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Abstract

INTRODUCTION:White matter hyperintensities (WMHs) increase with age and con-

tribute to cognitive and motor function decline. Energy costs for mobility worsen with

age, as the energetic cost of walking increases and energetic capacity declines. We

examined the cross-sectional associations of multiple measures of walking energetics

withWMHs inmid- to late-aged adults.

METHODS: A total of 601 cognitively unimpaired adults (mean age 66.9 ± 15.3

years, 54%women)underwentbrainmagnetic resonance imaging scansandcompleted

standardized slow- and peak-paced walking assessments with metabolic measure-

ment (VȮ2). T1-weighted scans and fluid-attenuated inversion recovery images were

used to quantify WMHs. Separate multivariable linear regression models examined

associations adjusted for covariates.

RESULTS: Lower slow-paced VȮ2 (B = 0.07; P = 0.030), higher peak-paced VȮ2 (B =

–0.10; P = 0.007), and lower cost-to-capacity ratio (B = .12; P < 0.0001) were all

associated with lowerWMHvolumes.

DISCUSSION: The cost-to-capacity ratio, which describes the percentage of capacity

required for ambulation, was the walking energetic measure most strongly associated

withWMHs.

KEYWORDS
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1 INTRODUCTION

Older adults experience age-related declines in cognitive and motor

function.1 One common neuropathological change hypothesized to

contribute to this decline is the accumulation of white matter hyperin-
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tensities (WMHs).2–5 WMHs are generally observed in older age and

are primarily considered markers of cerebral small vessel disease.6,7

The appearance of WMHs, which is indicative of deteriorating white

matter structure (e.g., myelin pallor, tissue rarefaction),5,8 has been

linked to Alzheimer’s disease (AD)-related pathology, brain atrophy,
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and cognitive decline.9–12 Further, WMHs have been shown to be

associated with the clinical onset and progression of AD and related

dementias.13–15

Greater volumes of WMHs consistently have been associated with

poor motor function in older adults.16 Specifically, older adults with

higher WMH volume tend to display impaired balance, greater step

length variability, and slower gait speed,17–20 hallmarks of poor mobil-

ity and emerging indicators of adverse cognitive change.21–23 Previous

research has demonstrated that the energy costs for mobility, mea-

sured through oxygen consumption (VȮ2), worsen in older age and

predict mobility decline.24–26 More recent evidence suggests these

measures of walking energetics are also associated with AD-related

pathology (amyloid beta [Aβ] deposition), white and gray matter brain

volume, and cognitive performance in cognitively unimpaired mid-

to late-aged adults.27–32 Collectively, these findings suggest that the

energy costs for mobility may reflect underlying changes that pre-

cede adverse changes in cognitive and motor function. Moreover,

given that cerebral vascular dysfunction likely contributes to age- and

disease-related pathology (e.g., brain atrophy, Aβ), it may underlie the

previously observed walking energetics–brain associations. However,

the connection between the energy costs for mobility and WMHs

remains unexplored.

This study aims to expand upon this emerging area of research and

examine the cross-sectional associations ofmultiplemeasures of walk-

ingenergeticswithWMHs in cognitivelyunimpairedparticipantsof the

Baltimore Longitudinal Study of Aging (BLSA). We hypothesized that

favorable walking energetics would be associated with lower WMH

volume, independent of usual gait speed.

2 METHODS

2.1 Participants

The BLSA is a study of human aging initiated in 1958. All BLSA partic-

ipants are community-dwelling adults free of major chronic conditions

and cognitive and functional impairment at the time of enrollment.

Once enrolled, participants are followed for life and undergo compre-

hensive health, cognitive, neuroimaging, and functional assessments

every 1 to 4 years depending on age (< 60: every 4 years, 60–79:

