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Abstract

BACKGROUND AND PURPOSE—Distinct injuries to various limbic white matter pathways
have been reported to be associated with different aspects of cognitive dysfunction in multiple
sclerosis (MS). Diffusion tensor imaging (DTI) offers a noninvasive method to map tissue
microstructural organization. We utilized quantitative magnetic resonance imaging methods to
analyze the main limbic system—uwhite matter structures in MS patients with cognitive
impairment (CI).

METHODS—Ten cognitively nonimpaired MS (MSNI) patients and 36 patients with diagnosed
Cl (MSCI) underwent the minimal assessment of Cognitive Function in MS (MACFIMS) battery.
DTI measures of fornix, cingulum, uncinate fasciculus (UF) included tract volume and
corresponding fractional anisotropy (FA), mean (MD), axial (AD), and radial (AD) diffusivities.
These were statistically analyzed for associations with CI after adjusting for the confounders.

RESULTS—Fornix FA and RD, left cingulum FA, MD, and RD, right cingulum FA, MD, and
RD, and left UF FA showed significant differences between MSNI and MSCI (P < .001). Fornix
FA (r=-.6) and RD (r=.52), and right cingulum FA (r=-.54) and RD (r=.5) correlated
significantly with CI in regression analyses.

CONCLUSIONS—The extent of disruption of microstructural disorganization in the main limbic
pathways using DTI impacts the extent of Cl seen in subjects with MS.
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Introduction

The human brain limbic system white matter connections play crucial roles in aspects of
cognition. Fornix and mamillothalamic tracts are responsible for memory and spatial
orientation. The uncinate fasciculi play roles in multimodal sensory integration and are
associated with behavioral inhibition, reward-pleasure system, and memory for visual
information. On the other hand, the cingula are associated with attention, response selection
and action monitoring, self-knowledge, person perception, reasoning, and empathy.1-3

Many patients with multiple sclerosis (MS) develop cognitive impairment (Cl) manifested as
disturbances in memory, attention, verbal fluency, conceptual reasoning, information
processing speed, and visuospatial perception.* Damage to white matter structures leading to
disconnection between the cortical and subcortical regions responsible for cognition
underlies the cognitive symptomatology of MS.>~7 Distinct pathologies in various limbic
white matter pathways have been previously reported using diffusion tensor imaging (DTI)
methods to be related with different aspects of cognition in MS8-10 and in other conditions
such as Alzheimer’s disease! and Parkinson’s disease.1?

In this study, we utilized quantitative magnetic resonance imaging (qMRI) methods
including DT1,13-15 fluid-attenuated inversion recovery (FLAIR), dual echo sequences, and
lesion mapping to analyze the main limbic system white matter structures in MS patients
without and with CI. We determined the correlations of Cl as derived from the minimal
assessment of cognitive function in MS (MACFIMS) with DTI-derived attributes of fornix,
cingulum, and uncinate fasciculus (UF) tracts.

Materials and Methods

Ten non-cognitively impaired MS patients (MSNI) and 36 patients with diagnosed Cl
(MSCI) were enrolled (39 relapsing remitting [RR], and 7 secondary progressive [SP]) age
40.80 £ 11.26 (range 18-58) years, education 14.17 + 2.34 years, disease duration 13.29
+9.21 years, and EDSS 3.51 + 2.03 (0-7). Table 1 provides the demographics of the cohort.
Written informed consent was obtained from each subject following our Institutional Review
Board approval of the research protocol. All patients underwent the MACFIMS battery.
Exclusion criteria included history of psychiatric disorders, recent history of drug or alcohol
abuse, history of depression within 3 months of enrollment, history of allergy to gadolinium,
history of other brain pathology, claustrophobia, or positive urine pregnancy test prior to
MRI.

Behavioral Laboratory Measures

The MACFIMS is designed to quantify cognitive function with psychometric testing,18 and
includes the following assessments: processing speed and working memory assessed by
Paced Auditory Serial Addition Test (PASAT) and Symbol Digit Modality Test (SDMT),
memory and learning evaluated by California Verbal Learning Test Second Edition (CVLT-
I1) and Brief Visuospatial Memory Test-Revised (BVMT-R), executive function using the
Delis-Kaplan Executive Function System (D-KEFS) sorting test, visual perception/spatial
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processing using Judgment of Line Orientation test (JLO), and verbal fluency measured by
the controlled oral word association test (COWAT).

