosphamide, methotrexate, and 

fluorouracil (CMF) has been reported to be associated with elevated levels of inflammatory 

markers and lower cognitive performance at 20 years after chemotherapy, although these 

survivors received radiation therapy before chemotherapy.87 In addition, hormone therapy may 

contribute to age acceleration by altering signaling pathways that induces apoptosis.90,91 
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Our study is the first large study with 10 years of follow-up to evaluate PAA among 

breast cancer survivors. With repeated measures of PAA and detailed information of cancer 

diagnosis and treatments, we depicted the aging trajectory from BC diagnosis to 10 years post-

diagnosis, and identified risk factors for accelerated aging among BC survivors. 

The limitations of the study include the selection bias of the participants, particularly in 

the recruitment of cancer-free controls from the same clinic as the BC patients. Many controls 

underwent needle biopsy due to suspicious breast lesions, different from the cancer-free women 

from the general population, potentially leading to an underestimation of case-control 

differences. The controls who are diagnosed with benign breast diseases from a biopsy have been 

shown to have an increased subsequent risk for BC.92 In addition, there is heterogeneity in the 

number of measures of PAA. A greater number of PAA measured could be indicative of more 

frequent hospital visits due to complex health conditions. While efforts were made to exclude 

PAA measured during inpatient or ED visits, not all acute conditions that could induce temporal 

alterations in blood chemistry markers could be eliminated. Despite utilizing a mixed model to 

account for the data structure, our results primarily reflect the aging trajectory of patients with a 

sufficient number of blood measures over an extended duration of follow-up. Limited by the 

clinical setting of the study, our calculated PAA differed from the original PAA developed by 

Levine et al.31 in that we re-weight the biomarkers after dropping the highly missing variable 

CRP, which is tested only when the patients were suspected to have an infection. The updated 

PAA had a 0.995 correlation with the original PAA, minimally affecting the metric estimation. 

Lastly, the small number of patients receiving immunotherapy limited the power to assess the 

effect of immunotherapy and in combination with other treatments. 
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Our study provides evidence of accelerated aging among BC survivors, suggesting 

potential implications for future clinical oncology and survivorship care practices. A review in 

2021 introduced a conceptual framework of biological aging, emphasizing the significance of 

understanding biological aging to improve personalized treatment and supportive care, develop 

tailored survivorship care plans, and prescribe preventive or ameliorative therapies and 

behaviors.93 Our study, along with the growing evidence base of accelerated aging among BC 

survivors, could ultimately be translated into guidance for care, aiming to improve healthy 

survivorship. 
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CHAPTER 3 

Aim 2: Cumulative deficits among breast cancer survivors 

To evaluate the association of breast cancer characteristics and treatments with frailty 

status and the cumulative deficit index (CDI) among breast cancer survivors, and whether 

adherence to guidelines for cancer survivors improves deficits. 

1. Methods 

1.1 Study design 

This study is a case-control study nested within a clinic-based cohort study. Exposures 

evaluated in this aim include BC characteristics and treatments obtained from VCR and EHR, 

and adherence to guidelines for cancer survivors. Outcomes included self-reported deficits based 

on a survey. 

1.2 Study population 

The Aim 2 is based on the VICC BRE03103 cohort, described in Chapter 2. The 

participants with active My Health at Vanderbilt (MHAV) accounts were contacted for the 

survey. Those who completed the survey, aged 40 years or older, and had no second BC, 

recurrence, or metastasis, were included in this analysis. A study flowchart is shown in Figure 4. 
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Figure 4. Aim 2 study flowchart 

1.3 Survey design and distribution 

The survey uses a multidimensional questionnaire to collect information on 

demographics, lifestyles (smoking, alcohol drinking, diet, physical activity, and sleep), diseases, 

medication, physical and mental health, social well-beings, and pain. Questions related to deficits 

are modified based on commonly used and validated instruments as follows in Table 30: 
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Table 30. Instruments for deficit measures 

Instrument No. of 
questions 

No. of 
domains Domains Modified Modification 

PROMIS®-29 Profile v2.194 29 8 

Physical function, anxiety, 
depression, fatigue, sleep 

disturbance, ability to participate 
in social roles and activities, pain 
interference, and pain intensity 

No - 

ASCO Practical Geriatric Assessment 
- 
Activities of Daily Living95 

6 1 Activities of daily living No - 

RAND 36-Item Short Form Survey 
v1.0 - 
General health perception96 

4 1 General health perception No - 

PROMIS® Short Form v2.0 - 
Cognitive Function 8a97 8 1 Perceived cognitive impairments Yes Included 6 

questions 
 

The survey was implemented in REDCap and tested by the research team members for 

feasibility and estimation of completion time before sent to study participants. The survey takes 

about 30-40 minutes to complete and is available in web and print forms. The full survey is 

shown in Supplementary Figure 1. 

Study participants were reached via MHAV, the VUMC patient portal, which was first 

launched in 2005 with core functions of secure messaging between providers and patients, 

patient access to EHR, delivery of personalized health information, appointment scheduling, and 

bill management.98 All participants that had an active MHAV account received a message of 

invitation to the study survey, which contained an introduction of the study, instructions to 

complete the survey, an individualized link to the REDCap survey, and an email address of the 

study coordinator for inquiries about the study or option to opt out of the study. The 

individualized survey link ensures the convenience of the participant returning to the survey, thus 

having a high completion rate, and enables linkage to patient MRN during data analysis. Paper-

version surveys for mailing were available if preferred by participants. As a token of 



 
 

55 

appreciation, we provided a $15 Amazon (e-)gift card to participants who completed the survey. 

From April 2022 to July 2023, we reached out to 2,045 study participants, with each patient 

messaged ≥3 times. By September 2023, we received 734 responses, including 648 complete 

responses and 86 incomplete responses (Table 31). 

Table 31. Survey responses and completion 
  Control Breast Cancer Total 
N 894 1,151 2,045 
Response N 294 440 734 
Response rate 33% 38% 36% 
Completion N 250 398 648 
Completion rate 85% 90% 88% 

 

1.4 Exposure assessment 

Breast cancer status, clinical characteristics, and treatments for breast cancer were 

extracted from VCR and EHR, as described in Chapter 2. 

The adherence to American Cancer Society Nutrition and Physical Activity Guideline for 

Cancer Survivors (2022)70 (the ACS Guideline) is evaluated in four aspects: body weight, 

physical activity, nutrition, and alcohol consumption. The adherence to each aspect of the ACS 

Guideline is defined as follows: 

1) Body weight: BMI <30 kg/m2. 

2) Physical activity: 150-300 min/week of moderate-intensity physical activity, or 75-150 

min/week of vigorous-intensity physical activity. 

3) Nutrition: consumption of red meat of processed meat for ≤3 time/week, sugar 

sweetened beverages for <7 time/week, vegetables, fruits, and beans/lentils for ≥7 time/week, 

whole grains for ≥1 time/week. 
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4) Alcohol consumption: ≤1 drink/day. 

The adherence to the ACS Guideline is defined as adherence to all four criteria. 

1.5 Outcome assessment 

Frailty is a state of increased vulnerability to adverse health outcomes, and is commonly 

measured by CDI as a ratio of deficits present to the total number of deficits considered, ranging 

from 0 to 1, with higher CDI representing more deficits.42 Despite different number and types of 

deficits considered for frailty index calculation, the associations of CDI with health outcomes are 

of high reproducibility. The number of items in the CDI could range from 20 to 92.20,99–102 In this 

study, we constructed the CDI following this approach. The 56 items in 13 domains included in 

the CDI evaluated in our study and their score weights are listed in Table 32. Participants were 

then categorized into three frailty status based on CDI – robust (CDI ≤0.2), pre-frail (CDI 0.2-

≤0.35), and frail (CDI >0.35). 

Table 32. Domains and items for CDI 
Domain Item Code 

1 Physical function 

1 Are you able to do chores such as vacuuming or yard 
work? Without any difficulty - 0 

With a little difficulty - 
0.25 

With some difficulty - 0.5 
With much difficulty - 0.75 

Unable to do - 1 

2 Are you able to go up and down stairs at a 
normal pace? 

3 Are you able to go for a walk of at least 
15 minutes? 

4 Are you able to run errands and shop? 

2 Anxiety 

  (In the past 7 days)   
5 I felt fearful Never - 0 

Rarely - 0.25 
Sometimes - 0.5 

Often - 0.75 
Always - 1 

6 I found it hard to focus on anything other 
than my anxiety 

7 My worries overwhelmed me 
8 I felt uneasy 

3 Depression 

 (In the past 7 days)  

9 I felt worthless Never - 0 
Rarely - 0.25 

Sometimes - 0.5 
10 I felt helpless 
11 I felt depressed 
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12 I felt hopeless 
Often - 0.75 
Always - 1 

4 Fatigue 

  (In the past 7 days)   
13 I feel fatigued 

Not at all - 0 
A little bit - 0.25 
Somewhat - 0.5 
Quite a bit - 0.75 
Very much - 1 

14 I have trouble starting things because I am tired 
15 How run-down did you feel on average? 

16 How fatigued were you on average? 

5 Sleep Disturbance 

 (In the past 7 days)  

17 My sleep quality was 

Very poor - 1 
Poor - 0.75 
Fair - 0.5 

Good - 0.25 
Very good - 0 

18 My sleep was refreshing 

Not at all - 1 
A little bit - 0.75 
Somewhat - 0.5 
Quite a bit - 0.25 
Very much - 0 

19 I had a problem with my sleep 
Not at all - 0 

A little bit - 0.25 
Somewhat - 0.5 
Quite a bit - 0.75 
Very much - 1 

20 I had difficulty falling asleep 

6 
Ability to Participate in 

Social Roles and 
Activities 

21 I have trouble doing all of my regular leisure activities 
with others 

Never - 0 
Rarely - 0.25 

Sometimes - 0.5 
Often - 0.75 
Always - 1 

22 I have trouble doing all of the family activities that I want 
to do 

23 I have trouble doing all of my usual work (include work at 
home) 

24 I have trouble doing all of the activities with friends that I 
want to do 

7 Pain Interference 

 (In the past 7 days) 
Not at all - 0 

A little bit - 0.25 
Somewhat - 0.5 
Quite a bit - 0.75 
Very much - 1 

25 How much did pain interfere with your day to day 
activities? 

26 How much did pain interfere with work around the home? 

27 How much did pain interfere with your ability to 
participate in social activities? 

28 How much did pain interfere with your household chores? 
8 Pain Intensity   (In the past 7 days)   
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29 How would you rate your pain on average? 
No pain - 0 

… 
Worst imaginable pain - 1 

9 Activities of daily living 

30 Can you prepare your own meals? 

Without help - 0 
With some help - 0.5 
Completely unable - 1 

31 Can you take your own medicines? 
32 Can you handle your own money? 
33 Can you get in and out of bed? 
34 Can you dress and undress yourself? 
35 Can you take a bath or shower? 

10 General health perception 

36 I seem to get sick a little easier than other people 

Definitely true - 1 
Mostly true - 0.75 
Don't know - 0.5 

Mostly false - 0.25 
Definitely false - 0 

37 I am as healthy as anybody I know 

Definitely true - 0 
Mostly true - 0.25 
Don't know - 0.5 

Mostly false - 0.75 
Definitely false - 1 

38 I expect my health to get worse 

Definitely true - 1 
Mostly true - 0.75 
Don't know - 0.5 

Mostly false - 0.25 
Definitely false - 0 

39 My health is excellent 

Definitely true - 0 
Mostly true - 0.25 
Don't know - 0.5 

Mostly false - 0.75 
Definitely false - 1 

11 Perceived cognitive 
impairments 

 (In the past 7 days)  

40 I have had trouble forming thoughts 

Never - 0 
About once per week - 0.25 

2-3 times per week - 0.5 
Nearly every day - 0.75 
Several times per day - 1 

41 My thinking has been slow 
42 I have had trouble concentrating 

43 I have had to work really hard to pay attention or I would 
make a mistake 

44 I have had to work harder than usual to keep track of what 
I was doing 
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45 I have had trouble shifting back and forth between 
different activities that require thinking 

12 Aging-related 
comorbidities 

46 Hypertension 

No - 0 
Yes -1 

47 Cardiovascular disease 
48 Diabetes 
49 Cancer (other than breast cancer) 
50 Arthritis 
51 Chronic lung disease 
52 Chronic liver disease 
53 Chronic kidney disease 
54 Bone fracture 
55 Hearing or vision decline 

13 Falls in the last 6 months 56 How many times have you fallen in the last 6 months? 
None - 0 

Once - 0.5 
Twice or more - 1 

 

1.6 Covariate assessment 

Covariates assessed include demographics (age, race, education, income, marital status, 

and employment), body mass index (BMI), menopausal status, lifestyles (physical activity, diet, 

supplement use, smoking, and alcohol drinking), and disease and medication. 

1.7 Statistical analysis 

We evaluated the associations of CDI and frailty status with BC status in the BC cases 

and controls, and the associations with BC clinical characteristics (stage, grade, and subtype) and 

treatments (radiation therapy, chemotherapy, hormone therapy, and targeted therapy) among BC 

cases. The associations of CDI with BC status, clinical characteristics, and treatments were 

estimated in β (p) using linear regression models with adjustment for age at survey, time since 

diagnosis/biopsy, and baseline CCI in model 1, and with additional adjustment for demographics 

(race, education, income, marital status, and employment) and menopausal status in model 2, 

with the associations with treatments evaluated with additional adjustment for cancer stage, 

subtype, and other treatments among cases. The associations of frailty status with BC status, 
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clinical characteristics, and treatments were estimated in odds ratio (OR) and 95% confidence 

intervals (CI) using multinomial logistic regression models, respectively, with the same 

adjustment. Additionally, we evaluated the associations between domain-specific scores with the 

exposures using linear regression models, with the same adjustment. 

The associations of CDI and frailty status with adherence to the ACS Guideline among 

breast cancer patients were evaluated using linear regression and multinomial regression models, 

respectively, with adjustment for cancer stage, subtype, and treatment in model 1, and additional 

adjustment for demographics and menopausal status in model 2. To take into account the 

potential reverse causation between physical activity and the physical function domain in CDI, 

sensitivity analysis was conducted by 1) removing the physical activity criteria from the 

definition of adherence to the ACS Guideline, and 2) excluding patients with severe physical 

function impairment (domain deficit score >0.2). 

Stratified analyses were performed by age at survey (40-<65 and ≥65 years) and time 

since diagnosis/biopsy (<12 and ≥12 years). All statistical analyses were performed at a 2-sided 

significance level of 0.05 using R version 4.2.1. 

2. Results 

2.1 Participant characteristics 

The characteristics among the survey respondents (including partially completed), 

nonrespondents, and patients not contacted are shown in Table 33. Among both BC cases and 

controls, survey respondents had a longer follow-up than nonrespondents and those not 

contacted. Among BC cases, respondents were on average 1.8 and 4.8 years younger and had 1.4 

and 4.1 years longer follow-up than nonrespondents and patients not contacted. Twenty percent 
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of BC patients not contacted were deceased. There was less missingness in BC diagnosis and 

treatment among responding cases because the information was manually reviewed. After 

excluding missingness in the percentage calculation, BC cases that were not contacted were more 

likely to have stage III/IV (26% vs 10%), high-grade (39% vs 35%), and triple-negative (25% vs 

16%) BC, and were less likely to receive most of the treatments than responding cases. 

Nonresponding BC cases also presented a slightly different pattern of clinical characteristics and 

treatments with responding cases. 
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Table 33. Participant characteristics among survey respondents and nonrespondents 
 Control  Breast Cancer 

 Respondent Nonrespondent Not contacted p 
 Respondent  Nonrespondent  Not 

contacted 
 

p 
  (N=294) (N=600) (N=467)   (N=440) %* (N=710) %* (N=947) %* 
Age at diagnosis/biopsy 48.3 ± 11.1 47.3 ± 12.9 49.8 ± 14.2 0.008  52.0 ± 10.0  53.8 ± 11.5  56.8 ± 13.0  <0.001 
Follow-up years 9.09 ± 3.12 7.92 ± 3.42 4.51 ± 3.88 <0.001  11.0 ± 4.63  9.60 ± 5.28  6.92 ± 5.37  <0.001 
Vital status             
Alive 294 (100 %) 595 (99 %) 432 (93 %) <0.001  440 (100 %)  691 (97 %)  755 (80 %)  <0.001 
Deceased 0 (0 %) 5 (1 %) 35 (7 %)   0 (0 %)  19 (3 %)  192 (20 %)   
Race             

White 266 (90 %) 513 (86 %) 298 (64 %) <0.001  386 (88 %)  631 (89 %)  782 (83 %)  0.003 
Black 22 (7 %) 52 (9 %) 60 (13 %)   29 (7 %)  51 (7 %)  96 (10 %)   
Other 6 (2 %) 35 (6 %) 109 (23 %)   25 (6 %)  28 (4 %)  69 (7 %)   

Stage             
0      66 (15 %) 15% 109 (15 %) 17% 81 (9 %) 11% <0.001 
I      170 (39 %) 39% 243 (34 %) 37% 268 (28 %) 35%  
II      156 (35 %) 36% 203 (29 %) 31% 219 (23 %) 29%  
III/IV      43 (10 %) 10% 94 (13 %) 14% 198 (21 %) 26%  
Unknown      5 (1 %)  61 (9 %)  181 (19 %)   

Grade             
Low      93 (21 %) 22% 144 (20 %) 23% 141 (15 %) 18% <0.001 
Intermediate      184 (42 %) 43% 254 (36 %) 41% 340 (36 %) 43%  
High      147 (33 %) 35% 227 (32 %) 36% 305 (32 %) 39%  
Unknown      16 (4 %)  85 (12 %)  161 (17 %)   

Subtype             
HR+ HER2−      234 (53 %) 64% 285 (40 %) 66% 323 (34 %) 61% <0.001 
HER2+      75 (17 %) 20% 66 (9 %) 15% 77 (8 %) 14%  
Triple-negative      58 (13 %) 16% 78 (11 %) 18% 132 (14 %) 25%  
Unknown      73 (17 %)  281 (40 %)  415 (44 %)   

Treatment             
Surgery      438 (100 %)  626 (88 %)  690 (73 %)  <0.001 
Radiation therapy      242 (55 %)  339 (48 %)  382 (40 %)  <0.001 
Chemotherapy      243 (55 %)  350 (49 %)  487 (51 %)  0.147 
Hormone therapy      282 (64 %)  421 (59 %)  467 (49 %)  <0.001 
Targeted therapy      81 (18 %)  87 (12 %)  99 (10 %)  <0.001 
Immunotherapy           5 (1 %)   31 (4 %)   17 (2 %)   <0.001 

Mean±SD for p-values from ANOVA test for continuous variables; n (%) and p-values from chi-square test for categorical variables; 
%* Adjusted % among non-missing numbers only. 
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After excluding non-eligible respondents, there are 319 BC patients and 238 non-cancer 

controls included in this study. Participant characteristics are shown in Table 34. Compared with 

controls, BC patients were on average 3.5 years older (64.1 vs 60.6 years, p<0.001), had a lower 

proportion of White participants (88% vs 92%, p=0.04), less likely to be currently employed 

(46% vs 58%, p=0.007), and more likely to be postmenopausal (97% vs 84%, p<0.001). There is 

no difference between cases and controls in adherence to the guidelines for cancer 

survivors/prevention, where the adherence rate is 14% and 13% respectively. 88% of the BC 

patients adhere to the alcohol consumption guideline, more than half adhere to the physical 

activity guideline, while only 37% and 28% of cases adhere to the body weight and nutrition 

guidelines, respectively.  

Table 34. Participant characteristics (N=557) 

  
Control Breast Cancer 

p 
(N=238) (N=319) 

Age at survey 60.6 ± 10.5 64.1 ± 9.08 <0.001 
Year after biopsy 11.4 ± 2.92 11.8 ± 4.08 0.117 
Race    

  White 218 (92 %) 282 (88 %) 0.04 
  Black 16 (7 %) 18 (6 %)  

  Other 4 (2 %) 19 (6 %)  

Education    

  High school/vocational school 34 (14 %) 46 (14 %) 1 
  College or higher 204 (86 %) 273 (86 %)  

Annual household income    

  <$70,000 57 (24 %) 85 (27 %) 0.436 
  $70,000-≤$150,000 97 (41 %) 119 (37 %)  

  >$150,000 57 (24 %) 67 (21 %)  

  Unknown 27 (11 %) 48 (15 %)  

Marital status    

  Married/live with a partner 174 (73 %) 227 (71 %) 0.681 
  Other 64 (27 %) 92 (29 %)  

Employment    

  Employed 139 (58 %) 148 (46 %) 0.007 
  Retired/other 99 (42 %) 171 (54 %)  

Menopause    
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  Premenopause 38 (16 %) 10 (3 %) <0.001 
  Postmenopause 200 (84 %) 309 (97 %)  

Ever live birth    

  No 38 (16 %) 65 (20 %) 0.224 
  Yes 200 (84 %) 254 (80 %)  

Smoking status    

  Never 166 (70 %) 214 (67 %) 0.741 
  Current 5 (2 %) 9 (3 %)  

  Former 67 (28 %) 96 (30 %)  

Cancer survivor/prevention guideline adherence1    

  No 207 (87 %) 273 (86 %) 0.728 
  Yes 31 (13 %) 46 (14 %)  

Guideline - body weight2    

  No 142 (60 %) 202 (63 %) 0.429 
  Yes 96 (40 %) 117 (37 %)  

Guideline - physical activity3    

  No 109 (46 %) 120 (38 %) 0.064 
  Yes 129 (54 %) 199 (62 %)  

Guideline - nutrition4    

  No 173 (73 %) 230 (72 %) 0.954 
  Yes 65 (27 %) 89 (28 %)  

Guideline - alcohol consumption5    

  No 25 (11 %) 37 (12 %) 0.787 
  Yes 213 (89 %) 282 (88 %)   
Mean±SD for p-values from t-test for continuous  variables; n (%) and p-values from chi-square test for 
categorical variables; 
1Adherence to all four guideline aspects; 
2Body mass index <30 kg/m2; 
3150-300 min/week of moderate-intensity physical activity, or 75-150 min/week of vigorous-intensity physical 
activity; 
4Consumption of red meat of processed meat for ≤3 time/week, sugar sweetened beverages for <7 time/week, 
vegetables, fruits, and beans/lentils for ≥7 time/week, whole grains for ≥1 time/week; 
5Alcohol consumption of ≤1 drink/day. 

