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Abstract

It has been well established over the last two decades that walking is not merely an automatic, 

motoric activity; it also utilizes executive function circuits, which play an increasingly important 

role in walking for older people and those with mobility and cognitive deficits. Dual-task walking, 

such as walking while performing a cognitive task, is a necessary skill for everyday functioning, 

and has been shown to activate prefrontal lobe areas in healthy older people. Another well-

established point in healthy aging is the loss of grey matter, and in particular loss of frontal lobe 

grey matter volume. However, the relationship between increased frontal lobe activity during dual-

task walking and loss of frontal grey matter in healthy aging remains unknown.

In the current study, we combined oxygenated hemoglobin (HbO2) data from functional near-

infrared spectroscopy (fNIRS), taken during dual-task walking, with structural MRI volumetrics in 

a cohort of healthy older subjects to identify this relationship. We studied fifty-five relatively 

healthy, older participants (≥ 65 years) during two separate sessions: fNIRS to measure HbO2 

changes between single-task (i.e., normal walking) and dual-task walking-while-talking, and high-

resolution, structural MRI to measure frontal lobe grey matter volumes. Linear mixed effects 

modeling was utilized to determine the moderation effect of grey matter volume on the change in 
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prefrontal oxygenated hemoglobin between the two walking tasks, while controlling for covariates 

including task performance. We found a highly significant interaction effect between frontal grey 

matter volume and task on HbO2 levels (p < 0.0001). Specifically, increased HbO2 levels during 

dual-task compared to single-task walking were associated with reduced frontal grey matter 

volume. Regional analysis identified bilateral superior and rostral middle gyri as the primary areas 

driving these results. The findings provide support for the concept of neural inefficiency: in the 

absence of behavioral gains, grey matter loss in relatively healthy, older individuals leads to over-

activation of frontal lobe during a cognitively demanding walking task with established clinical 

and predictive utility.
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1. Introduction

The ability to move about one’s environment without conscious effort is something many 

take for granted. However, when mobility becomes impaired, daily living can become much 

more difficult, impacting not only quality of life but overall health as well. Until recently, it 

was believed that locomotion required minimal involvement of higher-order cognitive 

processes. Over the last two decades, however, research has demonstrated that gait is not 
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simply a motoric activity but critically dependent on cognition, and executive functions in 

particular, and involving multiple brain resources (Allali et al., 2017; Martin et al., 2013; 

Mirelman et al., 2014b; M. Montero-Odasso et al., 2012). Studies in healthy, older people 

have consistently shown strong associations of executive function with gait performance – 

typically evaluated via mean gait velocity (Holtzer et al., 2006; Holtzer et al., 2014c; Martin 

et al., 2013; Springer et al., 2006). Furthermore, as the complexity of the motor task 

increases or is combined with an unrelated cognitive task, executive functions are taxed 

more heavily in order to ensure successful completion of the task (Holtzer et al., 2012, 

2014c).

Dual-tasking is a common method for assessing executive function, especially attention; 

attention is known to decline with age, and has been shown to be a critical component of gait 

function (Coppin et al., 2006; M. Montero-Odasso et al., 2012; Walshe et al., 2015; Yogev-

Seligmann et al., 2008). In the context of gait, dual-tasking is the performance of another, 

typically cognitive, task while walking. Dual-task paradigms have demonstrated the non-

automaticity of gait function, have been shown to tax executive function reserves, and can 

lead to decline in both the cognitive and walking task performance (Holtzer et al., 2012; Li 

et al., 2014; Lucas et al., 2018; Mirelman et al., 2017; M. Montero-Odasso et al., 2012; 

Springer et al., 2006; Yogev-Seligmann et al., 2008). Dual-task performance has been shown 

by a number of groups to be affected in older people (Holtzer et al., 2014b; Holtzer et al., 

2014c; Springer et al., 2006), and to be a reliable predictor of falls, frailty and the transition 

to dementia (M. Montero-Odasso et al., 2012; M. M. Montero-Odasso et al., 2017; Verghese 

et al., 2012).

The frontal lobe, and in particular the prefrontal cortex (PFC), is an important brain region 

involved in executive function (Alvarez and Emory, 2006). The volume of the frontal lobes 

have been shown to decline with age; this is aligned with the “last-in, first-out” theory which 

posits that later developing brain areas are the first to deteriorate (Nyberg et al., 2010; Raz et 

al., 1997; Raz et al., 2005; Tisserand et al., 2002; Tisserand et al., 2004), even in the context 

of healthy aging. With respect to gait function, recent studies have shown associations 

between grey matter volumes and gait, both in the frontal lobe (Allali et al., 2018; Blumen et 

al., 2018; Callisaya et al., 2013; Callisaya et al., 2014a; Holtzer et al., 2014a; Rosenberg-

Katz et al., 2016) and more globally (e.g. hippocampus (Allali et al., 2018; Beauchet et al., 

2016)).

Imaging methods amenable to walking paradigms, such as functional Near-Infrared 

Spectroscopy (fNIRS) and electroencephalography (EEG), have been used to demonstrate 

the importance of cognitive function during dual-task walking (Beurskens et al., 2016; 

Chaparro et al., 2017; Chen et al., 2017; Hamacher et al., 2015; Holtzer et al., 2011; Maidan 

et al., 2016a; Metzger et al., 2017; Mirelman et al., 2014a; Mirelman et al., 2017; 

Pizzamiglio et al., 2017), and the effect of healthy aging on gait-related brain function 

(Holtzer et al., 2011; Mirelman et al., 2017). These studies have established the critical role 

of the frontal lobe in gait; for example, frontal activation increases when performing more 

challenging tasks – e.g. dual-task – compared to simple walking, significant increases in 

activation are seen in older people and individuals with gait disorders (Hamacher et al., 

2016; Hamacher et al., 2015; Holtzer et al., 2011; Holtzer et al., 2016; Maidan et al., 2015; 
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Maidan et al., 2016b) and gait disorders are associated with reduced frontal lobe volume 

(Beauchet et al., 2016; Rosenberg-Katz et al., 2013).