MACFIMS Scoring

In order to determine whether to classify patients as MSCI or MSNI, an impairment index
(if) methodology was applied to the MACFIMS data. Twenty MACFIMS parameters were
identified in an a priori manner by literature review as most pertinent in the measurement of
MS-related cognitive deficits.16:17 Based on previously validated methodology,18 a CI index
was derived. In this cohort, patients were classified as cognitively impaired if their
performance was more than one standard deviation below the mean on at least 40% of the 20
preidentified parameters (ie, 8 of 20 parameters), for an ii of >.35. MS patients were
classified as MSNI if performance was less than 40% impaired (ie, more than 1 standard
deviation below the mean) of the parameters (ie, less than 8 of 20 parameters, for an
impairment index of <.2). Patients with ii scores between .2 and .35 were considered
borderline CI and excluded from group analysis (see Fig 1).19

Magnetic Resonance Imaging Data Acquisition

Whole brain MRI data were acquired on a Philips 3.0 T Intera scanner using a SENSE
receive head coil. The MRI protocol included conventional and nonconventional MRI
sequences (dual echo turbo spin echo, fluid attenuation by inversion recovery (FLAIR), and
3-dimensional T1-weightedmagnetization prepared rapid acquisition of gradient echo
[MPRAGE]). The T1-weighted sequence spatial resolution was 1 mm x 1 mm x 1 mm,
TR/TE:8,000/80 and field-of-view (FOV) = 256 mm x 256 mm. Slice thickness/gap/number
of slices = 1 mm/0 mm/180. Dual fast spin-echo (FSE) images were acquired with echo and
repetition times of TR/TEL/TE2 = 6,800/8.2/90 ms and a FLAIR sequence with TE/TI/TR =
80/2,500/8,000 ms, and for both sequences; slice thickness/gap/number of slices = 3 mm/0
mm/44. DWI data were acquired axially from the same graphically prescribed conventional
MRI volumes using a single-shot multislice 2-dimensional spin-echo diffusion sensitized
and fat-suppressed echo planar imaging (EPI) sequence, with the balanced Icosa21 tensor
encoding scheme.20:21 The p-factor = 1,000 s mm~2, TR/TE = 7,100/65 ms, FOV = 256 mm
x 256 mm, and slice thickness/gap/number of slices = 3 mm/0 mm/44. The EPI phase
encoding used a SENSE k-space undersampling factor of 2, with an effective k-space matrix
of 128 x 128, and an image matrix after zero-filling of 256 x 256. The constructed image
spatial resolution for the DWI data was 1 mm x 1 mm x 3 mm.

Lesion Volume Segmentation Using Conventional MRI

Whole brain lesion volume was quantified in all patients using the coregistered multispectral
dual FSE and the FLAIR volumes as described elsewhere.22 The individual lesion volumes
were saved as binary masks to enable fusion with other multimodal volumes and fiber tracts
acquired from the same subject as described below.

Diffusion Tensor Fiber Tractography

We used a brute force and multiple region-of-interest (ROI) tracking method and the fiber
assignment with continuous tractography (FACT) algorithm13:23 (DTI Studio, Johns
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Hopkins University, Baltimore, MD) to reconstruct fornix, uncinate, and cingulum with a FA
threshold of .15, and an angle threshold of 70°. Reproducibility of the fiber construction in
both hemispheres was tested on all subjects by two experienced raters (ZK, KMH). We used
color-coded principal eigenvector red-green-blue (RGB) map derived from DTI to seed
ROls. Multiple ROI-based deterministic tractography was used.23 For fornix (see Figs 2H
and J), we seeded first ROI in subcallosal green fibers seen in axial slice where body and
crus of fornix can be observed (see Fig 2A) and second ROl was seeded in the anterior part
of body of fornix (see Fig 2B).24 For cingulum (see Figs 21 and J), we seeded first ROl and
second ROI in supracallosal green projection fibers anteriorly (see Fig 2C) and posteriorly
(see Fig 2D). Third ROI was seeded in the green hippocampal cingulum fibers seen in the
medial temporal lobe (see Fig 2E).23 For UF (see Figs 21 and J), we seeded first ROI in the
coronal section of temporal lobe at the anterior commissure level (see Fig 2F) and second
ROI in the coronal section of frontal lobe (see Fig 2G).2° Once a fiber tract was
reconstructed, its entire trajectory was verified on a slice-by-slice basis to compare with
established anatomical landmarks described in the human brain neuroanatomy atlases.?-3

