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Abstract

Background

There is emerging evidence that cancer and its treatments may accelerate the normal aging

process, increasing the magnitude and rate of decline in functional capacity. This acceler-

ated aging process is hypothesized to hasten the occurrence of common adverse age-

related outcomes in cancer survivors, including loss of muscle mass and decrease in physi-

cal function. However, there is no data describing age-related loss of muscle mass and its

relation to physical function in the long-term in cancer survivors.

Methods

This study protocol describes the use of a novel method of muscle mass measurement, D3-

creatine dilution method (D3Cr), in a large sample (n~6000) of community dwelling postmen-

opausal women from the Women’s Health Initiative (WHI). D3Cr will be used to obtain a

direct measure of muscle mass remotely. Participants will be drawn from two sub-cohorts

embedded within the WHI that have recently completed an in-home visit. Cancer survivors

will be drawn from the Life and Longevity After Cancer (LILAC) cohort, and cancer-free con-

trols will be drawn from the WHI Long Life Study 2. The overall objective of this study is to

examine the antecedents and consequences of low muscle mass in cancer survivors. The

study aims are to: 1) create age-standardized muscle mass percentile curves and z-scores

to characterize the distribution of D3- muscle mass in cancer survivors and non-cancer con-

trols, 2) compare muscle mass, physical function, and functional decline in cancer survivors

and non- cancer controls, and 3) use machine learning approaches to generate multivariate

risk-prediction algorithms to detect low muscle mass.
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Discussion

The D3Cr method will transform our ability to measure muscle mass in large-scale epidemio-

logic research. This study is an opportunity to advance our understanding of a key source of

morbidity among older and long-term female cancer survivors. This project will fill knowl-

edge gaps, including the antecedents and consequences of low muscle mass, and use inno-

vative methods to overcome common sources of bias in cancer research. The results of this

study will be used to develop interventions to mitigate the harmful effects of low muscle

mass in older adults and promote healthy survivorship in cancer survivors in the old (>65)

and oldest-old (>85) age groups.

Background

Oncology researchers have identified muscle mass as a priority biomarker for cancer research

[1]. There is compelling evidence that muscle quantity and function increases morbidity and

mortality after a diagnosis of cancer, including both cancer-specific and overall mortality, risk

of non-cancer comorbid conditions, and functional decline [2–7]. Low muscle size (area) is

highly prevalent in patients diagnosed with cancer: prior studies of nonmetastatic breast and

colorectal cancer patients have found 30% and 42% breast and colorectal cancer patients have

low muscle size at diagnosis [8]. Muscle likely influences cancer-related outcomes through

multiple physiologic, metabolic and functional pathways [9]. Proposed mechanisms include

the important contribution of skeletal muscle in metabolism and systemic inflammation: skel-

etal muscle is the largest organ in the body and secretes cytokines and other peptides (known

as myokines) that have autocrine, paracrine, or endocrine actions [10]. Muscle size also influ-

ences the pharmacokinetics of chemotherapy and is associated with dose-limiting toxicity

[11], thereby reducing the effectiveness of these life-saving cancer therapies among individuals

with low muscle mass.

After diagnosis, several factors increase the risk of muscle loss among cancer survivors,

including direct effects of treatment on protein synthesis and degradation, alterations in nutri-

ent intake due to nausea, and changes in energy expenditure due to inactivity or bedrest [12].

Despite growing knowledge of the importance of muscle mass at diagnosis in cancer patients,

little is known about longer-term changes in muscle mass in cancer survivors. This manuscript

describes a study protocol for a project that will measure muscle mass in female cancer survi-

vors. In this project, we will use an innovate approach to measure muscle mass remotely, via

the D3-Creatine (D3Cr) method. The overall aim of this project is to add to our understand of

the antecedents and consequences of muscle mass in cancer survivors.

Research is urgently needed to study older cancer survivors as they represent a growing seg-

ment of the population. Given increasing rates of cancer survivorship, and increasing life

expectancies (in women in particular), the number of older female cancer survivors is rising

[13]. Research focused on muscle mass in older women is particularly relevant because, on

average, postmenopausal women lose 1–3% of muscle mass and strength per year [14].

