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Abstract

Background and Purpose—In 1948, Paul Yakovlev described an additional limbic circuit
located basolateral to James Papez’s circuit (1937) and included orbitofrontal cortex, amygdala
and dorsomedial nucleus of thalamus. This circuit is shown to be an important component of
subcortical cognitive abilities. We aimed to demonstrate this circuit in a multiple sclerosis (MS)
cohort, using diffusion tensor imaging (DTI) and evaluate its role in MS related cognitive
impairment (CI).

Methods—We enrolled cognitively intact (n=10) and impaired (n=36) MS patients who
underwent a comprehensive cognitive assessment; the Minimal Assessment of Cognitive Function
in Multiple Sclerosis (MACFIMS) and structural magnetic resonance imaging (MRI). Correlation
analyses between volumetric and DTI derived values of the orbitofrontothalamic (OFT),
amygdalothalamic tracts (ATT) and dorsomedial nucleus of thalamus and CI index derived from
MACFIMS were computed after adjustment for age, education and lesion load.

Results—We observed a consistent trend between Cl index and bilateral dorsomedial nucleus’
mean diffusivity (MD) (r=0.316; p: 0.02), left OFT FA (r:-0.302; p:0.02), MD (r=0.380; 0.006),
and radial diffusivities (RD) (r=0.432; p:0.002), also with right ATT FA (r=-0.475; p:0.0006) and
left ATT FA (r=—0.487; p:0.0005). After Bonferroni correction, correlations of left OFT RD, right
and left ATT FA with CI were found to be significant.

Conclusions—Our study provides in vivo DTI delineation of Yakovlev’s historical basolateral
limbic circuit and establishes a role in MS related CI. These findings may potentially pave the way
for future clinical studies using targeted invasive and non-invasive neurostimulation modalities for
cognitive impairment in MS.
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Introduction

Methods

Subjects

In 1878, Paul Broca was the first neuroanatomist who described the limbic system as “le
grand lobe limbique (the great limbic lobe)” which mainly included cingulate and
hippocampal gyri and subcallosal frontal areas.! Afterwards, in 1937, James Papez proposed
for the first time the limbic system as a circuit in his work titled “A proposed mechanism of
emotion”. Papez proposed the limbic circuits as hippocampus to fornix to mammillary body
to mammillothalamic tract to anterior nucleus of thalamus to the thalamocingulate tract to
the cingulate gyrus to the cingulum to the hippocampus.? Eleven years later in 1948, Paul
Yakovlev described an additional circuit involving orbitofrontal cortex, dorsomedial nucleus
of thalamus and amygdala. Amygdala connects to orbitofrontal cortex through two loops; 1)
directly by uncinate fasciculus 2) indirectly by the amydalothalamic tract projecting to
dorsomedial nucleus of the thalamus then orbitofrontothalamic tract to orbitofrontal cortex.3
Historically the limbic system has been thought to be responsible for olfaction, the visceral
functions, emotion and its driving force, learning and memory.# However growing evidence
suggests that it has a crucial role in various aspects of cognition.>~6 More recently,
connections between the dorsomedial thalamus and orbitofrontal areas were found to be
critical for subcortical cognitive abilities such as working memory, attention, and cognitive
flexibility.”

Cognitive symptomatology in MS is more suggestive of the subcortical dementia spectrum
as it lacks typical cortical symptoms such as agnosia, apraxia, neglect and aphasia.8-°
Patients with MS usually describe their cognitive symptoms as difficulty retaining
instructions which is reflective of slowing in information processing speed, difficulty
concentrating and focusing, impairment in verbal fluency, short memory issues such as
acquiring, retaining and retrieving new information, and deficits in visual perception and
constructional abilities. Recent studies have revealed the involvement of limbic structures in
MS-related cognitive impairment (Cl).10.11

The goal of this study was to 1) demonstrate the feasibility of delineating the elements of the
Yakovlev’s indirect loop; orbitofrontothalamictract (OFT), amygdalothalamic tract (ATT)
and dorsomedial nucleus of thalamus in an MS cohort using mainly diffusion tensor imaging
(DTI) native space and 2) determine whether microstructural damage determined by DTI-
derived values of this loop, relates to MS specific Cl assessed by a comprehensive
behavioral assessment; MACFIMS.

