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Abstract

Introduction: We have demonstrated that asymptomatic cerebral small vessel disease (cSVD) 

measured by white matter hyperintensity volume is associated with reduced manipulative manual 

dexterity on the Grooved Peg Board test (GPBT) in middle-aged healthy individuals with a family 

history of early coronary artery disease. In this current study, we aim to identify the association of 

subcortical white matter microstructural impairment measured by diffusion tensor imaging (DTI), 
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manual dexterity measured by GPBT and circulating serums ceramide; another marker for white 

matter injury. We hypothesize that lower regional fractional anisotropy (rFA) is associated with 

worse performance on GPBT and elevated serum ceramides in the same study population.

Methods: rFA of 48 regions representing the subcortical white matters were analyzed in 

GeneSTAR participants in addition to serum ceramides, and GPBT scores. Unadjusted univariable 

analyses with Bonferroni correction for multiple comparisons were completed using Spearman 

correlation for testing the associations between ceramides, rFA of subcortical white matter and 

GPBT performance. Subsequently, sensitivity analyses were performed after excluding the 

participants that had any physical limitation that may influence their performance on GPBT. 

Finally, adjusted analysis using generalized estimating equation linear regression models were 

performed for the areas that met significance threshold in the unadjusted analyses.

Results: 112 subjects (age (49±11), 51% female, 39.3% African American) were included. 

Adjusted analyses for the significant correlations that met the Bonferroni correction threshold in 

the unadjusted univariable analyses identified significant negative associations between rFA of the 

right fornix (RF) and log-GPBT score (β=−0.497, P=0.037). In addition, rFA of RF negatively 

correlated with log serum ceramide levels (C18: β=−0.03, P=0.003, C20: β=−0.0002, P=0.004) 

and rFA of left genu of corpus callosum negatively correlated with log C18 level (β=−0.0103, 

P=0.027).

Conclusions: These results demonstrate that subcortical microstructural white matter disruption 

is associated with elevated serum ceramides and reduced manual dexterity in a population with 

cSVD. These findings suggest that injury to white matter tracts undermines neural networks, with 

functional consequences in a middle-aged population with cardiovascular risk factors.
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Introduction:

Cerebral small vessel disease (cSVD) is a major cause of vascular cognitive impairment, 

intracerebral hemorrhage, and acute ischemic stroke[1, 2]. White matter hyperintensities 

(WMH) seen on the brain MRI are the most prevalent form of cSVD lesions[3]. 

Accumulation of these cSVD MRI lesions has been shown to result in cognitive impairment 

in the elderly[4]. Our group has been investigating the prevalence, characteristics and 

cognitive significance of cSVD features in a cohort of apparently healthy middle-aged 

individuals who are relatives to patients with coronary artery disease raising their 

predisposition to cardiovascular and cerebrovascular diseases[5, 6]. In this cohort, we have 

previously identified an association between subclinical impairment in manual dexterity on 

the Grooved Peg Board Test (GPBT) and increased WMH volume in individuals who are 

otherwise cognitively intact[7]. These previous findings suggest that subclinical cognitive 

impairment related to cSVD starts earlier in life. Additionally, in a cohort of apparently 

healthy middle-aged participants with Diffusion Tensor Imaging (DTI) who are subgroup of 

the previous study, we identified prevalent findings of microstructural impairment in the 

subcortical white matter that were mostly associated with a history of hypertension[8]. 
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Diffusion Tensor Imaging (DTI) is an additional sensitive tool for detection of 

microstructural impairment of the white matter tracts related to axonal loss, edema or 

demyelination[9]. In particular, DTI offers an additional advantage compared to 

conventional MRI sequences by determining injury to specific white matter regions and 

tracts that are critical to cognitive function in cSVD[10]. This white matter tract injury 

disrupts the complex cortical and subcortical circuits underlying cognitive processes, such as 

executive function and processing speed[11]. This is particularly important in young or 

middle-aged populations with cardiovascular risk factors such as hypertension without signs 

of cognitive impairment in which detection of white matter injury in the early stages of 

disease will allow for the treatment of hypertension to prevent progression[12–15, 2].

