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Abstract

Neurite orientation dispersion and density imaging (NODDI) is a relatively new technique 

providing more detailed information on the microstructural bases of white matter. Given the 

previously reported white matter contributions to chronic pain, the aim of the present study is 

to investigate white matter tract by pain-specific differences in NODDI measures in a sample 

of community-dwelling older adults with and without chronic musculoskeletal pain while taking 

into consideration important confounders of this relationship. We further aimed to investigate 

associations between NODDI measures and clinical and experimental pain measures. As part 

of the Nepal study, a subset of older adults (>60 years old, n = 47), underwent multiple 

laboratory sessions providing self-reported and experimental pain measures and a diffusion 

weighted neuroimaging sequence. Older adults with chronic musculoskeletal pain (n = 29) had 

a lower neurite density with less geometric complexity across a number of white matter tracts 

compared to older pain-free controls (n = 18, corrected p’s < 0.05)). The neurite density measures 

were associated with greater self-reported pain intensity and anatomical pain sites, as well as 

greater experimental pain sensitivity (p’s < 0.05). There were also significant sex differences 

in neurite density and geometric complexity across multiple white matter tracts mainly around 

the hippocampus (corrected p’s < 0.05). Finally, there were no pain differences with respect to 

extra-cellular water diffusion (corrected p’s > 0.05). Our study demonstrates a reduction in neurite 

density with less geometric complexity in chronic musculoskeletal pain, with no evidence of 

neuroinflammatory processes, partly in a sex-dependent manner. An increased understanding of 

neurobiological mechanisms such as those measured by NODDI may contribute to the potential 

targeting of interventions in our older population suffering from chronic pain.
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Introduction

Older adults often report chronic musculoskeletal pain that negatively impacts daily 

function and overall quality of life. Effective pain treatments for this growing segment 

of the population are limited and inadequate due to the lack of understanding of 

the neurobiological mechanisms underlying the multidimensional pain experience. A 

mechanistic understanding of pain within a given individual may ultimately provide 

personalized treatment targets. Given that the complex pain experience is sculpted by 

dynamic interactions in the brain, neuroimaging has significantly shed light into these 

mechanisms showing structural and functional alterations associated with chronic pain 

[1,2,31,32,42,43,49,52,57].

Of particular relevance to the field of pain and aging neurobiology is the ability to 

measure white matter (WM) microstructure using diffusion weighted imaging. A large 

number of studies suggest alterations in WM microstructure using a single tensor model 

with reported changes in fractional anisotropy (FA) measures across a number of tracts 

[28,29,33,35,36,38,51,54,58]. However, a recent systematic review reported inconclusive 

evidence in the direction of changes in white matter microstructure across various 

musculoskeletal pain conditions [25]. Contradictory findings across these studies may be 

due, in part, to the heterogeneity of individuals making up small sample sizes. Specifically, 

these samples often include a mixture of younger, middle- and older-age adults. A robust 

body of literature suggests that aging processes alone may significantly contribute to 

alterations in the brain’s WM microstructure, independent from pain-specific processes 

[23,27,34]. Thus, additional research is needed to examine WM microstructure within older 

adults with and without chronic pain.

The inability of FA to offer specificity with regards to the direction of changes in WM 

microstructure is a considerable source of variation that likely contributes to discrepancies 

in the pain imaging literature. The presence of crossing fibers and other complex geometric 

features in axonal projections hinders the straightforward interpretation of FA in relation to 

underlying microstructural changes. The widely applied single tensor model is insensitive 

to biophysical properties inherent to compartmentalized water that may otherwise inform 

on important aspects of tissue microstructure, such as the amount of axonal fibers, 

their orientation, and the relative proportion of free unhindered water. Decreases in FA 

may involve decreases in the density and/or increases in the dispersion orientation of 

neurites (i.e., dendrites and axons); and FA values are unable to differentiate between 

these possibilities [3]. Illustrating the importance of extending WM analyses beyond the 

diffusion tensor model and FA, a recent study indicated that chronic musculoskeletal pain is 

associated with lower complexity and density in several white matter tracts [6].