Although muscle mass is recognized as an important predictor of morbidity and mortality in

older adults, measurement of muscle mass in large-scale population health and epidemiologic

research remains a challenge [15–17]. Imaging modalities (e.g., DXA, CT, MRI) exist for mea-

surement of muscle mass in clinical settings and can be used for diagnostic purposes or clinical

research studies [18]. However, there are numerous barriers to implementation of these
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measurement approaches in population health research, including cost, accessibility, staffing

needs, and for CT scans, radiation exposure.

Recently, the creatine dilution (D3Cr) method has gained popularity as a measure of muscle

mass in large-scale, population-based research studies [19, 20]. The D3Cr method is a simple,

inexpensive, and non-invasive assessment that can be used to measure muscle mass remotely

in a community dwelling population of postmenopausal women. It has been validated through

rigorous laboratory and clinical testing and previously used in clinic-based epidemiology

research [19, 21, 22]. Cross-sectional and longitudinal validation studies have been performed

in rodents [23] and humans [24]. Dilution of a stable isotope-labeled creatine, and measure of

urinary creatinine enrichment provides a direct measure of whole body creatine pool size

which is proportional to total body muscle mass [21].

Many women experience changes loss of muscle mass as part of the normal aging process

[25]. However, there are several key unanswered questions about whether postmenopausal

cancer survivors experience greater declines in muscle mass compared to women without a

history of cancer. If yes, do they undergo an accelerated aging trajectory, with a different slope

and quicker progression to functional impairment and disability? This protocol will describe

the design of a prospective longitudinal study using the D3Cr method to measure muscle mass

in postmenopausal cancer survivors and a comparison group of women without a cancer his-

tory (“non-cancer controls”). Both cancer survivors and cancer-free controls are drawn from

the same source population, the Women’s Health Initiative (WHI).The specific objectives of

this project are to: 1) develop age-standardized percentile curves to characterize the distribu-

tions of D3- muscle mass in cancer survivors and cancer-free controls, 2) examine whether the

associations between muscle mass, physical function, and functional decline differ in cancer

survivors and cancer-free controls, and 3) create multivariate risk-prediction algorithms to

detect low muscle mass in cancer survivors and cancer-free controls. We hypothesize that can-

cer survivors will have lower muscle mass and experience accelerated decline in physical func-

tion compared to cancer-free controls.

Materials and methods

Study population

The Ms. LILAC study (Muscle mass in the Life and Longevity After Cancer cohort) will

include approximately 6000 postmenopausal women. Participants will be recruited from the

ongoing Women’s Health Initiative (WHI) study cohort. The WHI is a prospective longitudi-

nal study focused on examining causes of morbidity and mortality in postmenopausal women.

All Ms. LILAC participants have been active participants in the WHI study since the 1990s.

Postmenopausal women aged 50–79 years enrolled in the WHI clinical trials and observational

study between 1993 and 1998 at 40 clinical centers across the U.S. (n = 161,808) [26]. Over the

past thirty years, follow-up has been consistent and is still ongoing. In the initial phase of the

WHI (up to 2005), participants visited clinical centers for in-person measurements, including

anthropometric measurements. Since then, the WHI has collected comprehensive annual

questionnaires on medical history, demographics, and lifestyle characteristics via mail, online

surveys and telephone [27].

For Ms. LILAC, we will recruit women who are actively still participating in the WHI and

have recently completed an in-home study funded by the WHI. The sample size for Ms.

LILAC is limited to all women who have completed the WHI home visit, as the home visit will

provide important information on measured covariates (i.e., body weight, blood-based bio-

markers, measures of physical function). The study population is depicted in Fig 1. Cancer sur-

vivors will be recruited from a WHI sub-cohort called the Life and Longevity After Cancer
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(LILAC) study. Postmenopausal women with no cancer history (“non-cancer controls”) will

be recruited from a WHI sub-cohort called the Long Life Study 2 (LLS2), a minority enriched

sub-cohort of women [28, 29]. The WHI is currently completing in-home study visits for

LILAC and LLS2 participants. Home visits consist of anthropometric measures (e.g., height,

weight, blood pressure), assessment of physical function via the short physical performance

battery (SPPB), and a fasting venous blood draw [30].