every 2 years, ≥ 80: every year). Trained staff administer all assess-

ments following standardized protocols. Additional study enrollment

and design details have been previously described.33 The sample for

the present study consists of cognitively unimpaired participants free

of Parkinson’s disease or history of stroke who underwent physical

examinations, health history assessments, functional testing, and mag-

netic resonance imaging (MRI) between 2008 and 2020. Data from the

participant’s most recent visit that contained all measures of interest

were used for the present study. Clinical diagnoses are based on con-

sensusdiagnostic procedures implemented formanyyears at theBLSA,

comparable to the National Institute on Aging–Alzheimer’s Associa-

tion criteria.34,35 The clinical and cognitive data are first reviewed

to determine a syndromic diagnosis (i.e., cognitively unimpaired, mild

RESEARCH INCONTEXT

1. Systematic Review: The authors performed a traditional

literature review related to energy costs for mobility and

whitematter hyperintensities (WMHs). There is evidence

that poor motor function is associated with WMHs in

older adults. However, whether energy costs for mobil-

ity, which have been shown to precede motor function

decline, are linked to WMHs in older adults is currently

unknown.

2. Interpretation: Within a cognitively unimpaired cohort

of community-dwelling older adults, lower energy costs

for slow-paced walking and higher peak-paced walking

energetic capacity are each separately associated with

lower WMH volume. Notably, the cost-to-capacity ratio,

which describes the percentage of capacity required for

ambulation, was the energetic measure most strongly

associated withWMH volume. These data add to a grow-

ing body of research investigating mobility with age-

and brain disease-related neuropathology and suggest

the energy costs for mobility in older age may be a

physiological indicator of compromised brain health.

3. Future Directions: Longitudinal studies that assess the

temporality of the observed associations and biological

mechanisms connecting walking energetics and WMHs

are needed to better elucidate causality and directional-

ity of the observed associations.

cognitive impairment [MCI], impaired not MCI, or dementia). Those

judged to be cognitively impaired (e.g.,MCI, dementia) are then further

classified by presumed etiology (e.g., AD, frontotemporal dementia,

dementia with Lewy bodies). More than one etiology can be endorsed

(e.g., AD and vascular disease). Participants classified as cognitively

impaired were excluded from the present study. The Internal Review

Board of the Intramural Research Program of the National Insti-

tutes of Health approved the study protocol. Consent statement: all

participants provided written informed consent.

2.2 Walking energy expenditure measurements

All participants completed two separate walking assessments with

indirect calorimetry, from which three walking energetic measures

were derived. The energetic cost of slow-paced walking was measured

on a motor-driven treadmill on which participants walked at 1.5 mph

(0.67 m/s) at 0% grade for 5 minutes. This protocol was used for all

participants, providing a standardized energy expenditure measure to

slow-paced walking. Oxygen consumption (VȮ2) levels were obtained

during the slow-paced treadmill walking test using a metabolic cart

with indirect calorimetry (Medical Graphics Corp.) and two-way
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non-rebreathing mask. To calculate average slow-paced walking

energy expenditure (VȮ2 mL/kg/min), readings from the first 2minutes

of the walking test were discarded to allow the participant to adjust to

the workload. The average VȮ2 (mL/kg/min) recorded during the final

3 minutes of the treadmill walk was used to derive a single measure of

the energetic cost of slow-pacedwalking.

The energetic cost of peak-paced walking was assessed during the

400-meter segment of the long-distance corridor walk, a two-part,

self-paced overground endurance walking test.36 Participants were

instructed towalk “as fast as possible, at a pace you can sustain for 400

meters” in a continuous loop around a 20-meter course laid out in an

uncarpeted corridormarked by traffic cones. Standardized encourage-

ment was given with each lap along with the number of laps remaining.

Values of VȮ2 were obtained during the peak-paced overgroundwalk-

ing test using a portable indirect calorimeter (Cosmed K4b2, Cosmed)

and two-way non-rebreathing mask. To calculate average peak-paced

walking energy expenditure (VȮ2 mL/kg/min), readings from the

first 1.5 minute of the 400-meter walk were discarded to allow the

participant to adjust to the workload. The average VȮ2 (mL/kg/min)

recorded during the remainder of the 400-meter walk was used to

derive a single measure of the energetic cost of peak-pacedwalking.