 

Among BC patients, clinical characteristics and treatments are shown in Table 35. Most 

BC patients were diagnosed at stage I (41%) or II (36%). 42% had an intermediate grade tumor. 

More than half of the patients (55%) had HR+ HER2- BC, followed 17% having HER2+ BC, 

and 13% having TNBC. Almost all the patients received surgery, followed by 64% receiving 
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hormone therapy, 56% receiving radiation therapy, 54% receiving chemotherapy, 18% receiving 

targeted therapy, and only 1% receiving immunotherapy. 

Table 35. Clinical characteristics and treatments among breast cancer patients (N=319) 
  n (%) 
Stage  

0 45 (14 %) 
I 131 (41 %) 
II 116 (36 %) 
III/IV 25 (8 %) 
Unknown 2 (1 %) 

Grade  

Low 70 (22 %) 
Intermediate 134 (42 %) 
High 105 (33 %) 
Unknown 10 (3 %) 

Subtype  

HR+ HER2− 174 (55 %) 
HER2+ 55 (17 %) 
Triple-negative 43 (13 %) 
Unknown 47 (15 %) 

Treatment  

Surgery 318 (100 %) 
Radiation therapy 178 (56 %) 
Chemotherapy 171 (54 %) 
Hormone therapy 204 (64 %) 
Targeted therapy 56 (18 %) 
Immunotherapy 2 (1 %) 

 

2.2 CDI and frailty status overview 

The mean CDI is 0.189 in BC patients and 0.180 in controls (Table 36). The prevalence 

of pre-frailty and frailty is 26% and 13% among BC patients and 23% and 11% among controls. 

Among all the 13 deficit domains, sleep disturbance has the highest score 

(mean±SD=0.375±0.228) among BC patients, followed by general health perception 

(mean±SD=0.322±0.214), and fatigue (mean±SD=0.263±0.271). The domain with the lowest 
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mean score is activities of daily living (mean±SD=0.00627 ± 0.0331). There is no difference in 

the overall CDI, frailty status, and domain scores between BC patients and controls. 

Table 36. CDI, frailty status, and CDI domain scores among breast cancer patients and controls (N=557) 

  
Control Breast Cancer 

p 
(N=238) (N=319) 

CDI 0.180 ± 0.133 0.189 ± 0.128 0.39 
Frailty status   0.56 

Robust 156 (66 %) 195 (61 %)  

Pre-frail 55 (23 %) 82 (26 %)  

Frail 27 (11 %) 42 (13 %)  

Domain    

Physical function 0.115 ± 0.195 0.136 ± 0.207 0.23 
Anxiety 0.149 ± 0.187 0.163 ± 0.194 0.40 
Depression 0.107 ± 0.167 0.109 ± 0.173 0.88 
Fatigue 0.291 ± 0.292 0.263 ± 0.271 0.25 
Sleep disturbance 0.367 ± 0.236 0.375 ± 0.228 0.66 
Ability to participate in social roles and activities 0.192 ± 0.238 0.204 ± 0.242 0.57 
Pain interference 0.193 ± 0.263 0.204 ± 0.274 0.65 
Pain intensity 0.259 ± 0.223 0.248 ± 0.231 0.56 
Activities of daily living 0.0116 ± 0.0770 0.00627 ± 0.0331 0.32 
General health perception 0.312 ± 0.229 0.322 ± 0.214 0.59 
Perceived cognitive impairments 0.110 ± 0.178 0.130 ± 0.187 0.19 
Aging-related comorbidities 0.199 ± 0.174 0.224 ± 0.160 0.09 
Falls in the last 6 months 0.170 ± 0.330 0.177 ± 0.321 0.80 

Mean±SD for p-values from t-test for continuous variables; n (%) and p-values from chi-square test for categorical 
variables. 

 

2.3 Associations of CDI and frailty status with breast cancer 

After controlling for age, time since diagnosis/biopsy, and baseline CCI, there is no 

difference in CDI (β=-0.003, p=0.77) and frailty status (pre-frailty: OR=0.99, 95% CI=0.65, 

1.50, frailty OR=0.99, 95% CI=0.57, 1.72) between BC patients and controls (Table 37). Among 

participants of age ≥65, those with a BC history had a lower CDI compared with cancer-free 

women (β=-0.032, p=0.049). 
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Table 37. Association of cumulative deficit index and frailty status with breast cancer 
  Model 1 Model 2 
CDI β p β p 

All participants (N=557) -0.003 0.78 -0.005 0.66 
Age 40-<65 (N=168) 0.028 0.08 0.022 0.16 
Age ≥65 (N=151) -0.032 0.049 -0.03 0.07 
<12 years since diagnosis/biopsy (N=173) -0.009 0.57 -0.009 0.54 
≥12 years since diagnosis/biopsy (N=145) 0.002 0.93 -0.002 0.90 

Frailty status 
OR (95% CI) 

Pre-frailty Frailty Pre-frailty Frailty 
All participants (N=557) 0.99 (0.65, 1.50) 0.99 (0.57, 1.72) 0.94 (0.61, 1.46) 0.96 (0.53, 1.73) 
Age 40-<65 (N=168) 1.43 (0.79, 2.58) 1.83 (0.84, 3.98) 1.43 (0.76, 2.67) 1.82 (0.77, 4.31) 
Age ≥65 (N=151) 0.67 (0.36, 1.25) 0.52 (0.23, 1.2) 0.66 (0.35, 1.27) 0.56 (0.23, 1.34) 
<12 years since diagnosis/biopsy (N=173) 1.06 (0.60, 1.85) 0.78 (0.37, 1.63) 1.04 (0.57, 1.87) 0.72 (0.32, 1.63) 
≥12 years since diagnosis/biopsy (N=145) 0.91 (0.46, 1.80) 1.24 (0.47, 3.3) 1.08 (0.52, 2.26) 1.10 (0.39, 3.08) 

Model 1: linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for age at survey, follow-up duration since 
diagnosis/biopsy, and baseline Charlson comorbidity index; 
Model 2: linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for race, education, income, marital status, 
employment, and menopausal status in addition to covariates in Model 1. 

 

2.4 Associations of CDI and frailty status with clinical characteristics and treatments  

After controlling for age, time since diagnosis, and baseline CCI, BC patients with a 

high-grade tumor had a 0.051 increased CDI compared with those with a low-grade tumor 

(p=0.01), and the association retained after adjustment for demographics and menopausal status 

(β=0.051, p=0.01) (Table 38). CDI was not significantly associated with BC stage, subtype, and 

treatment. 
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Table 38. Associations of the cumulative deficit index with breast cancer clinical characteristics and treatments (N=319) 
 Model 1   Model 2 
  β p   β p 
Stage      

  Stage 0 Reference  Reference 
  Stage I 0.007 0.74  0.009 0.69 
  Stage II 0.034 0.14  0.034 0.14 
  Stage III/IV 0.051 0.12  0.038 0.24 
Grade      

  Low Reference  Reference 
  Intermediate 0.017 0.36  0.012 0.50 
  High 0.051 0.01  0.051 0.01 
Subtype      

  HR+/HER2- Reference  Reference 
  HER2+ 0.008 0.69  0.006 0.78 
  Triple-negative 0.023 0.29  0.025 0.25 
Treatment      

  Surgery only Reference  Reference 
  Radiation therapy 0.008 0.61  0.009 0.56 
  Chemotherapy 0.029 0.20  0.019 0.40 
  Hormone therapy -0.019 0.35  -0.013 0.54 
  Targeted therapy -0.033 0.37   -0.016 0.66 

Model 1: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson 
comorbidity index, and with additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments; 
Model 2: linear regression models with adjustment for race, education, income, marital status, employment, and menopausal status 
in addition to covariates in Model 1. 

 

The frailty status is associated with cancer stage and grade (Table 39). Compared with 

patients diagnosed at stage 0, those diagnosed at stage III/IV have higher odds of frailty 

(OR=8.47, 95% CI=1.40, 51.16) after adjustment for age, time since diagnosis, and baseline 

CCI. The association retained after additional adjustment for demographics and menopause 

status (OR=6.77, 95% CI=1.02, 45.13). Patients with a high-grade tumor have increased odds of 

frailty in model 1 (OR=4.13, 95% CI=1.28, 13.29) and model 2 (OR=4.36, 95% CI=1.28, 14.83). 

BC subtype and treatment are not associated with frailty status. 
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Table 39. Associations of frailty with breast cancer clinical characteristics and treatments (N=319) 
 Model 1  Model 2 

 OR (95% CI)  OR (95% CI) 
  Pre-frailty Frailty   Pre-frailty Frailty 
Stage      

  Stage 0 Reference  Reference 
  Stage I 0.92 (0.41, 2.08) 3.02 (0.66, 13.91)  0.96 (0.41, 2.25) 3.09 (0.64, 14.88) 
  Stage II 1.48 (0.65, 3.39) 4.29 (0.92, 20.11)  1.62 (0.68, 3.85) 4.66 (0.94, 23.17) 
  Stage III/IV 1.77 (0.53, 5.85) 8.47 (1.40, 51.16)  1.55 (0.45, 5.33) 6.77 (1.02, 45.13) 
Grade      

  Low Reference  Reference 
  Intermediate 0.73 (0.36, 1.47) 2.41 (0.77, 7.55)  0.72 (0.35, 1.47) 2.09 (0.64, 6.82) 
  High 1.39 (0.68, 2.86) 4.13 (1.28, 13.29)  1.46 (0.69, 3.08) 4.36 (1.28, 14.83) 
Subtype      

  HR+/HER2- Reference  Reference 
  HER2+ 0.58 (0.26, 1.3) 1.43 (0.6, 3.43)  0.62 (0.27, 1.42) 1.28 (0.49, 3.3) 
  Triple-negative 1.3 (0.59, 2.86) 1.91 (0.74, 4.94)  1.46 (0.64, 3.32) 2.09 (0.74, 5.91) 
Treatment      

  Surgery only Reference  Reference 
  Radiation therapy 1.74 (0.97, 3.13) 0.93 (0.44, 1.95)  1.75 (0.96, 3.19) 0.93 (0.42, 2.06) 
  Chemotherapy 1.33 (0.55, 3.17) 1.4 (0.46, 4.19)  1.21 (0.49, 2.95) 1.06 (0.31, 3.59) 
  Hormone therapy 0.54 (0.24, 1.25) 1.06 (0.37, 3.03)  0.56 (0.23, 1.32) 1.35 (0.45, 4.07) 
  Targeted therapy 0.39 (0.09, 1.66) 0.54 (0.11, 2.77)   0.46 (0.1, 2.12) 0.67 (0.1, 4.36) 
Model 1: multinomial logistic regression models with adjustment for age at survey, follow-up duration since 
diagnosis, and baseline Charlson comorbidity index, and with additional adjustment for cancer stage, subtype, and 
other treatments in the analysis for treatments; 
Model 2: multinomial logistic regression models with adjustment for race, education, income, marital status, 
employment, and menopausal status in addition to covariates in Model 1. 

 

The associations between specific frailty domains and breast cancer, after controlling for 

age at survey, year since diagnosis, and baseline CCI, are shown in Table 40. Stage II BC was 

associated with higher deficits in anxiety (β=0.074, p=0.03). Stage III/IV BC was associated with 

higher deficits in anxiety (β=0.114, p=0.02), perceived cognitive impairment (β=0.112, p=0.02), 

and falls in the last 6 months (β=0.169, p=0.044). High tumor grade was associated with higher 

deficits in anxiety (β=0.061, p=0.046), depression (β=0.057, p=0.04), ability to participate in 

social roles and activities (β=0.087 p=0.02), general health perception (β=0.067, p=0.048), and 
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aging-related comorbidities (β=0.058, p=0.01). TNBC is associated with the higher deficit in 

activities of daily living (β=0.012, p=0.04). Chemotherapy is associated with the higher deficit in 

perceived cognitive impairments (β=0.066, p=0.045), and hormone therapy is associated with 

lower deficit in depression (β=-0.058, p=0.042). After further adjustment for demographics and 

menopausal status, most associations between clinical characteristics and domains retained, but 

there was no significant association between broad treatment categories and specific domains 

(Table 41). 
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Table 40. Associations of the frailty domains with breast cancer clinical characteristics and treatments (N=319) 
 Domain 1 Domain 2 Domain 3 Domain 4 Domain 5 Domain 6 Domain 7 

 Physical 
function Anxiety Depression Fatigue Sleep 

disturbance 

Ability to 
participate in social 
roles and activities 

Pain 
interference 

  β p β p β p β p β p β p β p 
Stage               

  Stage 0 Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.046 0.18 0.01 0.75 0.006 0.84 0.029 0.54 0.016 0.68 0.011 0.79 -0.004 0.93 
  Stage II 0.045 0.21 0.074 0.03 0.036 0.24 0.053 0.28 0.027 0.51 0.046 0.29 0.027 0.59 
  Stage III/IV 0.036 0.49 0.114 0.02 0.057 0.21 0.126 0.07 0.075 0.21 0.056 0.37 0.021 0.77 
Grade               

  Low Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.009 0.77 0.026 0.36 0.038 0.13 0.024 0.56 0.012 0.72 0.005 0.89 0.045 0.27 
  High 0.033 0.31 0.061 0.046 0.057 0.04 0.075 0.08 0.032 0.38 0.087 0.02 0.083 0.06 
Subtype               

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.046 0.15 -0.027 0.38 -0.013 0.62 0.013 0.76 -0.031 0.39 0.053 0.16 0.067 0.12 
  Triple-negative 0.047 0.18 0.058 0.08 0.047 0.12 0.049 0.30 -0.034 0.39 0.065 0.12 -0.005 0.92 
Treatment               

  Surgery only Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.009 0.72 0.005 0.82 -0.007 0.72 0.024 0.46 0.001 0.96 -0.003 0.91 0.015 0.66 
  Chemotherapy 0.038 0.29 -0.043 0.21 0.013 0.67 0.069 0.15 -0.006 0.88 0.033 0.44 0.074 0.13 
  Hormone therapy 0.002 0.95 -0.012 0.72 -0.058 0.042 -0.056 0.20 -0.025 0.51 -0.03 0.45 -0.012 0.79 
  Targeted therapy -0.021 0.71 -0.059 0.28 -0.024 0.62 -0.114 0.13 -0.055 0.40 -0.056 0.41 -0.022 0.78 

Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with 
additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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Table 40. Associations of the frailty domains with breast cancer clinical characteristics and treatments (N=319) (cont.) 
 Domain 8 Domain 9 Domain 10 Domain 11 Domain 12 Domain 13 

 Pain intensity Activities of 
daily living 

General health 
perception 

Perceived cognitive 
impairments 

Aging-related 
comorbidities 

Falls in the last 6 
months 

  β p β p β p β p β p β p 
Stage             

  Stage 0 Reference Reference Reference Reference Reference Reference 
  Stage I -0.031 0.44 0.005 0.43 -0.042 0.26 -0.008 0.81 0.015 0.55 0.007 0.90 
  Stage II 0.021 0.61 0.01 0.11 -0.019 0.63 0.04 0.22 0.035 0.19 0.054 0.35 
  Stage III/IV 0.02 0.75 0.002 0.82 -0.048 0.39 0.112 0.02 0.025 0.51 0.169 0.044 
Grade             

  Low Reference Reference Reference Reference Reference Reference 
  Intermediate 0.015 0.66 -0.002 0.73 0.035 0.26 0.006 0.82 0.014 0.51 -0.002 0.97 
  High 0.054 0.14 0.002 0.77 0.067 0.048 0.031 0.29 0.058 0.01 0.061 0.23 
Subtype             

  HR+/HER2- Reference Reference Reference Reference Reference Reference 
  HER2+ 0.061 0.10 0.005 0.38 0.024 0.48 -0.003 0.93 -0.02 0.39 0.05 0.33 
  Triple-negative 0 1 0.012 0.04 0.037 0.32 0.009 0.77 0.006 0.83 0.074 0.18 
Treatment             

  Surgery only Reference Reference Reference Reference Reference Reference 
  Radiation therapy 0.021 0.45 0 0.95 0.011 0.67 0.022 0.30 0.012 0.51 0.013 0.74 
  Chemotherapy 0.008 0.84 0.004 0.47 0.018 0.63 0.066 0.045 0.034 0.20 0.084 0.15 
  Hormone therapy -0.004 0.92 -0.004 0.47 0.002 0.96 -0.017 0.58 -0.022 0.37 0.016 0.77 
  Targeted therapy -0.036 0.59 -0.013 0.18 -0.032 0.60 -0.061 0.24 0.021 0.62 -0.026 0.78 

Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with 
additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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Table 41. Associations of the frailty domains with breast cancer clinical characteristics and treatments (N=319) 
 Domain 1 Domain 2 Domain 3 Domain 4 Domain 5 Domain 6 Domain 7 

 Physical 
function Anxiety Depression Fatigue Sleep 

disturbance 

Ability to 
participate in social 
roles and activities 

Pain 
interference 

  β p β p β p β p β p β p β p 
Stage               

  Stage 0 Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.047 0.18 0.006 0.86 0.009 0.76 0.033 0.49 0.02 0.61 0.013 0.75 0.001 0.99 
  Stage II 0.046 0.20 0.076 0.03 0.04 0.20 0.058 0.23 0.027 0.51 0.045 0.29 0.029 0.55 
  Stage III/IV 0.02 0.70 0.108 0.03 0.05 0.27 0.111 0.12 0.063 0.28 0.04 0.53 -0.005 0.94 
Grade               

  Low Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.002 0.95 0.026 0.38 0.036 0.15 0.017 0.67 0.002 0.96 -0.005 0.88 0.037 0.36 
  High 0.036 0.27 0.067 0.03 0.06 0.03 0.085 0.05 0.028 0.44 0.09 0.02 0.078 0.07 
Subtype               

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.046 0.15 -0.032 0.29 -0.019 0.49 0.011 0.81 -0.045 0.21 0.049 0.19 0.068 0.11 
  Triple-negative 0.054 0.13 0.062 0.07 0.051 0.09 0.057 0.24 -0.044 0.26 0.063 0.13 -0.006 0.90 
Treatment               

  Surgery only Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.008 0.73 0.007 0.77 -0.004 0.84 0.027 0.40 0.006 0.84 -0.002 0.94 0.018 0.58 
  Chemotherapy 0.029 0.43 -0.049 0.16 0.003 0.93 0.063 0.20 -0.018 0.66 0.023 0.60 0.052 0.29 
  Hormone therapy 0.009 0.79 -0.006 0.84 -0.049 0.09 -0.045 0.31 -0.014 0.70 -0.02 0.62 0.001 0.99 
  Targeted therapy -0.01 0.87 -0.053 0.34 -0.003 0.96 -0.103 0.19 -0.026 0.69 -0.042 0.54 0.029 0.71 

Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, 
income, marital status, employment, and menopausal status, and with additional adjustment for cancer stage, subtype, and other treatments in the analysis for 
treatments. 
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Table 41. Associations of the frailty domains with breast cancer clinical characteristics and treatments (N=319) (cont.) 
 Domain 8 Domain 9 Domain 10 Domain 11 Domain 12 Domain 13 

 Pain intensity Activities of 
daily living 

General health 
perception 

Perceived cognitive 
impairments 

Aging-related 
comorbidities 

Falls in the last 6 
months 

  β p β p β p β p β p β p 
Stage             

  Stage 0 Reference Reference Reference Reference Reference Reference 
  Stage I -0.029 0.47 0.004 0.46 -0.042 0.25 -0.014 0.66 0.022 0.39 0.008 0.88 
  Stage II 0.024 0.56 0.01 0.12 -0.019 0.61 0.036 0.27 0.033 0.21 0.046 0.43 
  Stage III/IV 0 1.00 0.003 0.72 -0.06 0.28 0.096 0.043 0.011 0.78 0.151 0.07 
Grade             

  Low Reference Reference Reference Reference Reference Reference 
  Intermediate 0.012 0.72 -0.002 0.69 0.029 0.36 0.001 0.98 0.012 0.57 -0.006 0.90 
  High 0.049 0.19 0.002 0.76 0.068 0.047 0.031 0.29 0.047 0.043 0.075 0.14 
Subtype             

  HR+/HER2- Reference Reference Reference Reference Reference Reference 
  HER2+ 0.065 0.07 0.004 0.40 0.02 0.55 -0.008 0.79 -0.018 0.45 0.056 0.27 
  Triple-negative 0.001 0.98 0.011 0.05 0.036 0.33 0.007 0.81 0.011 0.67 0.097 0.09 
Treatment             

  Surgery only Reference Reference Reference Reference Reference Reference 
  Radiation therapy 0.023 0.40 0 0.97 0.012 0.65 0.021 0.33 0.012 0.51 0.007 0.87 
  Chemotherapy -0.012 0.77 0.005 0.45 0.01 0.80 0.058 0.08 0.021 0.42 0.069 0.24 
  Hormone therapy 0.004 0.91 -0.004 0.42 0.007 0.85 -0.01 0.73 -0.018 0.46 0.032 0.55 
  Targeted therapy 0.012 0.86 -0.01 0.29 -0.008 0.89 -0.06 0.25 0.04 0.35 -0.014 0.89 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, 
income, marital status, employment, and menopausal status, and with additional adjustment for cancer stage, subtype, and other treatments in the analysis for 
treatments. 
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2.5 Stratification by age at survey 

Among the BC patients aged 40-<65, those with a high-grade tumor have 0.061 increased 

CDI compared to patients with a low-grade tumor (p=0.045) in model 1, and TNBC patients 

have 0.064 increased CDI than HR+/HER2- patients (p=0.049) in model 1 (Table 42). These age 

group-specific associations were not significant after further adjustment for demographics and 

menopausal status, and attenuation was driven by the adjustment for demographics. 