LILAC (Life and Longevity After Cancer) cohort

LILAC is a cohort of cancer survivors embedded within the WHI. Recruitment protocols for

LILAC include: WHI participants who initially self-report a cancer diagnosis and self-report is

confirmed by review of medical records by trained physician adjudicators. All data is coded

using NCI SEER (Surveillance, Epidemiology, and End Results) standards [28]. LILAC partici-

pants who are survivors of breast, lung, colorectal, or endometrial cancer are currently being

recruited for home visits.

Information on cancer type, tumor characteristics (e.g., molecular testing, stage and grade),

cancer treatments and outcomes are collected as part of LILAC. Medical records are reviewed

by trained physician adjudicators to confirm the previously documented diagnostic informa-

tion and records information on surgery type and date(s); tumor characteristics (HER2,

Fig 1. Description of the study population for Ms. LILAC comprised of WHI sub-cohorts Long Life Study 2 (LLS2) and LILAC (Life and

Longevity After Cancer cohort).

https://doi.org/10.1371/journal.pone.0300140.g001
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estrogen receptor status); types and start dates of neoadjuvant and adjuvant chemotherapy;

radiotherapy along with total dose; biologic therapies; and hormonal/endocrine therapies and

enters these directly into the WHI extension study database. For WHI participants enrolled in

fee-for-service Medicare at the time of their cancer diagnosis, WHI obtains treatment and

recurrence through Medicare linkage. For participants with cancer who were not covered by

fee-for-service Medicare at time of diagnosis, WHI collects medical records to obtain compa-

rable data. In addition, LILAC surveys collect self-reported information on initial cancer treat-

ment including surgery type, chemotherapy, hormonal therapy, radiation therapy, biological

therapies and complementary/alternative medicine, including type, start dates, and providers

of these treatments; new cancer events related to their primary cancer diagnosis; longer-term

disabling conditions; effects on quality-of-life that are common sequelae to many cancers or

their treatments but not covered by WHI questionnaires (e.g., lymphedema, cardiotoxicity,

nephrotoxicity, neurotoxicity); and questions on insurance coverage, income, employment

status, access to care, recurrence and health outcomes such as anxiety, depression, overall qual-

ity of life, and self-rating of health [31–34]. These rich data will allow us to fully characterize

and control for heterogeneity by cancer site and severity, enabling meaningful analyses both

overall and when stratified by cancer site or stage.

LLS2 (Long Life Study 2)

Postmenopausal women with no history of cancer (“cancer-free controls”) will be recruited

from the Long Life Study 2 (LLS2), a WHI sub-cohort. The LLS2 sub-cohort consists of

women who completed an in-home visit in 2012–2013 as part of the initial Long Life Study

[29], are still alive and participating in the WHI, and are capable of providing informed con-

sent. All 7,875 women who had a home visit as part of the initial Long-Life Study (2012–2013)

are invited by mail to participate in the Long-Life Study 2 (2022–2024). The mailed invitation

packet consists of a letter explaining the nature and purpose of the study, written informed

consent form, and a pre-paid return mailer. Participation in the LLS2 includes an in-home

study visit by a trained examiner. The protocol for the home visits includes the same measures

as completed as part of the first LLS home visit.