Statistical Analyses

Results

Kolmogorov-Smirnov test could not assure the normal distribution for all the DTI metrics.
Comparisons between group means and medians were performed using a nonparametric
Mann-Whitney U-test and significance defined at ~value < .05. In the whole cohort (7=
46), age, total brain lesion volume, and years of education-adjusted correlations between CI
score and all other DTI-derived variables were computed using the Spearman coefficient.
Generalized linear models were used for adjustments. After excluding borderline cognitively
impaired subjects with MS, MSNI (7= 10) and MSCI (7= 29) formed the two groups for
the analysis. Multiple comparisons were not performed. All analyses and generation of the
Figures 1 and 3 were performed in SPSS Statistics 24.0-1BM software.

Table 1 provides the results from whole cohort and group analysis. In the entire cohort total
lesion volume (T1 and T2 LV in mL) was found to be 19.85 + 19.17 (7.57 = 7.10 in MSNI,
27.01 + 20.55 in MSCI). Note that fornix FA (.36 + .02 in MSNI; .31 £+ .03 in MSCI) and
RD (.97 £.06 in MSNI; 1.11 £ .10 in MSCI); left cingulum FA (.37 £.02 in MSNI; .35 £
02 in MSCI), MD (.76 + .02 in MSNI, .82 + .02 in MSCI), and RD (.59 £ .02 in MSNI, .65
+ .05 in MSCI); right cingulum FA (.36 + .02 in MSNI, .33 £ .02 in MSCI), MD (.76 + .02
in MSNI, .81 + .05 in MSCI), and RD (.59 £ .02 in MSNI, .65 + .05 in MSCI); and left UF
FA (.39 £ .02 in MSNI; .34 + .07 in MSCI) were statistically different between MSNI and
MSCI (P < .001). Spearman’s rank order analysis showed that fornix FA (r=-.61, P=.
00002), fornix RD (r= .52, P=.0003), right cingulum FA (r=-.54, P=.0002), and right
cingulum RD (r=.5, P=.0007) were strongest correlates of Cl index (see Fig 3). Table 2
illustrates the other correlations of DTI values with CI index.

Discussion

In this study, we provided systematically in vivo delineation and 3-Dimensional
reconstruction of major limbic pathways including fornix, cingulum, and uncinate fasciculi
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using DTI-based deterministic tractography in our MS cohort. We found significant
differences in DT measures of fornices, cingulum, and UF between cognitively normal
(MSNI) and impaired MS patients (MSCI), which may reflect the effects of the extent of
damage to these limbic white matter pathways on their cognitive performance. We also
found that FA and RD of fornices and FA of right cingulum were significantly correlated
with the MACFIMS scoring. MACFIMS scoring measures processing speed and working
memory, two sensitive domains in MS-related CI.26

These findings suggest that FA and RD values of fornix and FA values of cingulum may be
potential neuroimaging markers of CI of the type common to MS. Previous studies
attempted to relate fornix, cingulum, and UF to various realms of cognition such as
visuospatial memory,2” episodic memory,® and speed of processing.28:2% As these tracts are
found to be predictors of different cognitive skills in various studies, we attempted to
provide an MS-tailored cognitive impairment approach through the use of comprehensive
MACFIMS scoring.

Consistent with previous studies, 1% we found very strong difference in DTI values of fornix
between MSNI and MSNI. Fornix was shown to be a predictor of visuospatial memory,2’
verbal memory,29 and spatial working memory.30 In our cohort, FA and RD of fornix were
found highly correlated with the extent of ClI in MS.