Table 42. Associations of the cumulative deficit index with breast cancer clinical characteristics and treatments by 
age at survey 
 Age 40-<65 (N=168)  Age ≥65 (N=151) 

 Model 1 Model 2  Model 1 Model 2 
  β p β p   β p β p 
Stage          

  Stage 0 Reference Reference  Reference Reference 
  Stage I -0.001 0.98 -0.011 0.76  0.016 0.55 0.019 0.46 
  Stage II 0.031 0.39 0.018 0.62  0.038 0.17 0.048 0.08 
  Stage III/IV 0.026 0.62 0 1.00  0.074 0.07 0.078 0.06 
Grade          

  Low Reference Reference  Reference Reference 
  Intermediate 0.012 0.7 -0.004 0.88  0.023 0.33 0.019 0.42 
  High 0.061 0.045 0.043 0.16  0.034 0.20 0.04 0.13 
Subtype          

  HR+/HER2- Reference Reference  Reference Reference 
  HER2+ 0.018 0.53 0.003 0.90  0.008 0.78 0.014 0.62 
  Triple-negative 0.064 0.049 0.053 0.10  -0.017 0.58 -0.004 0.90 
Treatment          

  Surgery only Reference Reference  Reference Reference 
  Radiation therapy 0.027 0.23 0.036 0.11  -0.018 0.39 -0.011 0.60 
  Chemotherapy 0.061 0.08 0.056 0.11  -0.009 0.76 -0.012 0.70 
  Hormone therapy -0.054 0.09 -0.049 0.13  0.022 0.42 0.027 0.33 
  Targeted therapy -0.102 0.09 -0.083 0.16   0.011 0.81 0.034 0.46 
Model 1: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson 
comorbidity index, and with additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments; 
Model 2: linear regression models with adjustment for race, education, income, marital status, employment, and menopausal 
status in addition to covariates in Model 1. 
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Among BC patients aged 40-<65, there were 24.4% being pre-frail and 13.7% being frail.  

In this subgroup, TNBC was associated with 4.25 (95% CI=1.16, 15.49) times increased odds of 

frailty compared with HR+/HER- BC (Table 43). Radiation therapy and chemotherapy was 

associated with increased odds of pre-frailty, but not frailty, among patients aged 40-<65, with 

OR (95% CI) of 3.75 (1.46, 9.58) and 6.23 (1.42, 27.26), respectively. Targeted therapy was 

associated with decreased odds of pre-frailty in this younger age group, with OR (95% CI) of 

0.02 (0, 0.44). After further adjustment for demographics and menopausal status, only radiation 

therapy was associated with increased odds of pre-frailty among patients aged 40-<65 (OR=4.94, 

95% CI=1.67, 14.59). Among BC patients aged ≥65, there were 27.2% being pre-frail and 12.6% 

being frail. In this group, frailty was associated with stage III/IV in model 1 (OR=12.37, 95% 

CI=1.02, 149.43) and model 2 (OR=24.67, 95% CI=1.31, 463.03). 

The associations between the CDI domain-specific score and BC by age at survey in 

model 1 and model 2 were shown in Table 44 and Table 45, respectively. We presented the 

domains that showed a significant association in either age group. The association between 

TNBC and increased deficit scores in multiple domains – physical function (β=0.136, p=0.003), 

depression (β=0.079, p=0.047), ability to participate in social roles and activities (β=0.125, 

p=0.03), and activities of daily living (β=0.18, p=0.04) – were only observed among patients of 

age 40-<65; HER2+ BC was associated with the physical function deficit among patients of age 

40-<65 (β=0.086, p=0.003). In addition, the association between chemotherapy or hormone 

therapy and the increased deficit score in multiple domains were only observed among patients 

of age 40-<65: chemotherapy was associated with an increased deficit score in fatigue (β=0.152, 

p=0.03) and perceived cognitive impairments (β=0.125, p=0.03), while hormone therapy was 

associated with a decreased deficit score in fatigue (β=-0.148, p=0.02) and aging-related 



 
 

77 

comorbidities (β=-0.075, p=0.045). Targeted therapy was associated with a lower deficit score in 

anxiety among patients of age 40-<65 (β=-0.187, p=0.03), a lower deficit score in anxiety among 

patients of age ≥65 (β=-0.025, p=0.03), and a higher deficit score in aging-related comorbidities 

among patients of age ≥65 (β=0.115, p=0.03). After further adjustment for demographics and 

menopausal status (Table 45), most of the domain-specific associations with treatment remained 

significant, and TNBC remained significantly associated physical function and depression. 
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Table 43. Associations of frailty with breast cancer clinical characteristics and treatments by age at survey 
 Age 40-<65 (N=168)  Age ≥65 (N=151) 

 Model 1 Model 2  Model 1 Model 2 
 OR (95% CI) OR (95% CI)  OR (95% CI) OR (95% CI) 

  Pre-frailty Frailty Pre-frailty Frailty   Pre-frailty Frailty Pre-frailty Frailty 
Stage          

  Stage 0 Reference Reference  Reference Reference 
  Stage I 0.54 (0.17, 1.76) 2.29 (0.26, 20.25) 0.45 (0.12, 1.65) 2.21 (0.21, 23.48)  1.47 (0.46, 4.71) 3.86 (0.44, 33.51) 1.54 (0.45, 5.29) 5.56 (0.55, 56.14) 
  Stage II 0.94 (0.29, 3.03) 4.58 (0.52, 39.98) 0.75 (0.2, 2.73) 5.11 (0.46, 56.36)  2.3 (0.7, 7.57) 3.67 (0.39, 34.56) 2.83 (0.76, 10.49) 7.3 (0.64, 83.88) 
  Stage III/IV 1.6 (0.32, 8.16) 4.92 (0.34, 71.08) 0.82 (0.14, 4.91) 3.95 (0.2, 79.99)  1.62 (0.26, 10.05) 12.37 (1.02, 149.43) 1.52 (0.16, 14.73) 24.67 (1.31, 463.03) 
Grade          

  Low Reference Reference  Reference Reference 
  Intermediate 0.56 (0.19, 1.65) 1.68 (0.32, 8.82) 0.57 (0.18, 1.8) 1.23 (0.2, 7.46)  0.92 (0.36, 2.35) 3.4 (0.68, 16.95) 0.9 (0.34, 2.4) 4.2 (0.72, 24.5) 
  High 1.44 (0.51, 4.07) 5.01 (0.98, 25.67) 1.02 (0.33, 3.18) 4.38 (0.71, 27.17)  1.18 (0.42, 3.31) 3.03 (0.54, 17.04) 1.29 (0.42, 3.96) 3.7 (0.55, 25) 
Subtype          

  HR+/HER2- Reference Reference  Reference Reference 
  HER2+ 0.49 (0.15, 1.57) 2.41 (0.74, 7.85) 0.33 (0.09, 1.22) 1.7 (0.46, 6.29)  0.63 (0.19, 2.06) 0.9 (0.21, 3.88) 0.79 (0.23, 2.75) 0.95 (0.18, 4.93) 
  Triple-negative 1.66 (0.55, 5.02) 4.25 (1.16, 15.49) 1.59 (0.46, 5.51) 4.12 (0.91, 18.55)  0.9 (0.27, 2.95) 0.85 (0.16, 4.47) 1.04 (0.29, 3.82) 0.97 (0.16, 5.96) 
Treatment          

  Surgery only Reference Reference  Reference Reference 
  Radiation therapy 3.75 (1.46, 9.58) 1.29 (0.46, 3.57) 4.94 (1.67, 14.59) 1.55 (0.49, 4.9)  1.09 (0.47, 2.57) 0.42 (0.12, 1.46) 1.12 (0.46, 2.76) 0.52 (0.13, 2.03) 
  Chemotherapy 6.23 (1.42, 27.26) 1.75 (0.31, 9.74) 4.22 (0.88, 20.31) 1.61 (0.24, 10.87)  0.67 (0.19, 2.43) 0.79 (0.12, 5.07) 0.64 (0.17, 2.39) 0.52 (0.06, 4.94) 
  Hormone therapy 0.26 (0.06, 1.06) 0.48 (0.11, 2.06) 0.29 (0.05, 1.51) 0.47 (0.1, 2.3)  1.03 (0.31, 3.35) 3.56 (0.57, 22.19) 1.15 (0.32, 4.11) 5.53 (0.74, 41.5) 
  Targeted therapy 0.02 (0, 0.44) 0.26 (0.02, 4.06) 0.02 (0, 0.89) 0.35 (0.01, 8.68)   1.69 (0.26, 11.17) 0.55 (0.04, 7.66) 1.4 (0.18, 11.08) 1.21 (0.04, 33.4) 
Model 1: multinomial logistic regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with additional adjustment for cancer stage, 
subtype, and other treatments in the analysis for treatments; 
Model 2: multinomial logistic regression models with adjustment for race, education, income, marital status, employment, and menopausal status in addition to covariates in Model 1. 
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Table 44. Associations of selected frailty domains with breast cancer clinical characteristics and treatments by age at survey in model 1 
 Domain 1 Domain 2 Domain 3 Domain 4 

 Physical function Anxiety Depression Fatigue 
 Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  

  β p β p β p β p β p β p β p β p 
Stage                 

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.024 0.63 0.07 0.16 -0.011 0.84 0.03 0.48 -0.018 0.68 0.04 0.38 0.027 0.70 0.04 0.49 
  Stage II 0.01 0.84 0.09 0.10 0.081 0.13 0.06 0.20 0.018 0.68 0.06 0.21 0.071 0.32 0.04 0.54 
  Stage III/IV -0.026 0.72 0.09 0.23 0.083 0.27 0.14 0.042 0.009 0.89 0.11 0.10 0.075 0.47 0.18 0.07 
Grade                 

  Low Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.051 0.23 -0.03 0.56 -0.002 0.96 0.05 0.16 0.033 0.36 0.04 0.31 -0.042 0.47 0.08 0.13 
  High 0.081 0.06 -0.02 0.65 0.06 0.188 0.04 0.29 0.057 0.13 0.05 0.20 0.061 0.32 0.06 0.34 
Subtype                 

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.086 0.03 0.01 0.84 -0.028 0.51 -0.02 0.60 0.005 0.90 -0.01 0.75 0.024 0.67 0.01 0.89 
  Triple-negative 0.136 0.003 -0.05 0.40 0.089 0.06 0.02 0.74 0.079 0.047 0.02 0.67 0.092 0.16 0.00 0.98 
Treatment                 

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.008 0.81 -0.01 0.87 0.029 0.38 -0.03 0.40 0.016 0.56 -0.04 0.27 0.086 0.05 -0.06 0.22 
  Chemotherapy 0.008 0.87 0.05 0.33 0.025 0.62 -0.09 0.06 0.014 0.75 -0.01 0.80 0.152 0.03 0 1.00 
  Hormone therapy 0.005 0.92 0.01 0.78 -0.053 0.25 0.03 0.47 -0.061 0.124 -0.06 0.17 -0.15 0.02 0.04 0.52 
  Targeted therapy -0.007 0.94 -0.07 0.38 -0.19 0.03 0.04 0.60 -0.067 0.36 -0.01 0.90 -0.127 0.28 -0.15 0.14 

Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with 
additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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Table 44. Associations of the frailty domains with breast cancer clinical characteristics and treatments by age at survey in model 1(cont.) 
 Domain 6 Domain 9 Domain 11 Domain 12 

 Ability to participate in 
social roles and activities Activities of daily living Perceived cognitive 

impairments Aging-related comorbidities 

 Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  
  β p β p β p β p β p β p β p β p 
Stage                 

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.002 0.97 0.023 0.67 0.003 0.77 0.005 0.46 0.014 0.81 -0.024 0.44 0.016 0.70 0.012 0.70 
  Stage II 0.035 0.60 0.067 0.25 0.009 0.33 0.01 0.18 0.056 0.33 0.039 0.22 0.056 0.18 0.01 0.77 
  Stage III/IV 0.065 0.49 0.037 0.66 0.002 0.88 0.001 0.92 0.154 0.06 0.066 0.16 0.009 0.88 0.045 0.360 
Grade                 

  Low Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.008 0.88 0.003 0.95 0.009 0.23 -0.011 0.08 0.025 0.60 -0.011 0.69 -0.004 0.91 0.036 0.19 
  High 0.087 0.12 0.078 0.14 0.01 0.21 -0.006 0.41 0.047 0.345 0.013 0.67 0.09 0.01 0.018 0.55 
Subtype                 

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.077 0.14 0.039 0.50 0 0.97 0.012 0.12 0.018 0.69 -0.016 0.62 0.004 0.91 -0.05 0.13 
  Triple-negative 0.125 0.03 0.007 0.90 0.018 0.04 0.006 0.44 0.055 0.29 -0.032 0.34 0.036 0.34 -0.024 0.49 
Treatment                 

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy 0 1.00 -0.014 0.74 -0.007 0.27 0.007 0.21 0.057 0.11 -0.007 0.76 0.026 0.31 -0.014 0.55 
  Chemotherapy 0.027 0.68 0.031 0.61 0.007 0.48 0.002 0.83 0.125 0.03 0 0.992 0.066 0.11 -0.011 0.76 
  Hormone therapy -0.061 0.30 0.019 0.74 0.002 0.86 -0.009 0.19 -0.024 0.64 0.015 0.64 -0.075 0.045 0.036 0.25 
  Targeted therapy -0.137 0.20 -0.004 0.97 0.007 0.68 -0.025 0.03 -0.131 0.16 -0.023 0.66 -0.111 0.11 0.115 0.03 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with additional 
adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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Table 45. Associations of selected frailty domains with breast cancer clinical characteristics and treatments by age at survey in model 2 
 Domain 1 Domain 2 Domain 3 Domain 4 

 Physical function Anxiety Depression Fatigue 
 Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  

  β p β p β p β p β p β p β p β p 
Stage                 

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.009 0.85 0.07 0.16 -0.02 0.70 0.02 0.62 -0.03 0.49 0.04 0.39 0.014 0.85 0.05 0.37 
  Stage II -0.009 0.86 0.10 0.06 0.076 0.16 0.05 0.25 0.01 0.83 0.05 0.23 0.059 0.42 0.07 0.31 
  Stage III/IV -0.065 0.37 0.12 0.10 0.068 0.38 0.13 0.060 -0.009 0.89 0.10 0.14 0.039 0.71 0.23 0.02 
Grade                 

  Low Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.024 0.57 -0.03 0.48 -0.009 0.83 0.06 0.15 0.024 0.50 0.04 0.29 -0.058 0.34 0.07 0.21 
  High 0.05 0.25 0.00 0.97 0.066 0.160 0.04 0.33 0.057 0.14 0.05 0.25 0.051 0.42 0.08 0.19 
Subtype                 

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.067 0.09 0.02 0.78 -0.036 0.41 -0.01 0.77 -0.003 0.93 -0.01 0.74 0.008 0.89 0.01 0.86 
  Triple-negative 0.122 0.007 -0.04 0.48 0.098 0.05 0.04 0.42 0.087 0.03 0.06 0.25 0.081 0.23 0.01 0.89 
Treatment                 

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy 0.002 0.94 0.00 0.93 0.032 0.33 -0.02 0.48 0.02 0.47 -0.02 0.47 0.092 0.05 -0.04 0.41 
  Chemotherapy -0.004 0.94 0.06 0.27 0.032 0.53 -0.10 0.04 0.017 0.69 -0.03 0.57 0.144 0.04 0 0.93 
  Hormone therapy 0.017 0.71 0.02 0.76 -0.05 0.29 0.05 0.29 -0.06 0.14 -0.05 0.31 -0.15 0.03 0.05 0.42 
  Targeted therapy 0.018 0.83 -0.04 0.68 -0.22 0.02 0.07 0.40 -0.071 0.34 0.02 0.80 -0.12 0.32 -0.08 0.43 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, 
income, marital status, employment, and menopausal status, with additional adjustment for cancer stage, subtype, and other treatments in the analysis for 
treatments. 
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Table 45. Associations of the frailty domains with breast cancer clinical characteristics and treatments by age at survey in model 2 (cont.) 
 Domain 6 Domain 9 Domain 11 Domain 12 

 Ability to participate in 
social roles and activities Activities of daily living Perceived cognitive 

impairments Aging-related comorbidities 

 Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  Age 40-<65  Age ≥65  
  β p β p β p β p β p β p β p β p 
Stage                 

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I -0.007 0.91 0.037 0.49 0 0.99 0.007 0.34 -0.001 0.98 -0.033 0.28 0.019 0.64 0.016 0.61 
  Stage II 0.032 0.61 0.081 0.15 0.007 0.46 0.012 0.14 0.042 0.46 0.037 0.26 0.041 0.31 0.025 0.46 
  Stage III/IV 0.056 0.54 0.047 0.58 0.001 0.92 0.002 0.87 0.109 0.18 0.08 0.10 -0.011 0.85 0.024 0.64 
Grade                 

  Low Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate -0.028 0.59 -0.001 0.98 0.005 0.50 -0.01 0.12 0.003 0.95 -0.017 0.51 -0.014 0.68 0.032 0.26 
  High 0.06 0.28 0.098 0.07 0.005 0.51 -0.003 0.73 0.038 0.443 0.013 0.68 0.061 0.08 0.013 0.68 
Subtype                 

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.048 0.35 0.056 0.33 -0.002 0.79 0.012 0.13 -0.011 0.81 -0.003 0.92 -0.001 0.99 -0.048 0.16 
  Triple-negative 0.095 0.11 0.021 0.74 0.016 0.07 0.01 0.22 0.047 0.36 -0.029 0.42 0.017 0.66 -0.002 0.96 
Treatment                 

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy 0.016 0.69 -0.01 0.80 -0.005 0.42 0.008 0.15 0.065 0.06 -0.005 0.83 0.036 0.17 -0.008 0.74 
  Chemotherapy 0.025 0.70 0.035 0.56 0.007 0.45 0.002 0.84 0.123 0.03 0.008 0.83 0.052 0.21 -0.018 0.61 
  Hormone therapy -0.066 0.26 0.032 0.56 -0.001 0.87 -0.009 0.22 -0.007 0.90 0.015 0.65 -0.066 0.08 0.023 0.49 
  Targeted therapy -0.136 0.22 0.024 0.80 0.009 0.57 -0.027 0.04 -0.134 0.15 -0.021 0.70 -0.056 0.42 0.11 0.049 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, 
income, marital status, employment, and menopausal status, with additional adjustment for cancer stage, subtype, and other treatments in the analysis for 
treatments. 
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2.6 Stratification by year since diagnosis 

Among patients surveyed <12 years after diagnosis, high tumor grade was associated 

with 0.066 (p=0.02) increased CDI in model 1 and 2 (Table 46). Targeted therapy was 

associated with 0.095 decreased CDI (p=0.047) in model 1. There is no association between CDI 

and BC-specific factors among patients surveyed ≥12 years after diagnosis. 