Neurite orientation dispersion and density imaging (NODDI) uses an alternative to the 

single tensor model to address some of the limitations of FA and provides relatively 

novel biomarkers that can better inform on WM microstructure [30,59]. NODDI provides 

estimates of intracellular volume fraction of water presumably in ‘neurites’ (neurite density 

index or NDI), extra-cellular unhindered water diffusion (isotropic volume fraction; ISO) 

and tract complexity or fanning (orientation dispersion index or OD) across individual 
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tracts. While no study to date has examine NODDI measures in relation to pain, emerging 

evidence suggests age-specific alterations in NODDI measures. Overall, findings suggest 

that older age is significantly associated with lower tract complexity across the majority of 

tracts, reduced dendritic complexity or a regression of dendritic arborization, all indicative 

of less healthy white matter microstructure with older age [5,13,41,44]. Given the large age 

associations with widespread WM microstructure across tracts, NODDI may offer novel 

mechanistic insights into understanding white matter microstructure underlying pain and 

aging processes. Thus, the aim of the present study is to investigate specific tract-by-pain 

differences in NODDI measures in a sample of community-dwelling older adults with and 

without chronic musculoskeletal pain while taking into consideration important confounders 

of this relationship. We further aimed to investigate associations between NODDI measures 

and clinical and experimental pain measures in our older sample.

Materials and Methods

A. Participants

Community-dwelling older individuals (60 to 83 years old) who spoke and understood 

written English were recruited and screened for a larger study at the University 

of Florida (UF) focused on the neurobiology of age-related differences in pain 

modulation (Neuromodulatory Examination of Pain Across the Lifespan [NEPAL]). 

Potential participants were first screened over the phone and then again in person. We 

excluded individuals reporting any of the following conditions either over the phone 

screening or during the in-person baseline session: 1) Alzheimer’s, Parkinson’s or other 

neurological condition impacting the nervous system; 2) serious psychiatric conditions 

such as schizophrenia, major depression, bipolar disorder, 3) cardiovascular issues such as 

uncontrolled blood pressure over 150/95 mmHg, heart failure, or history of acute myocardial 

infarction; 4) systemic rheumatic conditions such as rheumatoid arthritis, systemic lupus 

erythematosus, fibromyalgia; 5) chronic opioid use; 6) magnetic resonance imaging (MRI) 

contraindications such as any metal in the body; 7) excessive fear or anxiety regarding study 

procedures; 8) any recent hospitalization during the past 12 months for psychiatric illness; 9) 

self-reported HIV or AIDS; and 10) cognitive impairment as demonstrated by a score equal 

or less than 77 on the Modified Mini-Mental State Examination (3MS)[56]. Participants 

were recruited through posted fliers, newspaper ads, and word of mouth referrals. The 

NEPAL study aimed to recruit older adults representative of the healthy aging population 

with and without chronic pain, without targeting individuals with a specific chronic pain 

condition. Given the high prevalence of chronic pain in this population study advertisements 

were targeted to healthy older adults and were focused on studying brain aging processes. 

All procedures were reviewed and approved by the University of Florida’s Institutional 

Review Board and all participants provided verbal and written informed consent. We have 

previously reported on various aspects of the Nepal study participants and its detailed 

methodology [15,16,20,37]. To address the aims of the present study, we only included 

assessments of self-reported pain, depressive symptoms, a quantitative sensory testing 

battery and the diffusion weighted imaging sequence obtained from 3 separate experimental 

sessions.
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A) Self-reported Pain Characteristics: Older participants were categorized to the 

pain group if they reported pain on most days during the past 3 months as part of a 

standardized pain history interview. Using a body manikin part of the pain history, we 

calculated the number of anatomical painful sites reported by each participant. As part of 

the PainDETECT questionnaire, participants were asked:

1. How would you assess your pain now, at this moment?

2. How strong was the strongest pain during the past 4 weeks?

3. How strong was the pain during the past 4 weeks on average?

Responses are given using an 11-point numerical rating scale with anchors of none (0) and 

max. (10).