Unfortunately, the necessary constraints of the MRI environment used to assess brain 

structure have limited our ability to bridge the gap between structure and function needed to 

establish the relationship between gait-associated changes in brain activation and the 

structural changes in frontal lobe grey matter. A number of studies have used imagined 

walking functional MRI (Allali et al., 2018; Blumen et al., 2014; Hamacher et al., 2015; 

Holtzer et al., 2014a), but the extent to which the conclusions from these studies translate to 

structure-function relationships of real walking remains unknown; see, for example, (la 

Fougere et al., 2010). One recent paper was the first to explore the structure-function 

relationship between fNIRS-derived changes under dual-task walking with diffusion tensor 

imaging-derived white matter changes (Lucas et al., 2018). However, only association with 

whole brain white matter integrity were reported, without any specific focus on the PFC. To 

our knowledge, there has been only one study describing the relationship between changes 

in grey matter volume and fNIRS-derived brain activation (Iwashiro et al., 2016), and no 

studies which have explored these relationships vis-a-vis walking in particular. Without this 

information, we can only surmise a mechanistic explanation for any changes in brain 

activation seen with fNIRS. Thus, our primary objective was to combine data from high 

resolution structural MRI with dual-task walking fNIRS data in the same subjects to 

determine the relationship between frontal grey matter structure and fNIRS-derived brain 

activation changes during a dual-task paradigm: walking while talking. Based on a model of 

prefrontal neural inefficiency, (Daselaar et al., 2015; Rypma et al., 2002; Zarahn et al., 

2007), we hypothesized that in healthy older subjects, prefrontal activation during Dual-

Task-Walk (DTW) compared to Single-Task-Walk (STW) conditions, in the context of 

equivalent or worse gait velocity, is moderated by prefrontal grey matter volume (GMV) – 

higher fNIRS activation would be associated with smaller prefrontal GMV.

2. Methods

Data Sharing

All data used in this work will be made available upon request from the investigators. This 

data sharing arrangement is consistent with the requirements of the National Institutes of 

Health and with the policies of our institutional review board.

2.1 Study Population

Participants were all right-handed, community-dwelling older adults (> 65 years old), who 

were enrolled in a larger cohort study at our center; the study aims to identify cognitive and 

brain imaging predictors of mobility. Exclusion criteria included: inability to speak or 

understand English; visual or auditory loss; inability to walk independently; recent 

hospitalization for a condition affecting mobility; residence in a nursing home; diagnosis of 

a serious or acute illness, psychiatric condition, or neurodegenerative disease; and presence 

of a neurological gait disorder. MRI exclusion criteria included standard contraindications 

(e.g., claustrophobia, surgically implanted metal devices). All participants underwent a 

thorough review of past and present medical history, neurological examination, a 
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comprehensive neurocognitive battery and assessment of functional status. Detailed study 

procedures have been described previously (Holtzer et al., 2014c). Established consensus 

case conference procedures, using all of these data, were implemented to determine 

cognitive status (Holtzer et al., 2008b). Specifically, of particular relevance to this study, 

vascular dementia was ruled out based on medical history, neurological examination and the 

neuropsychological (NP) testing battery that included measures of executive function and 

processing speed known to be sensitive to vascular dementia (Barbay et al., 2017). The 

HIPPA-compliant study was approved by the university’s Institutional Review Board, and 

written informed consent was obtained from all participants in person.

2.2 Measures

2.2.1 Walking Protocol—As described previously (Holtzer et al., 2015; Holtzer et al., 

2017a), participants completed two walking tests in a quiet, well-lit room: Single-Task 

walking and Dual-Task walking. During each task, participants walked three consecutive, 

counterclockwise loops around an electronic walkway at their normal pace; the walkway 

consisted of a 4 × 20 foot electronic walkway, with demarcated start and end points (see 

Quantitative Gait Assessment section below). Tests were counterbalanced across 

participants. For DTW, participants recited alternate letters of the alphabet aloud while 

walking and were instructed to pay equal attention to walking and the verbal task. fNIRS 

sensors were attached to the forehead throughout the task and connected via a pivot-able 

gantry to avoid interference with walking. Participants wore comfortable footwear and did 

not use any assistive walking devices.

2.2.2 Quantitative Gait Assessment—ProKinetics Movement Analysis Software 

(PKMAS) was used to calculate gait velocity from footfalls measured on a 4 × 20 foot Zeno 

electronic walkway (Zenometrics, LLC: Peekskill, NY). Average gait velocity was 

calculated separately for each task condition as distance traveled divided by time elapsed, 

for each three loop trial. Split-half intra-class correlations (ICC) for stride velocity in STW 

and DTW were greater than 0.95 indicating excellent internal consistency (Holtzer et al., 

2015).

Additional assessments of gait performance were performed independent of the fNIRS 

acquisitions, using a straight-track electronic walkway (GAITRite, CIR systems, Havertown, 

PA). Gait velocity, stride length, cadence and stride length variance (an established measure 

of gait variability) were collected and group means were compared to population norms 

(Oh-Park et al., 2010) to independently confirm the walking performance of the current 

study sample.

2.2.3 Magnetic Resonance Imaging—Magnetic resonance imaging was performed 

on a 3T Philips scanner (Achieva TX, Philips Medical Systems, Best, The Netherlands) with 

a 32-channel head coil. A single high-resolution, T1-weighted image (MPRAGE - TE/TR/

TI=4.6/9.8/900 ms, voxel size 1 mm isotropic, SENSE acceleration factor 2.6) was used for 

all analyses in the paper. Additional scans were collected in all participants, including 

diffusion tensor imaging and either T2-FLAIR or T2-weighted images. FLAIR images were 

used for the quantification of white matter disease, evidenced by white matter 
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hyperintensities (WMH). However, because these were only available in about half of our 

participants, we used the FLAIR WMH’s in this subset to validate the use of T1-

hypointensities (available for all participants) as a surrogate measure; see below for WMH 

quantification details. DTI datasets were not considered in the current work.