A ratio of the energetic cost of slow-paced walking to peak-paced

walking (the “cost-to-capacity ratio”) was calculated to define the

percentage of peak-paced walking capacity needed for slow-paced

walking (slow-paced VȮ2/peak-paced VȮ2). The cost-to-capacity ratio

is bounded at 0 and 1, with a higher ratio indicating poorer walking

energy utilization (i.e., greater percentage of peak walking capacity

needed for ambulation). Each metabolic system was calibrated using

standard procedures prior to each test to ensure accuracy (i.e., vol-

umetric, gas). All described walking energetic measures have been

extensively used in the BLSA.26

2.3 Neuroimaging protocol

The MRI scans were acquired on a 3T Philips Achieva scanner. Three-

dimensional T1-weightedmagnetization-prepared rapid gradient echo

scans, T2-weighted dual-echo scans, and fluid-attenuated inversion

recovery (FLAIR) scans were collected. T1-weighted scans used the

following parameters: echo time = 3.2 ms, repetition time = 6.8 ms,

flip angle = 8◦, image matrix = 256 × 256, 170 slices, pixel size 1 ×

1 mm, slice thickness = 1.2 mm, sagittal acquisition. The structural

imageswere processedusing an automatedmulti-atlas approach. After

correction of intensity inhomogeneities37 a multi-atlas skull strip-

ping algorithm was applied for the removal of extra-cranial tissues.38

WMHs were quantified using FLAIR and T1-weighted images based

on a deep learning–based method.39 The MRI scans were conducted

during the same visit as the walking assessments.

2.4 Covariate measures

All participants completed a variety of health-related question-

naires and measurements at the study visit. Variables investigated as

potential confounders included total white matter volume, age, sex,

race, years of education, systolic blood pressure, height, body compo-

sition, comorbid conditions, and usual gait speed. Total white matter

volumewasmeasured throughMRI. Age, sex, race, and years of educa-

tion were determined by self-report. Blood pressure and height were

measured according to standard protocols. Body composition, specifi-

cally fat and lean mass (kg), were estimated using a dual-energy x-ray

absorptiometry scan (Prodigy Scanner, GE). Comorbid conditionswere

defined as a history of two or more of the following: cardiovascular

disease, lung disease, liver disease, kidney disease, peripheral neuropa-

thy, hypertension, diabetes, cancer, and lower extremity arthritis pain.

Usual gait speedwasmeasured over a 6-meter course in an uncarpeted

corridor. Participants stood with their feet behind a taped starting

line and were asked to walk at a “normal comfortable pace.” After a

command of “Go,” timing was initiated with the first foot-fall over the

starting line and stopped after the first foot-fall over the finish line. Two

timed trialswere conducted to derive usual gait speed inm/s; the faster

of the two trials was used for analyses.

2.5 Maximal exercise testing

A subset of participants underwent a maximal graded exercise test on

a motor-driven treadmill using a modified Balke protocol.40 All par-

ticipants walked at a constant speed for the duration of the test, 3.0

mph for women and 3.5 mph for men. The exercise test began with

a 2-minute warm-up at 0% grade that was increased by 3% every 2

minutes until the participant reached volitional exhaustion or indicated

they could no longer continue. During the exercise test, metabolic data

(e.g., VȮ2, VĊO2) were measured using a metabolic cart with indirect

calorimetry (Medical Graphics Corp.) and two-way non-rebreathing

mask. Inclusion criteria for a valid exercise test included a respira-

tory exchange ratio (RER) value of 1.0 or greater. Aerobic capacity was

defined as the highest oxygen consumption (VȮ2peak) value recorded

during the final stage of a graded exercise test.

2.6 Statistical analyses

Participant characteristics were summarized with means, standard

deviations, and frequencies. Prior to model fitting, WMH volume was

log10-transformed to normalize its distribution. All additional assump-

tions for linear regression were verified. Separate multivariable linear

regression models were used to test the associations between walk-

ing energetics and WMH volume. A series of unadjusted and adjusted

models that controlled for the effects of demographics, body compo-

sition, and comorbid conditions were performed. Model 1 adjusted

for total white matter volume, age, sex, race, education, systolic blood

pressure, height, lean body mass, fat body mass, and comorbid condi-

tions; Model 2 included additional adjustment for usual gait speed. To

improve the interpretability, we report standardized beta coefficients

in all models. To verify the robustness of the results, we performed a

series of sensitivity analysesby (1) removingparticipantswith impaired
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TABLE 1 Characteristics of BLSA study participants.