Cingulum was associated with attention/executive function, auditory information processing
speed and flexibility, visual perception and memory, and verbal learning skills.”-28:29 FA and
RD of right cingulum were found to be strong correlates of Cl in MS in our cohort. It has
been previously demonstrated that there is right-left asymmetry in the cingulum, with the
cingulum bundle FA being higher in the left hemisphere.23 Laterality of the cingulum has
not been addressed in the previous MS studies. We are not aware of any apparent factor
besides the characteristics of our cohort, making right cingulum more strongly correlated
with MS CI than the left cingulum.

UF showed moderate difference between MSCI and MSNI groups. Kern and colleagues
found that FA of UF correlated with spatial memory and processing speed in MS.29
However, in the correlation analysis, we could not define strong correlations between DTI
values of UF and Cl index. This finding is somewhat consistent with previous studies28:31
and suggests that UF is not a strong indicator of the Cl in MS. The UF is the major infero-
anterior pathway connection between temporal and frontal lobes2°32 and cognitive
impairment in our MS cohort may be attributed to more involvement of superior circuits.

We have constructed limbic pathways with their entire trajectory being verified on a slice-
by-slice basis while being guided by basic neuroanatomy atlases using in vivo DTI-based
quantification instead of using fully automated voxel-based methods such as tract-based
spatial statistics (TBSS) that would require spatial normalization. We have demonstrated that
the microstructural integrity of these pathways is correlated with the presence and extent of
Cl seen in this MS cohort using a comprehensive MS-tailored cognitive evaluation tool, the
MAC-FIMS CI index.
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Our study has several limitations that include a lack of age-and gender-matched healthy
controls, the limitation of a cross-sectional study to associations rather than predictive value

of

the metrics, the heterogeneity of MS subgroups studied, and our limited sample size.

Adequately powered, properly stratified and controlled studies with serial design are now
required to reach definite conclusions in the role of microcellular tissue integrity of main
limbic tracts in contributing to and predicting the presence and development of Cl in MS.
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Cl Index

Distribution of cognitive impairment (Cl) index scores in entire cohort.
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Fig 2.

Illustration of the regions-of-interest used for fornix (A and B), cingulum (C, D, and E), and
uncinated fasciculus (F and G) in color-coded map of diffusion tensor imaging (DTI) along
with 3-dimensional representation of these tracts (H, I, and J) in the fused T1-weighted map.
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Fig 3.

Illustration of the scatter plot, distribution, box plots, and best fit linear regression line of
fractional anisotropy (FA) and radial diffusivity (RD) of fornix and right cingulum with
cognitive impairment (CI) index.
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Summary of the Mean + Standard Deviation of Volume (vol) Intracranial Volume (ICV)-Normalized Volume
(Nvol), Fractional Anisotropy (FA), Mean (MD), Axial (AD), and Radial (RD) Diffusivities of Fornix,
Cingulum (Cing), Uncinated Fasciculus (UF) with the Demographics in Whole Cohort, Cognitively Normal
(MSNI), and Impaired (MSCI) Groups. Our Cohort Includes Subjects with Relapsing-Remitting (RRMS) and
Secondary Progressive Multiple Sclerosis (SPMS).