2.2.4 Functional Near-Infrared Spectroscopy (fNIRS)—Acquisition procedures 

have been described previously (Holtzer et al., 2015; Holtzer et al., 2016). The fNIRS 

Imager 1100 was used (fNIRS Devices, LLC, Potomac, MD) to measure changes in PFC 

HbO2 levels during both walking tasks. HbO2, as opposed to deoxygenated hemoglobin, 

offers better signal-to-noise ratio, and thus better reliability and sensitivity to motor-related 

changes in cerebral blood flow (Leff et al., 2011). The fNIRS device utilizes four light 

emitting diodes at peak wavelengths of 730 and 850 nm, and 10 photoreceptors (light source 

and detectors are 2.5cm apart); this configuration results in 16 individual channels of data 

(Wang et al., 2017). The device was fixed to participants’ forehead with two elasticized 

bands, with placement based on landmarks from the international 10-20 system.

2.2.5 Demographic and Behavioral Measures—The following were included as 

potential confounding factors in the statistical models: age, sex, cognitive performance and 

global health status (GHS). Overall cognitive performance was measured with the 

Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) (Thaler et 

al., 2014) and GHS was the sum of dichotomous ratings (presence/absence) of ten health-

related comorbid conditions: diabetes; chronic heart failure; arthritis; hypertension; 

depression; stroke; Parkinson’s disease; chronic obstructive pulmonary disease; angina; and 

myocardial infarction (Holtzer et al., 2008b).

2.3 Data Processing and Analysis

2.3.1 Image preprocessing—Volumetric segmentation was performed with the 

Freesurfer image analysis suite, which is documented and freely available for download 

online (http://surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are 

described in prior publications (Dale et al., 1999; Fischl et al., 2002; Fischl et al., 2004; 

Salat et al., 2004). Briefly, this processing includes removal of non-brain tissue using a 

hybrid watershed/surface deformation procedure (Segonne et al., 2004), automated Talairach 

transformation, segmentation of the subcortical white matter and deep grey matter 

volumetric structures (including hippocampus, amygdala, caudate, putamen, ventricles) 

(Fischl et al., 2002) intensity normalization (Sled et al., 1998), tessellation of the grey-white 

boundary, automated topology correction (Fischl et al., 2001), and surface deformation 

following intensity gradients to optimally identify tissue class transitions (Dale et al., 1999; 

Fischl and Dale, 2000). Once the cortical models are complete, further processing includes 

parcellation of the cerebral cortex into sub-units with respect to gyral and sulcal structure 

(Desikan et al., 2006; Fischl et al., 2004). The maps are created using spatial intensity 

gradients across tissue classes and are therefore not simply reliant on absolute signal 

intensity. Freesurfer morphometric procedures have been demonstrated to show good test-

retest reliability across scanner manufacturers and across field strengths (Reuter et al., 

2012).
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The automatic volume segmentation (“ASEG”) for each participant was manually checked 

in FSLview (Smith et al., 2004) by overlaying the participant’s cortical segmentation on 

their original T1 images to verify the quality of the segmentation. Only frontal cortical 

regions were checked and entered into our statistical models; our primary hypotheses were 

limited to associations between PFC activation and PFC GM volumetrics/atrophy. The 

frontal parcellations contain 12 frontal regions (six regions per side – caudal middle, lateral 

orbital, medial orbital, rostral middle, superior and frontal pole, see Figure 1). Cortical 

volumes were extracted with the Freesurfer “mri_segstats” command with the “--pv pvvol” 

flag in order to include partial volume effects. All participant results were collated with the 

“asegstats2table” command and entered into R for statistical analyses. Total, total right and 

total left frontal cortical volumes were calculated as the sum of these volumes. Prior to any 

statistical calculations, each volume was normalized to total intracranial volume and then 

standardized (i.e., zero mean and unit standard deviation) to allow for quantitative 

comparison of effect sizes across all cortical regions/measures. Thus, for example, the 

Volume-by-Task interaction terms quoted below are the change from DTW to STW in HbO2 

per standardized cortical volume (μM/sV).

2.3.2 White matter abnormality quantification—The gold standard for 

quantification of white matter hyperintensities, which are expected to be present in a 

significant percentage of the age range of our cohort (de Leeuw et al., 2001), is T2-weighted 

fluid attenuated inversion recovery (T2-FLAIR). However, T2-FLAIR were not available for 

a substantial fraction of our participants (25/55). To overcome this shortcoming, we 

evaluated the Freesurfer estimated WM hypointensities (from T1-weighted images), which 

were available for all participants, as a potential surrogate marker of white matter disease. 

Initial, qualitative review of the Freesurfer based results indicated a significant 

overestimation of the load due to misidentification of partial volume effects at the white 

matter/CSF interface (i.e., periventricular signal). We thus attempted to correct this 

misidentification by dilating the ventricular CSF volume from Freesurfer (lateral, inferior 

lateral and third ventricle segmentations) with a 1.25 pixel 3D kernel (empirically 

determined), and masking the WM-hypointensity segmentation with this dilated volume. 

Both corrected and uncorrected WM-hypointensity loads (i.e. total volume in cc) were 

compared to FLAIR-based WMH load in the 30 participants with T2-FLAIR images. 

Corrected WM-hypo-intensity load was added to the linear mixed model to assess the 

potential effect of WM disease on the main study results (see below, §2.3.5).

2.3.3 fNIRS hemodynamic signal extraction—fNIRS data were preprocessed by an 

individual (M.I.) who was not involved in data collection. All data were visually inspected 

and artifactual data due to movement, saturation and high dark current levels were removed 

(Sweeney et al., 2011); high frequency interference such as respiration was removed by low-

pass filtering at 0.14 Hz. The modified Beer-Lambert law was used to transform raw 730 and 

850 nm signals into HbO2 signals for each of the 16 channels. Prior to each walking task, a 

10 sec baseline HbO2 was taken with the participant standing still, counting silently and 

staring forward. HbO2 signals for each channel were then averaged across the entire task and 

used to quantify per-task and per-channel HbO2 changes from baseline. fNIRS and PKMAS 

gait data were synchronized with E-Prime 2.0 software (Psychology Software Tools, Inc.). 
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Internal consistency of HbO2 measurements, determined by split-half intra-class correlations 

within each task, was excellent for both STW (0.830) and DTW (0.849) (Holtzer et al., 

2015).

