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Diffusion tensor tractography of 
the mammillothalamic tract in the 
human brain using a high spatial 
resolution DTI technique
Arash Kamali   1, Caroline C. Zhang2, Roy F. Riascos1, Nitin Tandon3, Eliana E. Bonafante-Mejia1, 
Rajan Patel1, John A. Lincoln4, Pejman Rabiei1, Laura Ocasio1, Kyan Younes4 & Khader M. Hasan1

The mammillary bodies as part of the hypothalamic nuclei are in the central limbic circuitry of the 
human brain. The mammillary bodies are shown to be directly or indirectly connected to the amygdala, 
hippocampus, and thalami as the major gray matter structures of the human limbic system. Although 
it is not primarily considered as part of the human limbic system, the thalamus is shown to be involved 
in many limbic functions of the human brain. The major direct connection of the thalami with the 
hypothalamic nuclei is known to be through the mammillothalamic tract. Given the crucial role of 
the mammillothalamic tracts in memory functions, diffusion tensor imaging may be helpful in better 
visualizing the surgical anatomy of this pathway noninvasively. This study aimed to investigate 
the utility of high spatial resolution diffusion tensor tractography for mapping the trajectory of the 
mammillothalamic tract in the human brain. Fifteen healthy adults were studied after obtaining written 
informed consent. We used high spatial resolution diffusion tensor imaging data at 3.0 T. We delineated, 
for the first time, the detailed trajectory of the mammillothalamic tract of the human brain using 
deterministic diffusion tensor tractography.

Limbic system of the human brain is a collection of gray and white matter structures that supports a variety of 
functions including emotion, behavior, motivation, long-term memory, and olfaction. The human thalamus “the 
bed of the brain” is at the central connections of numerous brain pathways and even though it’s not primarily 
considered as part of the human limbic system, the thalamus is shown to be involved in many limbic func-
tions of the human brain1. The thalamus is connected to many cortical areas involved in limbic system such as 
the prefrontal cortex and has a critical role in the fronto-limbic circuitry and integrates many interconnecting 
tracts between components of the limbic system. The major connections of the anterior thalamic nuclei with the 
hypothalamic nuclei are known to be through the mammillo-thalamic tracts (MTT) which run vertically from 
the mammillary bodies to the anterior thalamic nuclei1. As a vital connection between the mammillary body 
and anterior thalamus, the MTT is crucial for normal memory functions2,3. Studies and case reports on animals 
indicate that lesions of the MTT cause deficits in retention of conditioned avoidance behavior, in acquisition of 
new cognitive skills, and in encoding visuo-spatial working memory, as well as deficits in recent memory2,4–8. 
Investigations of MTT lesions in patients have shown that damage to the MTT leads to cognitive impairments 
in Korsakoff syndrome and Wernicke’s encephalopathy in addition to possibly causing diencephalic amnesia9,10. 
Diencephalic amnesia has been most consistently reported being associated with pathology in the mammillary 
bodies, the mammillothalamic tract and the anterior thalamic nuclei2,11–14. Furthermore, studies suggest that 
MTT damage after thalamic infarct is the only predictor of whether amnesia will develop in patients2,3,15. Lastly, 
besides its role in memory, the MTT could possibly be involved in the propagation and initiation of generalized 
seizures16. While ample evidence points to the fundamental role of the mammillary bodies as part of the hypo-
thalamic nuclei in central limbic circuitry, the neural circuits underlying these structures are not characterized 
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or incompletely described in the human brain on prior diffusion tensor tractography (DTI) studies. In our most 
recent DTI studies, we demonstrated for the first time, the direct connections of the amygdala with the hypo-
thalamic and septal nuclei via the amygdalofugal tract17. We also demonstrated the indirect connections of the 
mammillary bodies to the amygdala through the fornix and hippocampus18.

Diffusion tensor tractography (DTT) is a robust technique based on diffusion tensor imaging which allows 
noninvasive vivo reconstruction of the trajectory of the neuronal fiber tracts19. This technique may provide infor-
mation about the course, integrity, anatomical connectivity, or possible disruption of neural pathways. DTT may 
be helpful in better visualizing the surgical anatomy of the brain structures, in assisting to plan surgical proce-
dures to avoid damaging the important structures, and in exploring the specific connections that are impaired.