In this current work, we aim to determine the association between regional subcortical white 

matter disruptions in areas linked to cognitive function with manipulative manual dexterity 

in this middle-aged population with cSVD who are relatives to patients with coronary artery 

disease. We use GPBT as a measure of manipulative manual dexterity. To analyze 

microstructural white matter injury, we utilize a detailed white matter atlas to segment the 

fractional anisotropy (FA) maps that were acquired using DTI. In addition, we analyze the 

relationship of regional fractional anisotropy (rFA) measures to a panel of circulating serum 

ceramides. Ceramides are highly enriched in the central nervous system particularly within 

the white matter tracts[16]. While, they have been implicated in the development and 

progression of neurodegenerative diseases such as Alzheimer’s disease[17, 18]; recent 

evidence links elevated ceramide to subcortical white matter injury in the cognitively normal 

elderly as well[16]. This suggests their utility as an additional marker for white matter injury 

in cSVD.

Our hypothesis is that lower rFA values of the subcortical white matter representing early 

injury to the white matter tracts in a population of middle-aged individuals at risk for 

cardiovascular disease enriched with cSVD will be associated with impaired manipulative 

manual dexterity as represented by worse GPBT score as well as elevation of serum 

ceramide, a secondary marker for white matter injury.

Materials and Methods:

Study participants:

The study cohort consisted of the participants in the Genetic Study of Atherosclerosis Risk 

(GeneSTAR) who had DTI sequences acquired as part of their brain MRI, GPBT performed 

and peripheral blood ceramide levels available. GeneSTAR is an ongoing prospective study 

of vascular disease risk factors, occult coronary artery disease (CAD) and cerebrovascular 

disease and incident CAD and strokes in 3533 initially healthy family members ascertained 

from probands hospitalized with documented CAD younger than 60 years of age [7]. Of 

these initially healthy family members, 808 were screened with cranial MRI and 112 

participants had available had DTI sequences, serum ceramide levels, and GPBT. These 

subjects were similar in demographic configurations to the total GeneSTAR participants. 

This current study cohort originated from the healthy siblings, their offspring and the 

offspring of the probands from 92 families who were 30–72 years of age. None of these 

participants had a known history of coronary artery disease, stroke, or transient ischemic 
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attacks. The study exclusion criteria included chronic use of corticosteroids, life-threatening 

diseases, atrial fibrillation and symptomatic cardiovascular or cerebrovascular diseases. In 

addition, subjects with implanted metals or known neurological disorders impairing accurate 

MRI interpretation were excluded. The Johns Hopkins Medicine institutional review board 

(NA_00002856) approved the study, and all participants provided written informed consent. 

All participants were examined by physicians and were screened for CAD and stroke risk 

factors including hypertension, diabetes, total cholesterol, low-density lipoprotein (LDL) 

cholesterol, high-density lipoprotein cholesterol, body mass index (BMI), and cigarette 

smoking.

Manipulative manual dexterity test:

On the day of the MRI, manual dexterity was assessed using the Grooved Pegboard Test 

(GPBT) (Lafayette Instruments, Lafayette, IN). This test requires significant visual input in 

addition to sensory feedback and attention adjustments making it an excellent surrogate for 

the cognitive function of cSVD patients [19]. In addition, this test was selected because 

participants’ performance on it showed significant correlation with WMH volume [7]. The 

procedure of this test is described in detail elsewhere [7]. First, any abnormalities which may 

interfere with ability to perform the peg board test were noted. Subsequently, each 

participant was provided with 25 pegs to place into a board as quickly as possible during one 

trial per hand. The sum of time to compete the test (in seconds), the number of dropped 

pegs, and the total number of pegs placed was calculated for each hand. Since all subjects 

completed all 25 pegs, the scores were determined by time and the number of dropped pegs. 

The scores of both hands were averaged and the average was used in all analyses. A higher 

score indicated a worse performance [7].

Lipid extraction and liquid chromatography-electrospray ionization-tandem mass 
spectrometry analysis

The methods for lipid extractions and plasma ceramide and sphingomyelin level 

measurements have been published elsewhere [16]. In summary, crude lipid extraction from 

plasma was first performed using a modified Bligh and Dyer procedure with ceramide or 

sphingomyelin C12:0 as an internal standard (Avanti Polar Lipids, Alabaster, AL, USA). 