2.3.4 Data Visualization—In order to present visual representation of the regional 

moderation effects, the magnitude of the significant interaction terms from the linear mixed 

model were converted into a color scale and projected onto the fsaverage surface of the 

standard cortical surface provided with Freesurfer.

2.3.5 Statistical analysis—First, analyses of fNIRS data and MRI data were performed 

separately to 1) verify the expected change in HbO2 from STW to DTW, with and without 

correction for demographic and behavioral variables, and 2) to investigate potential 

relationships between GM volumes and demographic and behavioral variables. For HbO2 

measures, linear mixed models (LMM) were used, while frontal volume measures used 

multiple linear regression. Paired t-test was used to test for changes in gait velocity from 

STW to DTW.

A fully adjusted LMM was used to test the primary hypothesis; namely, the presence or 

absence of a moderating effect of GMV on the change in PFC HbO2 during DTW compared 

to STW. The full model thus considered demographic and behavioral covariates, DTW 

velocity, and GM volume as fixed effects, participant and channel as random effects, Task as 

a two-level repeated within-subject factor, and a GMV-by-Task interaction term (see 

equation 1, showing the R format for the analyses).

HbO2

Task + GMV
Age + Sex + GHS + RBANS + DTW Velocity +
Task * GMV +
(1 Sub ject) + (1 Channel)

... main e f f ect

... covriated

... interaction

... random e f f ect

(1)

All p-values were Bonferroni corrected for multiple comparisons; however, we considered 

total frontal calculations and regional frontal calculations as two levels of analysis, and thus 

adjusted p-values accordingly. Namely, total frontal p-values were uncorrected and regional 

p-values were corrected for multiple comparisons across the 12 regions considered (see 

§2.3.1). All statistical analyses were carried out in R (R3.4.2, https://www.R-project.org/). 

and the significant level was set at α = 0.05.

2.3.6 Sensitivity and exploratory analyses—There are a number of potential 

confounds not included in our primary models which could have an effect on our results. and 

thus were added one-by-one into the linear mixed model to explore potential associations 

with fNIRS-derived HbO2, and their potential effect on either the main Task effect or GMV-

by-Task interaction effects. These included: stride length and variance, cadence, four key 

neuropsychological tests which assess processing speed, attention and executive function 

(Control Word Oral Associated Test, COWAT – letter (FAS) and category (CAT: fruit, 

vegetable, animals) fluency (Spreen, 1977); trail making tests forms A&B. TMT (Reitan. 
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1955); and Digit Symbol Substitution Test. DSST (Wechsler. 1981)), dual-task cost (i.e.. the 

change in gait velocity from STW to DTW), total WM-hypointensity load, and number of 

days between MRI and fNIRS. As noted above (§2.2.2). the additional gait parameters were 

measured outside the context of the fNIRS paradigms on a straight electronic walkway.

While our main hypotheses relate particularly to the prefrontal cortex, and we wanted to 

avoid the possibility of Type I errors which could occur with testing the entire Freesurfer 

atlas, we cannot ignore the possibility that regions outside of the PFC can also have a 

modulating effect on gait-related prefrontal activation. Thus, as a secondary, exploratory 

analysis, we tested the potential moderating effect of the remainder of the Freesurfer atlas, 

using a conservative, Bonferroni correction to control the familywise Type I error at α = 

0.05. Similarly, it is possible that a number of our non-imaging measures have a moderating 

effect on gait-related prefrontal activation, and could even explain away any moderating 

effects of PFC GMV. Thus, we tested our neuropsychological testing measures, and gait 

performance measures as potential moderators of PFC activation through the same LMM 

models described above (e.g., with stride length substituted for GMV in Equation 1 above), 

with Bonferroni correction to control the familywise Type I error at α = 0.05. If a variable 

was found to have a significant moderation effect, it was then included in a double 

interaction LMM with this measure and total GMV; namely, a model testing for Task-by-

GMV + Task-by-”other” effects.

3. Results

3.1 Participants

From an initial group of 73 participants with fNIRS and MRI data, a total of 66 participants 

had valid fNIRS data, as determined by the criteria listed in the §2.3.3. However, to preclude 

issues related to changes in neuroimaging parameters over time, we excluded 8 of these 

participants for whom the time between their MRI and fNIRS exam was > 1 year. Initial 

descriptive statistics of the data revealed three outliers who were also excluded from 

analyses, as follows: one with high variance in HbO2 measurements (> 15 * mean variance 

for all participants, across all channels and both tasks), one with extremely high gait velocity 

for both tasks, and one with unusually high leverage in the regression analysis (Cook’s 

distance > 0.5). Thus, we had a final sample of 55 participants with usable fNIRS and MRI 

data for analysis. Mean age for the group was 74.8 ± 5.0 years, with n = 27/28 male/female. 

The low mean disease comorbidity score (GHS=1.4 ±1.1) confirmed the relatively healthy 

nature of the group. The mean RBANS total score (92.5 ±11.4) indicates average cognitive 

function. Sample characteristics are presented in Table 1.

The GAITrite walking results are shown in Table 2. Mean GAITrite velocity was higher than 

both STW and DTW velocities, as expected, because the GAITrite data were collected on a 

straight walkway as compared to the fNIRS oval walkway. All of the GAITrite parameters – 

velocity, stride length, stride length variance and cadence – were within the expected norms 

for a healthy older cohort (Oh-Park et al., 2010). Neuropsychological testing results are also 

given in Table 2; these fall well within robust norms for this age group (Holtzer et al., 

2008a). Taken together with the health and cognitive status results of Table 1, these confirm 
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that the study population under investigation consisted of relatively healthy older 

individuals.