B) Depressive Symptoms: The Center for Epidemiologic Studies Depression Scale 

(CES-D) questionnaire was used to measure the frequency of depressive symptoms during 

the past week on a 4-point Likert scale [50].

C) Experimental Pain—During the Quantitative Sensory Testing (QST) session, all 

participants were seated quietly in a temperature-controlled room. Research staff explained 

the study procedure to the participant prior to the start of testing. Although the Nepal 

study included assessment of non-painful QST measures, the present study was aimed at 

examining experimental pain profiles in older adults, thus, only the following QST painful 

measures were included in the present analysis.

Pressure Pain Threshold:  A handheld digital pressure algometer (Algomed, Medoc) was 

applied with increasing pressure until the participant indicated the pressure changed to a 

sensation of pain by clicking a button. Pressure pain threshold was applied at a constant rate 

at two standard non-painful locations in a counterbalanced order: quadriceps and trapezius. 

Testing was stopped at a maximum pressure of 1000 kPa. Pressure pain threshold was 

Z-transformed with higher Z-scores indicating higher pressure pain thresholds.

Cold Pain Threshold:  A 30 × 30 thermode attached to the TSA-II Neurosensory Analyzer 

was applied to the thenar eminence and metatarsal. Starting at a temperature of 32 degrees 

Celsius, the temperature gradually decreased at a rate of 1 degree Celsius/second until pain 

was first perceived. A cutoff value of 0°C was used. Immediately following each trial, 

the participant rated the pain intensity using a 101-point visual analogue scale. Cold pain 

threshold was Z-transformed and reversed so that a higher Z-value indicated a lower cold 

detection threshold.

Heat Pain Threshold:  A 30 × 30 thermode attached to the TSA-II Neurosensory Analyzer 

was applied to the thenar eminence and metatarsal. Starting at a temperature of 32 degrees 

Celsius, the temperature gradually increased at a rate of 1 degree Celsius/second until pain 

was first perceived. A cutoff value of 50°C was used. Immediately following each trial, 

the participant rated the pain intensity using a 101-point visual analogue scale. Heat pain 

threshold was Z-transformed so that a higher Z-value indicated a lower cold detection 

threshold.
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Pinprick Pain:  Sterile, single use Neurotips® were applied twice to the thenar eminence 

and metatarsal to assess pinprick pain sensations. Participants rated the pain experienced 

at each site using a 101-point visual analogue scale of each single stimulus. Pain intensity 

ratings from the two trials were averaged for each site and Z-transformed so that higher 

Z-values were reflective of a greater pinprick pain.

Punctate Temporal Summation:  A 300-gram calibrated nylon monofilament was applied 

to the thenar eminence and metatarsal site in a randomized order. First, participants rated 

the intensity using a 101-point visual analogue scale of a single punctate stimulus. Second, 

a series of 10 punctate stimuli were administered at a rate of one contact per second while 

the participant verbally rated the highest pain intensity. Two trials were conducted and pain 

intensity ratings were averaged by site. Single pain ratings were subtracted from the average 

at each anatomical site. Temporal summation magnitude was Z-transformed and a higher 

Z-score indicated a higher temporal summation magnitude.