Numerous anatomical details in the brain white matter connectivity including the delicate limbic struc-
tures have been undetectable or poorly detectable in prior DTT studies due to poor spatial resolution, low 
signal-to-noise ratio (SNR), and partial volume averaging upon using large voxel volumes20–23. For example, the 
major thalamo-limbic connections of human limbic system including the mammillothalamic tract have not been 
depicted in the prior DTT studies. This work aimed to present for the first time the trajectory, connectivity, and 
descriptive anatomy of the mammillothalamic tract (MTT) in the human limbic system using a high resolution 
DTI protocol on 3 T and deterministic tractography approach24.

Materials and Methods
Study Subjects.  Fifteen healthy adults (3 females and 10 males age range 24–37 years) were included in this 
study, after obtaining written informed consent. The exclusion factor for our study group was the knowledge of 
any prior brain pathology including the traumatic, neoplastic, demyelinating disease, or degenerative diseases 
such as Alzheimer or dementia. The rationale behind our exclusion criteria was to seek the existence of the fine 
neuronal bundle tract of the MTT in the normal human brain as a preliminary report. Brain MRI scans were 
also visited by a neuroradiologist to ensure the absence of any intracranial abnormality. This work was approved 
by our institutional review board (IRB) and was health insurance portability and accountability act (HIPAA) 
compliant Committee for the Protection of Human Subjects Office https://www.uth.edu/cphs/contact-cphs.htm.

Conventional MRI Data Acquisition.  All MRI studies were performed on a 3 T Philips Intera scanner 
with a dual quasar gradient system with a maximum gradient amplitude of 80 mT/m, maximum slew rate 200 
mT/ms/m, and an eight channel SENSE-compatible head coil (Philips Medical Systems, Best, Netherlands). The 
conventional MRI (cMRI) protocol included axially prescribed 3D spoiled gradient (repetition time, TR = 8 ms; 
echo time, TE = 4 ms; and flip angle = TR/TE/flip angle = 8 ms/4 ms/6°), 3-D proton density-weighted (TR/TE/
flip angle = 10,000 ms/10 ms/90° and 3-D T2-weighted (TR/TE/flip angle = 10,000 ms/60 ms/90°), with a square 
field-of-view (FOV) = 256 mm × 256 mm and a matrix of 256 × 256 pixels. The slice thickness for the MRI 
sequences was 1.0 mm with 120 contiguous axial slices covering the entire brain (foramen magnum to vertex). In 
brief, using a 3 T MRI clinical scanner equipped with state-of-the-art gradient hardware and parallel imaging, it 
was impossible to collect the ideal isotropic 1 × 1 × 1 mm data set to match exactly the high resolution T1w data. 
The data were acquired at approximately 1 × 1 × 2 covering the entire human brain keeping an eye on TE and 
TR so that 120 slices are acquired in a single-shot EPI and using one slap. We have repeated this paradigm three 
times to match the SNR level attained using the 3 mm and 2 mm protocol (e.g. 120 = 3*40 or 12–60*2 mm). A 
true 1 mmx1mm in plane acquisition would have resulted in 1/4 the SNR level which would have required 16 
times the number of averages to meet the working SNR in the current protocol (i.e. SNR(b0) ~ dx*dy*thick-
ness*sqrt(NEX)). Our data is k-space interpolated. We have acquired true 1 × 1 × 1mm data sets but using mul-
tiple slab acquisitions that required all slabs to be realigned if whole brain tractography is sought, but the SNR in 
this acquisition was poor and we applied special “non-linear” filtering procedures. The current protocol is more 
time-efficient for all possible fiber tracts and warrants easier clinical translation. The time of scan in our proto-
col was about 20 minutes which is affordable not only for normal adults but also for patients. We acquired axial 
sections covering the entire brain as it is done routinely on patients. The selection of b = 500 also reduced signal 
losses and geometric distortions while providing minimum echo time to cover 120 slices in one shot and one slab 
for the full brain coverage.