3.2 White matter hyperintensity assessments

Almost all subjects were categorized as Fazekas scale 0 and 1; i.e., no white matter lesions 

or only small periventricular halo/small punctate lesions (Fazekas et al., 1987), while one 

subject was categorized as Fazekas scale 3 with large confluent areas of WM abnormalities 

and infiltration into the deep white matter (and T2-FLAIR load > 2* the next highest load). 

Both uncorrected and corrected WM-hypointensity volumes were highly correlated with T2-

FLAIR WMH volume, with a clear overestimation of volume for participants with low 

WMH load.

Although there remained a discrepancy in the agreement even after the correction, our goal 

was not strict WM hyperintensity load quantification, but rather to establish the T1 

hypointensity load as a surrogate measure of WM abnormality; the corrected data gave us 

confidence that WM-hypointensity was indeed a suitable measure for distinguishing relative 

WM disease (e.g. low vs. medium vs. high load, see Figure 2).

3.3 Main effects and covariates

Unadjusted LMM analysis showed a significant main Task effect, with PFC HbO2 

increasing from STW to DTW: t55 = 11.3, β = 0.63 μM, 95% CI: 0.52 - 0.74, p < 0.0001. 

Adjusting for all covariates and DTW gait velocity showed no significant effect of these 

variables, with only a small effect on the main Task effect: t55 = 10.1, β = 0.57 μM, 95% CI: 

0.46 - 0.68, p < 0.0001. Regression analysis to identify potential effects of covariates on 

total frontal cortex grey matter volumes did not reveal any significant associations (p = 

0.79). Similarly, regression analysis with regional grey matter volumes, corrected for 

multiple comparisons, were not significant.

3.4 Fully adjusted LMM results.

The fully adjusted LMM analysis – to address the primary hypothesis that frontal GMV has 

a moderating effect on the HbO2 increase from STW to DTW conditions – revealed a 

significant interaction effect of total frontal GMV-by-Task on PFC HbO2 (t54 = −4.37, β = 

−0.24 μM/sV, 95% CI: −0.35 to −0.13, p = 1.29e-5). To better appreciate the magnitude of 

this effect, we can use the standard deviation in frontal volume across subjects (see Table 1) 

to convert back to non-normalized units: β = −0.022 μM per cc GMV change. Total left and 

right frontal volume interaction effects were similarly highly significant (see Table 3). With 

respect to regional volume measurements, we found significant volume-by-Task interactions 

in bilateral rostral middle and superior frontal gyri, and left lateral and medial orbital frontal 

gyri. The main Task effect was highly significant in all the models, and none of the 

covariates were significant in the linear models. It should be noted that model results were 

unchanged when co-varying for STW velocity as opposed to DTW velocity. All results from 

the linear mixed models can be found in Table 3; a pictorial illustration of the regional 

interaction effects is shown in Figure 3.
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3.5 Sensitivity analyses

To investigate the sensitivity of our models to potential confounders, the following 

parameters were added, one-by-one, to the LMM: dual-task cost, independently assessed 

gait performance measures (velocity, stride length and variance, and cadence), 

neuropsychological testing measures (FAS, CAT, TMT-A&B, DSST), WM hypo-intensity 

load and days between MRI and fNIRS. None of these parameters were found to have any 

effect on the either the main Task effect or the total GMV-by-Task interaction effect (i.e., all 

confounder p-values > 0.05 – the smallest p-value was 0.13 for stride length, but did not 

change the main Task or interaction terms). As noted above, one subject had a significant 

degree of WM abnormality, > 2* the next highest value. Excluding this subject alone from 

the main LMM did have an effect on the main Task effect and main interaction effect; the 

task effect size increased from 3.48 to 3.86 μM (p < 0.0001 both with and without this 

subject), and the magnitude of the total GMV-by-Task interaction effect similarly increased 
from −0.24 to −0.27 μM/sV, (p < 0.0001 both with and without this subject). Thus, it would 

appear that, if anything, the presence of WM disease may have had an attenuating effect on 

the main study outcomes.

Two sets of exploratory analyses were performed: testing for Task-by-Volume interaction 

effects for regions outside of the PFC, and testing for interaction effects with non-imaging 

measures. A number of regions demonstrated significant interaction effects, including 

bilateral cerebral white matter, bilateral caudate, and fusiform gyrus and corpus callosum, 

among others; the full list of significant regions is shown in Supplementary Table 1. All of 

the significant interaction effects were negative, i.e., decreased volumes being associated 

with an increased change in HbO2 from STW to DTW. Of the non-imaging measures, none 

of the gait-related measures showed significant effects, while all of the neuropsychological 

testing measures demonstrated highly significant interaction effects (FAS, CAT: p < 0.001, 

TMT-A&B, DSST: p < 0.0001; Bonferroni-corrected). For each measure, the interaction 

term was consistent with worse performance being associated with an increased change in 

HbO2 from STW to DTW. Finally, for each of these significant items a dual interaction 

model was investigated for total grey matter volume, i.e., total GMV-by-Task + NP test-by-

Task. In all cases, both interactions remained significant.

4. Discussion

4.1 Results and interpretation.

In the current study, we aimed to bridge the structure-function gap in elucidating the 

neurophysiological underpinnings of gait, by combining data taken in a sample of relatively 

healthy older adults from both 1) high-resolution, structural MRI grey matter volumetrics 

and 2) functional Near-Infrared Spectroscopy-based measures of oxyhemoglobin changes 

from single-to dual-task walking. Extensive health status, neuropsychological and gait 

measures in the sample, and comparison to robust norms for this age group, clearly 

demonstrate that the group is a good representation of relatively healthy, community-

residing older adults. Hence, we can be reasonably confident that the effects demonstrated 

are likely not a result of any neuropathological processes. A linear mixed model approach 

allowed us to account for potential random variability in fNIRS signals across both subjects 
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and channels, while at the same time modeling for the expected fixed effects of task and 

GMV and controlling for the effects of covariates (e.g., participant age, disease 

comorbidities, gait velocity). The interaction term added to this model tested our main 

hypothesis that GMV moderates prefrontal brain activation, and in particular the increase in 

brain activation from dual- vs. single-task walking. Thus, we would predict a negative GMV-

by-Task interaction indicating the association of higher DTW-to-STW HbO2 changes with 

smaller GMV’s and vice versa.