Following drying and re-suspending the plasma extracts in pure methanol, analysis was 

performed. First, an autosampler (LEAP technologies Inc, Carrboro, NC, USA) injected 

extracts into a high performance liquid chromatography (PerkinElmer, MA, USA) equipped 

with a reverse phase C18 column (Phenomenex, Torrance, CA, USA). The eluted sample 

was then injected into an electrospray ion source coupled to a triple-quadrupole mass 

spectrometer (API3000, AB Sciex Inc, Thornhill, Ontario, Canada). Analysis was completed 

using multiple reaction monitoring using an eight point calibration curves (0.1–1000 ng/ml) 

were constructed by plotting area under the curve separately for ceramides and 

sphingomyelins for each calibration standard normalized to the internal standard. Ceramide 

concentrations were determined by fitting the identified ceramide species to these standard 

curves based on acyl chain length. Instrument control and quantitation of spectral data were 

performed using Analyst 1.4.2 and MultiQuant software (AB Sciex Inc, Thornhill, Ontario, 

Canada). All sphingolipids are expressed in µg/ml for statistical analysis. A panel of 6 

ceramides were selected for the subsequent statistical analysis.
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MRI acquisition and DTI analysis:

MR imaging was acquired on a 3T Achieva imaging unit (Philips Healthcare, Best, 

Netherlands) according to standardized protocols. The following series were acquired: 1) 

axial T1-weighted MPRAGE-TR, 10 ms; TE, 6 ms; voxel size, 0.75 × 0.75 × 1 mm3; 

contiguous slices; FOV, 240 × 240 mm; matrix, 320 × 320 mm; 2) axial spin-echo T2 

images- TR, 4685 ms; TE, 78 ms; voxel size, 0.47 × 0.47 × 3 mm3; contiguous slices; FOV, 

240 × 240 mm; matrix, 512 × 512; 3) DTI – TR, 7043 ms, TE, 71 ms; voxel size, 0.83 × 

0.83 × 2.2 mm3; contiguous slices; FOV, 212 × 212 mm; matrix, 256 × 256; 32 directions; b-

value = 700 s/mm2.

DTI was preprocessed and analyzed using MRI studio package (DTIstudio, DiffeoMap, 

ROIEditor) publically available at www.mristudio.org through Johns Hopkins University 

[20]. All images were reviewed by a board-certified physician in neurology (YH) for the 

presence any artifact or distortion due to motion, head position or eddy current effect in the 

image viewer application. Tensor calculation and creation of 3D FA, mean diffusivity, and 

radial diffusivity maps were performed subsequently. White matter segmentation was 

performed in the DifeoMap and ROIEditor software applications in the subject native space. 

These steps were performed as described in previous work [21, 8]. In brief, following skull 

stripping of the FA and mean B0 maps in ROIEditor application, a dual-channel large 

deformation diffeomorphic mapping algorithm was used in DifeoMap to perform linear and 

nonlinear registration to the Eve white matter atlas (JHU-MNI-SS-SS) template in the 

Montreal Neurological Institute (MNI) Space. This step allowed automated segmentation of 

the FA subject map in the native space using the inverse registration matrix into 181 regions 

(supplementary table e1, Fig 1A) [21, 8]. The mean regional FA value (rFA) was calculated 

for each of the regions by choosing a voxel FA threshold ≥ 0.2 to exclude voxels that 

included CSF and grey matter. Subsequently, 48 regions representing the deep white matter 

tracts in regions affected by CSVD were selected for the statistical analysis similar to our 

previous work (supplementary table e1, Fig 1B) [8].

Statistical analysis:

The statistical analysis was performed in SAS software (Version 9.2; SAS Institute, Cary, 

NC). Distributions of all continuous variables were assessed for normality and the presence 

of outliers. There was no outliers in the dataset so all subjects were included in the analysis. 

Log-transformation to normality was necessary for the ceramides and GPBT to complete the 

multivariable linear (adjusted) analysis. First, however, to determine the association among 

the variables of interest in our study, we performed unadjusted (univariable) analyses on the 

untransformed variables. Spearman correlations were used to test the association of: 1) rFA 

of subcortical white matter areas and ceramides, 2) GPBT and rFA of the subcortical white 

matter areas, and 3) ceramides and GPBT. The significance threshold for each of these 

unadjusted analyses was determined using Bonferroni correction for multiple comparisons: a 

p-value of 0.001 was used when assessing the relationship between rFA and GPBT 

considering the 48 selected white matter regions (0.05/48). The significance threshold for 

the relationship between rFA and ceramide was set as p< 0.00017 (0.05/48/6) considering 48 

white matter regions and 6 ceramide types. Finally, the significance threshold for the 

relationship of peripheral ceramide with GPBT was determined to be p< 0.0083 (0.05/6) 
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considering 6 ceramide subtypes. Subsequently, to assess the effect of any physical barriers 

on the performance on GPBT that were noted during examination, sensitivity analysis was 

performed by repeating the previously mentioned unadjusted analysis on the cohort after 

excluding those subjects with such physical barriers.