Baseline variables Entire sample

Sensitivity

analysis

N (%) or mean (SD) N= 601 N= 502

Age (years) 66.9 (15.3) 65.9 (15.3)

Women 326 (54%) 268 (53%)

Non-White 204 (34%) 173 (34%)

Education (years) 17.6 (2.7) 17.7 (2.6)

Fat mass (kg), % 26.3 (10.2) 26.1 (10.0)

Leanmass (kg), % 47.0 (10.2) 47.1 (10.3)

Height (cm) 168.0 (9.4) 168.2 (9.3)

Systolic blood pressure, mmHg 129.9 (17.0) 130.0 (17.2)

Comorbid conditions (≥2) 287 (48%) 228 (45%)

Usual gait speed (m/s) 1.2 (0.2) 1.2 (0.2)

Total whitematter volume, cm3 469.6 (54.2) 471.2 (53.8)

Whitematter hyperintensities, log10 3.0 (0.8) 3.0 (0.9)

Walking energetics

Slow-paced VȮ2, mL/kg/min 8.4 (1.5) 8.5 (1.5)

Peak-paced VȮ2, mL/kg/min 16.5 (4.3) ─

Cost-to-capacity, ratio 0.54 (0.16) ─

VȮ2peak, mL/kg/min ─ 23.9 (6.9)

Cost-to-capacitya ratio ─ 0.38 (0.12)

Note: Values indicate mean and standard deviation unless indicated other-

wise.

Abbreviations: BLSA, Baltimore Longitudinal Study of Aging; cm, centime-

ters; kg, kilograms;m,meters;m/s,meters per second;mL,milliliters;mmHg,

millimeters of mercury; VȮ2, oxygen consumption.
aRatio calculatedwith VȮ2peak.

mobility, defined as a usual gait speed ≤0.8 m/s, and (2) recalculat-

ing the cost-to-capacity ratio as: energetic cost of slow-paced walking

(VȮ2 mL/kg/min)/aerobic capacity (VȮ2peak mL/kg/min) in a subset of

participants that underwent a maximal graded exercise treadmill test

and achieved an RER of ≥ 1.0. These were conducted to confirm (1)

results were not impacted by adults with mobility impairment, and (2)

the robustness of the cost-to-capacity findings by using the gold stan-

dardmeasureof aerobic capacity. Analyseswere conductedusing Stata

IC (15.1, Stata Corporation).

3 RESULTS

A total of 601 cognitively unimpaired participants (mean age

66.9 ± 15.3 years, 54% women) completed walking energy expendi-

ture and neuroimaging assessments. The average oxygen consumption

(VȮ2) for the slow- and peak-paced walking was 8.4 ± 1.5 and

16.5 ± 4.3 mL/kg/min, respectively. Additional participant charac-

teristics are detailed in Table 1. In the unadjusted models, lower

slow-paced VȮ2, higher peak-paced VȮ2, and lower cost-to-capacity

were each significantly associated with less WMHs (all P < 0.0001;

Table 2). All associations remained significant after adjusting for

total white matter volume, age, sex, race, education, systolic blood

pressure, height, body composition, and comorbid conditions (Model

1; Table 2). After additional adjustment for usual gait speed (Model

2), lower slow-paced VȮ2 (B = 0.07; P = 0.030), higher peak-paced

VȮ2 (B= –0.10; P= 0.007), and lower cost-to-capacity ratio (B= 0.12;

P < 0.0001), each remained significantly associated with lower WMH

volume (Figure 1).

In sensitivity analyses, all observed unadjusted and adjusted associ-

ations amongwalking energetics andWMHvolume persisted after the

removal of 32 participants with impairedmobility (Table S1 in support-

ing information). Further, in a subset of participants that underwent a

maximal graded exercise test (Table 1; N = 502), sensitivity analyses

revealed using aerobic capacity (VȮ2peak mL/kg/min) in the cost-to-

capacity ratio did not modify the findings with WMH volume in the

unadjusted model (B = 0.49; P < 0.0001), adjusted Model 1 (B = .12;

P= 0.003), orModel 2 (B= .11; P= 0.008).

4 DISCUSSION

We examined the cross-sectional associations among three separate

measures of walking energetics with WMHs in a sample of cognitively

unimpaired community-dwelling adults free of neurological disease.