Entire Cohort MSNI MSCI
Number of subjects 46 10 29
Total lesion volume (mL) ** 19.85 +19.17 7.57+7.10 27.01 % 20.55
Age (years) 40.80 +11.26 36.7 +10.64 43.1+11.05
Gender 36F 10M 6 F, 4M 21 F, 6M
Education in years * 1417234 16 +2.49 13.79 £ 2.09
Disease duration in years 13.29 £9.02 9.65+8.19 15.1+9.89
Expanded Disability Status Scale (EDSS) ™ 3.51%.3(0-7) 13+.78(0-3) 4.47+1.75(15-7)
Cognitive Impairment (Cl) Index 0-7 0-.25 .35-1
MS subtypes 39 RRMS, 7 SPMS 10 RRMS 22 RRMS, 7 SPMS
Fornix- Vol 3.14+1.34 419+1.17 271+1.18
Fornix-Nvol * 2.38+1.01 299 + .82 2.08 +.92
Fornix EA *** 33+.03 36+ .02 31+ .03
Fornix-MD 133+.11 124+ .08 137+.11
Fornix-AD 185+ .14 1.80+.13 1.89+.14
Fornix-RD 1.07 .10 .97 £.06 1.11+.10
Left Cing-Vol 10.99 +2.32 11.84 +1.99 10.92 +2.25
Left Cing-Nvol 8.28 +1.58 8.45+1.54 8.27 +1.54
Left Cing-FA folelal .36 +.02 .37 +.02 .35+0.02
Left Cing-MD Ak .81+.05 .76 £.02 .82 +.02
Left Cing-AD * 1.15+.05 1.12 +£.02 1.16 £ .05
Left Cing-RD *** 64+ .05 59 +.02 65 .05
Right Cing-Vol 10.24 + 3.06 11.76 + 3.36 10.23 +2.91
Right Cing-Nvol 7.70 £ 2.04 8.36 +2.35 7.74 +1.98
Right Cing—FA*** .34 +.02 .36 £.02 .33+.02
Right Cing-MD A .80 .05 .76 £.02 .81+.05
Right Cing-AD * 112+ .05 1.09 +£.03 1.13+.05
Right Cing-RD *** 64 .05 59+ .02 65+ .05
Left UF-Vol 4.69 +2.67 5.38 +2.69 443+2.78
Left UF-Nvol 352+1091 3.76 +1.81 3.36 +£1.99
Left UF-FA *** .36 = .06 .39 £.02 .34 £.07
Left UF-MD ¥ .83+.14 81+.04 .83+ .17
Left UF-AD 119+ .19 1.19+.05 119+ .25
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Entire Cohort MSNI MSCI
Left UF-RD ™ 65+.11 62+.03 66 +.14
Right UF-Vol 4.65+2.04 6.11+1.76 394+171
Right UF-Nvol ** 3.5+1.48 429+ .92 3.00 £1.34
Right UF-FA ¥ 35+.03 37+.02 34+.03
Right UF-MD ** .84 + .06 .80+.02 .86 .06
Right UF-AD 1.19 + .07 1.16 +.02 1.20 + .07
.66 + .06 .63 £.03 .68 .06

Right UF-RD **

Mann-Whitney U-test was used for group comparisons and for significance level, *represents P<.05,

b
P< .01, and

Hook:

*
P<.001. Units: Volume = mL or cm3, FA = = o, MD, AD, and RD= 10~3 mm?2 s™L. ICV defined as total brain volume that is equal to sum
of cerebrum, cerebellum, and all cerebrospinal fluid and blood within.
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Correlations (r values) of cognitive impairment (Cl) index with normalized volume (Nvol), fractional

Table 2
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anisotropy (FA), mean (MD), axial (AD), and radial (RD) diffusivities of fornix, cingulum (Cing), uncinated

fasciculus (UF).

Cl Index
Fomix-Nvol -33
Fornix-FA ™ -.61
Fornix-MD * 38
Fornix-AD 12
Fornix-RD 52
Left Cing-Nvol -.10
Left Cing-FA > —42
Left Cing-MD ™ 38
Left Cing-AD .26
Left Cing-RD ™ 42
Right Cing-Nvol -.01
Right Cing-FA ™ —.54
Right Cing-MD ™™ 45
Right Cing-AD .29
Right Cing-RD 50
LeftUFNvol -.08
Left UF-FA -.22
Left UF-MD -.06
Left- UF AD -.09
Left Uf-RD -.04
Right UF-Nvol ™ —42
Right UF-FA ™ -33
Right UF-MD 31
Right UF-AD 19
Right UF-RD * 36

For the analysis Spearman’s rank-order analysis was used and for significance level, *represents p <0.05,

*:

ok
p<0.01, and

Aok

%
p < 0.001.

J Neuroimaging. Author manuscript; available in PMC 2018 January 01.



	Abstract
	Introduction
	Materials and Methods
	Behavioral Laboratory Measures
	MACFIMS Scoring
	Magnetic Resonance Imaging Data Acquisition
	Lesion Volume Segmentation Using Conventional MRI
	Diffusion Tensor Fiber Tractography
	Statistical Analyses

	Results
	Discussion
	References
	Fig 1
	Fig 2
	Fig 3
	Table 1
	Table 2