Table 46. Associations of the cumulative deficit index with breast cancer clinical characteristics and treatments by year 
since diagnosis 
 <12 years since diagnosis/biopsy 

(N=173) 
 ≥12 years since diagnosis/biopsy 

(N=145) 
 Model 1 Model 2  Model 1 Model 2 

  β p β p   β p β p 
Stage          

  Stage 0 Reference Reference  Reference Reference 
  Stage I 0.005 0.84 0.006 0.83  0.008 0.84 0.014 0.73 
  Stage II 0.022 0.43 0.021 0.44  0.051 0.23 0.058 0.18 
  Stage III/IV 0.041 0.33 0.025 0.55  0.071 0.21 0.066 0.25 
Grade          

  Low Reference Reference  Reference Reference 
  Intermediate 0.028 0.24 0.021 0.37  -0.003 0.93 -0.002 0.96 
  High 0.066 0.02 0.066 0.02  0.027 0.39 0.03 0.35 
Subtype          

  HR+/HER2- Reference Reference  Reference Reference 
  HER2+ -0.031 0.25 -0.032 0.22  0.05 0.10 0.047 0.14 
  Triple-negative 0.048 0.11 0.05 0.11  0 0.99 0.011 0.76 
Treatment          

  Surgery only Reference Reference  Reference Reference 
  Radiation therapy -0.018 0.36 -0.018 0.37  0.045 0.05 0.042 0.08 
  Chemotherapy 0.05 0.11 0.049 0.13  -0.007 0.84 -0.026 0.45 
  Hormone therapy -0.027 0.33 -0.024 0.38  -0.007 0.82 0.01 0.76 
  Targeted therapy -0.095 0.047 -0.091 0.06   0.064 0.26 0.118 0.05 
Model 1: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson 
comorbidity index, and with additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments; 
Model 2: linear regression models with adjustment for race, education, income, marital status, employment, and menopausal status in 
addition to covariates in Model 1. 

 

The association between frailty status and BC subtype differ by time since diagnosis 

(Table 47). TNBC patients have higher risk for pre-frailty within 12 years after diagnosis 
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(OR=3.47, 95% CI=1.04, 11.57), and HER2+ patients have higher risk for pre-frailty ≥12 years 

after diagnosis (OR=3.87, 95% CI=1.01, 14.77), compared with HR+/HER2- BC patients. These 

associations were not significant after further adjustment for demographics and menopausal 

status, primarily attributable to the adjustment for demographics. 

The associations between the CDI domain-specific score and BC by year since diagnosis 

in model 1 and model 2 were shown in Table 48 and Table 49, respectively. The associations 

between domain-specific deficit scores and BC-related factors differed by year since diagnosis. 

High BC grade was associated with increased deficit scores in multiple domains – anxiety 

(β=0.097, p=0.01), general health perception (β=0.095, p=0.03), and aging-related comorbidities 

(β=0.093, p=0.004) – among patients surveyed <12 years post-diagnosis. Stage III/IV was 

associated with an increase in the deficit score related to anxiety among patients surveyed <12 

years post-diagnosis (β=0.12, p=0.04). TNBC was associated with increased deficit scores in 

anxiety (β=0.12, p=0.01) and falls in the last 6 months (β=0.20, p=0.02) among patients surveyed 

<12 years post-diagnosis, and the increased deficit score in activities of daily living (β=0.021, 

p=0.006) among patients surveyed ≥12 years post-diagnosis. In addition, among patients 

surveyed ≥12 years post-diagnosis, HER2+ BC was associated with increased deficit scores in 

ability to participate in social roles and activities (β=0.12, p=0.03), pain interference (β=0.19, 

p=0.003), and pain intensity (β=0.15, p=0.005). Among patients surveyed <12 years post-

diagnosis, chemotherapy was associated with increased deficit scores in fatigue (β=0.16, 

p=0.01), perceived cognitive impairments (β=0.12, p=0.01), and aging-related comorbidities 

(β=0.08, p=0.05); targeted therapy was associated with a decreased deficit score in fatigue (β=-

0.23, p=0.02). Among patients surveyed ≥12 years post-diagnosis, radiation therapy was 

associated with an increased deficit score in pain intensity (β=0.09, p=0.03). 
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Table 47. Associations of frailty with breast cancer clinical characteristics and treatments by year since diagnosis 
 <12 years since diagnosis/biopsy (N=173)  ≥12 years since diagnosis/biopsy (N=145) 

 Model 1 Model 2  Model 1 Model 2 
 OR (95% CI) OR (95% CI)  OR (95% CI) OR (95% CI) 

  Pre-frailty Frailty Pre-frailty Frailty   Pre-frailty Frailty Pre-frailty Frailty 
Stage          

  Stage 0 Reference Reference  Reference Reference 
  Stage I 1.02 (0.36, 2.92) 2.26 (0.45, 11.46) 0.98 (0.33, 2.93) 2.75 (0.48, 15.77)  0.63 (0.16, 2.46) - 0.88 (0.2, 3.87) - 
  Stage II 1.87 (0.65, 5.36) 2.96 (0.55, 15.78) 1.85 (0.62, 5.49) 3.81 (0.62, 23.58)  0.95 (0.23, 3.85) - 1.43 (0.3, 6.72) - 
  Stage III/IV 1.53 (0.31, 7.53) 6.73 (0.89, 51.08) 1.43 (0.28, 7.34) 6.38 (0.63, 65.11)  1.64 (0.25, 10.88) - 1.93 (0.25, 14.8) - 
Grade          

  Low Reference Reference  Reference Reference 
  Intermediate 0.87 (0.33, 2.28) 2.1 (0.52, 8.44) 0.9 (0.33, 2.45) 1.42 (0.32, 6.28)  0.63 (0.23, 1.76) 3.27 (0.37, 29.15) 0.67 (0.23, 2.02) 3.11 (0.33, 29.5) 
  High 2.2 (0.79, 6.11) 3.79 (0.87, 16.44) 2.59 (0.89, 7.58) 3.65 (0.72, 18.58)  0.83 (0.3, 2.32) 5 (0.57, 43.81) 0.85 (0.27, 2.68) 5.68 (0.58, 55.63) 
Subtype          

HR+/HER2- Reference Reference  Reference Reference 
HER2+ 0.35 (0.1, 1.19) 0.6 (0.17, 2.2) 0.39 (0.11, 1.42) 0.42 (0.09, 1.93)  0.9 (0.3, 2.76) 3.87 (1.01, 14.77) 0.94 (0.29, 3.07) 3.8 (0.88, 16.53) 
Triple-negative 3 (0.99, 9.09) 2 (0.5, 8.01) 3.47 (1.04, 11.57) 1.93 (0.38, 9.78)  0.46 (0.12, 1.83) 2.31 (0.53, 9.99) 0.43 (0.09, 2) 3.12 (0.67, 14.63) 

Treatment          

  Surgery only Reference Reference  Reference Reference 
  Radiation therapy 1.93 (0.83, 4.51) 0.4 (0.13, 1.24) 2.03 (0.82, 5.04) 0.33 (0.09, 1.22)  1.92 (0.8, 4.6) 2.89 (0.77, 10.85) 2.03 (0.79, 5.25) 2.76 (0.61, 12.48) 
  Chemotherapy 1.3 (0.36, 4.64) 1.67 (0.36, 7.66) 1.09 (0.28, 4.18) 2.82 (0.42, 18.7)  1.55 (0.44, 5.45) 0.68 (0.09, 4.93) 1 (0.26, 3.87) 0.33 (0.03, 3.3) 
  Hormone therapy 0.61 (0.18, 2.09) 0.93 (0.22, 4.01) 0.53 (0.14, 2.01) 0.7 (0.13, 3.87)  0.52 (0.15, 1.86) 1.95 (0.38, 10) 0.59 (0.14, 2.46) 4.1 (0.61, 27.47) 
  Targeted therapy 0.35 (0.05, 2.69) 0.12 (0.01, 1.98) 0.38 (0.05, 3.16) 0.04 (0, 1.99)   0.55 (0.06, 5.34) 2.57 (0.24, 27.65) 1.23 (0.1, 14.59) 18.05 (0.37, 880.66) 
Model 1: multinomial logistic regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with additional adjustment for cancer 
stage, subtype, and other treatments in the analysis for treatments; 
Model 2: multinomial logistic regression models with adjustment for race, education, income, marital status, employment, and menopausal status in addition to covariates in Model 1. 
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Table 48. Associations of selected frailty domains with breast cancer clinical characteristics and treatments by year since diagnosis in model 1 
 Domain 2 Domain 4 Domain 6 Domain 7 Domain 8 

 Anxiety Fatigue Ability to participate in 
social roles and activities Pain interference Pain intensity 

 <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  
  β p β p β p β p β p β p β p β p β p β p 
Stage                     

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.019 0.61 -0.01 0.89 0.053 0.34 -0.02 0.84 0.003 0.96 0.03 0.67 0 1.00 -0.02 0.77 -0.033 0.52 -0.03 0.70 
  Stage II 0.071 0.07 0.06 0.38 0.028 0.63 0.07 0.48 0.008 0.88 0.11 0.15 0.023 0.72 0.03 0.74 0.003 0.95 0.05 0.52 
  Stage III/IV 0.119 0.04 0.10 0.29 0.139 0.11 0.11 0.37 0.07 0.39 0.07 0.53 -0.004 0.96 0.05 0.67 0.008 0.92 0.04 0.66 
Grade                     

  Low Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.025 0.46 0.02 0.63 0.023 0.65 0.01 0.91 0.028 0.55 -0.04 0.50 0.04 0.47 0.05 0.46 0.023 0.62 0.00 0.99 
  High 0.097 0.01 0.02 0.64 0.075 0.19 0.06 0.37 0.095 0.07 0.06 0.30 0.064 0.29 0.09 0.16 0.046 0.38 0.06 0.29 
Subtype                     

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ -0.06 0.11 0.01 0.81 -0.033 0.56 0.07 0.33 -0.005 0.92 0.12 0.03 -0.043 0.48 0.19 0.003 -0.021 0.69 0.15 0.005 
  Triple-negative 0.116 0.01 0.01 0.84 0.06 0.34 0.05 0.52 0.097 0.10 0.04 0.55 -0.001 0.99 -0.01 0.90 0.033 0.56 -0.04 0.50 
Treatment                     

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.018 0.53 0.04 0.30 -0.027 0.52 0.09 0.08 -0.039 0.33 0.05 0.23 -0.04 0.39 0.09 0.06 -0.025 0.54 0.09 0.03 
  Chemotherapy -0.011 0.79 -0.07 0.22 0.16 0.01 0 0.58 0.027 0.66 0.01 0.87 0.075 0.29 0 0.44 0.032 0.60 0 0.87 
  Hormone therapy -0.004 0.92 -0.02 0.74 -0.09 0.12 -0.03 0.71 -0.066 0.23 0.00 0.94 -0.013 0.83 0.00 1.00 0.004 0.94 0 0.98 
  Targeted therapy -0.126 0.06 0.04 0.67 -0.231 0.02 0.06 0.63 -0.166 0.08 0.14 0.19 -0.178 0.10 0.21 0.06 -0.117 0.21 0.11 0.27 

Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with additional adjustment for cancer 
stage, subtype, and other treatments in the analysis for treatments. 
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Table 48. Associations of the frailty domains with breast cancer clinical characteristics and treatments by year since diagnosis in model 1 (cont.) 
 Domain 9 Domain 10 Domain 11 Domain 12 Domain 13 

 Activities of daily living General health perception Perceived cognitive 
impairments Aging-related comorbidities Falls in the last 6 months 

 <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  
  β p β p β p β p β p β p β p β p β p β p 
Stage                     

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.011 0.17 -0.006 0.56 -0.053 0.23 -0.008 0.91 -0.006 0.89 -0.04 0.46 -0.008 0.80 0.063 0.17 -0.011 0.88 0.055 0.55 
  Stage II 0.008 0.34 0.008 0.43 -0.038 0.41 0.036 0.62 0.048 0.25 0.008 0.88 0.023 0.49 0.074 0.12 0.028 0.71 0.123 0.20 
  Stage III/IV 0.005 0.70 -0.003 0.80 -0.061 0.38 -0.003 0.98 0.08 0.20 0.133 0.08 0.015 0.77 0.06 0.35 0.222 0.06 0.137 0.28 
Grade                     

  Low Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.001 0.85 -0.006 0.35 0.069 0.08 -0.017 0.74 0.022 0.54 -0.021 0.59 0.047 0.10 -0.03 0.37 -0.018 0.79 0.02 0.77 
  High 0.001 0.86 0.001 0.85 0.095 0.03 0.024 0.64 0.076 0.064 -0.032 0.43 0.093 0.004 0.013 0.71 0.095 0.21 0.025 0.72 
Subtype                     

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.008 0.32 0.001 0.89 -0.003 0.94 0.055 0.30 -0.042 0.29 0.04 0.33 -0.037 0.26 -0.004 0.91 0.045 0.55 0.052 0.45 
  Triple-negative 0.003 0.70 0.021 0.006 0.09 0.07 -0.014 0.81 0.072 0.11 -0.051 0.24 0.011 0.77 -0.009 0.82 0.196 0.02 -0.056 0.45 
Treatment                     

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.005 0.43 0.002 0.72 -0.005 0.88 0.045 0.27 0.02 0.51 0.042 0.19 -0.015 0.53 0.045 0.09 -0.006 0.91 0.054 0.31 
  Chemotherapy 0.013 0.15 -0.005 0.52 0.026 0.62 0 1.00 0.118 0.01 0.007 0.89 0.077 0.05 -0.035 0.37 0.036 0.68 0.112 0.15 
  Hormone therapy -0.006 0.47 -0.005 0.49 -0.005 0.92 0.019 0.74 -0.013 0.76 -0.004 0.92 -0.004 0.92 -0.041 0.27 0.015 0.85 0.026 0.72 
  Targeted therapy -0.025 0.08 0.003 0.81 -0.066 0.42 0.048 0.63 -0.122 0.09 0.03 0.69 -0.022 0.71 0.077 0.24 0.058 0.67 -0.061 0.64 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, and baseline Charlson comorbidity index, and with additional adjustment for cancer 
stage, subtype, and other treatments in the analysis for treatments. 

  



 
 

88 

Table 49. Associations of selected frailty domains with breast cancer clinical characteristics and treatments by year since diagnosis in model 2 
 Domain 2 Domain 4 Domain 6 Domain 7 Domain 8 

 Anxiety Fatigue Ability to participate in 
social roles and activities Pain interference Pain intensity 

 <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  
  β p β p β p β p β p β p β p β p β p β p 
Stage                     

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.02 0.60 -0.01 0.87 0.053 0.35 -0.02 0.87 0.006 0.91 0.04 0.63 0.001 0.99 0.00 0.96 -0.039 0.44 -0.012 0.87 
  Stage II 0.07 0.08 0.09 0.20 0.029 0.63 0.09 0.35 0.012 0.82 0.11 0.16 0.024 0.70 0.04 0.63 0.003 0.96 0.067 0.38 
  Stage III/IV 0.126 0.04 0.10 0.27 0.117 0.19 0.11 0.39 0.043 0.60 0.05 0.62 -0.04 0.67 0.03 0.81 -0.026 0.75 0.032 0.75 
Grade                     

  Low Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.025 0.48 0.03 0.59 0.012 0.82 0.02 0.81 0.009 0.86 -0.04 0.52 0.026 0.64 0.05 0.46 0.017 0.71 0.007 0.90 
  High 0.1 0.01 0.02 0.73 0.082 0.16 0.09 0.21 0.094 0.08 0.09 0.14 0.064 0.30 0.10 0.15 0.052 0.32 0.057 0.31 
Subtype                     

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ -0.071 0.06 0.00 0.96 -0.039 0.50 0.06 0.35 -0.014 0.79 0.13 0.02 -0.034 0.57 0.19 0.003 -0.009 0.86 0.149 0.006 
  Triple-negative 0.108 0.015 0.02 0.78 0.066 0.32 0.08 0.30 0.098 0.11 0.07 0.26 -0.004 0.95 0.01 0.89 0.042 0.48 -0.025 0.66 
Treatment                     

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.022 0.46 0.05 0.18 -0.028 0.51 0.10 0.07 -0.034 0.40 0.03 0.44 -0.029 0.54 0.08 0.09 -0.018 0.66 0.082 0.04 
  Chemotherapy -0.011 0.81 -0.10 0.08 0.175 0.01 -0.09 0.24 0.026 0.68 -0.01 0.87 0.058 0.43 0 0.80 0.009 0.89 -0.049 0.42 
  Hormone therapy 0.014 0.72 0.01 0.87 -0.081 0.17 -0.01 0.90 -0.066 0.23 0.02 0.75 -0.026 0.69 0.04 0.54 -0.011 0.84 0.036 0.52 
  Targeted therapy -0.121 0.08 0.06 0.56 -0.249 0.02 0.14 0.29 -0.16 0.10 0.22 0.049 -0.15 0.18 0.32 0.01 -0.087 0.36 0.231 0.03 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, income, marital status, 
employment, and menopausal status, with additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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Table 49. Associations of the frailty domains with breast cancer clinical characteristics and treatments by year since diagnosis in model 2 (cont.) 
 Domain 9 Domain 10 Domain 11 Domain 12 Domain 13 

 Activities of daily living General health perception Perceived cognitive 
impairments Aging-related comorbidities Falls in the last 6 months 

 <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  <12 years  ≥12 years  
  β p β p β p β p β p β p β p β p β p β p 
Stage                     

  Stage 0 Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Stage I 0.01 0.22 -0.004 0.66 -0.055 0.22 -0.001 0.99 -0.013 0.75 -0.042 0.45 -0.001 0.96 0.074 0.11 -0.028 0.70 0.064 0.49 
  Stage II 0.008 0.35 0.01 0.31 -0.043 0.35 0.033 0.66 0.043 0.29 0.011 0.85 0.021 0.53 0.076 0.11 0.023 0.77 0.122 0.22 
  Stage III/IV 0.005 0.68 -0.001 0.92 -0.082 0.24 0.012 0.90 0.053 0.39 0.125 0.11 -0.001 0.98 0.058 0.36 0.199 0.09 0.112 0.39 
Grade                     

  Low Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Intermediate 0.001 0.85 -0.005 0.47 0.066 0.11 -0.013 0.80 0.011 0.75 -0.022 0.60 0.046 0.11 -0.032 0.35 -0.021 0.76 0.017 0.81 
  High 0.002 0.85 0.001 0.92 0.092 0.05 0.041 0.45 0.069 0.09 -0.032 0.46 0.088 0.007 0.002 0.96 0.118 0.12 0.044 0.54 
Subtype                     

  HR+/HER2- Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  HER2+ 0.008 0.30 0.002 0.82 0.003 0.95 0.055 0.30 -0.048 0.23 0.041 0.34 -0.029 0.37 -0.009 0.79 0.045 0.55 0.05 0.48 
  Triple-negative -0.001 0.92 0.021 0.006 0.085 0.11 -0.022 0.71 0.063 0.17 -0.033 0.48 0.031 0.41 -0.008 0.84 0.235 0.007 -0.027 0.74 
Treatment                     

  Surgery only Reference Reference Reference Reference Reference Reference Reference Reference Reference Reference 
  Radiation therapy -0.004 0.51 0.001 0.79 -0.01 0.78 0.044 0.29 0.012 0.69 0.038 0.25 -0.013 0.62 0.041 0.13 -0.004 0.94 0.05 0.37 
  Chemotherapy 0.01 0.30 -0.008 0.33 0.015 0.78 0 1.00 0.127 0.01 -0.008 0.87 0.07 0.08 -0.049 0.21 0.023 0.80 0.089 0.28 
  Hormone therapy -0.007 0.38 -0.002 0.75 -0.003 0.95 0.029 0.61 -0.011 0.79 0.004 0.93 -0.006 0.87 -0.024 0.52 0.032 0.69 0.037 0.63 
  Targeted therapy -0.025 0.10 0.013 0.35 -0.05 0.56 0.073 0.49 -0.14 0.06 0.057 0.50 -0.015 0.81 0.135 0.049 0.044 0.75 -0.011 0.94 
Model: linear regression models with adjustment for age at survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, race, education, income, marital status, 
employment, and menopausal status, with additional adjustment for cancer stage, subtype, and other treatments in the analysis for treatments. 
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2.7 Associations of CDI and frailty status with the ACS Guideline adherence 

Adherence to the ACS Guideline is associated with decreased CDI and risk for pre-frailty 

and frailty. Among all BC patients, adherence to the ACS Guideline was associated with a 

decrease in CDI of -0.077 (p<0.001), and 74% (OR=0.26, 95% CI=0.10, 0.70) lower risk for pre-

frailty and 81% (OR=0.19, 95% CI=0.04, 0.85) lower risk of frailty (Table 50). The association 

between adherence to the ACS Guideline and CDI was observed in all subgroups by age at 

survey and time since diagnosis. Among patients aged 40-<65, adherence to the ACS Guideline 

was associated with a lower risk for pre-frailty (OR=0.22, 95% CI=0.05, 0.90) and frailty 

(OR=0.11, 95% CI=0.01, 0.95). When stratified by year since BC diagnosis. Adherence to the 

ACS Guideline was associated with a lower risk for frailty (OR=0.10, 95% CI=0.01, 0.99) 

among those diagnosed <12 years, and a lower risk for pre-frailty (OR=0, 95% CI=0, 0) among 

those diagnosed ≥12 years. After further adjustment for demographics and menopausal status, 

the associations between adherence to the ACS Guideline and frailty status were largely 

unchanged. 