For all models considered, there was a highly significant and positive main effect of Task, 

indicating that the frontal lobe is more engaged in the complex dual task as compared to 

single-task walking; this effect has been established in numerous prior works (Fraser et al., 

2016; Holtzer et al., 2014a; Holtzer et al., 2011; Mirelman et al., 2014a; Mirelman et al., 

2017). Consistent with our predictions, we found a highly significant negative HbO2 total 

frontal GMV-by-Task interaction effect. To further explore the spatial distribution of this 

GMV moderation, we used the Freesurfer parcellations of the frontal lobe in individual 

LMM’s, using a conservative approach of Bonferroni correction to avoid Type 1 errors. The 

main contribution of the moderation effects were shown to involve bilateral superior and 

rostral-middle frontal gyri and left orbitofrontal gyrus (bilateral caudal middle gyri were 

significant at p < 0.05 uncorrected). It should be noted that all participants were right-

handed, which may explain the inclusion of only left orbito-frontal involvement. We can 

interpret these results as indicative of an association between reduced GMV in the PFC and 

a greater increase in overall PFC activation from STW to DTW, and it is important to note 

that these results were upheld with appropriate adjustment for any differences in gait 

performance. It is also noteworthy that, on average, single task gait performance was 

comparable to established robust normative data indicating that these results are 

generalizable to ambulatory community residing older adults.

In exploratory analyses, LMM’s showed moderation effects of NP measures of processing 

speed, attention, and executive function, wherein poor neurocognitive performance was 

associated with increased brain activation during a complex walking task (walking-while-

talking). These findings are not surprising, and indeed consistent with the directionality of 

the GMV interaction effects: it is well established that dual-tasks activate both executive 

function and attention networks (Holtzer et al., 2012; Mirelman et al., 2012; M. Montero-

Odasso et al., 2012; Springer et al., 2006). Furthermore, our preliminary analyses using 

simultaneous modeling of GMV + NP moderation effects imply that GMV reductions and 

neurocognitive function loss independently moderate increased brain activation during dual-

task walking.

4.2 Prior studies

In comparison to our study, previous studies of gait in healthy older people have focused on 

the relationship between behavioral outcome and either structural or functional brain 

changes, but rarely their combination. With respect to structural studies, the relationship of 

reduced grey and white matter density with worse gait performance has been well 

established by numerous groups (Callisaya et al., 2013; Callisaya et al., 2014a; Holtzer et 

al., 2014a; Persson et al., 2006); these results have generally focused on gait speed as a 
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behavioral outcome, although relationships to gait variability and balance have also been 

shown. While most of these studies have used total grey matter volume as the structural 

outcome, a few investigations using voxel-based techniques have demonstrated the 

importance of the reduction in frontal lobe density in gait-related performance (Allali et al., 

2018; Blumen et al., 2018; Callisaya et al., 2014a). White matter abnormalities (e.g., white 

matter hyperintensities, often indicative of small vessel disease) can also be predictive of 

poor functional gait outcome (Bhadelia et al., 2009; Bruijn et al., 2014; Callisaya et al., 

2014a; Callisaya et al., 2014b; Siejka et al., 2018; Whitman et al., 2001).

With respect to functional studies, it is first important to point out that numerous studies 

have investigated structure-function relationships in healthy aging using MRI alone, 

typically assessing function through either task-based or resting-state functional MRI. A 

number of such studies have demonstrated a similar effect to that shown here; namely, 

increased functional activation in the presence of reduced structure (Di et al., 2014; Hakun et 

al., 2015; Sui et al., 2014). However, as mentioned above, the MRI environment has 

restricted these studies to nonmotor-related functions. With respect to gait-related studies, 

the majority of functional studies have utilized fNIRS because of its amenability to real-time 

gait testing. These have shown the importance of PFC activation in gait outcome, showing 

relationships of over-activation to reduced gait speed as well as changes in other gait-related 

outcomes (Chen et al., 2017; Hamacher et al., 2015; Holtzer et al., 2011; Holtzer et al., 

2015; Maidan et al., 2016a; Metzger et al., 2017; Mirelman et al., 2014a; Mirelman et al., 

2017). Of course, the focus in these studies on frontal lobe is in part a function of the 

limitations of fNIRS – activation within other brain areas are usually too distal to be 

visualized (Haeussinger et al., 2011) – rather than a limitation in the brain areas actually 

involved in the task. Other technologies, such as positron-emission tomography have been 

used to elucidate regions outside of frontal lobe involved in gait, such as parahippocampal 

and cerebellar regions (Hamacher et al., 2015; la Fougere et al., 2010). MRI studies have 

used imagined gait to show involvement of frontal, as well as cerebellar, supplementary 

motor and basal ganglia regions (Blumen et al., 2014; Hamacher et al., 2015). We believe 

our work, while limited to frontal brain activity, uniquely adds to this body of knowledge by 

combining data from structural and functional imaging in the same individual through linear 

mixed modeling to elucidate potential relationships between cortical atrophy/volume loss 

and hyper-activation.

4.3 Clinical relevance

The relationship between cortical over-activation and cortical volume loss is not merely 

academic; changes in cognitive function have been shown to be related to falls in older 

people, even in healthy aging with minimal comorbid disease (Allali et al., 2017; Ayers et 

al., 2014; Hausdorff and Yogev, 2006; Holtzer et al., 2007; Martin et al., 2013; Mirelman et 

al., 2012; M. Montero-Odasso et al., 2012; Muir-Hunter and Wittwer, 2016; Springer et al., 

2006; Verghese et al., 2009). The risk of falls becomes a significant in older people, with an 

incidence of over 30% in people over 65 years of age, and is the leading cause of death from 

injury in older adults (Sattin, 1992; Tinetti, 2003; Tinetti et al., 1994). There is already a 

large body of literature independently linking cortical over-activation and cortical volume 

loss to incidence of falls in older people (Beauchet et al., 2017; Callisaya et al., 2015; 
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Halliday et al., 2018; Srikanth et al., 2009; Verghese et al., 2017; Whitman et al., 2001). 