Finally, adjusted analyses using multivariable linear regression models controlling for age, 

sex, race and level of education were used to test the significant associations that were found 

in the unadjusted sensitivity analyses. All of these multivariable regression models in the 

adjusted analysis used generalized estimating equations (GEE) approach to account for 

family relatedness. Significant threshold of p<0.05 was selected in the adjusted models since 

they tested only the significant associations that were found in the unadjusted models. First, 

to demonstrate the association of subcortical microstructural white matter injury with 

peripheral ceramides, we tested the association of rFA of the subcortical white matter 

regions of interest (ROIs) with peripheral ceramide levels independent of age, sex, race and 

level of education. Then, to assess the effect of microstructural white matter injury on 

manual dexterity, we tested the association of GPBT with rFA of the ROIs with and without 

controlling for peripheral ceramides in the linear regression models.

Results:

The baseline demographics and vascular risk factors of the study cohort are shown in table 

1. The study sample represented 112 patients, age 49.1±11, 50.9% females and 39.3% 

African American. The sample comprised overall healthy individuals with moderate load of 

cardiovascular risk factors (table 1). Review of the T2 sequences did not show any stroke or 

confluent large WMH that had predilection to specific brain area. Periventricular and deep 

WMH largely varied among subjects and they were mostly symmetrical. Volume of WMH 

in this cohort was (3436±6675)mm3 and it ranged between (0–40491)mm3 [7]. In this 

cohort, 5 participants were noted to have physical barriers on examination which may 

interfere with the performance on GPBT including 2 participants with band aids on fingers, 

1 participant with chronic numbness in pinky finger, 1 with an intravenous line in the arm, 

and 1 participant with vision in one eye. These 5 participants were excluded in the 

sensitivity analyses.

Relationship of rFA and Ceramide level:

The results of the unadjusted analysis of the association of rFA and peripheral ceramide 

levels are shown in detail in supplementary table e2. The following associations met the 

Bonferroni threshold for correction of multiple comparisons: 1) ceramide 18:0 inversely 

correlated with rFA in the left genu of the corpus callosum and right fornix (Rho=−.39, p=

−2.6E-05 and −0.4, p< 1.3E-05, respectively) and 2) ceramide 20:0 also inversely correlated 

with rFA in the right fornix (Rho −0.41, p value <6.1E-06) (Fig 1D). Results remained the 

same in the sensitivity analysis after exclusion participants with physical barriers impairing 

their performance on GPBT (supplementary table e3 and Fig 1D). In the adjusted analysis 

for age, sex, race and level of education, these associations remained significant (rFA of 

right fornix with log ceramide 18:0 (beta=−0.03 +− 0.0099, p=0.003), rFA right fornix with 
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log ceramide 20:0 ( beta=−0.0002, +− −0.001, p=0.004) and, rFA of the left genu of the 

corpus callosum and log ceramide 18:0 (beta=−0.0103, +− 0.0047, p=0.027) (table 2).

Relationship of Grooved Pegboard Test with rFA and Ceramide level:

Spearman rank test showed correlation between a worse performance on the GPBT with 

lower rFA of the left anterior corona radiata, left genu of the corpus callosum, left external 

capsule, and bilateral fornices that met the Bonferroni threshold for multiple comparisons 

(Rho=−0.31,−0.31,−0.34, −0.46, p=0.00088, 0.00075, 0.0002, 0.0003, 8.28E-07, 

respectively) (supplementary table e4, Fig 1C). Furthermore, worse performance on GPBT 

was associated with elevated ceramide 18:0 (Rho=0.28, p=0.0025) in the unadjusted analysis 

after correction for multiple comparisons (supplementary table e5). In the unadjusted 

sensitivity analysis, elevated ceramide 18:0 association with worse performance on GPBT 

remained significant (Rho=0.271, p=0.0048) (supplementary table e5). Additionally, the 

association of worse performance on GPBT with rFA of the right fornix and left external 

capsule remained significant (Rho= −0.419, p=7.17E-06 and Rho= −0.318, p=0.00085, 

respectively). However, the association of rFA of the left anterior corona radiate, left genu of 

the corpus, and left fornix with the performance on GPBT became insignificant (p=0.002) 