When removing the criteria for physical activity from the ACS Guideline in the 

sensitivity analysis, the associations of the adherence with CDI and frailty status attenuated but 

remained significant for most part (Table 51). Among all BC patients, adherence to the ACS 

Guideline was associated with a decrease in CDI of -0.056 (p=0.004) and 65% lower risk for pre-

frailty (OR=0.35, 95% CI=0.15, 0.80) and frailty (OR=0.35, 95% CI=0.14, 0.87) in model 2. The 

associations between the guideline adherence and CDI were observed among patients aged 40-

<65 (β=-0.079, p=0.005) and those diagnosed ≥12 years (β=-0.070, p=0.03). The associations 

between the guideline adherence and decreased frailty were only significant among those 

diagnosed <12 years in model 1 (OR=0.09, 95% CI=0.09, 0.93). In another sensitivity analysis 
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by excluding patients with severe physical function impairment (domain deficit score >0.2) from 

the analysis, the associations between the guideline adherence and CDI and pre-frailty among all 

BC survivors remained, while models for the associations with frailty were not tested due to the 

small number of subjects with frailty (Table 52). 
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Table 50. Associations between adherence to the ACS Guideline for cancer survivors and frailty (N=319) 
 CDI  Frailty status 

 
Model 1 Model 2 

 Model 1 Model 2 
  Pre-frailty Frailty Pre-frailty Frailty 

  β p β p   OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
All participants -0.077 <0.001 -0.072 0.001  0.26 (0.10, 0.70) 0.19 (0.04, 0.85) 0.26 (0.09, 0.76) 0.23 (0.05, 1.14) 
Age 40-<65 -0.085 0.003 -0.09 0.002  0.22 (0.05, 0.90) 0.11 (0.01, 0.95) 0.14 (0.03, 0.75) 0.08 (0.01, 0.87) 
Age ≥65 -0.08 0.007 -0.065 0.04  0.20 (0.04, 1.02) 0.19 (0.02, 1.89) 0.21 (0.04, 1.22) 0.28 (0.02, 4.26) 
Follow-up <12 years -0.067 0.01 -0.067 0.02  0.42 (0.13, 1.34) 0.10 (0.01, 0.99) 0.35 (0.08, 1.58) 0.06 (0, 1.01) 
Follow-up ≥12 years -0.099 0.003 -0.094 0.01  0 (0, 0) 0.23 (0.02, 2.77) 0 (0, 0) 0.22 (0.01, 4.94) 
ACS, American Cancer Society; 
Adherence to the ACS Guideline is defined as meeting all four criteria of body mass index, physical activity, nutrition, and alcohol consumption; 
Model 1: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for age at survey, follow-up duration since diagnosis, baseline 
Charlson comorbidity index, cancer stage, subtype, and treatments; 
Model 2: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for race, education, income, marital status, employment, and 
menopausal status in addition to covariates in Model 1. 

 

Table 51. Associations between adherence to the ACS Guideline for cancer survivors and frailty in sensitivity analysis 1 (N=319) 
 CDI  Frailty status 

 
Model 1 Model 2 

 Model 1 Model 2 
  Pre-frailty Frailty Pre-frailty Frailty 

  β p β p   OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
All participants -0.062 0.001 -0.056 0.004  0.35 (0.15, 0.8) 0.35 (0.12, 1.07) 0.35 (0.14, 0.87) 0.43 (0.12, 1.52) 
Age 40-<65 -0.071 0.009 -0.079 0.005  0.18 (0.05, 0.7) 0.3 (0.07, 1.22) 0.08 (0.01, 0.48) 0.17 (0.03, 1.09) 
Age ≥65 -0.066 0.01 -0.05 0.07  0.48 (0.15, 1.55) 0.18 (0.02, 1.7) 0.57 (0.16, 2.03) 0.22 (0.02, 3.12) 
Follow-up <12 years -0.063 0.01 -0.053 0.05  0.57 (0.2, 1.61) 0.09 (0.01, 0.93) 0.61 (0.16, 2.29) 0.06 (0, 1.1) 
Follow-up ≥12 years -0.071 0.01 -0.07 0.03  0.09 (0.01, 0.71) 0.52 (0.11, 2.39) 0.06 (0.01, 0.6) 0.43 (0.06, 3.33) 

ACS, American Cancer Society; 
Adherence to the ACS Guideline is defined as meeting three criteria of body mass index, nutrition, and alcohol consumption; 
Model 1: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for age at survey, follow-up duration since diagnosis, baseline 
Charlson comorbidity index, cancer stage, subtype, and treatments; 
Model 2: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for race, education, income, marital status, employment, and 
menopausal status in addition to covariates in Model 1. 
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Table 52. Associations between adherence to the ACS Guideline for cancer survivors and frailty in sensitivity 
analysis (N=247) 
 CDI  Frailty status 

 
Model 1 Model 2 

 Model 1 Model 2 
  Pre-frailty Pre-frailty 

  β p β p   OR (95% CI) OR (95% CI) 
All participants -0.046 0.002 -0.044 0.005  0.31 (0.09, 0.99) 0.24 (0.06, 0.94) 
Age 40-<65 -0.041 0.03 -0.046 0.03  0.34 (0.07, 1.55) 0.08 (0, 1.35) 
Age ≥65 -0.045 0.07 -0.038 0.15  0.21 (0.02, 2.33) 0.17 (0.01, 2.93) 
Follow-up <12 years -0.037 0.04 -0.037 0.07  0.41 (0.10, 1.72) 0.14 (0.01, 1.73) 
Follow-up ≥12 years -0.058 0.03 -0.066 0.03  - - 
ACS, American Cancer Society; 
Adherence to the ACS Guideline is defined as meeting three criteria of body mass index, physical activity, nutrition, and 
alcohol consumption; 
Among patients without severe physical function impairment (domain deficit score>0.2); 
Model 1: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for age at 
survey, follow-up duration since diagnosis, baseline Charlson comorbidity index, cancer stage, subtype, and treatments; 
Model 2: Linear regression (CDI) or multinomial logistic regression (frailty status) models with adjustment for race, 
education, income, marital status, employment, and menopausal status in addition to covariates in Model 1. 

 

3. Discussion 

Frailty is common among BC survivors in this study, with nearly 40% BC patients being 

pre-frail or frail. Several BC clinical characteristics and treatments, including stage, grade, and 

chemotherapy, are associated with frailty among BC patients. The associations between BC 

factors and frailty differ by age at outcome assessment, with stronger effect among younger BC 

patients. The associations between frailty and clinical characteristics are observed among 

patients within 12 years after diagnosis. Adherence to the ACS Guideline for cancer survivors is 

associated with greatly reduced risk of frailty. 

Our study underscores the high prevalence of pre-frail and frailty among long-term BC 

survivors, with the median time interval between BC diagnosis and frailty measurement of 12 

years. This is consistent with the current literature which suggests about 43% of BC patients 

being pre-frail or frail.103 Epidemiological evidence has underscored a strong association 

between advanced stages and higher grades of BC with higher levels of frailty among survivors, 
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potentially due to more systemic treatment resulting in the physiological derangements.45 Most 

of the studies focused on older adults, with a limited number of studies included BC patients or 

survivors younger than 65. Our results suggest that younger BC patients also experience a higher 

burden of frailty than cancer-free women at a similar age. The long-term effects of BC treatment 

on frailty have been understudied. A study among older BC survivors (N=353, age 60-98 years) 

found that those receiving chemotherapy (with or without hormonal therapy) or receiving 

hormone therapy alone than cancer-free controls from diagnosis to 36 months post-diagnosis.104 

However, our study suggests that the association between treatment and frailty status is confined 

to BC survivors younger than 65 years old, with radiation therapy and chemotherapy associated 

with increased pre-frailty risk, and targeted therapy with decreased pre-frailty risk. Evidence has 

suggested that radiation therapy and chemotherapy might be associated with markers of 

immunosenescence and cellular senescence (such as DNA damage and lower telomerase 

activity) after 1.5 to 3-6 years after completion of primary treatments among BC survivors.85,86  

In 2022, the ACS published the Nutrition and Physical Activity Guideline for Cancer 

Survivors, as the third version after the guidelines in 2006 and 2012. However, the evidence of 

adherence rate to the ACS Guideline has been limited among BC survivors, with two studies 

reporting mean adherence scores of 12.7 out of 21 and 4.9 out of 8 among BC survivors in the 

US.73 Our findings align with the current evidence of the low adherence to the ACS Guideline, 

especially the nutrition recommendation. Previously, there has been no specific recommendation 

of amount of food items/groups consumption in the Guideline, hindering the reference for cancer 

survivors. In 2022, a score to evaluate the adherence to the ACS Guideline in dietary quality was 

reported,105 which may assist healthcare providers and cancer survivors in adherence to a healthy 

diet. As the Guideline evolves to provide updated evidence-based recommendations, it is 
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challenging for cancer survivors to adopt or maintain a healthy lifestyle, especially when they 

finish cancer treatment. Therefore, healthcare providers must be proactive about assessing health 

behaviors, counseling, and referring to appropriate professionals and evidence-based programs. 

Our study is one of the first investigations of frailty among long-term BC survivors, with 

a median follow-up time of 12 years. Our study reached a response rate of 36%, higher or 

comparable to recent studies using the EPIC MyChart patient portal.106,107 Frailty status is 

assessed based on a survey covering various domains of deficits, providing a relatively 

compressive measure. Linkage of survey data to the tumor registry and EHR empowers the 

evaluation of treatment-specific associations among BC survivors. 

The limitations of our study include the lack of longitudinal assessment of frailty. Since 

the study enrollment in 2004, the participants were contacted for the survey only one time at a 

median of 12 years after diagnosis. Therefore, we were not able to determine the trajectory of 

frailty over time. This also resulted in potential immortal time bias where patients must have 

survived until the survey to have the outcome assessment, and patients who developed severe 

frailty might not be able to participate in the survey due to poor health conditions, such as severe 

cognitive impairment. Such bias might lead to the underestimation of the prevalence of frailty 

among the BC survivors, especially among those with advanced-stage and triple-negative BC, 

which have been associated with poor prognosis and higher frailty in our and others’ studies. 

Another likely source of selection bias is the non-response bias, where the nonrespondents were 

diagnosed at an older age and were more like to have advanced stage, high-grade, and triple-

negative BC, therefore potentially having a higher frailty than respondents. In addition, the 

assessment of adherence to the ACS Guideline might be subject to misclassification due to self-

report and not applying a food frequency questionnaire to comprehensively assess the dietary 
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intake. Additionally, the associations between the adherence to Guideline and frailty might be 

subject to reverse causation, despite our efforts of taking into account when analyzing physical 

activity. 

Our study is a preliminary exploration of frailty among long-term survivors. Further 

research with detailed cancer diagnosis and treatment information and longitudinal evaluation of 

frailty among BC survivors are needed. 
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CHAPTER 4 

Aim 3: Aging-related outcomes in UK Biobank 

To evaluate the aging-related biomarkers, cognitive function, and frailty among BC 

survivors and cancer-free women in the UK Biobank (UKB). 

1. Methods 

1.1 Study design 

This is a case-control study of women with a history of first primary BC and matched 

cancer-free women nested in a cohort study, UKB. 

1.2 Study population 

UKB is a large, multicenter, population-based cohort study, established to allow detailed 

investigations of the genetic and nongenetic determinants of the diseases of middle and old 

age.108 UKB aims to combine extensive and precise assessment of exposures with 

comprehensive follow-up and characterization of many different health-related outcomes, as well 

as to promote innovative science by maximizing access to the resource.108 

During 2006 to 2010, approximately 500,000 participants aged 40-69 years were 

recruited at 22 assessment sites in England, Scotland, and Wales. At baseline, all participants 

gave informed consent and completed verbal interviews and touch-screen questionnaires on a 

variety of traits (including demographics, socioeconomics, lifestyle, environmental exposures, 

and health factors and medical history), had a wide range of physical measures performed, and 

had samples of blood, urine and saliva collected.109,110 In addition, linkage has been achieved to 

routine data available from the UK National Health Service (e.g. mortality, cancer registrations, 

hospital admissions, primary care data, etc.).109 Selected data collected at baseline and linkage 
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are shown in Table 53. In this study we included variables of sociodemographic, lifestyle, health 

status, cognitive function, blood count, blood biochemistry, death registrations, and cancer 

registrations. 

Table 53. Selected data collected at the baseline assessment in UK Biobank 
Topic Item 
Questionnaire and interview  

Sociodemographic Social class; ethnicity; employment status; marital status; education; 
income; car ownership 

Family history and early life exposures Family history of major diseases; birth weight; breast feeding; maternal 
smoking; childhood body size; residence at birth 

Psychosocial factors Neurosis; depression (including bi-polar spectrum disorder); social support 

Environmental factors Current address; current (or last) occupation; domestic heating and cooking 
fuel; housing; means of travel; shift work; mobile phone use; sun exposure 

Lifestyle Smoking; alcohol consumption; physical activity; diet; sleep 

Health status Medical history; medications; disability; hearing; sight; sexual and 
reproductive history 

Hearing threshold Speech reception threshold* 

Cognitive function Pairs matching; reaction time; prospective memory*; fluid intelligence*; 
numeric memory 

Physical measures  

Blood pressure and heart rate Two automated measures, one minute apart 
Grip strength Left- and right-hand grip strength 

Anthropometrics Standing and sitting height; weight and bio-impedance; hip and waist 
circumference 

Spirometry Up to three measures 
Bone density+ Calcaneal ultrasound 
Arterial stiffness Pulse wave velocity 

Eye examination§ Refractive index, intraocular pressure; acuity; retinal photograph; optical 
coherence tomography 

Fitness test§ Cycle ergometry with electrocardiogram (ECG) heart rate monitoring 
Blood assays  

Blood count 
Basophils, eosinophils, monocytes, neutrophils, haematocrit, haemoglobin, 
red blood cells, lymphocytes, white blood cells, platelets, reticulocytes, 
mean sphered cells volume and mean corpuscular volume 

Blood biochemistry 

Alanine aminotransferase, albumin, alkaline phosphatase, apolipoprotein 
A, apolipoprotein B, aspartate aminotransferase, C-reactive protein, 
calcium, cholesterol, creatinine, cystatin C, direct bilirubin, gamma 
glutamyltransferase, glucose, glycated haemoglobin (HbAc), HDL 
cholesterol, IGF-1, LDL direct, lipoprotein A, oestradiol, phosphate, 
rheumatoid factor, SHBG, testosterone, total bilirubin, total protein, 
triglycerides, urate, urea, vitamin D 

Infectious Diseases Antigens 
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NMR metabolomics 
Lipoprotein lipids in 14 subclasses, fatty acids and fatty acid compositions, 
and low-molecular weight metabolites, such as amino acids, ketone bodies, 
and glycolysis metabolites 

Proteomics Up to 1463 proteins measured 
Health record linkage  

Death registrations  ICD-coded cause specific mortality 
Cancer registrations ICD-coded cancer diagnoses 
Hospital inpatient episodes ICD-coded diagnoses and OPCS-coded procedures 
Hospital outpatient episodes Limited ICD and OPCS coding 

Primary care Read-coded information including diagnoses, measurements, referrals, 
prescriptions 

Other 
National mental health care, residential history, laboratory and disease 
audit datasets and is considering the value of further linkages (e. g., 
imaging, cancer screening, dental). 

*Assessed in 170,000 participants; t assessed in 50,000 participants; 
measured in one heel for 170,000 participants and in both heels for 320,000 participants; measured in 170,000 
participants; 
§Measured in 100,000 participants 
Modified based on doi: 10.1371/journal.pmed.1001779.002 and doi: 10.1371/journal.pmed.1001779.003 

 

1.3 Selection of cases and controls 

This study includes women with a history of first primary BC and cancer-free controls at 

baseline assessment. All women enrolled into UKB were eligible for the case and control 

selection. 

Women with a BC history were identified through linkage to cancer registries. BC was 

identified by ICD code of malignant neoplasm of breast or (ICD-9 174 or ICD-10 C50) 

intraductal carcinoma in situ of breast (ICD-9 233.0 or ICD-10 D05.1), or personal history of 

malignant neoplasm of breast (ICD-9 V10.3 or ICD-10 Z85.3) but no history of other cancer at 

BC diagnosis. Those who had a history of primary BC without a history of other cancer, 

excluding non-melanoma skin cancer, were defined as cases of this study (N=8,013). 

Controls were defined as women who had no history of any cancer, excluding non-

melanoma skin cancer, at baseline assessment (N=247,992). To address the imbalance of 
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potential confounders between the BC patients and cancer-free controls, we matched the cases 

and controls using propensity score matching. The propensity score was estimated as the 

predicted probability of a participant being a BC case from a logistic regression model, 

considering variables including age, race (exact match), enrollment center (exact match), 

education level, household income, and pregnancy history. We then formed matched pairs 

between cases and controls using a one-to-five nearest neighbor caliper of width 0.1 (maximum 

allowable difference in propensity scores), with the balance diagnostics of the matching variables 

shown in Table 54. The propensity score matching was conducted using R package MatchIt 

version 4.5.4.111 Finally, 8,002 BC cases were matched with 39,889 controls, including 7,954 

cases matched with 5 five controls, 9 cases matched with 4 controls, 16 cases matched with 3 

controls, 12 cases matched with 2 controls, and 11 cases matched with 1 control. 208,114 

controls were unselected. 

Table 54. Balance diagnostics of the propensity score matching variables in the UK Biobank women 
  Mean (Case) Mean (Control) Mean Difference eCDF Mean eCDF Max Pair Distance 
Overall distance 0.03825 0.03825 9.70118E-05 0.00010 0.00060 0.00106 
Age at enrollment 59.87141 59.92816 -0.00860 0.00185 0.00667 0.03911 
Race1       

  White 0.96901 0.96901 1.11E-16 1.11E-16 1.11E-16 0 
  Black 0.00662 0.00662 8.67E-19 8.67E-19 8.67E-19 0 
  Asian 0.01037 0.01037 1.73E-18 1.73E-18 1.73E-18 0 
  Mixed 0.00512 0.00512 1.73E-18 1.73E-18 1.73E-18 0 
  Other 0.00887 0.00887 3.47E-18 3.47E-18 3.47E-18 0 
Education       

  College/University 0.28668 0.29770 -0.02437 0.01103 0.01103 0.13827 
  A/AS levels 0.11360 0.10960 0.01258 0.00399 0.00399 0.15099 
  O levels/GCSEs 0.23232 0.23198 0.00079 0.00034 0.00034 0.12250 
  CSEs 0.04024 0.03851 0.00880 0.00173 0.00173 0.12306 
  NVQ/HND/HNC 0.04236 0.04167 0.00344 0.00069 0.00069 0.15892 
  Other professional 0.06911 0.06102 0.03184 0.00809 0.00809 0.13644 
  Unknown 0.21570 0.21951 -0.00927 0.00381 0.00381 0.10721 
Annual household income (£)       
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  Less than 18,000 0.24319 0.24554 -0.0055 0.0024 0.0024 0.1310 
  18,000 to 30,999 0.23319 0.23959 -0.0151 0.0064 0.0064 0.1209 
  31,000 to 51,999 0.18370 0.18149 0.0057 0.0022 0.0022 0.1274 
  52,000 to 100,000 0.11560 0.11183 0.0118 0.0038 0.0038 0.0994 
  Greater than 100,000 0.02799 0.02510 0.0175 0.0029 0.0029 0.0829 
  Unknown 0.19633 0.19645 -0.0003 0.0001 0.0001 0.1456 
Pregnancy history       

  Never 0.15496 0.13299 0.0607 0.0220 0.0220 0.2129 
  Ever 0.84504 0.86701 -0.0607 0.0220 0.0220 0.2129 
Assessment center1       

  Center 1 0.00062 0.00062 1.08E-19 1.08E-19 1.08E-19 0 
  Center 2 0.02774 0.02774 3.47E-18 3.47E-18 3.47E-18 0 
  Center 3 0.03262 0.03262 6.94E-18 6.94E-18 6.94E-18 0 
  Center 4 0.03949 0.03949 1.39E-17 1.39E-17 1.39E-17 0 
  Center 5 0.03612 0.03612 6.94E-18 6.94E-18 6.94E-18 0 
  Center 6 0.03112 0.03112 6.94E-18 6.94E-18 6.94E-18 0 
  Center 7 0.03337 0.03337 6.94E-18 6.94E-18 6.94E-18 0 
  Center 8 0.06173 0.06173 1.39E-17 1.39E-17 1.39E-17 0 
  Center 9 0.05911 0.05911 1.39E-17 1.39E-17 1.39E-17 0 
  Center 10 0.07586 0.07586 2.78E-17 2.78E-17 2.78E-17 0 
  Center 11 0.09060 0.09060 1.39E-17 1.39E-17 1.39E-17 0 
  Center 12 0.08735 0.08735 1.39E-17 1.39E-17 1.39E-17 0 
  Center 13 0.02624 0.02624 6.94E-18 6.94E-18 6.94E-18 0 
  Center 14 0.07261 0.07261 1.39E-17 1.39E-17 1.39E-17 0 
  Center 15 0.06036 0.06036 6.94E-18 6.94E-18 6.94E-18 0 
  Center 16 0.05986 0.05986 6.94E-18 6.94E-18 6.94E-18 0 
  Center 17 0.04574 0.04574 6.94E-18 6.94E-18 6.94E-18 0 
  Center 18 0.05436 0.05436 1.39E-17 1.39E-17 1.39E-17 0 
  Center 19 0.05261 0.05261 1.39E-17 1.39E-17 1.39E-17 0 
  Center 20 0.04774 0.04774 6.94E-18 6.94E-18 6.94E-18 0 
  Center 21 0.00400 0.00400 8.67E-19 8.67E-19 8.67E-19 0 
  Center 22 0.00075 0.00075 1.08E-19 1.08E-19 1.08E-19 0 
1Exact match       
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1.4 Outcome assessment 

PheAge Acceleration (PAA) 

In UKB, the blood sample collection and processing has been reported.110 Briefly, 45 mL 

of blood was collected from participants during the baseline assessment visit. Whole blood is 

collected into vacutainers or separation tubes with anti-coagulant/preservative. The blood in the 

plasma separation tube is immediately centrifuged at 2500g for 10 min at 4°C and the blood in 

the serum separator tube is allowed to clot for 25-30 min at room temperature before 

centrifugation at 2500g for 10 min at 4°C. All vacutainers are held at 4°C (except for the acid 

citrate dextrose tube which is held at 18°C) until the end of the day when they are packed and 

dispatched to the central processing laboratory in temperature-controlled shipping boxes. Sample 

aliquots are held at 4°C during processing and are stored either at -80°C or in vapor phase liquid 

nitrogen for long-term archive. Nine blood chemistry and count markers for PheAge calculation 

included albumin, creatinine, glucose, C-reactive protein (CRP), lymphocyte percent, mean cell 

volume, red blood cell distribution width, alkaline phosphatase, and white blood cell count, with 

the PheAge and PAA calculation described in Chapter 2. 