We enrolled ten cognitively non-impaired MS patients (MSNI) and 36 patients with
diagnosed CI (MSCI) age 40.80 £ 11.26 years, education 14.17 + 2.34 years, disease
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duration 13.29 + 9.21 years, and EDSS 3.51 + 2.03 (0-7). Each subject provided written
informed consent following the University of Texas Health Science Center Institutional
Review Board’s approval of the protocol. All subjects underwent the MACFIMS battery and
an MR imaging. Cognitive testing was performed in the morning to avoid fatigue, prior to
and within 2 weeks of the imaging session. Inclusion criteria specified meeting 2010
McDonald Criteria for MS. Exclusion criteria included history of psychiatric disorders or
current depression, relapse within 3 months of enrollment, recent drug or alcohol abuse,
other brain pathology, claustrophobia, or positive urine pregnancy test prior to MRI.

Cognitive Assessment

The MACFIMS is designed to quantify cognitive function with neuropsychological testing.
121t is composed of 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 by California Verbal Learning Test Second Edition (CVLT-
I1) and Brief Visuospatial Memory Test-Revised (BVMT-R), executive function by Delis-
Kaplan Executive Function System (D-KEFS) sorting test, visual perception/spatial
processing by Judgment of Line Orientation test (JLO), and verbal fluency measured by the
controlled oral word association test (COWAT). In order to perform MACFIMS scoring,
twenty MACFIMS parameters were identified in an a priori manner by literature review as
most pertinent in the measurement of MS-related cognitive deficits.13 Based on previously
validated methodology, a Cl index was derived. In this cohort, patients were classified as
cognitively impaired as previously described.11:14

Magnetic Resonance Imaging Acquisition

Whole brain MRI data were acquired on a Philips 3.0T Intera scanner using a SENSE
receive head coil. The MRI protocol included conventional and non-conventional MRI
sequences [dual echo turbo spin echo, fluid attenuation by inversion recovery (FLAIR) and
3D T1-weighted magnetization prepared rapid acquisition with gradient echo (MPRAGE)].
The T1-weighted sequence spatial resolution was 1 mm x 1 mm x 1 mm and field-of-view
was 256 mm x 256 mm. Diffusion-weighted image (DWI) data were acquired axially from
the same graphically prescribed conventional MRI volumes using a single-shot multi- slice
2-D spin-echo diffusion sensitized and fat-suppressed echo planar imaging (EPI) sequence,
with the balanced Icosa21 tensor encoding scheme.® The A-factor = 1,000 s mm-2, TR/TE
=7,100/65 ms, FOV = 256 mm x 256 mm, and slice thick-ness/gap/#slices = 3 mm/0
mm/44. The EPI phase encoding used a SENSE k-space undersampling factor of two, 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 Load Segmentation

Whole brain lesion load was mapped and quantified in all patients using the co-registered
multispectral dual FSE and the FLAIR volumes. The lesion probability masks were
computed in MRIcron (http://www.nitrc.org/projects/mricron/).16 The lesion volumes were
saved as binary masks to enable fusion with other multimodal volumes acquired from the
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same subject. We obtained both T1 and T2 lesion load to adjust for in the correlation
analyses.

Atlas Based Thalamic Nuclei Segmentation

The analysis was conducted using DSI Studio (http://dsi-studio.labsolver.org). Thalamic
nuclei were obtained from ICBM (International Consortium for Brain Mapping) (http://
www.loni.usc.edu/atlases/) warped into DTI space thru DSlstudio. ICBM atlases provides
probability maps of thalamic nuclei. As the DSlIstudio software allows on editing regions,
dorsomedial thalamus is verified and edited with neuroanatomy guidance on slice by slice
basis on DTI maps. DTI derived mean diffusivities were obtained for dorsomedial thalamus.

Tractography

Yakovlev described the circuit of orbitofrontal cortex-dorsomedial thalamus-amygdala as
basolateral limbic circuit in addition to Papez circuit.3 This circuit has two main white
matter loops; 1) anteriorly uncinate fasciculus, previously studied in MS related CI10-11
connecting amygdala or temporal pole to orbitofrontal frontal cortex and 2) posteriorly
bisynaptic orbitofrontoamygdalar loop including bidirectional and ipsilateral
orbitfrontothalamic and amygdalothalamic projection pathways. From the cortex, this loop
arises from OFC travels posteriorly through the anterior limb of the internal capsule and
synapses in the dorsomedial nucleus of the thalamus.17 It then projects inferolaterally,
travels adjacent to forniceal fibers and reaches the amygdala.18 For deterministic
tractography methodology, we used brute force, ROI-based, the fiber assignment with
continuous tractography (FACT) algorithm1920 (DTI Studio, Johns Hopkins University,
Baltimore, MD) and our ROI based approach illustrated and described in figure 1.