Our findings demonstrate that lower energy costs for slow-paced

walking and higher peak-paced walking energetic capacity are each

separately associated with lower WMH volume. These findings per-

sisted after controlling for demographics, comorbid conditions, and

usual gait speed. Notably, the cost-to-capacity ratio, which describes

the percentage of capacity required for ambulation, was the ener-

getic measure most strongly associated with WMH volume in all

statistical models. Collectively, these data add to a growing body of

research investigating mobility with age- and brain disease–related

neuropathology and suggest the energetic cost forwalking in older age

may be a physiological indicator of compromised brain health.

The energetic costs of mobility have been studied for more than a

century (see review inPoole and Jones41).Muchof the research todate

has revolved around an individual’s capacity for exercise (i.e., aerobic

capacity), which is objectively measured as the highest rate of oxygen

consumption during a maximal exercise test (VȮ2peak). With respect

to ambulation, adults have a strong tendency to walk in ways that

reduce metabolic energy costs. The established U-shaped relationship

between VȮ2 and walking speed demonstrates that the self-selected

speed for customary-paced walking tends to minimize the energetic

cost per distance traveled.42,43 Work from BLSA investigators and

others have detailed energetic changes throughout the adult lifes-

pan. Aerobic capacity declines with aging, and the rate of this decline

accelerates at older ages.44,45 The energetic cost of walking remains

relatively constant throughout young-middle age and begins to rise

once adults reach older adulthood (> 65 years old).25,46 The decline

in aerobic capacity, accompanied with an increased cost of walking,

results in a diminished functional reserve (i.e., cost-to-capacity ratio),

with the energy required for ambulation accounting for a larger pro-

portion of capacity.26,47 This cost-to-capacity ratio has been proposed
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TABLE 2 Linear regression estimates of the association betweenwalking energetics andWMHs (N= 601).

Unadjusted Model 1 Model 2

B B (SE) P-value B B (SE) P-value B B (SE) P-value

Slow-paced VȮ2 →WMHs 0.18 0.10 (0.02) <0.0001 0.07 0.04 (0.02) 0.022 0.07 0.04 (0.02) 0.030

Peak-paced VȮ2 →WMHs –0.38 –0.07 (0.01) <0.0001 –0.12 –0.02 (0.01) 0.001 -0.10 -0.02 (0.01) 0.007

Cost-to-capacity→WMHs 0.43 2.3 (0.20) <0.0001 0.13 0.73 (0.18) <0.0001 0.12 0.67 (0.18) <0.0001

Note: Model 1: adjusted for total whitematter volume, age, sex, race, education, systolic blood pressure, height, lean bodymass, fat bodymass, and comorbid

conditions;Model 2:Model 1+Gait speed.

Abbreviations: B, standardized beta coefficient; B, unstandardized beta coefficient; SE, standard error;WMHs, whitematter hyperintensities.

as a phenotypic marker of aging, due to its strong association with

chronological age and physical functioning.33 Although the energetic

costs of mobility have been long studied, investigations into whether

walking energetics associate with neuroimaging measures of age- and

disease-related pathology are just beginning to emerge.

In the present study we found that adults with lower slow-paced

walking VȮ2 (i.e., more efficient energy use) had lessWMHs. This find-

ing complements our recent research that found a lower energetic

cost of walking was associated with less Aβ deposition, a defin-

ing pathophysiologic feature of AD, and an attenuated rate of brain

atrophy within regions that are vulnerable to age- and AD-related

neurodegeneration.27,28 This study also observed that peak-paced

walking VȮ2, an estimate of aerobic capacity, was negatively associ-

ated with WMHs. This is in agreement with previous studies showing

older adults with higher aerobic capacity tend to have lower WMH

burden48,49 (but see also Burzynska et al.50).

An important finding of the present study was that the cost-to-

capacity ratio, which combines both slow-paced and peak-paced VȮ2,

was most strongly associated with WMH volume. This expands upon

previous research and suggests examining ambulation costs as a func-

tion of capacity results in a stronger predictor than either measure

individually. Recent research from the BLSA found that participants

withahigher cost-to-capacity ratiodisplayedgreaterbrain atrophyand

lower cognitive performance across several domains including execu-

tive function,memory, attention, language, andvisuospatial ability.29,30

Meta-analytic data suggest WMHs are most consistently associated

with declines in global cognition and executive function.4,5 Future

studies will examine whether the cost-to-capacity ratio modifies the

association betweenWMHs and cognition.