Informed consent

All WHI participants provided written informed consent at initial study recruitment (1993–

1998). The informed consent process for the WHI home visits is managed by the WHI Clinical

Coordinating Center and approved by the IRB at the Fred Hutchinson Cancer Center. All par-

ticipants must provide written informed consent prior to the in-home visit. As part of the

informed consent process, the WHI Clinical Coordinating Center asks participants if they are

willing to allow WHI to share their contact information with WHI ancillary studies, such as

Ms. LILAC (“consent to contact” process). If a participant agrees, their contact information is

shared with the Ms. LILAC team data manager via a secure data portal. The informed consent

process for the Ms. LILAC study, including the consent to contact process, and the Ms. LILAC

complete study protocol, was reviewed and approved by the Institutional Review Board at the

University at Buffalo. Upon receipt of the participant’s name and contact information at the

University at Buffalo, the Ms. LILAC team sends a mailed invitation letter to ask them to take

part in our study; this invitation packet includes a written informed consent form for partici-

pants to sign and return to the study team. A copy of the University at Buffalo IRB-approved

Ms. LILAC invitation letter is included in the supplementary materials (S1 File) accompanying

this manuscript.
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Ms. LILAC study overview

All contact for the Ms. LILAC study will occur remotely, via telephone and mail, after the

WHI home visit has been completed for both LILAC and LLS2 participants [28, 29]. Data col-

lection for Ms. LILAC (D3Cr muscle mass) is currently underway and scheduled to be com-

pleted by 2025. We will measure D3Cr muscle mass at one time point shortly after completion

of the WHI home visits. Annual WHI questionnaires will assess self-reported functional out-

comes over time, including ability to complete activities of daily, disability, and mobility limi-

tation, enabling examination of muscle mass as a predictor of these longitudinal outcomes.

Protocol for remote measurement of D3-Creatine (D3Cr)

Study participants are sent a kit to measure muscle mass using the D3Cr method at home. The

D3Cr capsule includes deuterated creatine (25mg) produced by Cambridge Isotope Laborato-

ries (Cambridge, MA). Greenpark Compounding Pharmacy (Houston, TX) uses the D3Cr to

create the study capsules. The boxed kit will include all supplies and instructions with pictures.

Study kits will include a urine collection cup, a collection dipstick labeled with participant ID,

a clear ziptop bag, freezer pack, and pre-addressed return mailer.

Typically, participants are instructed to take the D3Cr pill (capsule) within a week of receiv-

ing the study kit by mail. Participants are asked to collect a single fasting morning sample

using a urine dipstick provided by the study team. Participants are instructed to take the cap-

sule on Saturday morning and collect their urine sample on Tuesday morning. On Monday

afternoon, project staff make telephone calls to participants to remind them to fast overnight

in preparation for sample collection. According to laboratory validation studies, participants

should collect the urine sample between 48–96 hours after ingesting the D3Cr capsule [24].

Once the sample is collected, it is stored in an insulated mailing package with ice packs to

ensure the dipstick is kept cold. Participants are asked to call to schedule a courier pick-up

before noon to schedule a same-day at-home pick-up. The study team provides pre-addressed

mailing labels affixed to the outside of the insulated mailing package. Once the package is

picked up, it is returned to the study team via overnight shipping, with guaranteed next morn-

ing delivery.

Once samples are delivered to the study team, a project staff member opens the package

and documents the condition of each sample. Each participant is assigned a unique study ID

code for tracking purposes; de-identified participant data on sample condition and measure-

ments are stored in a password-protected Microsoft Access database. Dipsticks are labeled

with a unique participant ID number and placed in -20˚C freezers in the university

(departmental) biorepository. Frozen samples will be sent in batches on dry ice using priority

overnight shipping to the University of California, Berkeley for analysis. We tested this proce-

dure during our pilot study and all samples were transported in good condition with no spoil-

age [22]. As part of the study protocol, there are several reminder forms and instruction sheets

shared with study participants. These documents are available as supplementary materials

(S1 File) linked to this article and may be used or modified as needed for other study designs

and contexts.

Laboratory measurement of D3-creatinine enrichment

D3-creatinine enrichment is measured by liquid chromatography with tandem mass spectrom-

etry. The laboratory protocols and details of the sample processing have been previously

described [17, 21, 23, 24]. Samples are run in triplicate and average values are reported. Sam-

ples with CVs greater than 5% will be subjected to reanalysis. The total body creatine pool size

is calculated as retained (delivered) D3Cr dose divided by D3Crn enrichment and muscle mass
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[21]. A small, variable amount of the D3Cr label “spills” into urine during the first hours after

ingestion of the D3Cr capsule in some individuals, an algorithm is used to correct for loss of

label using the fasting urine Cr/Crn ratio [24].