DTI Data Acquisition.  Diffusion-weighted image (DWI) data were acquired axially from the same 
graphically prescribed cMRI volumes using a single-shot multi-slice 2D spin-echo diffusion sensitized and 
fat-suppressed echo planar imaging (EPI) sequence, with the balanced Icosa21 tensor encoding scheme24. The 
b-factor = 500 sec mm−2, TR/TE = 14460/60 msec. The spatial coverage for DTI data matched the 3D cMRI 
spatial coverage (FOV = 256 mm × 256 mm and slice thickness/gap/#slices = 1 mm/0 mm/120). The EPI phase 
encoding used a SENSE k-space undersampling factor of two, with an effective k-space matrix of 112 × 112 
and an image matrix after zero-filling of 256 × 256. The acquisition spatial resolution for DTI data was ~ 
2.29 mm × 2.29 mm × 1 mm, and the nominal resolution after image construction was 1 mm × 1 mm × 1 mm. 
The number of b-factor ~ 0 (b0) magnitude image averages was four. The total DTI acquisition time was ~ 
seven minutes for the diffusion-weighted acquisition. The DTI acquisition was repeated three times to enhance 
the signal-to-noise ratio (SNR). The selection of the b-factor, parallel imaging, repetition and echo times enabled 
entire brain coverage using single-shot and interleaved EPI. The thin slice acquisition in space and replication of 
data in time combined with the DTI encoding provided several quality control options to study signal-to-noise 
ratio and partial volume effects on the DTI tracking results24. All methods were performed in accordance with 
the relevant guidelines and regulations.

https://www.uth.edu/cphs/contact-cphs.htm


www.nature.com/scientificreports/

3SCieNTifiC Reports |  (2018) 8:5229  | DOI:10.1038/s41598-018-23452-w

White Matter Fiber Tracking.  All DTI data were inspected and coregistered to the reference b = 0 volume 
then the three scans were averaged to enhance SNR. Geometric eddy current distortions were corrected using 
a mutual information method implemented by the Philips Pride system. Processing of data including tensor 
decoding, diagonalization or eigenvector and eigenvalue estimation and scalar map estimation (i.e FA, MD) were 
conducted in DTIstudio (Johns Hopkins University, Baltimore, Maryland; http://cmrm.med.jhmi.edu/) which 
was also used for tractography. The WM fiber tracking was performed using DTI Studio software. Fiber tracking 
was based on the fiber assignment by continuous tracking (FACT) algorithm with a fractional anisotropy (FA) 
threshold of 0.22 and angle threshold of 60 degrees. The tractography was performed by two tractography experts 
(AK and KH) with more than 10-years experience in DTI tractography. Reproducibility of the fiber construction 

Figure 1.  ROI locations for tractography of the MTT. The first ROI (1) was selected over the vertical blue 
fibers of the mammillary bodies (ROI1). The second ROI (2) was selected on the axial level through anterior 
commissure (AC). The second ROI was added on the fibers generated in the region of the anterior thalamic 
nuclei (ROI2). Adding the second ROI by an AND operation will exclude possible contamination from the 
forniceal columns and stria terminalis due to close proximity of these structures with the MTT. The white 
arrow heads point at the precommissural fibers of the forniceal columns. The yellow arrow heads point to the 
postcommissural fibers of the fornix and stria terminalis. AC = anterior commissure; EC = external capsule; 
IC = internal capsule; Th = thalamus.

Figure 2.  Three-dimensional reconstructions of the MTT (in orange) and the stria terminalis (ST, in black, d). 
Lateral curvature of the MTT is shown within the anterior thalamic nuclei on both sides (a,b). As illustrated in 
Fig. 1d, the stria terminalis is located more anteriorly to the MTT and terminates in the anterior hypothalamic 
nuclei.

http://cmrm.med.jhmi.edu/
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in both hemispheres was tested by two experienced raters in all subjects. No significant interrater variability was 
identified between the two raters.

Two ROIs were applied to obtain each fiber tract (Fig. 1) and an “AND” operation was performed to include 
the fibers passing through both ROIs. The first ROI (1) was selected over the vertical blue fibers of the mammil-
lary bodies on the axial plane coursing through the mammillary bodies (Fig. 1, ROI 1). The second ROI (2) was 
selected on the axial level passing through the anterior commissure (AC). The second ROI was placed on the 
fibers generated in the region of the medial aspect of the anterior thalamic nuclei (Fig. 1, ROI 2). Adding the 
second ROI by an AND operation will exclude possible contamination from the columns of the fornix and stria 
terminalis due to close proximity of these structures with the MTT.