Telomere length 

The measurement for leukocyte telomere length (LTL) in UKB was described 

elsewhere.112 Briefly, technicians at UKB extracted DNA from peripheral blood leukocytes using 

an automated process for the majority of samples; a small proportion were extracted using a 

manual method using the same chemistry. Before assay, samples were first normalized to a 

concentration of 10 ng/μL using automated pipetting robots (Qiagility, QIAGEN). Using 

multiplex qPCR methodology LTL is measured as the ratio of telomere repeat copy number (T) 

relative to that of a single copy gene (S, HBB, which encodes human hemoglobin subunit β). 
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Relative quantities of T and S were calculated for each sample using the Rotor-Gene 

comparative quantification software (QIAGEN). After technical adjustments were applied, LTL 

measurements (T/S ratios) were loge-transformed due to non-normality (logeLTL). To allow 

direct comparison of the results of our analyses with previous studies we Z-standardized the 

logeLTL measures. 

Cognitive test 

At baseline assessment, a very brief (approximately 5 minutes) cognitive assessment was 

administered as part of the fully automated touchscreen questionnaire. Details of the cognitive 

test was described elsewhere.113,114 Processes of the five cognitive tests are as follows: 

1. Numeric memory: A subset of participants completed a test of numeric memory 

(“Maximum digits remembered”). Participants were shown a two-digit number which 

they were asked to recall after a brief pause. This increased by one until the participant 

made an error, or they reached the maximum of twelve digits. 

2. Reasoning: A task with thirteen logic/reasoning-type questions and a two-minute time 

limit was labelled as “fluid intelligence” in the UKB protocol but is hereafter referred to 

as “verbal-numerical reasoning”). The maximum score is 13. The Cronbach alpha 

coefficient for these items has been reported elsewhere as 0.62. 

3. Reaction time: Participants completed a timed test of symbol matching, similar to the 

common card game “Snap” hereafter referred to as reaction time (RT). The score on this 

task was the mean response time in milliseconds across trials which contained matching 

pairs. Cronbach’s alpha for this task has previously been reported as 0.85. 

4. Visual memory: A visual memory test was administered, labelled “pairs-matching”, 

where participants were asked to memorize the positions of six card pairs, and then match 



 
 

104 

them from memory while making as few errors as possible. Scores on the pairs-matching 

test are for the number of errors that each participant made; therefore, higher scores 

reflect poorer cognitive function. The Pairs matching task had two versions: 3-pair and 6-

pair, and the analysis was based on the 6-pair version because there was greater scope for 

score variation. 

5. Prospective Memory: For the Prospective Memory (PM) test, participants were asked to 

engage in a specific behavior later in the assessment: “At the end of the games we will 

show you four colored symbols and ask you to touch the blue square. However, to test 

your memory, we want you to actually touch the Orange Circle instead” (“Prospective 

memory result”). Participants were scored as zero or one, depending on whether they 

completed the task on first attempt or not. 

The reasoning and PM tasks were only added to the participant assessment part-way 

through the baseline assessment phase. The numeric memory task was added and 

subsequently removed due to time constraints. Therefore, the sample sizes for the different 

tasks vary. 

CDI and frailty status 

The CDI is constructed with modifications on a reported frailty index among this 

population102 to include variables related to functional status. The CDI is comprised of 50 items 

across 11 domains, including sensory, cranial, mental wellbeing, infirmity, cardiometabolic, 

respiratory, musculoskeletal, immunological, pain, gastrointestinal, and physical function. 

Details of the 50 items and coding are listed in Table 55. The participants were then categorized 

into three frailty status based on CDI: robust (CDI ≤0.2), pre-frail (CDI 0.2-≤0.35), and frail 

(CDI >0.35). 
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Table 55. Items from the baseline UK Biobank assessment used to compose the Cumulative Deficit Index  
  Domain   Item Code 

1 Sensory 
1 Glaucoma 

No - 0 
Yes - 1 2 Cataracts 

3 Hearing difficulty 

2 Cranial 
4 Migraine No - 0 

Yes - 1 

5 Dental problems None - 0 
Any - 1 

3 Mental wellbeing 

6 Self-rated health 

Excellent - 0 
Good - 0.25 

Fair - 0.5 
Poor - 1 

7 Fatigue: frequency of tiredness / lethargy in 
last two weeks 

Not at all - 0 
Several days - 0.25 
More than half - 0.5 
Nearly every day - 1 

8 Sleep: experience of sleeplessness/insomnia 
Never/rarely - 0 
Sometimes - 0.5 

Usually - 1 

9 Depressed feelings: frequency in last two 
weeks 

Not at all - 0 
Several days - 0.5 

More than half - 0.75 
Nearly every day - 1 

10 Self-described nervous personality 
No - 0 
Yes - 1 

11 Severe anxiety/ panic attacks 
12 Common to feel loneliness 
13 Sense of misery (ever/never) 

4 Infirmity 

14 Infirmity: long-standing illness or disability No - 0 
Yes -1 

15 Falls in last year 
None - 0 
One - 0.5 

More than one - 1 

16 Fractures/broken bones in last five years No - 0 
Yes - 1 

5 Cardiometabolic 

17 Diabetes 

No - 0 
Yes - 1 

18 Myocardial infarction 
19 Angina 
20 Stroke 
21 High blood pressure 
22 Hypothyroidism 
23 Deep-vein thrombosis 
24 High cholesterol 
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6 Respiratory 

25 Breathing: wheeze in last year 
No - 0 
Yes - 1 

26 Pneumonia 
27 Chronic bronchitis/emphysema 
28 Asthma 

7 Musculoskeletal 

29 Rheumatoid arthritis 
No - 0 
Yes - 1 

30 Osteoarthritis 
31 Gout 
32 Osteoporosis 

8 Immunological 
33 Hayfever, allergic rhinitis or eczema No - 0 

Yes - 1 34 Psoriasis 

9 Pain 

35 Chest pain 

No - 0 
Yes - 1 

36 Head and/or neck pain 
37 Back pain 
38 Stomach/abdominal pain 
39 Hip pain 
40 Knee pain 
41 Whole-body pain 
42 Facial pain 
43 Sciatica 

10 Gastrointestinal 

44 Gastric reflux 
No - 0 
Yes - 1 

45 Hiatus hernia 
46 Gall stones 
47 Diverticulitis 

11 Physical function 
48 Low physical activity 

No - 0 
Yes - 1 49 Slow walking speed 

50 Low grip strength 
 

1.5 Statistical analysis 

The participant characteristics were compared among matched case-control pairs, with p-

values extracted from conditional logistic regression models. The association between BC 

case/control status and aging-related outcomes were evaluated in matched case-control pairs via 

mixed linear (for continuous variables), or multinomial (for categorical variables) regression 

models, with matching sets as the random effect variable. The association for each outcome was 

evaluated in three models: 1) model 1, with no adjustment; 2) model 2, with adjustment for BMI 

category and lifestyles, including smoking status, alcohol drinking status, and physical activity 
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level; and 3) model 3, with adjustment for BMI category, lifestyles, and comorbidities, including 

diabetes, hypertension, and cardiovascular diseases. β (for continuous variables) or OR (for 

categorical variables), 95% CI, and p-values were obtained from respective models. The 

regression analysis was done using R packages lme4115 and mclogit116. Stratification analyses 

were conducted by age at outcome assessment (40-≤55, 55-≤60, 60-≤65, and 65-≤70 years) and 

year since BC diagnosis (≤2, 2-≤5, 5-≤10, and >10 years). 

All analysis was performed in R version 3.6.0 on Vanderbilt University’s ACCRE 

computing cluster. 

2. Results 

2.1 Participant characteristics 

Participant characteristics among BC cases and the matched controls are shown in Table 

56. The mean age was 59.9 years in both cases and controls, and the participants were 

predominantly White (97%). Approximately 30% of the participants had college/university level 

education. Overall, there was no significant difference in propensity score between the matched 

case-control pairs (p=0.15), although there were small but significant differences between the 

pairs were observed in the matching variables of age, education, income, and pregnancy history 

(all p<0.001). Comparing the matched cancer-free controls, women with a BC history were more 

likely to be former smokers (36% vs 33%, p<0.001), had lower physical activity levels 

(p<0.001), and less likely to have hypertension (26% vs 28%, p<0.001) and cardiovascular 

disease (3.8% vs 4.5%, p=0.003), more likely to be postmenopausal (80% vs 74%, p<0.001). 

There were no differences in the Townsend deprivation index, BMI, alcohol drinking status, and 

diabetes between the pairs. 
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Table 56. Participant characteristics in BC cases and matched non-cancer controls 

  
Control Breast Cancer 

p1 
(N=39889) (N=8002) 

Propensity score    

Mean ± SD 0.0382 ± 0.0141 0.0383 ± 0.0141 0.154 
Age at enrollment2    

Mean ± SD 59.9 ± 6.60 59.9 ± 6.59 <0.001 
Race2    

White 38755 (97 %) 7754 (97 %) 1 
Black 249 (1 %) 53 (1 %)  

Asian 393 (1 %) 83 (1 %)  

Mixed 159 (0 %) 41 (1 %)  

Other 333 (1 %) 71 (1 %)  

Education2    

College/University 11876 (30 %) 2294 (29 %) <0.001 
A/AS levels 4371 (11 %) 909 (11 %)  

O levels/GCSEs 9262 (23 %) 1859 (23 %)  

CSEs 1534 (4 %) 322 (4 %)  

NVQ/HND/HNC 1666 (4 %) 339 (4 %)  

Other professional 2433 (6 %) 553 (7 %)  

Unknown 8747 (22 %) 1726 (22 %)  

Annual household income (£)2    

Less than 18,000 9785 (25 %) 1946 (24 %) <0.001 
18,000 to 30,999 9574 (24 %) 1866 (23 %)  

31,000 to 51,999 7249 (18 %) 1470 (18 %)  

52,000 to 100,000 4468 (11 %) 925 (12 %)  

Greater than 100,000 1003 (3 %) 224 (3 %)  

Unknown 7810 (20 %) 1571 (20 %)  

Ever pregnant2    

No 5291 (13 %) 1240 (15 %) <0.001 
Yes 34598 (87 %) 6762 (85 %)  

Townsend deprivation index    

Mean ± SD -1.45 ± 2.97 -1.47 ± 2.93 0.401 
Missing 41 (0.1%) 11 (0.1%)  

BMI    

<25 15094 (38 %) 3005 (38 %) 0.288 
25-<30 15189 (38 %) 3130 (39 %)  

>=30 9487 (24 %) 1842 (23 %)  

Unknown 119 (0 %) 25 (0 %)  

Smoking status    

Never 23245 (58 %) 4426 (55 %) <0.001 
Previous 13295 (33 %) 2904 (36 %)  
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Current 3155 (8 %) 630 (8 %)  

Unknown 194 (0 %) 42 (1 %)  

Alcohol drinking status    

Never 2267 (6 %) 433 (5 %) 0.499 
Previous 1540 (4 %) 312 (4 %)  

Current 36001 (90 %) 7236 (90 %)  

Unknown 81 (0 %) 21 (0 %)  

Physical Activity Level (IPAQ)    

Low 5438 (14 %) 1219 (15 %) <0.001 
Moderate 13096 (33 %) 2669 (33 %)  

High 11980 (30 %) 2240 (28 %)  

Unknown 9375 (24 %) 1874 (23 %)  

Diabetes    

No 38112 (96 %) 7629 (95 %) 0.448 
Yes 1642 (4 %) 350 (4 %)  

Unknown 135 (0 %) 23 (0 %)  

Hypertension    

No 28631 (72 %) 5893 (74 %) <0.001 
Yes 11258 (28 %) 2109 (26 %)  

Cardiovascular disease    

No 38100 (95.5 %) 7700 (96.2 %) 0.003 
Yes 1789 (4.5 %) 302 (3.8 %)  

Menopause    

Pre-menopause 4200 (11 %) 337 (4 %) <0.001 
Post-menopause 29463 (74 %) 6365 (80 %)  

Unknown 6226 (16 %) 1300 (16 %)  
1Paired t-test for continuous variables and chi-square test for categorical variables; 
2Propensity score matching variables. 

 

2.2 Association between BC and aging-related outcomes 

PheAge Acceleration 

Using mixed linear regression models, we found that BC women had a significantly 

greater PAA than non-cancer women of 0.33 years (β=0.33, 95% CI=0.19, 0.48, p<0.01) in 

model 1 (Table 57). Additional adjustment for BMI, lifestyles, and comorbidities did not change 

the association, with β of 0.34 (95% CI=0.19, 0.47, p<0.01) in model 2 and 0.33 (95% CI=0.20, 

0.47, p<0.01) in model 3. 
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Table 57. Association between BC status and PAA among UKB women 
  β (95% CI) p 
Model 1 0.33 (0.19, 0.48) <0.001 
Model 2 0.34 (0.19, 0.47) <0.001 
Model 3 0.33 (0.20, 0.47) <0.001 

Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol 
drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and 
cardiovascular diseases, in addition to variables in model 2. 

 

Telomere length 

Compared with matched controls, BC cases had a non-significant longer LTL measured 

by z-adjusted t/s ratio, with β of 0.022 (all p<0.05) in three models (Table 58). 

Table 58. Association between BC status and LTL (z-adjusted t/s ratio) among UKB women 
  β (95% CI) p 
Model 1 0.022 (-0.002, 0.047) 0.17 
Model 2 0.022 (-0.002, 0.047) 0.17 
Model 3 0.022 (-0.002, 0.046) 0.16 

Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking 
status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and 
cardiovascular diseases, in addition to variables in model 2. 

 

Cognitive test 

The five cognitive test results did not differ by case-control status in the three models 

(Table 59). 
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Table 59. Association between BC status and cognitive test results among UKB women 
 Model 1 Model 2 Model 3 

  β (95% CI) p β (95% CI) p β (95% CI) p 

Reaction Time 
(Mean time to correctly identify matches) 

-1.21 (-4.06, 1.64) 0.40 -1.21 (-4.06, 1.64) 0.40 -1.22 (-4.07, 1.63) 0.40 

Pairs matching 
(Number of incorrect matches in round) 

-0.069 (-0.149, 0.012) 0.09 -0.069 (-0.149, 0.012) 0.09 -0.071 (-0.151, 0.01) 0.08 

Numeric memory 
(Maximum digits remembered correctly) 

-0.008 (-0.14, 0.125) 0.91 -0.007 (-0.14, 0.125) 0.91 -0.005 (-0.137, 0.128) 0.94 

Prospective memory 
(Number of incorrect matches in round) 

-0.005 (-0.024, 0.015) 0.64 -0.004 (-0.024, 0.015) 0.65 -0.004 (-0.023, 0.015) 0.67 

Fluid intelligence 
(Fluid intelligence score) 

0.062 (-0.025, 0.15) 0.16 0.063 (-0.025, 0.151) 0.16 0.064 (-0.024, 0.152) 0.16 

Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in 
model 2. 

 
CDI and frailty status 

The CDI and frailty status were similar between BC cases and controls. The mean CDI 

was 0.115 in both BC cases and controls. Among both cases and controls, 35% of participants 

were categorized as robust, 60% as pre-frail, and 5% as frail. In all the three models, there was 

no difference between cases and controls in CDI (β=0.009, 95% CI=-0.15, 0.17, p=0.92 in model 

1) or frailty status (pre-frailty: OR=1.00, 95% CI=0.95, 1.05; frailty: OR=1.01, 95% CI=0.90, 

1.14 in model 1) (Table 60). 

Table 60. Association between BC status and CDI and frailty status among UKB women 
 CDI Frailty status 

   Robust Pre-frail Frail 
  β (95% CI) p OR (95% CI) OR (95% CI) OR (95% CI) 
Model 1 0.012 (-0.15, 0.17) 0.88 Reference 1.00 (0.95, 1.05) 1.01 (0.90, 1.14) 
Model 2 0.012 (-0.15, 0.17) 0.88 Reference 1.00 (0.95, 1.05) 1.01 (0.90, 1.14) 
Model 3 0.009 (-0.15, 0.17) 0.92 Reference 1.00 (0.95, 1.05) 1.01 (0.90, 1.14) 

Model 1: Mixed linear (for CDI) or multinomial (for frailty status) regression models with no adjustment; 
Model 2: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for BMI, 
smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for 
diabetes, hypertension, and cardiovascular diseases, in addition to variables in model 2. 
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Additionally, we did not identify significant differences in any of the 11 specific domains 

between BC cases and controls (Table 61). 

Table 61. Association between BC status and CDI domains among UKB women 

CDI domain 
Model 1 Model 2 Model 3 

β (95% CI) p β (95% CI) p β (95% CI) p 
Sensory 0.001 (-0.003, 0.004) 0.60 0.001 (-0.003, 0.004) 0.60 0.001 (-0.003, 0.005) 0.58 
Cranial -0.001 (-0.008, 0.005) 0.65 -0.001 (-0.008, 0.005) 0.65 -0.002 (-0.008, 0.005) 0.63 
Mental wellbeing -0.002 (-0.006, 0.003) 0.49 -0.002 (-0.006, 0.003) 0.49 -0.002 (-0.006, 0.003) 0.47 
Infirmity 0.002 (-0.003, 0.008) 0.39 0.002 (-0.003, 0.008) 0.39 0.002 (-0.003, 0.008) 0.40 
Cardiometabolic 0.001 (-0.002, 0.003) 0.61 0.001 (-0.002, 0.003) 0.61 0.001 (-0.002, 0.003) 0.66 
Respiratory 0.001 (-0.002, 0.005) 0.47 0.001 (-0.002, 0.005) 0.47 0.001 (-0.002, 0.005) 0.47 
Musculoskeletal 0.00 (-0.002, 0.002) 0.98 0.00 (-0.002, 0.002) 0.98 0.00 (-0.002, 0.002) 0.96 
Immunological -0.002 (-0.005, 0.001) 0.24 -0.002 (-0.005, 0.001) 0.24 -0.002 (-0.005, 0.001) 0.23 
Pain 0.00 (-0.002, 0.002) 0.94 0.00 (-0.002, 0.002) 0.94 0.00 (-0.002, 0.002) 0.93 
Gastrointestinal 0.001 (-0.001, 0.003) 0.40 0.001 (-0.001, 0.003) 0.40 0.001 (-0.001, 0.003) 0.39 
Physical function 0.001 (-0.005, 0.007) 0.79 0.001 (-0.005, 0.007) 0.79 0.001 (-0.005, 0.007) 0.80 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in 
model 2. 

 

2.3 Aging-related outcomes by age at outcome assessment 

There were 1,918 BC cases with outcomes assessed at age 40-≤55, 1,724 at age 55-≤60, 

2,624 at age 60-≤65, and 1,736 at age 65-≤70, resulting in 55% of the BC cases aged >60. 

The association between PAA and BC status was not significant among cases in the 

youngest age group, i.e., age of  40-≤50 years , but was significant in older age groups, including 

55-≤60, 60-≤65, and 65-≤70 years. Women with a BC history aged 55 to 60 years old had a 

greater PAA by 0.49 years compared with matched cancer-free controls after adjustment for 

BMI, lifestyles, and comorbidity in model 3, with β (95% CI) of 0.49 (0.22, 0.76); the respective 

β (95% CI) of PAA among 60-≤65 and 65-≤70 years were 0.35 (0.12, 0.58), and 0.46 (0.17, 

0.75) (Table 62). 
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Table 62. Association between BC status and PAA among UKB women by age at outcome assessment 
 40-≤55 (N case=1,918) 55-≤60 (N case=1,724) 60-≤65 (N case=2,624) 65-≤70 (N case=1,736) 
  β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p 
Model 1 -0.016 (-0.329, 0.296) 0.92 0.541 (0.243, 0.84) <0.001 0.34 (0.096, 0.584) 0.006 0.499 (0.188, 0.809) 0.002 
Model 2 0.026 (-0.273, 0.324) 0.87 0.509 (0.228, 0.79) <0.001 0.349 (0.116, 0.583) 0.003 0.49 (0.191, 0.789) 0.001 
Model 3 0.071 (-0.221, 0.363) 0.63 0.491 (0.218, 0.763) <0.001 0.347 (0.119, 0.575) 0.003 0.463 (0.172, 0.753) 0.002 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in model 
2. 