Data management

Study data will be stored on secure, password protected computers accessible only by Ms. LILAC

study team members. Once the study is completed, data on D3Cr muscle mass collected in the

Ms. LILAC study will be de-identified and linked to the WHI dataset using the WHI common ID

number. Access to data from the WHI and affiliated ancillary studies can be requested by outside

users. Users who want to conduct secondary analyses of this data must submit a proposal to the

WHI Publications and Presentations Committee. This process maintains the confidentiality of

personal information for study participants and appropriate use of these data.

Statistical plan. Aim 1. We will create age-standardized muscle mass percentile curves to

characterize the distribution of D3Cr muscle mass in cancer survivors and non-cancer con-

trols. We hypothesize that cancer survivors will have lower muscle mass compared to age-

matched cancer-free controls. We will also develop percentile curves for women from different

racial/ethnic minority groups to examine potential differences in the distribution of muscle

mass among Non-Hispanic White, Non-Hispanic Black, and Hispanic women. Additionally,

to examine the effect of cancer-related variables on age-standardized muscle mass among can-

cer survivors, we will create percentile curves stratified by time since diagnosis and treatment

modality (chemotherapy yes/no). These stratified analyses will specifically address questions

regarding the effect of heterogeneity of cancer type and stage of cancer at diagnosis. According

to guidance from the World Health Organization and U.S. Centers for Disease control, preci-

sion of estimates for growth curves depend on the number of participants at given percentile

value [35–37]. The World Health Organization suggests adequate precision for growth curve

modeling is achieved with a minimum of sample size of 200 participants per percentile [35].

Based on the planned recruitment of WHI participants, we will have adequate power for this

analysis.

Aim 2. To examine the association between D3Cr muscle mass and functional outcomes in

cancer survivors and non-cancer controls, we will use data on physical performance (SPPB)

and muscular strength (grip strength) from the WHI home visits. We hypothesize that cancer

survivors will have worse physical function than non-cancer controls and will also experience

greater decline in physical function over time. We will first investigate the cross-sectional joint

distribution of D3Cr muscle mass, muscle strength, and physical function for cancer survivors

and non-cancer controls. Muscle strength will be measured using handheld dynamometer

(Jamar hand dynamometer; Lafayette Instruments, Lafayette, IN). Participants are instructed

to squeeze the handle of the dynamometer as hard as possible for two trials per hand. Physical

function is being measured via the Short Physical Performance Battery (SPPB), a validated test

of physical function consisting of three tests: balance, gait speed, and chair stands. Short physi-

cal performance battery scores range from 0 to 12, with higher scores indicating better physical

function. Multivariate adjusted linear regression models will be used to calculate means and

95% confidence intervals of muscle mass by SPPB score (0–12), timed walk (meters/second),

number of chair stands, and grip strength (kg). These models will include a product interac-

tion term (muscle mass x cancer survivorship status) to separately estimate these relationships

among cancer survivors and non-cancer controls [38–40]. Among cancer survivors, we will

examine effect heterogeneity by time since diagnosis, cancer site, and treatment modality by

including product interaction terms in our fully adjusted regression models (i.e., to control for

potential confounding by health or lifestyle related characteristics).
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We will use annual WHI questionnaires measuring activities of daily living as the outcome

in a longitudinal analysis of the relationship between baseline muscle mass and functional

decline over time. Activities of daily living and instrumental activities of daily living will be

measured using a validated questionnaire (RAND-36). In this analysis, we will use linear

mixed effects models to examine the relationship of interest while accounting for correlation

between outcomes measured on the same individual [41–43]. The model will include: year,

where the coefficient represents the change in functional status per year (slope); cancer survi-

vorship status (1 if cancer survivor, 0 if non-cancer control), where the coefficient represents

the difference in mean functional status at baseline after accounting for baseline muscle mass;

and a product interaction term between year and survivorship status. The interaction term can

be interpreted as the difference in outcome time trend (i.e., slope) between cancer cases and

non-cancer controls and will enable assessment of effect modification of the change in func-

tional status by cancer survivorship status after accounting for baseline muscle mass. Models

will be adjusted for relevant demographic and cancer-related confounding variables. More-

over, we will examine potential interaction muscle mass (at baseline) and year, to understand

whether there is a difference in the slope of functional decline for each additional unit of mus-

cle mass. This will elucidate whether there is evidence of effect modification of the change in

functional decline over time by baseline muscle mass. In this analysis, we will assume linear

effects but will empirically examine this assumption and employ appropriate statistical tools if

evidence of non-linearity is found.