Results
The trajectory of the mammillothalamic tract and the anatomical parcellations of the MTT in relation to the 
forniceal columns and stria terminalis are demonstrated in the present study (Figs 3–5). The MTTs are identified 
bilaterally in all subjects. A common pattern of this tract is observed bilaterally among the fifteen subjects. The 
high-resolution diffusion tensor tractography also revealed more detailed anatomical information regarding the 
mammillothalamic tract such as the lateral curvature and anatomical connections (Figs 2–5). Anatomical par-
cellations and illustrations of the mammillothalamic tract in relation to the fornix and stria terminalis are also 
demonstrated in the axial planes (Fig. 3). Four bright spots are visible on the T1 weighted images at the level of 
mammillary bodies and higher levels (Fig. 3a,c,e). The two frontal bright spots represent the forniceal columns. 

Figure 3.  Three successive color-coded DTI map and corresponding T1 weighted MRI sequences in axial 
planes from caudal to cranial demonstrating the relationship of the postcommissural fibers of the fornix and 
stria terminalis (pointed by short arrows), with the MTT (pointed by long arrows) as they course parallel to 
each other. Four bright spots are visible on the T1 weighted images at the level of mammillary bodies and higher 
levels (a,c,e). The two frontal bright spots represent the forniceal columns. The two dorsal bright spots represent 
the MTT on both sides (Fig. a,c,e). As it’s visible on Fig. 3a,b, the ascending fibers of the MTT arise from the 
mammillary bodies (MB), course posteriorly and then cranially behind the poscommissural fibers of the fornix 
and stria terminalis (pointed by short arrows). The MTT then rises within the anterior thalami (Th) projecting 
more laterally as its visible on the (e and f). The MTT fibers then terminate in the anterior and medial thalamic 
nuclei in each side. Cau = caudate head; IC = internal capsule; Pu = putamen; Th = thalamus.
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The two dorsal bright spots represent the MTT on both sides (Fig. 3a,c,e). We also demonstrate the tractography 
of the precommissural and postcommossural fibers of the forniceal columns along with stria terminalis, which 
course parallel to the MTT and connect to the region of mammillary bodies as well (Figs 2, 4d and 5). We further 
demonstrate the trajectories of the MTT, postcommissural fibers of the fornix and stria terminalis on the high 
spatial resolution T1 weighted anatomical MRI and their relationship with one another (Figs 5, 6).

Figure 5.  Sagittal T1 weighted MRI showing the trajectory of the MTT in relation with the precommissural 
fibers of the fornix and stria terminalis (Fx, ST). The MTT is visible by a T1 hypointense tract seen arising from 
the mammillary body (MB), projecting posteriorly and then cranially within the thalamus. The superior aspect 
of the MTT is not visible in this sagittal plane since the MTT projects more laterally as it ascends within the 
thalamus. The postcommissural fibers of the fornix and stria terminalis are visible by a T1 hypointense bundle 
vertically arising from the mammillary bodies.

Figure 4.  Three-dimensional reconstructions of the fornix (in yellow) and the stria terminalis (in black, a and 
b). The vertical blue fibers anterior to the anterior commissure (AC) shown in c, are the precommisural (PreC) 
fibers of the fornix (Fx). The vertical blue fibers posterior to the anterior commissure (AC) shown in c, are 
a combination of the postcommissural (PosC) fibers of the fornix and stria terminalis (ST). The corresponding 
trajectory of the fornix (yellow) and stria terminalis (shown in red) are shown in d. The precommissural (PreC) 
and postcommissural (PosC) fibers of the fornix are shown in yellow color anterior and posterior to the AC 
respectively. The trajectory of the MTT is shown (in orange in d) arising from the mammillary bodies (MB) and 
coursing posteriorly and then cranially toward the thalamus (Th).
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The mammillothalamic tract.  The mammillothalamic is a projection bundle that arises from the mam-
millary bodies. Unlike the postcommissural fibers of the fornix and stria terminalis which rise cranially from 
the mammillary bodies (Figs 3, 4), the MTT projects dorsally first and then cranially toward the thalamus. In 
this course, the MTT rises just lateral to the third ventricle (Fig. 6) to reach the inferior aspects of the thalami 
(Figs 2–6). The mammillothalamic tract then projects laterally within the anterior thalamus demonstrating a 
lateral curvature within the thalamus (Figs 2, 3, 6). The fibers of the MTT then terminate in the anterior thalamic 
nuclei (Fig. 3e,f).