Thus, the results of the current study may have an important clinical relevance: Given the 

structure-function relationships identified, even in the absence of a clinically-relevant gait 

deficit, similar measures may be useful is predicting future gait decline and risk of falls in 

older people.

With respect to potential clinical implications, it is worthwhile to consider our results from 

the perspective of the neural inefficiency model. There are two contexts in which we can 

consider neural inefficiency in older people: one in which brain activity is increased in the 

context of poor gait performance; this has much evidence in the literature (Halliday et al., 

2018; Hamacher et al., 2015; Hawkins et al., 2018; Holtzer et al., 2014a; Mirelman et al., 

2017). In this context, inefficiency can be thought of as the over-use of brain resources with 

concurrent degradation in behavioral performance, and is most often demonstrated with the 

relationship between over-activation with under-performance (e.g., a negative correlation 

between activation and gait speed). On the other hand, brain over-activation can exist even in 

the context of similar behavioral performance. This context is more difficult to demonstrate 

because there is no behavioral deficit against which to measure the over-activation. One 

could, in fact, question the clinical relevance of cortical over-activation when there is no loss 

of functional outcome; however, the brain over-activation may foreshadow future clinical 

decline and thus can provide critical information for guiding therapeutic intervention to such 

decline. The data presented here - showing the moderation effect of reduced superior-medial 

frontal grey matter volume on increased PFC activation in the context of similar behavioral 

performance - lend support to this model and in particular to the notion of neural 

inefficiency and its relationship to grey matter loss, as well as the notion of “more firing, less 

wiring” in the aging brain (Daselaar et al., 2015). The independent findings of modulation 

effects of neurocognitive performance on prefrontal brain activation provide additional, 

converging, evidence for this model.

4.4 Exploratory analyses

As an exploratory aim, recognizing that the brain regions utilized during complex gait tasks 

is certainly not limited to the frontal cortex, we extended our LMM analyses to explore other 

brain regions which may be related to the (non-spatially localized) frontal brain activations 

seen with fNIRS. The regions identified in these analyses (Supplementary Table 1) are not 

surprising as potentially related to gait function: for example, cerebral white matter is a 

surrogate measure of brain atrophy, caudate has been shown to be related to gait 

performance (Macfarlane et al., 2015), and fusiform and pre-cuneus gyri have been shown to 

be related to gait and visuo-spatial orientation (Malouin et al., 2003; Sartor et al., 2017).

Furthermore, the LMM approach was applied to our non-imaging measures and identified 

the neuropsychological measures as independent moderators of gait-related brain activation. 

The directionality of these relationships provided additional support for the neural 

inefficiency model: poor neurocognitive performance was associated with increased, rather 

than decreased, pre-frontal brain activation during dual-task walking.
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4.5 Study limitations and future direction

While the data presented demonstrate promising results in identifying gait-related structure-

function relationships in the brain, there are a few limitations to the current study which 

should be noted. One limitation of the fNIRS technology, as implemented in this work, is the 

brain regions from which signal emanates, and has two important implications which should 

be noted. First, signal detected in any given channel can be a product of changes in blood 

flow from multiple cortical regions, e.g., the individual cortical regions identified by 

Freesurfer from the high resolution MRI data. At the same time, fNIRS has limited depth 

penetration, so that the signals are necessarily only a product of the nearby cortical regions, 

and thus mostly limited to frontal cortex. Because of these considerations, our primary 

analyses were limited to frontal cortex, and we intentionally decided to treat channel as a 

random variable in the linear mixed models rather than investigating spatially localized 

fNIRS effects. Thus, it is important to realize that all of the interaction effects seen, such as 

the localized interaction effects in specific regions of the frontal cortex are only localized 

with respect to changes in GMV as measured through the high resolution (and spatially 

resolved) MRI. fNIRS measures, on the other hand, are effectively integrated over the entire 

signal region. While there may be interesting localized fNIRS effects, we did not feel that 

this small cohort was appropriately to explore these effects; this will hopefully be the subject 

of future, larger prospective studies.

Structural analyses were restricted to frontal cortex, thus we cannot rule out the possibility 

that other brain regions are affected and related to gait activation (e.g., a number of studies 

have shown changes in parietal cortex). However, because our fNIRS device was limited to 

frontal cortical activation, we felt justified in limiting the primary structural analyses to 

frontal regions. Future studies will explore similar associations throughout other cortical and 

subcortical regions. The current fNIRS system offers significant advantages in terms of 

portability and capability to assess cortical activation during locomotion, but methodological 

consideration including depth of penetration, spatial resolution and possible effects of 

superficial layers should be acknowledged (Vitorio et al., 2017). By focusing on differences 

in HbO2 levels between single- and dual-task walking, the effect of these factors on the 

reported results were minimized. A number of studies have identified associations between 

grey matter volume and gait speed, which we did not find in our sample (Allali et al., 2018; 

Blumen et al., 2018; Callisaya et al., 2013; Callisaya et al., 2014a). However, our sample 

size was small (compared to ~ few 100 in these other studies) so we likely did not have the 

power to identify such relationships. Finally, we note that only the walking while talking 

was compared to single-task walking, which overlooks the possibility of increased HbO2 

from the cognitive task alone. Previous research, however, has demonstrated increased PFC 

activation during DTW relative to both walking and cognitive single tasks (Holtzer et al., 

2017a; Holtzer et al., 2017b). Given the focus on the brain substrate of gait in the current 

study and the small sample size, we restricted this investigation to walking conditions to the 

exclusion of a cognitive single-task condition (i.e. talking without walking).