Because WMHs appear in mid-to-late adulthood, and this accumu-

lation of whitematter brain damage is associatedwith future cognitive

impairment,4–6 our findings raise the question of whether preserving

energy utilization may attenuate WMHs and protect against future

cognitive decline. One potential pathway through which favorable

energetics may attenuate the accumulation ofWMHs is through cere-

bral vascular function. Indeed, WMHs are presumed to be, in part, the

result of chronic hypoperfusion (i.e., reduced cerebral blood flow)5–7

and adultswith higher aerobic capacity appear to have greater cerebral

blood flow in brain regions vulnerable to hypoperfusion.51 There-

fore, preserving and/or improving energy utilization through exercise

training may positively impact cerebral vascular function.52,53 Alter-

natively, WMHs may lead to walking energetic changes. Pathological

findings in regions of WMHs include loss of myelin and axons,5 which

may disrupt corticospinal pathways necessary for neuromuscular sig-

naling/recruitment, resulting in higher energy costs for ambulation.

Another possible explanation is that the observed associations among

walking energetics andWMHsmay be a consequence of an associated

biological process, such as mitochondrial function. It is hypothesized

that neuronal mitochondrial deficits contribute to the accumulation of

AD-related pathology,54 and mitochondrial deficits in skeletal muscle

have been shown to be associated with decreased aerobic capacity in

older adults.55 Future longitudinal studies that assess changes in walk-

ing energetics andWMHs are needed to better elucidate causality and

directionality of the observed associations. Additional research into

thebiologicalmechanisms connectingwalking energeticswith age- and

disease-related neuropathology is also warranted.

Although the cross-sectional design of the present study precludes

temporal inferences, several attempts to verify the robustness of

the findings were made. All observed associations persisted after

accounting for key covariates, including systolic blood pressure, which

is known to have a strong influence on WMH progression.56 We

also demonstrated associations with each of the three walking ener-

getic measures were independent of usual gait speed, suggesting the

physiological underpinnings of walking explains unique variance not

captured through gross motor movements. Additionally, sensitivity

analyses confirmed the findings were not driven by participants with

mobility impairment. To further scrutinize our cost-to-capacity find-

ings, we replaced the peak-paced walking VȮ2 measure (estimate of

aerobic capacity), with the gold-standard measure of aerobic capac-

ity (VȮ2peak) in a subset of our sample that underwent maximal

graded exercise testing. The results remained essentially unchanged;

a reduced functional reserve measured through the modified cost-to-

capacity ratiowas theenergeticmeasuremost strongly associatedwith

higherWMHvolume.

While this study has notable strengths, the BLSA is a well-

characterized sample of highly educated healthy mid- to late-aged

adults, making it uncertain whether our results generalize to more

socioeconomic diverse populations. To be included in the present

study adults had to be healthy enough to undergo a 400 meter peak-

paced walk test, which may have underestimated the magnitudes of

effects. Although this study focused on WMHs, there are many neu-

roimaging markers of cerebral small vessel disease that were not

evaluated such as cerebral microbleeds, lacunar infarcts, and perivas-

cular spaces.57 Research investigating additional markers/measures of
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F IGURE 1 Associations amongwalking energetics andWMH
volume (N= 601). Data are partial regression plots accounting for
covariates inModel 2. Regression slopes are indicatedwith the solid
line. a.u., arbirtary units;WMH, white matter hyperintensity

cerebral small vessel disease (e.g., Fazekas scale) is needed to deter-

mine the specificity of the association between walking energetics and

cerebral vascular health. These limitations should be considered in the

context of the study novelties, which include investigation of several

objectively measured walking energetic measures and examination of

WMHs.

In summary, the present study provides evidence that in cognitively

unimpaired mid- to late-aged community-dwelling adults, favorable

walking energetics are associated with lower WMH volume. Notably,

the cost-to-capacity ratio was the walking energetic measure most

strongly associated with WMH volume, demonstrating the utility of

examining ambulation costs as a function of capacity. Efforts to main-

tain aerobic capacity andwalking efficiencymaypreservewhitematter

structure throughout mid-to-late life.
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