D) Neuroimaging

Magnetic resonance imaging: MRI data were acquired using a 3T MRI unit (Achieva, 

Philips Medical Systems, Best, Netherlands) and a 32-channel head coil. The head was 

secured via cushions positioned inside the head coil to minimize head movement. For 

the diffusion scan, the data acquisition parameters included: TR=4,840ms, TE=86ms, 

FOV=112×112×70, voxel dimensions=2mm3, transverse slice orientation (SENSE factor 

p=2). The diffusion weighted image series included one b=0, 6 b=100 and 64 b=1000 

(s/mm2) images. We also collected a high-resolution three-dimensional T1-weighted scan 

in the same MRI coordinate space as the diffusion images using an MP-RAGE sequence 

for detailed anatomic assessment (sagittal plane, TR/TE/TI= 7/3.2/2750ms, flip angle=8°; 

in-plane FOV=240mmx240mm; imaging matrix 240×240; 170 contiguous sagittal slices 

with 1mm slice thickness, 1×1×1mm3 isotropic voxels).

Diffusion tensor image (DTI) processing: Diffusion MRI scans were processed using 

FMRIB software library, FSL [53]. Eddy correction was applied to adjust any slight head 

displacements that may have occurred during image acquisition. Images were aligned with 

the B0 scan. Motion correction vectors were used to update gradient directions. Diffusion 

images were skull stripped using FSL BET and maps of FA and mean diffusivity (MD) were 

generated using a weighted least squares regression on DTIFIT in FSL [4] (Figure 1).

NODDI processing: NODDI processing was applied to diffusion weighted images as 

implemented within the Accelerated Microstructure Imaging via Convex Optimization 

(AMICO) framework [21] and as previously described [11]. For the parameter fitting 

procedure, we assumed an intrinsic diffusivity of 1.7 µm2/ms and isotropic diffusivity 

of 3.0 µm2/ms [26]. The whole brain model-fitting generates maps of an intracellular 

volume fraction (ICVF: relative concentration of zero-radius cylinders modeling ‘neurites’), 

orientation dispersion (ODI: 0 for no dispersion as in highly organized parallel fiber bundles 

to a maximum of 1 for the highest degree of dispersion, as in cerebral cortical grey 

matter), and the isotropic free water fraction (ISO: 0 low isotropy to a maximum isotropy 

of 1) (Figure 1) [26]. FA maps were registered to the FMRIB58 FA template (2mm3 
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voxel resolution). Images were first linearly aligned to these templates using FSL linear 

registration tool FLIRT followed by non-linear warping using FNIRT. We used the Harvard-

Oxford bilateral cortical and subcortical parcellation and the John Hopkins University white 

matter tract parcellation to measure OD, NDI, and ISO from a priori selected white matter 

regions known for their roles in various aspects of the pain experience. NODDI metrics 

were exported per ROI for statistical analyses and to determine the relationship with pain 

parameters (Figure 2).

Data and Statistical Analysis: To examine pain differences in NODDI measures, we 

employed a repeated measures generalized mixed model approach including 3-within 

(tracts, NODDI measures, and hemispheres) and 2-between (pain group (i.e., pain on most 

days during the past 3 months, sex) subject factors while accounting for age, EHI (i.e., 

handedness), MoCA (i.e., global cognitive function) and CES-D scores (i.e., depressive 

symptoms). We first ran a mixed-linear analysis of covariance (ANCOVA) model to 

control for the within-subject nature of the NODDI and brain hemisphere measures by 

including random effects for participant and participant X NODDI as well as participant 

X hemisphere interaction, with a variance components covariance structure and restricted 

maximum likelihood estimation. This model also allows for adjusting for relevant covariates. 

A global probability value was set at alpha = 0.05. Significant main and interaction 

effects were further explored by subsequent univariate analyses employing a General Linear 

Model approach with post-hoc Bonferroni corrections. Partial correlation coefficients were 

calculated to examine associations between individual NODDI measures with self-reported 

and experimental pain variables accounting for age, sex, handedness, cognitive function and 

depression. Results were considered significant only if they had a probability less than 0.05 

that were supported by bias accelerated bootstrapped 95% confidence intervals.