Discussion
To the best of our knowledge, the current study is the first to thoroughly depict the trajectory of the mammillotha-
lamic tract and its relationship with adjacent forniceal columns and stria terminalis using high spatial resolution 
DTI data. The mammillothalamic tract arises from cells in both the medial and lateral nuclei of the mammillary 
bodies and by fibers that are directly continued from the fornix according to the atlas of anatomy1. These fibers 
connect the mammillary bodies to the anterior thalamic nuclei1,25–31. A recent tractography study by Kwon et al. 
attempted to trace the mammillothalamic tract32. However, the trajectory of the MTT illustrated by these authors 
appears to disagree with our result and known detailed anatomy of the MTT. In the study by Kwon et al., the MTT 
showed an anterior reflection and convexity of the fiber tract. Our results showed a different pattern of the tract, 
with a lateral reflection and convexity of the MTT fibers, which coincide with the known connections of these 
tracts from the atlas of anatomy1 and prior animal studies31,33,34. The MTT arises from the mammillary bodies, 
which are anatomically located inferiorly and ventrally in relation to the thalamus. The MTT fibers project poste-
riorly and cranially just lateral to the third ventricles to the level of the thalami and then bend laterally within the 
anterior and medial aspects of the thalami which explain the lateral convexity of this tract (Figs 2a,b, 3c–f, 6). Our 
tractography result is in line with the result of the 3D reconstruction of the MTT based on the raw anatomical 
MRI data by Mori and Aggarwal, 201423. Studies on the development of the mammillothalamic tract in rats also 
showed that the MTT grows in a rostrodorsal direction until it reaches the anterior thalamic nuclear group31,34.

The hypothalamus receives numerous sensory inputs, controls the autonomic nervous system and pituitary 
function and communicates with other parts of the limbic system, which is tightly connected to the prefrontal 
cortex. The human hypothalamus consists of a group of small nuclei located inferior and ventral to the thala-
mus and is subdivided into three regions: the supraoptic region, tuber cinereum, and the mammillary bodies. 
Projections to areas rostral to the hypothalamus including the septal nuclei are carried by the fornix, stria termi-
nalis and amygdalofugal tract which have been traced in our recent DTI tractography studies17,18. The anterior 
thalamic nuclei receive projections from the fornix and mammillothalamic tract and connect to the orbitof-
rontal and anterior cingulate cortices via the anterior thalamic radiations. The more medially oriented fibers of 
the anterior thalamic radiations projecting to the prefrontal cortex were highlighted in our prior study as the 
prefronto-caudo-thalamic tract or inferior thalamic peduncle35.

As early as the 1900s, researchers conducted animal studies to map out the pathway of the MTT. Studies on 
rats, rabbits, and guinea pigs showed that the MTT originates in the lateral and medial mammillary nuclei, pro-
jects anterodorsally, and terminates in each of the three anterior thalamic nuclei: anteromedial, anteroventral, and 
anterodorsal25–28,36. Later, autoradiographic studies on rats and guinea pigs confirmed this pathway29,36. However, 
unlike the early studies claiming the medial mammillary nucleus projects into all three anterior thalamic nuclei, 
the autoradiographic studies indicated that only the anteromedial and anteroventral thalamic nuclei received 
projection from the medial mammillary nucleus. On the other hand, the lateral mammillary nucleus projects 
into the anterodorsal thalamic nucleus29,36. Further mapping of the MTT on rats and monkeys supported these 
findings30,31,37.

Figure 6.  Coronal T1 weighted MRI showing the trajectory of bilateral MTTs on the coronal level just posterior 
to the mammillary bodies (MB). The bilateral MTTs are visible by T1 hypointense tracts coursing cranially 
toward the thalamus (Th) after exiting from the mammillary bodies. Please attention that the MTT already 
projected posteriorly before reaching this coronal level where it ascends into the thalamus. Lateral bendings of 
the MTTs are visible on this plane as they ascend within the thalami.