Statistical Analyses

Results

We obtained residual values for diffusion derived values and Cl by using the general linear
model multivariate analysis controlled for age, T1w and T2w lesion load and education.
These residual values were then used in a Spearman rank analysis as normal distribution
could not be assured by Kolmogorov Smirnov analyses. Significance defined as p<0.05. We
also computed Bonferroni correction for multiple comparisons (calculated by diving 0.05 by
number of comparisons (n=20), p value defined as p<0.003.

Correlation analyses are summarized in the table and important correlations are highlighted
as scatter plots in figure 2. A consistent trend between ClI index and bilateral dorsomedial
nucleus’ MD (r=0.316, p=0.016), right OFT FA (r=-0.280, p=0.035) and MD (r=0.284,
p=0.032), left OFT FA (r=-0.302, p=0.025), MD (r=0.380, p=0.006), and RD (r=0.432,
p=0.002), right ATT adjusted volume (r=—0.354, p=0.01), FA (r=—-0.475, p=0.0006) and RD
(r=0.336, p=0.014), left ATT FA (r=—0.487, 0.0005) and RD (r=0.306, p=0.023). After
Bonferroni correction, correlations of left OFT RD, right and left ATT FA with CI index
remained significant.

J Neuroimaging. Author manuscript; available in PMC 2019 November 01.


http://dsi-studio.labsolver.org
http://www.loni.usc.edu/atlases/
http://www.loni.usc.edu/atlases/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keser et al.

Page 5

Discussion

This work describes Yakovlev’s basolateral limbic connections; ATT and OFT, in an MS
cohort with a robust and reproducible deterministic tractography methodology. Our results
show that this circuit plays a crucial role in MS related Cl even after adjustments for age,
education, lesion load and correction for multiple comparisons. The other important
pathway; uncinate fasciculus was recently investigated by our group and showed a similar
trend.11 Also for the first time, we report on specific thalamic nuclei to the circuit, i.e. the
dorsomedial nucleus rather than the entire thalamus, which showed a parallel trend of
correlation to Cl along with the OFT and ATT.

Initially, Yakovlev’s circuit was thought to be related to the visceral aspects of emotional
processing,? its damage leading to loss of insight, inability to recognize socially
inappropriate behaviors in oneself.21 However, later it was shown to contribute to the neural
basis of learning and memory.# Additionally, recent MS studies showing the importance of
the amygdala and OFC10:22 jn cognition support our findings.

The anterior thalamic radiations (ATR) were shown to have the greatest yearly percentage
atrophy in an MS cohort.23 The thalamus has numerous projections to prefrontal cortex
arising from its different nuclei with different functions and even the dorsomedial nucleus
projects into the dorsolateral prefrontal cortex (DLPFC), the ventrolateral prefrontal cortex
(VLPFC), and the orbitofrontal cortex (OFC), separately.1” Thus investigating ATR,
composed of the different pathways, alone remains quite non-specific for exploring the
function of these projections. Functionally, the projections from the dorsomedial thalamus to
the orbitofrontal and prefrontal areas are an important component of subcortical regulation
of cognitive abilities such as working memory, attention, and cognitive flexibility.” As
hypothesized, the OFT showed strong correlation with MS related CI, which is more
characterized by subcortical dementia clinical picture.8

Kamali and colleagues described a robust methodology to track the ATT in a healthy cohort
based on a high resolution DTI dataset.18 We translated the methodology to our MS cohort
and demonstrated that it is also feasible with a relatively standard acquisition protocol used
in clinical trials involving MS patients. Functionally this tract was implicated in the rapid
shifting of attention to emotional stimuli,2 assessment in purposefulness and social
appropriateness of emotional stimuli, and social cognition.2> As part of the orbitofrontal-
amygdalar loop, similar to OFT, this tract also revealed a significant association with MS
related subcortical dementia like CI.