Data Reduction of Experimental Pain Measures: Principal component analysis was 

employed to preserve global data structure while reducing the number of experimental 

pain variables and maximize the variance accounted for. The following Z-transformed 

QST variables at each test site were included in the analysis: cold pain threshold, heat 

pain threshold, cold pain ratings, heat pain ratings, pinprick pain detection, pressure pain 

threshold, and temporal summation. A principal component analysis with Varimax rotation 

identified components of QST measures. Per Kaiser’s rule, components with eigenvalues 

greater than 1 were retained. A scree plot was used to confirm the number of identified 

components. This approach is consistent with our previous work [8,14,17,18].

Results

A. Sample Characteristics

A total of 186 individuals were pre-screened over the telephone and in person for the Nepal 

study, with 85 individuals undergoing neuroimaging procedures. Of those participants, a 

subset (n = 47) underwent the last diffusion imaging sequence and comprise the present 

study sample. Most participants reported pain lasting at least 3 months on most days 

(61.7%), but the average pain duration was 10.1 years. The worst pain was most commonly 

located in the lower extremities (34.4%) and in the back regions (34.4%), and this was rated 
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on average 4.8 out of 10 on a numerical rating scale. Table 1 summarizes demographic 

characteristics of our study sample.

B. Whole Brain NODDI Measures by Pain Status

A repeated measure generalized mixed model was tested including 3-within (tracts, NODDI 

measures, and hemispheres) and 2-between (pain group (i.e., pain on most days during the 

past 3 months, sex) subject factors while accounting for age, EHI, MoCA and CES-D scores. 

There was a significant NODDI X hemisphere X pain X sex interaction (p = 0.001). These 

interactions were driven by pain-group main effects and pain by sex interaction effects in 

OD and NDI measures (p’s < 0.05) adjusting for age, EHI, MoCA and CES-D scores. Thus, 

post-hoc analyses were only examined within the OD and NDI measures.

B1. Pain and Sex Differences in OD—Univariate tests using a stringent post-hoc 

Bonferroni correction revealed that WM OD was significantly lower in those reporting pain 

compared to older pain-free controls in the right Posterior Thalamic Radiation (p = 0.015), 

the Fornix (p = 0.024), the Superior Cerebellar Peduncle (left: p = 0.016; right: p = 0.006), 

the Anterior Corona Radiata (p = 0.040), and the Uncinate Fasciculus (left: p = 0.026; right: 

p = 0.039). There were also significantly lower WM OD in older adults reporting pain 

compared to older pain-free controls in the Body (p = 0.024) and Splenium (p = 0.025) 

of the Corpus Callosum. Pain by sex interactions survived post-hoc Bonferroni correction 

where all male participants reporting pain had significantly lower WM OD values compared 

to control males in the Body (p = 0.011) and the Splenium of the Corpus Callosum (p 

= 0.016), the Hippocampus (Left: p = 0.024, Right: p = 0.011), the Posterior Thalamic 

Radiation (Left: p = 0.033, Right: p = 0.003), and the Superior Cerebellar Peduncle (left: 

p = 0.024; right: p = 0.036). Further, control males had significantly greater OD values 

compared to control females in the hippocampus (Left: p = 0.044, Right: p = 0.006). Results 

are summarized in Figure 3.

B2. Pain and Sex Differences in NDI—There were no significant main effects of pain 

on WM NDI across tracts, although there were significant pain by sex interactions. After 

adjusting for multiple comparisons using the Bonferroni procedure, older control males had 

significantly greater NDI values in the left and right cingulum-hippocampus (left: p = 0.040, 

right: p = 0.022), and the right medial lemniscus (p = 0.038) compared to older control 

females. In the older-pain, males had significantly lower NDI values in the left corticospinal 

tract (p = 0.039), the left anterior parahippocampal gyrus (p = 0.033), and the right anterior 

parahippocampal gyrus (p = 0.025) compared to females. Results are presented in Figure 4.