Aim 3. We will draw on approximately 30 years of data from WHI study participants

(~1993–2023) to examine the antecedents of low muscle mass in postmenopausal women. Our

primary interest in this analysis is to predict risk of having low muscle mass, defined as<10th

percentile muscle mass for age. We will also conduct sensitivity analyses to examine risk of

being <5th percentile (very low muscle mass) and<25th percentile (at risk for low muscle

mass). Separate risk prediction algorithms will be created for cancer survivors and non-cancer

controls, and we will stratify by race/ethnicity when creating the prediction equations. We will

first use multivariable logistic regression to predict the risk of low muscle mass. After stan-

dardizing predictors, the regression parameters are easily interpreted as log-odds ratios and

variable importance can be assessed by comparing the magnitude of the effects. To achieve a

more parsimonious model, we will use least absolute shrinkage and selection operator

(LASSO) logistic regression for variable selection [44]. This approach is one in which estima-

tion of regression coefficients is achieved by maximizing the log-likelihood of the logistic

regression model that includes all variables, subject to the condition that the sum of the abso-

lute value of the effects is smaller than a specified value, referred to as a tuning parameter [44].

As a result, the regression coefficients are continuously shrunk so that important effects stay in

the model while less desirable coefficients are shrunk to zero [44]. This continuous shrinkage

process results in more stable predictions than subset selection methods such as backward

selection.

We will then examine whether using machine learning algorithms will improve predictive

performance compared to standard approaches. The advantage of these approaches over logis-

tic regression is that they allow for non-linear relationships between predictors and outcome

and data-driven interactions that do not require a prior specification and may substantially

improve predictive ability [45, 46]. Many approaches are available to analysts in standard sta-

tistical software. We propose to consider random forests [47], gradient boosting [48], and

super learner [49]. Random forests and gradient boosting are ensemble methods based on

building a large number of decision trees [47, 48]. In the random forest algorithm, many trees

are built from resamples of the data with a random subset of the original predictors and are

averaged to produce a single prediction model. In gradient boosting, a small tree is adaptively
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improved using resamples of the data. The super learner is an ensemble learning framework

that combines predictions obtained from a range of algorithms/methods, each of which may

be used to construct a prediction tool, to form a single overarching prediction tool [49].

Through theoretical work and simulations, the super learner framework has been shown to

have optimal statistical properties, most notably that the final prediction tool outperforms or

does no worse than any of the component algorithm/methods [49]. We will train the model on

80% of the data and validate on the remaining 20%, which is independent from the training

data.

Discussion

The remote collection of D3Cr muscle mass has the potential to transform our understanding

of the antecedents and consequences of low muscle mass in older adults. The D3Cr method is

a simple, inexpensive, and non-invasive assessment of muscle mass that can be used to mea-

sure muscle mass at home. This approach maximizes scientific rigor while minimizing partici-

pant burden. To our knowledge, this will be the first large-scale epidemiologic study to

measure total body skeletal muscle mass remotely in older women using D3Cr. Ms. LILAC is

well-positioned to address key unanswered questions about muscle mass in older and long-

term postmenopausal cancer survivors. The WHI is the ideal setting for this study because the

nested sub-cohorts (LILAC and LLS2) allow us to estimate the extent to which outcomes (i.e.,

decline in physical function) are specifically related to cancer or attributable to other factors.

In addition, all participants recently completed a home visit funded by the WHI contract.