(supplementary table e4). In the adjusted model, log-GPBT association with rFA of the right 

fornix was significant (Beta=−0.497, +−0.238, P = 0.037) (table 3) but it was not significant 

in left external capsule (p=0.407). When adding log serum ceramide 18:0 levels as a 

covariate to the model, the association of log-GPBT score with log-ceramide 18:0 was not 

significant (P=0.9) while log-GPBT and rFA of the right fornix remained significant (Beta = 

−0.5107 +−0.2551, p=0.045) (table 3).

Discussion:

In this current work, we report a new association between impaired subcortical white matter 

bundles in the fornix and reduced manual dexterity and elevated circulating ceramides due to 

cSVD in middle-aged population with cardiovascular risk factors. These results extend our 

prior observation that asymptomatic white matter disease is associated with worse 

performance on the Grooved Peg Board test (GPBT) in subjects who had otherwise normal 

cognitive function in other tested cognitive domains [7]. Our findings suggest overall that 

injury to the subcortical areas undermines neural networks, and has functional consequences 

in a healthy high risk middle aged population with cSVD.

In our current study, worse performance on the GPBT correlated with lower rFA of right 

fornix. The fornix is a discrete white matter tract bundle that is critical for normal cognitive 

function. Its perfusion is typically maintained through perforators from proximal part of the 

anterior cerebral artery which makes it potentially susceptible to cSVD related injury [22]. 

As part of the memory circuit, it plays an important role for the formation of memory [23]. 

Previous study showed that rFA of the fornix was decreased in ageing in all tested 

components including working memory, motor speed and problem solving which suggests 

potential role for the fornix in executive functional decline associated with ageing [23]. The 

GPBT is a good measure of manipulative manual dexterity that can be used for motor speed 

assessment. It requires visual input as well as sensory feedback and attention adjustment 
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[19]. Indeed, our results showed a negative association between the fornix rFA and the 

GPBT. Furthermore, previous literature has shown a significant relationship between 

performance on GPBT and white matter tract integrity on DTI pointing towards GPBT as 

potential measure of subclinical neurological function in otherwise cognitively intact 

individuals [24].

The role of DTI in detecting injury to the cerebral white matter has been affirmed in several 

studies previously involving patients with cSVD and Alzheimer’s disease [20, 21, 3, 13, 2]. 

However, the majority of this previous literature investigated patients at advanced age or 

with cognitive impairment. We have recently reported that impairment of white matter 

microstructure in patients with hypertension is even present in a middle-aged population that 

is similar in characteristics to this study cohort [8]. These current study results link these 

observed impairment of white matter microstructure to subclinical cognitive impairment. 

These findings suggest that our previously observed lower performance on GBPT in a larger 

middle-age healthy population, of which this current study population is a subset, could have 

been related to white matter tract injury [7].

In this current study, we have also found that serum ceramides 18:0 and 20:0 are inversely 

associated with rFA of the left genu of the corpus callosum and right fornix independent of 

the effect of age, sex, race and education in this current middle-aged population. Our group 

has previously shown a significant relationship of DTI of several white matter areas of 

cognitively intact elderly with circulating ceramides. In this previous study, elevated 

ceramides (C20:0, C22:0, C22:1 and C24:1) were associated with lower rFA in the anterior 

corona radiata and cingulum [16]. Furthermore, higher sphingomyelins (C18:1 and C20:1) 

have been associated with lower FA in regions such as the anterior corona radiate and body 

of the corpus callosum [16]. Ceramide a known potent signaling molecule that mediates key 

events of cellular pathophysiology including cell development, growth and apoptosis and it 

is the precursor of all complex sphingolipids [25]. In the central nervous system in 

particular, sphingolipids hold a major role in regulating development and lifespan while 

deregulation in sphingolipid metabolism increase the risk and progression of age-related 

neurodegenerative disease [26]. Specifically, ceramide 18 generation was found to result in 

apoptosis in cell culture model [27, 28]. Elevated brain and CSF ceramide levels have also 

been observed in Alzheimer’s patients [29, 17]. In our current study, we extend these prior 

observations to show a relationship between plasma sphingolipids and subcortical white 

matter microstructural integrity in a younger middle-aged population at risk for vascular 

disease.