There was no significant difference in telomere length between BC cases and controls in 

any age groups (Table 63). 

Table 63. Association between BC status and LTL among UKB women by age at outcome assessment 
 40-≤55 (N case=1,918) 55-≤60 (N case=1,724) 60-≤65 (N case=2,624) 65-≤70 (N case=1,736) 
  β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p 
Model 1 0.045 (-0.005, 0.095) 0.08 0.027 (-0.026, 0.079) 0.32 -0.009 (-0.051, 0.034) 0.70 0.04 (-0.013, 0.092) 0.14 
Model 2 0.045 (-0.004, 0.095) 0.07 0.027 (-0.026, 0.08) 0.32 -0.01 (-0.053, 0.033) 0.65 0.041 (-0.012, 0.093) 0.13 
Model 3 0.044 (-0.006, 0.094) 0.08 0.026 (-0.027, 0.079) 0.34 -0.011 (-0.053, 0.032) 0.63 0.041 (-0.011, 0.093) 0.13 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in model 
2. 

 

Among the five cognitive tests, only fluid intelligence was found to have different results 

in the subgroup of participants. BC cases aged 60-≤65 had a higher fluid intelligence score than 

controls, with β of 0.17 (95% CI=0.02, 0.33, p=0.03) in model 3 (Table 64). 
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Table 64. Association between BC status and cognitive test results among UKB women by age at outcome assessment 
 Model 1 Model 2 Model 3 
 β (95% CI) p β (95% CI) p β (95% CI) p 
40-≤55 (N case=1,918)       

Reaction Time 0.313 (-5.515, 6.142) 0.92 0.269 (-5.564, 6.103) 0.93 0.249 (-5.589, 6.086) 0.93 
Pairs matching -0.041 (-0.205, 0.122) 0.62 -0.045 (-0.208, 0.119) 0.59 -0.045 (-0.209, 0.119) 0.59 
Numeric memory -0.068 (-0.324, 0.188) 0.60 -0.079 (-0.335, 0.176) 0.54 -0.073 (-0.329, 0.182) 0.57 
Prospective memory -0.002 (-0.043, 0.038) 0.91 0.001 (-0.039, 0.042) 0.95 0.001 (-0.039, 0.042) 0.94 
Fluid intelligence -0.062 (-0.246, 0.123) 0.51 -0.058 (-0.242, 0.127) 0.54 -0.062 (-0.247, 0.122) 0.51 
55-≤60 (N case=1,724)       

Reaction Time 0.37 (-5.766, 6.506) 0.91 0.404 (-5.739, 6.547) 0.90 0.39 (-5.754, 6.535) 0.90 
Pairs matching -0.068 (-0.236, 0.099) 0.42 -0.072 (-0.24, 0.096) 0.40 -0.072 (-0.24, 0.095) 0.40 
Numeric memory 0.01 (-0.27, 0.29) 0.94 -0.005 (-0.287, 0.277) 0.97 0.007 (-0.274, 0.288) 0.96 
Prospective memory -0.032 (-0.072, 0.009) 0.12 -0.031 (-0.072, 0.009) 0.13 -0.031 (-0.072, 0.009) 0.13 
Fluid intelligence -0.016 (-0.212, 0.179) 0.87 -0.024 (-0.22, 0.172) 0.81 -0.023 (-0.219, 0.172) 0.82 
60-≤65 (N case=2,624)       

Reaction Time -0.776 (-5.739, 4.188) 0.76 -0.772 (-5.739, 4.195) 0.76 -0.754 (-5.723, 4.214) 0.77 
Pairs matching -0.078 (-0.214, 0.058) 0.26 -0.079 (-0.215, 0.057) 0.25 -0.08 (-0.216, 0.057) 0.25 
Numeric memory 0.077 (-0.159, 0.313) 0.52 0.067 (-0.169, 0.302) 0.58 0.071 (-0.165, 0.307) 0.56 
Prospective memory 0.013 (-0.02, 0.047) 0.43 0.013 (-0.021, 0.047) 0.45 0.012 (-0.022, 0.046) 0.48 
Fluid intelligence 0.175 (0.022, 0.328) 0.03 0.177 (0.024, 0.33) 0.02 0.172 (0.019, 0.325) 0.03 
65-≤70 (N case=1,736)       

Reaction Time -2.201 (-8.225, 3.823) 0.47 -2.197 (-8.219, 3.825) 0.47 -2.144 (-8.166, 3.878) 0.49 
Pairs matching -0.019 (-0.186, 0.148) 0.82 -0.02 (-0.187, 0.147) 0.82 -0.02 (-0.187, 0.147) 0.81 
Numeric memory -0.025 (-0.291, 0.241) 0.85 -0.019 (-0.284, 0.245) 0.89 -0.028 (-0.292, 0.236) 0.83 
Prospective memory -0.034 (-0.073, 0.005) 0.09 -0.035 (-0.075, 0.004) 0.08 -0.036 (-0.075, 0.004) 0.08 
Fluid intelligence 0.068 (-0.116, 0.251) 0.47 0.067 (-0.116, 0.251) 0.47 0.065 (-0.119, 0.249) 0.49 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables 
in model 2. 

 

The overall CDI and frailty status did not differ significantly between BC cases and 

controls in any of the age groups (Table 65). Women with a BC history had better outcomes in 

several deficit domains in certain age groups. Among participants aged 55-≤60 years old, women 

with a BC history had lower infirmity than non-cancer women, with β of -0.02 (95% CI=-0.03, -

0.003) after multivariable adjustment in model 3 (Table 66). Among participants aged 65-≤70 
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years old, women with a BC history had lower immunological deficits than non-cancer women, 

with β of -0.007 (95% CI=-0.013, -0.001). 

Table 65. Association between BC status and CDI and frailty status among UKB women by age at outcome assessment 
 CDI Frailty status 

   Robust Pre-frail Frail 
  β (95% CI) p OR (95% CI) OR (95% CI) OR (95% CI) 
40-≤55 (N case=1,918)      

Model 1 -0.017 (-0.35, 0.315) 0.9 Reference 0.997 (0.898, 1.107) 0.972 (0.766, 1.234) 
Model 2 -0.022 (-0.355, 0.311) 0.9 Reference 0.996 (0.897, 1.106) 0.970 (0.764, 1.231) 
Model 3 -0.017 (-0.35, 0.317) 0.9 Reference 0.997 (0.898, 1.106) 0.973 (0.766, 1.236) 
55-≤60 (N case=1,724)      

Model 1 -0.18 (-0.527, 0.166) 0.3 Reference 0.955 (0.857, 1.065) 0.890 (0.676, 1.171) 
Model 2 -0.163 (-0.509, 0.183) 0.4 Reference 0.960 (0.861, 1.071) 0.896 (0.680, 1.179) 
Model 3 -0.156 (-0.502, 0.191) 0.4 Reference 0.963 (0.864, 1.074) 0.896 (0.680, 1.179) 
60-≤65 (N case=2,624)      

Model 1 0.103 (-0.18, 0.385) 0.5 Reference 1.037 (0.948, 1.134) 1.156 (0.944, 1.416) 
Model 2 0.096 (-0.186, 0.379) 0.5 Reference 1.035 (0.947, 1.132) 1.151 (0.940, 1.410) 
Model 3 0.096 (-0.187, 0.378) 0.5 Reference 1.037 (0.948, 1.134) 1.151 (0.940, 1.410) 
65-≤70 (N case=1,736)      

Model 1 -0.092 (-0.442, 0.257) 0.6 Reference 0.980 (0.878, 1.093) 0.964 (0.749, 1.240) 
Model 2 -0.10 (-0.449, 0.25) 0.6 Reference 0.977 (0.876, 1.090) 0.964 (0.749, 1.241) 
Model 3 -0.095 (-0.445, 0.255) 0.6 Reference 0.980 (0.878, 1.093) 0.969 (0.753, 1.247) 
Model 1: Mixed linear (for CDI) or multinomial (for frailty status) regression models with no adjustment; 
Model 2: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for BMI, smoking status, alcohol 
drinking status, and physical activity; 
Model 3: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for diabetes, hypertension, and 
cardiovascular diseases, in addition to variables in model 2. 
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Table 66. Association between BC status and CDI domains among UKB women by age at outcome assessment 

CDI domain 
Model 1 Model 2 Model 3 

β (95% CI) p β (95% CI) p β (95% CI) p 
40-≤55 (N case=1,918)       

Sensory 0.003 (-0.004, 0.01) 0.39 0.003 (-0.004, 0.01) 0.39 0.003 (-0.004, 0.011) 0.36 
Cranial 0.001 (-0.012, 0.014) 0.85 0.001 (-0.012, 0.014) 0.91 0.001 (-0.012, 0.014) 0.92 
Mental wellbeing -0.004 (-0.013, 0.005) 0.41 -0.004 (-0.013, 0.005) 0.41 -0.004 (-0.013, 0.005) 0.44 
Infirmity 0.003 (-0.009, 0.014) 0.66 0.003 (-0.009, 0.014) 0.66 0.003 (-0.009, 0.014) 0.62 
Cardiometabolic 0.003 (-0.002, 0.008) 0.22 0.003 (-0.002, 0.008) 0.21 0.003 (-0.002, 0.008) 0.21 
Respiratory 0.003 (-0.005, 0.011) 0.47 0.003 (-0.005, 0.011) 0.49 0.003 (-0.005, 0.011) 0.51 
Musculoskeletal -0.002 (-0.006, 0.003) 0.48 -0.002 (-0.006, 0.003) 0.45 -0.002 (-0.006, 0.003) 0.46 
Immunological 0.001 (-0.006, 0.007) 0.85 0.001 (-0.006, 0.007) 0.87 0.001 (-0.005, 0.007) 0.83 
Pain -0.001 (-0.005, 0.002) 0.54 -0.001 (-0.005, 0.002) 0.51 -0.001 (-0.005, 0.002) 0.50 
Gastrointestinal -0.001 (-0.005, 0.003) 0.60 -0.001 (-0.005, 0.003) 0.60 -0.001 (-0.005, 0.003) 0.64 
Physical function -0.004 (-0.015, 0.008) 0.56 -0.004 (-0.015, 0.008) 0.56 -0.004 (-0.016, 0.008) 0.54 
55-≤60 (N case=1,724)       

Sensory 0.00 (-0.007, 0.008) 0.96 0.00 (-0.007, 0.008) 0.96 0.00 (-0.007, 0.008) 0.97 
Cranial 0.00 (-0.013, 0.014) 0.97 0.001 (-0.013, 0.014) 0.94 0.001 (-0.013, 0.014) 0.91 
Mental wellbeing 0.00 (-0.009, 0.01) 0.94 0.001 (-0.009, 0.01) 0.86 0.001 (-0.008, 0.01) 0.85 
Infirmity -0.016 (-0.028, -0.004) 0.01 -0.016 (-0.028, -0.004) 0.01 -0.015 (-0.027, -0.003) 0.01 
Cardiometabolic -0.001 (-0.006, 0.004) 0.63 -0.001 (-0.006, 0.004) 0.65 -0.001 (-0.006, 0.004) 0.67 
Respiratory -0.007 (-0.016, 0.001) 0.10 -0.007 (-0.016, 0.001) 0.09 -0.007 (-0.016, 0.001) 0.09 
Musculoskeletal -0.002 (-0.006, 0.003) 0.50 -0.001 (-0.006, 0.003) 0.56 -0.001 (-0.006, 0.003) 0.58 
Immunological 0.003 (-0.004, 0.01) 0.38 0.003 (-0.004, 0.01) 0.37 0.003 (-0.004, 0.01) 0.36 
Pain -0.001 (-0.005, 0.003) 0.61 -0.001 (-0.005, 0.003) 0.66 -0.001 (-0.005, 0.003) 0.67 
Gastrointestinal -0.002 (-0.006, 0.003) 0.42 -0.002 (-0.006, 0.003) 0.43 -0.002 (-0.006, 0.003) 0.43 
Physical function 0.002 (-0.01, 0.015) 0.72 0.003 (-0.01, 0.015) 0.68 0.003 (-0.01, 0.015) 0.66 
60-≤65 (N case=2,624)       

Sensory 0.00 (-0.006, 0.007) 0.89 0.00 (-0.006, 0.006) 0.93 0.00 (-0.006, 0.007) 0.90 
Cranial -0.001 (-0.012, 0.01) 0.90 -0.001 (-0.012, 0.01) 0.87 -0.001 (-0.012, 0.01) 0.86 
Mental wellbeing 0.001 (-0.007, 0.008) 0.85 0.001 (-0.007, 0.009) 0.83 0.001 (-0.007, 0.008) 0.84 
Infirmity 0.007 (-0.003, 0.016) 0.18 0.007 (-0.003, 0.016) 0.17 0.007 (-0.003, 0.017) 0.16 
Cardiometabolic 0.00 (-0.005, 0.004) 0.82 -0.001 (-0.005, 0.004) 0.76 -0.001 (-0.005, 0.004) 0.74 
Respiratory 0.003 (-0.004, 0.01) 0.44 0.003 (-0.004, 0.01) 0.43 0.003 (-0.004, 0.01) 0.43 
Musculoskeletal 0.00 (-0.004, 0.004) 1.00 0.00 (-0.004, 0.004) 0.94 0.00 (-0.004, 0.004) 0.93 
Immunological -0.003 (-0.008, 0.002) 0.26 -0.003 (-0.008, 0.002) 0.26 -0.003 (-0.008, 0.002) 0.27 
Pain 0.001 (-0.002, 0.004) 0.46 0.001 (-0.002, 0.004) 0.50 0.001 (-0.002, 0.004) 0.52 
Gastrointestinal 0.002 (-0.001, 0.006) 0.22 0.002 (-0.001, 0.006) 0.20 0.002 (-0.001, 0.006) 0.19 
Physical function 0.003 (-0.008, 0.013) 0.61 0.002 (-0.008, 0.012) 0.67 0.002 (-0.008, 0.012) 0.67 
65-≤70 (N case=1,736)       

Sensory 0.004 (-0.003, 0.012) 0.25 0.004 (-0.003, 0.012) 0.26 0.004 (-0.003, 0.012) 0.27 
Cranial -0.004 (-0.018, 0.01) 0.56 -0.004 (-0.018, 0.009) 0.52 -0.005 (-0.018, 0.009) 0.51 
Mental wellbeing -0.005 (-0.014, 0.005) 0.31 -0.005 (-0.015, 0.004) 0.30 -0.005 (-0.015, 0.005) 0.30 
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Infirmity 0.007 (-0.005, 0.019) 0.26 0.007 (-0.005, 0.019) 0.27 0.007 (-0.005, 0.019) 0.25 
Cardiometabolic 0.001 (-0.004, 0.006) 0.66 0.001 (-0.004, 0.006) 0.66 0.001 (-0.004, 0.007) 0.63 
Respiratory 0.00 (-0.008, 0.009) 0.95 0.00 (-0.008, 0.009) 0.96 0.00 (-0.008, 0.009) 0.97 
Musculoskeletal 0.001 (-0.004, 0.006) 0.66 0.001 (-0.004, 0.006) 0.68 0.001 (-0.004, 0.006) 0.67 
Immunological -0.007 (-0.014, -0.001) 0.03 -0.007 (-0.013, -0.001) 0.03 -0.007 (-0.013, -0.001) 0.03 
Pain -0.002 (-0.005, 0.002) 0.39 -0.002 (-0.005, 0.002) 0.36 -0.002 (-0.005, 0.002) 0.37 
Gastrointestinal 0.002 (-0.003, 0.006) 0.47 0.002 (-0.003, 0.006) 0.48 0.002 (-0.003, 0.006) 0.48 
Physical function -0.008 (-0.02, 0.004) 0.19 -0.008 (-0.02, 0.004) 0.19 -0.008 (-0.02, 0.004) 0.20 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables 
in model 2. 

 

2.4 Aging-related outcomes by years after BC diagnosis 

Among BC cases, 1,184 of them were enrolled into the UKB within 2 years after the BC 

diagnosis, 1,781 enrolled 2-≤5 years, 2,396 enrolled 5-≤10 years, and 2,641 enrolled after 10 

years post-diagnosis of BC. 

The Association between PAA and BC was observed among BC women ≤2 years and 5-

10 years after diagnosis. Compared with the matched cancer-free controls, women who were 

within 2 years after BC diagnosis had a higher PAA by 1.07 years (β=1.07, 95% CI=0.70, 1.44) 

after multivariable adjustment, and women who were 5-≤10 years after BC diagnosis had a 

higher PAA by 0.32 years (β=0.32, 95% CI=0.07, 0.56) (Table 67). No significant differences in 

PAA were observed among BC cases assessed at 2-≤5 years (β=0.20, 95% CI=-0.08, 0.49) or 

≥10 years (β=0.09, 95% CI=-0.14, 0.32) post-diagnosis, compared with their matched cancer-

free counterparts. 
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Table 67. Association between BC status and PAA among UKB women by year since diagnosis 

 ≤2 years 
(N case=1,184) 

2-≤5 years 
(N case=1,781) 

5-≤10 years 
(N case=2,396) 

≥10 years 
(N case=2,641) 

  β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p 
Model 1 1.17 (0.77, 1.56) <0.001 0.29 (-0.01, 0.60) 0.06 0.33 (0.07, 0.60) 0.01 -0.005 (-0.25, 0.24) 0.97 
Model 2 1.02 (0.65, 1.40) <0.001 0.22 (-0.07, 0.51) 0.14 0.34 (0.09, 0.59) 0.008 0.10 (-0.14, 0.33) 0.42 
Model 3 1.07 (0.70, 1.44) <0.001 0.20 (-0.08, 0.49) 0.16 0.32 (0.07, 0.56) 0.01 0.09 (-0.14, 0.32) 0.44 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to 
variables in model 2. 

 

Women with BC diagnosis 2-≤5 years prior to the assessment had a significantly longer 

LTL (Z-standardized the logeLTL) than the matched controls, with β of 0.066 (95% CI=0.013, 

0.119, p=0.02) in model 3 (Table 68). No significant association was found for LTL in other 

subgroups. 

Table 68. Association between BC status and LTL among UKB women by year since diagnosis 

 ≤2 years 
(N case=1,184) 

2-≤5 years 
(N case=1,781) 

5-≤10 years 
(N case=2,396) 

≥10 years 
(N case=2,641) 

  β (95% CI) p β (95% CI) p β (95% CI) p β (95% CI) p 
Model 1 0.018 (-0.045, 0.082) 0.57 0.064 (0.011, 0.117) 0.02 0.002 (-0.042, 0.046) 0.93 0.015 (-0.028, 0.057) 0.51 
Model 2 0.017 (-0.047, 0.08) 0.60 0.065 (0.012, 0.118) 0.02 0.002 (-0.042, 0.045) 0.94 0.012 (-0.031, 0.055) 0.57 
Model 3 0.015 (-0.048, 0.079) 0.64 0.066 (0.013, 0.119) 0.02 0.001 (-0.043, 0.045) 0.96 0.012 (-0.031, 0.055) 0.60 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in 
model 2. 
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There were no significant differences in the cognitive test results in any subgroups by 

year since BC diagnosis (Table 69). 