Establishing a valid non-cancer comparison group is often a challenge in the context of cancer

research; in Ms. LILAC, both cancer survivors and non-cancer controls are drawn from the

same source population (WHI). This will create comparability across groups.

Avenues for future work with D3Cr could include its use as either an exposure (i.e., examin-

ing the relationship of D3Cr with a particular health outcome) or outcome (i.e., examining the

effect of an intervention or treatment on change in D3Cr muscle mass). In particular, broaden-

ing the use of D3Cr has significant potential to inform the development of targeted interven-

tion programs for older adults. As one example, D3Cr could be used as an outcome variable in

a randomized clinical trials of a physical activity and/or dietary intervention. Successful inter-

ventions to increase muscle mass in older adults could improve quality of life, decreasing acute

and chronic disease outcomes, and promoting more effective resource utilization. Future work

could also examine the use of D3Cr in screening intervention programs in routine clinical

practice (e.g., during annual physical examinations).

This protocol builds upon our successful pilot work using the remote D3Cr measurement

protocol [22, 50]. In the pilot study, we enrolled 74 community dwelling WHI women from

Buffalo, New York. We did a simple random sample of WHI participants living within 50

miles of the WHI-Buffalo clinic site. Of the 74 participants, 99% (n = 73) completed the D3Cr

protocol; one participant had a family emergency and was not able to return her urine sample.

Of note, the participant who was not able to complete the urine sample did contact the study

team to inquire if she would be able to participate in the study at a later date, but due to the

4-week pilot study timeline it was not possible to have her participate. Reasons for not consent-

ing to participate in the study included: 22% who did not consent for health-related reasons

(e.g., health too poor to attend in-clinic visit, caregiving responsibilities), 12% due to schedul-

ing, 11% due to travel or transportation concerns such as not being able to drive. (11% does

not drive, lives too far). Only 3% (n = 5) reported not participating because they did not want

to take the D3Cr pill. In the pilot study, all samples received from the study participants were

received in good condition, demonstrating the effectiveness of our shipping protocol. This
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pilot work demonstrates feasibility of the remote D3Cr-protocol as well as acceptability (all study

participants agreed to take the D3Cr pill provided); safety (no participant had difficulty swallow-

ing the D3Cr pill or reported any side effects); high-return rate; and very good sample viability.

Analyses of pilot data demonstrated a clear relationship between muscle mass, measured by

D3Cr, and physical function [22]. These findings were broadly consistent with measures of D3Cr

and physical performance in older men reported by Cawthon and colleagues [20].

As with any study protocol involving primary data collection, potential problems may arise.

Investigators using the D3Cr protocol must carefully consider alternative strategies should

they be necessary. Participant non-response and loss-to-follow-up are concerns in any pro-

spective study design, especially in older adults. The WHI has a long history of exceptional fol-

low-up and participant retention, including a very small proportion of loss-to-follow-up.

Despite the success of sample return in our pilot study, we anticipate some participants will

not collect the urine sample or send it back during the required time frame. Also, in our expe-

rience, it can be confusing to schedule a pickup by telephone because automatic voice-prompt

software may be challenging to navigate. We will provide participants with a pre-addressed

return mailing label and extremely detailed, step-by-step written instructions as we did suc-

cessfully in the pilot study. We will use a large type font (size 14) for all instructions and mail-

ings in case there are participants with poor eyesight. If a participant is having a difficult time

scheduling the sample pick up, we will instruct them to call the study team and we will sched-

ule the pick-up for them. Importantly, in our pilot study, nearly all participants successfully

called to schedule a pick up; only 2 women required assistance from the WHI Buffalo clinic

staff to schedule the pickup.

The D3Cr method has the potential to create a new area of scientific inquiry and signifi-

cantly advance our understanding of muscle mass in the context of aging and cancer research.

The remote D3Cr measurement approach developed in Ms. LILAC broad applications across

epidemiology, public health, and clinical medicine. Sharing the Ms. LILAC study protocol will

make this approach more accessible to researchers in a wide range of contexts.

Supporting information

S1 File. Supplementary documentation describing the D3Cr remote collection protocol.

(PDF)
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