C. NODDI Associations with Self-Reported Pain

Only statistically significant correlations that are supported by bias accelerated bootstrapped 

95% confidence intervals are reported. Anatomical pain sites were significantly correlated 

with OD values in the superior cerebellar peduncle (left: r = −0.360, p = 0.019, Bootstrapped 

CI −0.612, −0.052; right: r = −0.453, p = 0.003, Bootstrapped CI −0.690, −0.173). 

Momentary pain ratings were significantly associated with OD values in the right Anterior 

Corona Radiata (r = −0.328, p = 0.034, Bootstrapped CI −0.607, −0.007).
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Ratings of the strongest pain over the past 4 weeks were significantly associated with 

OD values in the right Anterior Corona Radiata (r = −0.486, p = 0.001, Bootstrapped CI 

−0.728, −0.182), the fornix (r = −0.318, p = 0.040, Bootstrapped CI −0.586, −0.042), the left 

posterior thalamic radiation (r = −0.325, p = 0.036, Bootstrapped CI −0.547, −0.034), the 

right posterior thalamic radiation (r = −0.449, p = 0.003, Bootstrapped CI −0.658, −0.162), 

and the right Superior Cerebellar Peduncle (r = −0.352, p = 0.022, Bootstrapped CI −0.619, 

−0.080). Average pain ratings during the past 4 weeks were significantly associated with 

OD values in the right Anterior Corona Radiata (r = −0.369, p = 0.016, Bootstrapped CI 

−0.642, −0.091), the right posterior thalamic radiation (r = −0.327, p = 0.034, Bootstrapped 

CI −0.553, −0.076), and the right superior cerebellar peduncle (r = −0.307, p = 0.048, 

Bootstrapped CI −0.541, −0.038). Although pain duration was significantly associated 

with multiple OD measures, these statistically significant associations did not survive 

bootstrapping procedures. None of the self-reported pain measures were significantly 

associated with NDI values across tracts. Results are presented in Figure 5.

D. NODDI Associations with Experimental Pain

D.1. Principal Component Analyses of Experimental Pain Measures—As 

shown in Table 3, five principal components were identified with a total of 79.6% variance 

explained. Component 1 was made up of Cold Pain Ratings and Heat Pain Ratings at 

the hand and foot. Component 2 was composed of Cold Pain Thresholds and Heat Pain 

Thresholds at the hand and foot. Component 3 was made up of Pinprick pain ratings at the 

hand and foot. Component 4 consisted of Punctate Temporal Summation at the hand and 

foot and Component 5 included Pressure Pain Thresholds at the quadriceps and trapezius 

muscles.

D.2. NODDI Associations with Experimental Pain Measures—Thermal pain 

thresholds were significantly associated with OD values in the posterior thalamic radiation 

(left: r = −0.375, p = 0.029, Bootstrapped CI −0.617, −0.033; right: r = −0.357, p = 

0.038, Bootstrapped CI −0.626, −0.031), while pressure pain thresholds were significantly 

correlated with OD values in the left Uncinate Fasciculus (r = 0.346, p = 0.045, 

Bootstrapped CI 0.005, 0.612). No other OD measures were correlated with thermal pain 

ratings, pinprick pain and temporal summation after bootstrapping procedures. Thermal pain 

thresholds were only significantly correlated with the left corticospinal tract NDI value (r = 

−0.413, p = 0.015, Bootstrapped CI −0.630, −0.076).

Discussion

The aim of the present study was to investigate pain-specific differences in white matter 

microstructure employing various NODDI measures across multiple tracts in a sample of 

community-dwelling older adults. We further examined associations of significant NODDI 

measures with self-reported and experimental pain sensitivity measures. Several key findings 

emerged. First, older adults with chronic pain had a lower neurite density with less 

geometric complexity across a number of white matter tracts compared to older pain-free 

controls. Second, less geometric complexity in neurite density was associated with greater 

self-reported pain intensity and anatomical pain sites, as well as greater experimental pain 
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sensitivity. Third, there were sex differences in neurite density and geometric complexity 

across multiple white matter tracts mainly around the hippocampus. Finally, there were no 

pain differences in our sample with respect to extra-cellular water diffusion or isotropic 

volume fraction.