Table 69. Association between BC status and cognitive test results among UKB women by year since diagnosis 
 Model 1 Model 2 Model 3 
  β (95% CI) p β (95% CI) p β (95% CI) p 
≤2 years (N case=1,184)       

Reaction Time -1.36 (-8.733, 6.014) 0.72 -1.173 (-8.548, 6.203) 0.76 -1.104 (-8.484, 6.275) 0.77 
Pairs matching -0.031 (-0.239, 0.177) 0.77 -0.04 (-0.248, 0.169) 0.71 -0.037 (-0.245, 0.171) 0.73 
Numeric memory -0.042 (-0.385, 0.302) 0.81 -0.04 (-0.386, 0.305) 0.82 -0.022 (-0.367, 0.322) 0.90 
Prospective memory -0.001 (-0.05, 0.048) 0.97 0.001 (-0.048, 0.05) 0.97 0.00 (-0.049, 0.05) 0.99 
Fluid intelligence 0.095 (-0.134, 0.325) 0.42 0.086 (-0.145, 0.316) 0.47 0.076 (-0.154, 0.305) 0.52 
2-≤5 years (N case=1,781)       

Reaction Time 1.44 (-4.749, 7.629) 0.65 1.403 (-4.793, 7.599) 0.66 1.483 (-4.714, 7.679) 0.64 
Pairs matching -0.088 (-0.251, 0.074) 0.29 -0.091 (-0.254, 0.071) 0.27 -0.092 (-0.254, 0.071) 0.27 
Numeric memory 0.005 (-0.272, 0.281) 0.97 -0.029 (-0.306, 0.249) 0.84 -0.023 (-0.30, 0.255) 0.87 
Prospective memory -0.012 (-0.053, 0.029) 0.56 -0.009 (-0.05, 0.032) 0.66 -0.009 (-0.05, 0.032) 0.67 
Fluid intelligence 0.036 (-0.154, 0.226) 0.71 0.022 (-0.169, 0.213) 0.82 0.022 (-0.169, 0.213) 0.82 
5-≤10 years (N case=2,396)       

Reaction Time -3.53 (-8.647, 1.586) 0.18 -3.599 (-8.717, 1.518) 0.17 -3.544 (-8.662, 1.574) 0.17 
Pairs matching -0.101 (-0.247, 0.046) 0.18 -0.105 (-0.251, 0.041) 0.16 -0.107 (-0.253, 0.039) 0.15 
Numeric memory -0.047 (-0.278, 0.185) 0.69 -0.028 (-0.259, 0.202) 0.81 -0.032 (-0.262, 0.199) 0.79 
Prospective memory 0.004 (-0.031, 0.039) 0.82 0.005 (-0.03, 0.039) 0.80 0.004 (-0.031, 0.039) 0.83 
Fluid intelligence 0.046 (-0.114, 0.206) 0.57 0.044 (-0.115, 0.204) 0.59 0.045 (-0.115, 0.204) 0.58 
≥10 years (N case=2,641)       

Reaction Time 1.093 (-3.816, 6.001) 0.66 1.192 (-3.722, 6.106) 0.63 1.053 (-3.864, 5.97) 0.67 
Pairs matching 0.00 (-0.134, 0.135) 1.00 0.001 (-0.134, 0.136) 0.99 -0.001 (-0.136, 0.133) 0.98 
Numeric memory 0.074 (-0.151, 0.299) 0.52 0.047 (-0.177, 0.272) 0.68 0.044 (-0.18, 0.268) 0.70 
Prospective memory -0.027 (-0.06, 0.006) 0.11 -0.026 (-0.059, 0.007) 0.13 -0.025 (-0.059, 0.008) 0.13 
Fluid intelligence 0.057 (-0.097, 0.212) 0.47 0.056 (-0.099, 0.21) 0.48 0.052 (-0.103, 0.207) 0.51 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in 
model 2. 
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No significant differences in the CDI, frailty status, or specific frailty domains between 

cases and controls in any subgroups were observed (Table 70 and Table 71). 

Table 70. Association between BC status and CDI and frailty status among UKB women by year since diagnosis 
 CDI Frailty status 

   Robust Pre-frail Frail 
  β (95% CI) p OR (95% CI) OR (95% CI) OR (95% CI) 
≤2 years (N case=1,184)      

Model 1 -0.076 (-0.494, 0.342) 0.72 Reference 0.999 (0.875, 1.140) 0.998 (0.730, 1.365) 
Model 2 -0.06 (-0.479, 0.359) 0.78 Reference 0.999 (0.875, 1.140) 0.998 (0.730, 1.365) 
Model 3 -0.062 (-0.481, 0.357) 0.77 Reference 0.992 (0.885, 1.111) 0.920 (0.701, 1.208) 
2-≤5 years (N case=1,781)      

Model 1 -0.119 (-0.465, 0.228) 0.5 Reference 0.948 (0.852, 1.055) 1.036 (0.812, 1.322) 
Model 2 -0.129 (-0.476, 0.217) 0.46 Reference 0.948 (0.851, 1.055) 1.036 (0.812, 1.322) 
Model 3 -0.122 (-0.469, 0.225) 0.49 Reference 1.032 (0.941, 1.133) 0.952 (0.767, 1.182) 
5-≤10 years (N case=2,396)      

Model 1 -0.014 (-0.308, 0.281) 0.93 Reference 0.978 (0.891, 1.073) 0.948 (0.761, 1.181) 
Model 2 -0.013 (-0.308, 0.281) 0.93 Reference 0.978 (0.891, 1.073) 0.948 (0.761, 1.181) 
Model 3 -0.012 (-0.306, 0.283) 0.94 Reference 1.045 (0.964, 1.133) 1.143 (0.947, 1.379) 
≥10 years (N case=2,641)      

Model 1 0.037 (-0.245, 0.319) 0.8 Reference 1.048 (0.959, 1.146) 1.055 (0.858, 1.298) 
Model 2 0.041 (-0.241, 0.324) 0.77 Reference 1.048 (0.959, 1.146) 1.056 (0.859, 1.298) 
Model 3 0.045 (-0.238, 0.327) 0.76 Reference 1.027 (0.951, 1.109) 0.979 (0.818, 1.172) 
Model 1: Mixed linear (for CDI) or multinomial (for frailty status) regression models with no adjustment; 
Model 2: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for BMI, smoking status, alcohol 
drinking status, and physical activity; 
Model 3: Mixed linear (for CDI) or multinomial (for frailty status) regression models with adjustment for diabetes, hypertension, and 
cardiovascular diseases, in addition to variables in model 2. 

 

Table 71. Association between BC status and CDI domains among UKB women by year since diagnosis 

CDI domain 
Model 1 Model 2 Model 3 

β (95% CI) p β (95% CI) p β (95% CI) p 
≤2 years (N case=1,184)       

Sensory 0.009 (0.00, 0.018) 0.05 0.009 (0.00, 0.018) 0.05 0.009 (0.00, 0.018) 0.05 
Cranial -0.002 (-0.018, 0.015) 0.83 -0.002 (-0.018, 0.015) 0.84 -0.002 (-0.018, 0.015) 0.85 
Mental wellbeing -0.009 (-0.02, 0.002) 0.12 -0.008 (-0.02, 0.003) 0.15 -0.009 (-0.02, 0.003) 0.13 
Infirmity 0.007 (-0.008, 0.021) 0.38 0.007 (-0.007, 0.021) 0.35 0.007 (-0.007, 0.022) 0.33 
Cardiometabolic 0.004 (-0.002, 0.01) 0.19 0.004 (-0.002, 0.01) 0.18 0.004 (-0.002, 0.01) 0.18 
Respiratory 0.00 (-0.011, 0.01) 0.93 -0.001 (-0.011, 0.009) 0.86 -0.001 (-0.011, 0.009) 0.88 
Musculoskeletal -0.002 (-0.007, 0.004) 0.57 -0.001 (-0.007, 0.004) 0.61 -0.001 (-0.007, 0.004) 0.66 
Immunological -0.003 (-0.011, 0.004) 0.41 -0.003 (-0.011, 0.004) 0.37 -0.003 (-0.011, 0.004) 0.37 
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Pain -0.002 (-0.006, 0.003) 0.50 -0.001 (-0.006, 0.003) 0.52 -0.001 (-0.006, 0.003) 0.52 
Gastrointestinal -0.001 (-0.007, 0.004) 0.61 -0.001 (-0.007, 0.004) 0.67 -0.001 (-0.007, 0.004) 0.69 
Physical function -0.003 (-0.018, 0.011) 0.66 -0.003 (-0.018, 0.012) 0.71 -0.003 (-0.018, 0.012) 0.71 
2-≤5 years (N case=1,781)       

Sensory 0.003 (-0.005, 0.01) 0.49 0.003 (-0.005, 0.01) 0.51 0.003 (-0.005, 0.01) 0.50 
Cranial -0.01 (-0.023, 0.004) 0.17 -0.01 (-0.023, 0.003) 0.15 -0.01 (-0.023, 0.004) 0.16 
Mental wellbeing -0.003 (-0.013, 0.006) 0.50 -0.003 (-0.013, 0.006) 0.47 -0.003 (-0.013, 0.006) 0.49 
Infirmity 0.00 (-0.012, 0.012) 0.95 0.00 (-0.012, 0.012) 0.96 0.00 (-0.012, 0.012) 0.98 
Cardiometabolic -0.001 (-0.006, 0.005) 0.78 -0.001 (-0.006, 0.005) 0.83 -0.001 (-0.006, 0.005) 0.82 
Respiratory 0.002 (-0.006, 0.011) 0.56 0.002 (-0.006, 0.011) 0.57 0.002 (-0.006, 0.011) 0.56 
Musculoskeletal 0.00 (-0.005, 0.005) 0.96 0.00 (-0.005, 0.004) 0.94 0.00 (-0.005, 0.005) 0.96 
Immunological 0.001 (-0.006, 0.007) 0.87 0.00 (-0.006, 0.007) 0.90 0.001 (-0.006, 0.007) 0.87 
Pain -0.002 (-0.005, 0.002) 0.39 -0.002 (-0.005, 0.002) 0.39 -0.002 (-0.005, 0.002) 0.40 
Gastrointestinal 0.00 (-0.004, 0.005) 0.89 0.00 (-0.004, 0.005) 0.89 0.00 (-0.004, 0.005) 0.87 
Physical function -0.005 (-0.018, 0.007) 0.41 -0.006 (-0.018, 0.007) 0.37 -0.006 (-0.018, 0.007) 0.38 
5-≤10 years (N case=2,396)       

Sensory 0.002 (-0.004, 0.009) 0.49 0.002 (-0.004, 0.009) 0.49 0.002 (-0.004, 0.009) 0.49 
Cranial 0.009 (-0.003, 0.021) 0.13 0.009 (-0.002, 0.021) 0.12 0.009 (-0.003, 0.021) 0.13 
Mental wellbeing -0.001 (-0.009, 0.007) 0.83 -0.001 (-0.009, 0.007) 0.85 -0.001 (-0.009, 0.007) 0.86 
Infirmity -0.002 (-0.012, 0.009) 0.76 -0.001 (-0.012, 0.009) 0.78 -0.001 (-0.012, 0.009) 0.78 
Cardiometabolic 0.00 (-0.005, 0.004) 0.85 0.00 (-0.005, 0.004) 0.87 0.00 (-0.005, 0.004) 0.87 
Respiratory 0.002 (-0.005, 0.009) 0.60 0.002 (-0.005, 0.009) 0.62 0.002 (-0.005, 0.009) 0.62 
Musculoskeletal 0.00 (-0.004, 0.004) 0.97 0.00 (-0.004, 0.004) 0.96 0.00 (-0.004, 0.004) 0.93 
Immunological -0.002 (-0.008, 0.003) 0.45 -0.002 (-0.008, 0.003) 0.46 -0.002 (-0.008, 0.003) 0.46 
Pain -0.002 (-0.005, 0.002) 0.31 -0.002 (-0.005, 0.001) 0.27 -0.002 (-0.005, 0.001) 0.28 
Gastrointestinal 0.00 (-0.004, 0.004) 0.99 0.00 (-0.004, 0.004) 0.99 0.00 (-0.004, 0.004) 0.99 
Physical function 0.001 (-0.01, 0.011) 0.91 0.001 (-0.01, 0.011) 0.91 0.001 (-0.01, 0.011) 0.89 
≥10 years (N case=2,641)       

Sensory -0.002 (-0.008, 0.004) 0.48 -0.002 (-0.008, 0.004) 0.45 -0.002 (-0.008, 0.004) 0.46 
Cranial -0.003 (-0.014, 0.008) 0.56 -0.004 (-0.015, 0.007) 0.51 -0.003 (-0.015, 0.008) 0.54 
Mental wellbeing 0.002 (-0.006, 0.01) 0.60 0.002 (-0.005, 0.01) 0.55 0.002 (-0.005, 0.01) 0.55 
Infirmity 0.001 (-0.009, 0.01) 0.88 0.001 (-0.009, 0.01) 0.90 0.001 (-0.009, 0.011) 0.86 
Cardiometabolic 0.001 (-0.003, 0.005) 0.71 0.001 (-0.003, 0.005) 0.73 0.001 (-0.003, 0.005) 0.72 
Respiratory -0.003 (-0.01, 0.004) 0.41 -0.002 (-0.009, 0.004) 0.49 -0.003 (-0.009, 0.004) 0.46 
Musculoskeletal -0.001 (-0.004, 0.003) 0.75 -0.001 (-0.005, 0.003) 0.71 -0.001 (-0.004, 0.003) 0.74 
Immunological -0.002 (-0.008, 0.003) 0.38 -0.002 (-0.007, 0.003) 0.40 -0.002 (-0.007, 0.003) 0.43 
Pain 0.002 (-0.001, 0.005) 0.22 0.002 (-0.001, 0.005) 0.21 0.002 (-0.001, 0.005) 0.22 
Gastrointestinal 0.002 (-0.002, 0.005) 0.35 0.002 (-0.002, 0.005) 0.34 0.002 (-0.002, 0.005) 0.32 
Physical function 0.001 (-0.01, 0.011) 0.91 0.001 (-0.01, 0.011) 0.91 0.001 (-0.01, 0.011) 0.92 
Model 1: Mixed linear regression models with no adjustment; 
Model 2: Mixed linear regression models with adjustment for BMI, smoking status, alcohol drinking status, and physical activity; 
Model 3: Mixed linear regression models with adjustment for diabetes, hypertension, and cardiovascular diseases, in addition to variables in 
model 2. 
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3. Discussions 

Compared with propensity score matched cancer-free controls, women with a BC history 

had an increased PAA, especially among women aged 55 years and older and within 2 years or at 

5-≤10 years after BC diagnosis. In the overall case-control comparisons, we did not observe the 

differences between BC cases and controls in frailty, LTL, or cognitive test results. Some 

associations were only observed in certain subgroups, including a longer LTL among women 

with BC diagnosis 2-≤5 years prior to the assessment, a higher fluid intelligence score than 

controls among cases aged 60-≤65 years, lower infirmity among cases aged 55-≤60 years, and 

lower immunological deficits among cases aged 65-≤70 years. 

The association between PAA and BC status showed a similar pattern to our findings in 

the real-world data in the Aim 1 (Chapter 2), where an increase in PAA was observed shortly 

after BC diagnosis (around diagnosis and year 1 post-diagnosis) and in the long-term (year 10 

post-diagnosis). 

The association between LTL and BC status and the change in LTL after BC diagnosis 

have been indicated to be null or short-term only. Longitudinal studies showed an overall null 

association between LTL and BC chemotherapy, with no difference comparing LTL pre- vs post- 

(up to 30 months) and with vs without chemotherapy,89,117–119 or a temporary shortening during 

chemotherapy but recovered after 1-2 years post-treatment.120,121 In the current cross-sectional 

analysis in the large cohort, we also report no difference in LTL between BC survivors and 

match controls, indicating that the accelerated aging related to BC might function through other 

pathways than shortening the LTL. 

Cognitive impairment after BC diagnosis has been intensively investigated, and recently 

generating evidence for long-term in addition to short-term impairment which has been 
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previously commonly interested. A meta-analysis suggests cognitive impairment among BC 

patients during chemotherapy and its persistence for up to 10 years with a downward trend, using 

self-reported or objective measures.122 It was worth noting of the substantial higher prevalence of 

cognitive impairment based on self-report (44% ) than short cognitive screen (16%) and 

neuropsychological test batteries (21–34%).122 In addition, a meta-analysis reported that 

hormone therapy was associated with cognitive impairment, especially in several domains, with 

most of the included studies assessed the cognitive function during treatment.123,124 Long-term 

effects of hormone therapy on the cognitive function have been unclear, with one study showing 

no effect up to 6 years after the initiation of hormone therapy.125 Our findings of the null 

associations between BC and cognitive functions might be attributed to the ineffectiveness of the 

objective measures in detecting subtle impairment and/or the selection bias. 

Evidence of frailty among BC survivors has been discussed in Chapter 3. Similar to the 

results in the VUMC cohort, the BC survivors in UKB overall did not differ in frailty status from 

cancer-free controls. As indicated previously, the increased risk for frailty and pre-frailty might 

be observed only among a subset of BC patients according to cancer stage, subtype, treatment 

received, etc. In specific domain, however, the BC survivors had a better outcome than controls. 

The findings of the significant increased PAA but slight or non-significant differences in 

LTL, cognitive functions, and frailty comparing BC survivors to cancer-free controls indicate 

that PAA might be more sensitive than other aging-related measures. PAA could potentially 

capture the biological changes before the onset of any of the signs or symptoms. 

Our study provides a systematic evaluation of aging-related outcomes among BC 

survivors, including biomarkers, self-reported frailty, and objective cognitive function measures 
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in a large cohort. Extensive information collection in UKB allows for the propensity score 

matching of cases and controls, controlling for potential unmeasured confounders. 

The limitations of the study include the lack of information on cancer diagnosis (i.e. stage 

and subtype) and cancer-related treatment. There is heterogeneity among BC survivors with 

different cancer stages, subtypes, and treatments, which highly likely impacts the association 

observed, as shown in Aim 1 and Aim 2. In addition, there has been reported selection bias in the 

UKB with the response rate of only 5.5% and lack of representativeness, resulting in altered 

associations after weighting.126,127 The impact of selection bias on cancer survivors is difficult to 

measure lacking cancer-specific information, but the associations might be underestimated due to 

the healthy volunteer effect. 

Overall, our study indicated that BC survivors might experience accelerated aging 

measured by PAA within 2 years and at 5-≤10 years after BC diagnosis, compared with cancer-

free women. There were minimal differences in LTL, cognitive function, or frailty, indicating 

that PAA may be a more sensitive marker of biological changes in BC survivors. Future study 

should integrate cancer-specific information to enable the evaluate the associations of 

accelerated aging with cancer characteristics and treatments. 
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CHAPTER 5 

Conclusions 

This dissertation examined various aspects of aging among BC survivors, focusing on 

aging acceleration using various measures from two cohorts. The findings from these 

investigations offer crucial insights into the aging trajectory of BC survivors and have significant 

implications for future research and clinical practice. 

Key findings are summarized below: 

Aim 1: In 1,264 BC patients recruited at VUMC, we depicted the aging trajectory from 

diagnosis to 10 years post-diagnosis and observed long-term age acceleration measured by PAA. 

An elevated PAA was associated with advanced cancer stages, high tumor grade, triple-negative 

subtype, and systemic therapies, including chemotherapy and hormone therapy. This suggests the 

potential biological alterations underlying the phenotypes of accelerated aging among BC 

survivors. 

Aim 2: Based on self-reported information from 319 participants in Aim 1 who 

responded to the survey, we found a high prevalence of pre-frailty and frailty among BC 

survivors, as well as the associations between BC factors and frailty differing by age and time 

since diagnosis. Our study also showed that adherence to the ACS Guideline for cancer survivors 

had a significant impact in reducing the risk of frailty. This underscores the importance of 

survivorship care, emphasizing lifestyle guidelines to mitigate the risk of frailty. 

Aim 3: Comparisons of breast cancer survivors to matched cancer-free controls in the 

UKB revealed an increased PAA among BC survivors, particularly in older women and those 

long-term survivors. However, there were minimal differences in LTL, cognitive function, or 
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frailty, indicating that PAA may be a more sensitive marker of biological changes in BC 

survivors. 

In the design of the studies, we started with the clinic-based cohort in Aim 1 with detailed 

data on cancer characteristics, treatments, and comorbidities, extracted from the tumor registry or 

the EHR. Based on the longitudinal data on PAA, we were able to depict the trajectory of aging 

after diagnosis. However, this study has limited information on demographics and lifestyles. 

Thus, unmeasured confounding is a concern. In the Aim 2, we collected information on 

demographics, lifestyles, and other health information from a self-reported survey to control for 

potential confounders. The major limitation of our Aim 2 study is the immortal time bias, where 

patients must have survived until the survey to have the outcome assessment, and patients who 

developed severe frailty might not be able to participate in the survey due to poor health 

conditions, such as severe cognitive impairment. Another likely source of selection bias is the 

non-response bias, where we observed differences between respondents, nonrespondents, and 

deceased patients in key factors including age, BC clinical characteristics, and treatments. When 

further examining other measures of aging in the Aim 3 in a large sample, we conducted 

propensity score matching to balance potential confounders. However, this population-based 

cohort lacks detailed cancer-specific information, hindering us from dissect the associations of 

aging-related outcomes with cancer diagnosis and treatment. 

These limitations highlight the need for further research with 1) a prospective study 

design, 2) comprehensive clinical data, including detailed cancer diagnosis and treatment 

(modality, medication, cycle, and duration, etc.), 3) longitudinal follow-up surveys of lifestyles 

and aging-related outcomes, and 4) longitudinal biospecimen collection. By integrating multiple 

data sources, future studies could deepen our understanding the intricate cellular and molecular 
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mechanisms underpinning age acceleration in BC survivors, identify risk factors for age 

acceleration, develop risk stratification strategies by incorporating biomarkers. Furthermore, our 

findings also call for trials on lifestyle interventions among cancer survivors to further evaluate 

the effectiveness of the ACS Guideline in mitigating frailty and/or biological age acceleration. 

Ultimately, survivorship research could promote personalized survivorship care plan and 

monitoring for cancer survivors. 

In conclusion, this dissertation contributes valuable insights into the accelerated aging 

among BC survivors. By integrating these findings into clinical guidelines, healthcare providers 

can better address the unique needs of BC survivors, aiming to enhance their quality of life and 

overall health of this large and growing population. This research paves the way for further 

exploration into the complex interplay between cancer, its treatments, and aging, ultimately 

contributing to the broader field of oncology and survivorship. 
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APPENDIX 

Supplemental Figure 1. Aim 2 BRE03103 Lifetime Study Survey 
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