Previously thalamic atrophy was shown as a reliable marker of neurodegeneration in MS
(Hasan 2011), and related to CI in MS.26 However the thalamus, as the major relay center in
the brain, has numerous unconnected nuclei with different functions and connections with
the rest of the brain. Similar to ATR, thalamic nuclei need to be investigated separately to
better delineate their projections and understand function. Recent studies in healthy
subjects?7-28 provided a road map for thalamus segmentation which was also feasible in our
MS cohort. Similar to the other component of the basolateral limbic circuit, it showed a
similar trend in the correlation analyses but not as strong as OFT or ATT.
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In conclusion, our study explores Yakovlev’s historical basolateral limbic circuit in MS and
provides an alternative neural correlate for Cl in MS. Clearly the study has several
limitations such as small sample size, lack of healthy controls, and cross sectional design.
Also, the acquired resolution of 2x2x3 mm and final resolution of 1x1x3 mm voxels are
non-isotropic and may introduce bias into tracography. Thus our DTI results need to be
interpreted with caution. However, given adjustment for age, education, lesion load and
correction for multiple comparisons, our statistical analyses were conservative enough to
reduce the likelihood of false positive correlations. Larger studies are needed to confirm
these findings as the role of the limbic system in MS related CI should continue to be
investigated.
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Figure 1.
Illustration of the deterministic tractography used for the analyses. For amygdalothalamic

tract (E), we seeded our first region of interest (ROI) (OR operator in DTIstudio) in the
commissural fibers (red), best seen in approximately 13 mm off-midline sagittal, inferior to
the antero-inferior tips of the fornix fimbria (pointed by arrow), posterior to projection fibers
(blue) and anteroinferior to corpus callosum isthmus and splenium parts (A) and second ROI
(AND operator) in temporal lobe coronal section at the level of anterior commissure (B). For
orbitofrontothalamic tract (F) we seeded our first ROI (OR operator) (C) on the midline
association fibers (green) coronally which is dorsolateral thalamus, bordered by a triangle;
projection fibers bilaterally and corpus callosum and fornix at the top and second ROl (AND
operator) in medial frontal pole where orbitofrontal cortex located (D). NOT operator was
used to clean the contaminations of other pathways and it was performed in varying degree
in subjects by neuroanatomy guidance. The seeds were placed on one slice for each operator.
DTIStudio and DSIStudio (http://dsi-studio.labsolver.org/) were used to generate this figure.
Illustration maps are color-coded map (A-D) and T1weighted (E-F) maps. Abbreviations:
ATT: amygdalothalamic tract, DMT: dorsolateral thalamus, OFT: orbitofrontothalamic tract.
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Highlights of scatter plots of cognitive impairment index and fractional anisotropy, mean

and radial diffusivities and adjusted volumes of orbitofrontothalamic tract,
amygdalothalamic tract and dorsomedial nucleus of thalamus. Abbreviations:

amygdalothalamic tract, Cl: cognitive impairment, MD: Mean diffusivity. OFT:

orbitofrontothalamic tract, RD: radial diffusivity, vol_adj: adjusted volume.
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Table

The results of Spearman’s correlation analyses (r and p values) of cognitive impairment index to fractional
anisotropy, mean, axial and radial diffusivities and adjusted volumes of orbitofrontothalamic tract,
amygdalothalamic tract and dorsomedial nucleus of thalamus.

Cl

r p

Dorsomedial_Nucleus MD .316* .016
Dorsomedial_Nucleus_vol_adj -.068 0.30
Right_OFT_vol_adj -.144 178
Right_OFT_FA -280% | .035
Right_OFT_MD .284* .032
Right OFT_RD 254 .050
Right_OFT_AD .166 144
Left OFT_vol_adj -.034 413
Left OFT_FA -302* | 025
Left OFT_MD .380** .006
Left_OFT_RD A432%* .002
Left OFT_AD 237 .063
Right_ATT_vol_adj -354% | 010
Right ATT_FA -.475** | 0.0006
Right ATT_MD 210 .088
Right ATT_RD 336* 014
Right ATT_AD 072 322
Left ATT_vol_adj -.155 .160
Left ATT_FA -.487** | 0.0005
Left ATT_MD 231 .068
Left ATT_RD .306* .023
Left ATT_AD 153 164

Abbreviations: AD: Axial Diffusivity, ATT: amygdalothalamic tract, CI: cognitive impairment, MD: Mean diffusivity. OFT: orbitofrontothalamic
tract, RD: radial diffusivity, vol_adj: adjusted volume.
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