Our study has several limitations inherent to its design. First, since this is a cross sectional 

study; causality between ceramide elevation, white matter microstructural integrity and 

GPBT performance cannot be established. Second, we chose a conservative approach for 

statistical multiple comparison adjustment using Bonferroni correction. Hence, given the 

widespread nature of cSVD, the brain regions associated with ceramide and GPBT 

performance could have been larger in number and distribution. However, our aim was to be 

specific in finding the brain regions affected by the disease and to avoid false positive 

regions. Finally, our sample size is relatively small for testing the large number of ceramides 

and white matter regions. To address these limitations, additional independent studies are 
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needed to replicate our findings and determine the associations among serum ceramide 

levels, white matter microstructural integrity and subsequent cognitive impairment. 

Furthermore, our future studies aim to determine the mechanistic relationship among these 

white matter injury markers and their prognostic value as indicators of cognitive decline in 

patients with cSVD.

Conclusions:

In this exploratory study of a cohort of healthy middle-aged participants at risk for coronary 

artery disease, we observed white matter microstructural injury as measured by DTI to be 

associated with a secondary measure of WM injury, elevated serum ceramide. This 

disruption was associated with reduced performance on the grooved peg board test (GPBT). 

These findings suggest that injury to the subcortical white matter tracts may undermine 

complex cortical and subcortical neural networks affecting performance of complex tasks 

associated with manipulative manual dexterity in this healthy middle-aged population at risk 

for cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1A. 
shows segmentation of the white matter regions into 181 atlas areas. Figure 1B shows the 

selected 48 regions representing the subcortical white matter areas of interest. Figure 1C 

shows white matter areas that were found to be associated with worse performance on the 

grooved peg board test in the whole cohort (green: left genu of the corpus callosum; red: left 

anterior corona radiate; blue: left external capsule; yellow: right fornix; purple: left fornix). 

In the sensitivity analysis, right fornix (yellow) and left external capsule (blue) were only 

significant. Figure 1D shows areas that were associated with elevated serum ceramide levels 

in the whole cohort and sensitivity analysis (yellow: right fornix; green: left genu of the 

corpus callosum).
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Table 1.

Baseline demographics of the study cohort (N=112).

Characteristic Mean ± Standard Deviation or Percentage (%)

Age (years) 49.1 ± 11.0

Female sex 50.9%

African American race 39.3%

Education (years) 14.4 ± 2.8

Hypertension 33.9%

Diabetes 11.6%

Current smoker 23.2%

Low density lipoprotein cholesterol (mg/dl) 110.3 ± 38.8

Blood glucose (mg/dl) 98.7 ± 29.4

Systolic blood pressure (mmHg) 122.3 ± 15.6

Diastolic blood pressure (mmHg) 77.4 ± 8.9

Body mass index (kg/m2) 28.6 ± 5.5

Grooved Pegboard Test Score 105.2 ± 14.8
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Table 2

Associations between rFA of subcortical white matter regions and ceramide levels in the adjusted analysis.

White matter region Generalized Estimating Equations Linear regression model
Controlling for age, sex, race and level of education

β Standard Error P value

Genu Corpus Callosum (L)
C 18:0

−0.0103 0.0047 0.027*

Fornix (R)
C18:0, and C20:0

C18: −0.03 0.0099 0.003*

C20: −0.0002 0.0001
0.004

*

*
Statistically significant (p<0.05); L: left; R: right. Ceramides were log-transformed
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Table 3.

Associations between Grooved Peg Board Test score and regional Fractional Anisotropy of the subcortical 

white matter regions in the adjusted analysis

White matter region Generalized Estimating Equations Linear Regression model
controlling for:

age, sex, race and level of education
* Serum C18 included in final model for R fornix only

β Standard Error P value

External Capsule (L) −0.504 0.608 0.407

Fornix (R) −0.497 0.238 0.037*

*Fornix (R) with Ceramide 18:0 adjustment −0.511 0.255 0.045*

*
statistically significant (p<0.05); L: left; R: right. Ceramide 18:0 and grooved peg board test score were log-transformed.
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