To our knowledge, this is the first study employing a multi-shell diffusion approach to 

describe fiber orientation dispersion as well as densities within the same imaging voxel 

in older individuals with and without chronic musculoskeletal pain. NODDI relies on a 

biophysical model that separates the diffusion of water in brain tissue into three types of 

microstructural compartments: intra-neurite, extra-neurite, and cerebrospinal fluid (CSF) 

[59]. Our findings are consistent with the some of the existing literature where lower 

fractional anisotropy has been reported in persons with various chronic pain conditions 

[6,7,12,25,38], including older individuals with musculoskeletal pain [19]. However, it is not 

clear whether lower FA values are due to changes in the density and/or the dispersion 

orientation of neurites [3]. Our findings suggest that chronic pain in older adults is 

associated with a reduced geometrical complexity of neurite architecture across several 

white matter tracts compared to older pain-free controls surviving a stringent correction for 

multiple comparisons. The lower geometrical complexity in neurite architecture in those 

reporting chronic pain was observed across projection (i.e., corticospinal, anterior corona 

radiata, posterior thalamic radiation), association (i.e., uncinate fasciculus) and commissural 

fibers (i.e., corpus callosum) as well as fibers in the cerebellum (i.e., superior cerebellar 

peduncle) and the limbic system (i.e., cingulum, hippocampus, fornix). Further, the reduced 

geometrical complexity in neurite architecture was also significantly associated with a 

greater number of anatomical pain sites, greater self-reported momentary and average pain 

intensity as well as experimental thermal and pressure pain sensitivity. These multiple 

white matter tracts are involved in the sensory-motor and cognitive-emotional aspects 

of the complex, multidimensional pain experience. Similar findings in the white matter 

of the limbic and sensorimotor networks, the cerebellum and the corpus callosum have 

been previously reported in chronic musculoskeletal pain [6,7,12,38]. In a prospective one-

year longitudinal study [38], baseline differences in white matter microstructure strongly 

predicted transition to chronic pain with minimal changes over the study period. Thus, 

differences across these tracts may represent pre-existing susceptibility that predisposes 

individuals to pain chronification and not changes specifically due to chronic pain. Future 

studies are needed to determine the temporal pattern of these changes in older individuals.

In addition, our control male participants had a greater geometrical complexity of neurite 

architecture compared to the control females and the male participants reporting chronic 

pain. Further, the male participants reporting chronic pain also had a reduced geometrical 

neurite architecture complexity compared to the female participants reporting chronic pain. 

Interestingly, most of these sex differences were observed across hippocampal tracts. 

Our findings are consistent with previously reported sex differences in white matter 

microstructure pathways to and from the hippocampus, as reflected by higher fractional 

anisotropy in males compared to females [9]. Further, women show a greater prevalence 

of chronic pain [24] and are also more likely to experience greater cognitive decline in 

Alzheimer’s disease [40], but to date there is no literature examining pain by sex interaction 

in white matter microstructure. Thus, some of these differences are likely a combination 

Cruz-Almeida et al. Page 9

Exp Gerontol. Author manuscript; available in PMC 2022 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of basal sex differences in hippocampal structure and function as well as sex differences 

in response to stressors such as pain that are known to impact hippocampal plasticity 

[10,22,39,45]. Future studies focused on pain and sex interactions in brain microstructure are 

needed to gain a better understanding of underlying neurobiological mechanisms that may 

be useful for targeting pain treatments.