The moderating effect of PFC grey matter volume on brain activation patterns of walking 

was established in a sample of non-demented and relatively healthy community residing 

older adults. However, because our study was limited to older adults, we cannot rule out the 
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possibility that such moderating effects are not unique to older adults and either generalize 

or differ in younger subjects. Such possible age effects can be addressed in future studies. 

Furthermore, the generalizability of our findings to pathological samples including but not 

limited to older adults with neurodegenerative conditions should also be evaluated in future 

research.

4.6 Conclusions

In summary, the current study used the combination of structural cortical volume with brain 

activation measures to identify structure-function relationships involved in the 

neurophysiology of gait in older people. We found areas demonstrating a significant 

relationship between reduced cortical volume and overall prefrontal brain over-activation, 

with reduced volumes most notably in bilateral superior and rostral-middle frontal cortex. 

The results provide support for the notion of neural inefficiency in brain activation of older 

people and may have relevance toward identifying useful clinical biomarkers for predicting 

future decline in mobility and risk of falls.

Supplementary Material
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Figure 1: 
Regions of the prefrontal cortex considered in the linear mixed models, projected onto the 

“fsaverage” cortical surface from the Freesurfer package.
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Figure 2: 
Relationship between WM hyperintensity load (i.e. total volume) as seen on T2-FLAIR and 

WM hypointensity as seen on T1-MPRAGE, with and without correction for periventricular 

signal
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Figure 3: 
Moderation effect of grey matter volume on the change in prefrontal grey matter HbO2 from 

a simple to a complex walking task (single task walking → walking while talking). Color 

indicates strength of the GM volume-by-Task interaction term in the linear mixed model; 

only regions significant at p < 0.05, after Bonferroni correction, are shown.
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Table 1:

Descriptive statistics for all subjects in the study (n = 55). GHS: Global Health Scale, RBANS: Repeatable 

Battery for the Assessment of Neuropsychological Status, STW: Single-Task Walking, DTW: Dual-Task 

Walking.

Parameter mean SD range

Age (yrs) 74.8 5.0 (65 – 88)

Sex (M/F) 27/28

GHS (# comorbidities) 1.36 1.04 (0 – 4)

RBANS 92.5 11.4 (65 – 116)

STW Velocity (cm/s) 70.3 15.1 (41.7 – 105.5)

DTW Velocity (cm/s) 60.8*** 12.5 (36.6 – 85.8)

STW HbO2 (μM) 0.40 1.04 (−7.74 – +5.55)

DTW HbO2 (μM) 1.03*** 1.58 (−9.86 – +9.46)

Frontal Volume (cc) 90.23 7.79 (60.94 – 105.49)

Frontal Volume – L 45.22 4.14 (29.99 – 52.28)

Frontal Volume – R 45.01 3.90 (30.96 – 53.30)

***
indicates p < 0.0001 compared to STW.
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Table 2:

Descriptive statistics for straight-walkway (“GAITrite”) walking measures, and four key neuropsychological 

(NP) testing measures. All measures are well within expected norms from previous studies of these tests. Z-

scores for the NP tests are taken with respect to the robust sample in (Holtzer et al., 2008a) with mean = 0, and 

SD = 1. TMT: Trail making test, DSST: Digit Symbol Substitution Test. Note: grip strength is reported for 

males and females separately because of the highly significant sex difference in this measure.

Parameter mean SD range

Gait velocity (cm/s) 107.1 20.6 (68.8 – 150.5)

Stride Length (cm) 124.20 18.08 (88.10 – 160.70)

Stride Length SD (cm) 3.65 2.00 (0.23 – 8.50)

Cadence (steps/min) 103.70 11.44 (81.10 – 133.30)

Letter fluency test (FAS) 43.95 12.86 (16 – 79)

FAS-Zscore 0.42 1.05 (−1.60 – +2.97)

Category fluency test (CAT) 44.75 11.62 (21– 73)

CAT – Zscore 0.46 1.47 (−2.74 – +4.43)

TMT-A 46.89 25.44 (23.72 – 161.00)

TMT-A Zscore 0.30 1.52 (−8.03 – +1.58)

TMT-B 112.20 65.06 (41.88 – 300.00)

TMT-B Zscore 0.26 1.26 (−2.83 – +1.93)

DSST 12.00 2.79 (5 – 18)

Grip Strength – M (kg) 32.81 5.54 (19.2 – 48.3)

Grip Strength – F (kg) 20.65 8.15 (12.3 – 36.9)
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Table 3:

Linear mixed model GMV-by-Task moderation of PFC HbO2, over whole frontal cortex (upper portion) and 

sub-regions of the frontal cortex (lower portion). Units of interaction are μM per standardized volume per task; 

negative values indicate an increase in HbO2 from STW to DTW per unit decrease in standardized cortical 

volume. Significant interactions at p < 0.05, corrected, are shown in bold. Lower and upper bounds are 95% 

confidence intervals.

Region Interaction (μM/sV) Lower Bound Upper Bound p-Value

Total Frontal Volume −0.24 −0.35 −0.13 1.29e-05

Frontal Volume — L −0.26 −0.36 −0.15 3.33e-06

Frontal Volume — R −0.21 −0.32 −0.10 1.53e-04

Caudal-middle — L −0.16 −0.32 0.0051 0.067

Caudal-middle — R −0.13 −0.29 0.037 0.32

Lateral-orbital — L −0.18 −0.34 −0.019 0.016

Lateral-orbital — R 0.041 −0.12 0.201 1.00

Medial-orbital — L −0.26 −0.42 −0.10 3.72e-05

Medial-orbital — R −0.017 −0.18 0.143 1.00

Rostral-middle — L −0.26 −0.42 −0.098 4.96e-05

Rostral-middle — R −0.23 −0.39 −0.068 0.00057

Superior — L −0.17 −0.33 −0.0088 0.030

Superior - R −0.25 −0.41 −0.089 0.00011

Pole — L −0.11 −0.28 0.053 0.61

Pole — R 0.15 −0.013 0.31 0.10
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