Finally, there were no pain differences in our sample with respect to extra-cellular water 

diffusion or isotropic volume fraction. While older age has been previously associated with 

greater extracellular free-water volume [55], to our knowledge, pain differences in these 

measures have not been reported to date. Extracellular free-water volume is similar to the 

isotropic volume fraction metric obtained from NODDI, and is thought to increase with 

neuroinflammatory processes [47,48], although it may also increase because of other factors 

such as neurodegeneration [46]. Therefore, our study suggests that neuroinflammatory or 

neurodegenerative processes may not contribute to chronic musculoskeletal pain in our 

sample of cognitively healthy community-dwelling older adults.

Our findings must be interpreted with caution. First, our cross-sectional study design 

cannot determine whether the white matter differences are pre-existing or are due to pain-

specific processes. Second, our participants are cognitively intact, older individuals recruited 

from the community, reporting mild to moderate levels of pain, thus, they may not be 

representative of the older adults that experience more severe levels of musculoskeletal pain 

or older individuals with lower cognitive function. Third, most of our participants were 

non-Hispanic white individuals, thus, it is not clear whether these findings would be similar 

in persons of other race and ethnicities. Future longitudinal studies with larger samples of 

males and females, including individuals from diverse backgrounds, with a broader range 

of cognitive function and more severe pain levels are needed to replicate and extend our 

findings.

In conclusion, our study further demonstrates that white matter abnormalities are present 

in older individuals with chronic musculoskeletal pain; either as a cause, predisposing 

factor, consequence, or compensatory mechanism. Our results suggest a reduction in 

neurite density with less geometric complexity in chronic musculoskeletal pain, with no 

evidence of neuroinflammatory processes, partly in a sex-dependent manner. An increased 

understanding of neurobiological mechanisms such as those measured by NODDI may 

contribute to the potential targeting of interventions in our older population suffering from 

chronic pain.
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Figure 1. 
FA maps for the diffusion sequence for our sample.
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Figure 2. 
White matter tracts where NODDI measures survived Bonferroni correction.
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Figure 3. 
Pain by sex interactions in OD measures surviving Bonferroni corrections (mean estimates 

with 95% confidence intervals).
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Figure 4. 
Pain by sex interactions in NDI measures surviving Bonferroni corrections (mean estimates 

with 95% confidence intervals).
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Figure 5. 
Partial correlation coefficients of OD associations with self-reported pain measures along 

with 95% confidence intervals.
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Figure 6. 
Partial correlation coefficients of OD and NDI associations with experimental pain measures 

along with 95% confidence intervals.
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Table 1.

Demographic characteristics of participants with and without chronic pain that underwent diffusion MRI as 

part of the Nepal study (n = 47).

Older Controls
(n = 18)

Older Chronic Pain
(n = 29) p-value

Age, mean ± SD 72.9 ± 6.8 71.1 ± 5.6 0.335

Sex, no. (%) 0.014

Male 10 (55.6) 6 (20.7)

Female 8 (44.4) 23 (79.3)

Race, no. (%) 0.022

Caucasian 18 (100) 27 (93.1)

African American 0 (0) 1 (3.4)

Other 0 (0) 1 (3.4)

MoCA, mean ± SD 27.4 ± 2.0 26.2 ± 2.7 0.661

CES-D, mean ± SD 7.3 ± 5.4 8.0 ± 5.1 0.102
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Table 2:

Principal components analysis: loadings and eigenvalues of experimental pain measures.

Thermal Pain 
Ratings

Thermal Pain 
Thresholds

Pinprick Pain 
Ratings

Punctate Temporal 
Summation

Pressure Pain 
Thresholds

CPR Hand 0.861

HPR Hand 0.849

HPR Foot 0.847

CPR Foot 0.824

CPT Hand −0.809

HPT Foot 0.778

CPT Foot −0.773

HPT Hand 0.743

Pinprick Hand 0.927

Pinprick Foot 0.919

TS Hand 0.910

TS Foot 0.834

PPT quadriceps 0.909

PPT Trapezius 0.804

% Variance 22.954 18.423 13.797 12.546 11.906

% Cumulative Variance 22.954 41.378 55.175 67.121 79.629
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