www.nature.com/scientificreports/

7SCieNTifiC Reports |  (2018) 8:5229  | DOI:10.1038/s41598-018-23452-w

Researchers performed numerous studies to assess how surgically induced lesions on the MTT impacted 
memory and behavior in animals. Investigators have conducted experiments on the acquisition of cognitive tasks 
in rats undergoing MTT tractotomy. The results suggested that rats with MTT deficiencies have difficulty in 
acquiring new skills4,5. Researchers hypothesized that lesions of the MTT impair the acquisition of conditional 
discrimination involving spatial and visual contexts6–8. Furthermore, Thomas and Gash showed that complete 
transection of the mammillothalamic tract in rats resulted in substantial impairment in the ability to discriminate 
objects based on representational memory38. Besides its role in memory and behavior, MTT lesions in guinea 
pigs protected them from the convulsant and lethal actions of drug pentylenetetrazol thereby suggesting that 
the mammillothalamic tract may also be involved in the propagation and initiation of generalized seizures16. In 
addition to animal studies, human studies have shown that pathological changes to the MTT in humans result 
in memory impairment and amnesia2,39. While the memory impairment in these case reports could also be 
attributed to the extension of damage to the anterior thalamus, new case reports have since shown amnesia in 
patients despite no such damage to the anterior thalamus40,41. Studies indicate that damage to the MTT due to 
anterior-medial thalamic stroke causes severe memory impairment resulting in thalamic amnesia42. In addition, 
damage to the MTT after a thalamic infarct has been shown to be the only indicator of whether amnesia will 
develop in these patients2,3,15. A most recent study introduced the MTT as a new target for treatment of dementia 
and epilepsy43.

Our tractography results confirmed that the MTT is a solid white matter structure in the brain consisting of a 
band of fibers running along and parallel to the forniceal columns and anterior bodies serving as a major direct 
communication pathway of the thalamus with the mammillary bodies of the hypothalamus. We also demon-
strated for the first time the close proximity of the MTT with the forniceal columns and stria terminalis (Figs 2–
5). Furthermore, we presented, for the first time, the anterior arms of the fornix which serve as a direct ventral 
projection from the fimbria of the fornix and hippocampus toward the hypothalamus (white arrow in Fig. 4b). 
These findings add to our knowledge of the extensive and complex connectivity of the mammillary region of 
the hypothalamus. In particular, the local direct connections we have demonstrated of the hippocampus and 
fornix with the mammillary body nuclei indicate the existence of significant local circuits as well as more distant 
circuits of the hypothalamic nuclei such as with the amygdala via the fornix, stria terminalis, and the amygdalof-
ugal tracts17,18. Our recent results regarding the tractography findings of the stria terminalis and amygdalofugal 
tract17,18 were validated by a most recent ultra-high spatial resolution (isotropic 0.25 mm resolution) postmortem 
human study44. The most recent ultra-high spatial resolution postmortem study by Mori et al. did not address 
the tractography of the MTT in the human brain. However, another high spatial resolution study by Mori and 
Aggarwal, 2014, demonstrated the 3D reconstruction of the MTT based on the row anatomical data which cor-
roborates with and validates the current results of the MTT tractography23. Our results may be further validated 
by future postmortem studies with focusing on the delicate thalamo-limbic connections.

A given DTI-based trajectory may not correspond exactly to the fine distribution of actual axonal bundles due 
to crossing and kissing fibers that may cause false positive or false negative results45,46. However, our observations 
were consistent in all subjects which renders false positive results very unlikely. In our experience, the main chal-
lenge on the way of tracking the mammillothalamic tract was marked crossing with the major anterior-posteriorly 
oriented fibers such as the anterior thalamic radiations and the prefronto-caudo-thalamic pathways which were 
traced in our past DTI tractography study35. Since the MTT courses side by side with the stria terminalis and 
fornix, kissing fiber phenomenon may also result in fiber switch (false positive result) or abrupt termination of 
the tracking algorithm (false negative result)45. This confusion may be the source of some false positive results 
in studies that used a lower spatial resolution32 due to partial volume averaging and heavy crossing fibers in 
the region of the MTT. This further emphasizes that tractography results should be carefully interpreted in the 
context of well-established anatomical data known by the atlas of anatomy and prior dissection studies43–45. To 
avoid this confusion we also traced the fornix and stria terminalis on each side to better orient the readers to the 
close proximity of these white matter bundles (Fig. 4). In our experience, the ability to trace the major adjacent 
fine fiber tracts such as the fornix and stria terminalis18 was a valuable factor in our success to distinguish these 
convoluted bundles from one another. Using high spatial resolution DTI data increased the detectable anisotropy 
within the gray matter structures and helped to trace the thin white matter fibers passing through the hypotha-
lamic and thalamic nuclei35. The complexity of the fibers within a voxel remains to be a limitation of the diffusion 
tensor tractography model. Inability to distinguish between the efferent and afferent fiber tracts is also another 
limitation of DTT technique. The tractography of the MTT may not be feasible in brain pathology such as high 
grade thalamic glioma with significant adjacent edema due to drop of anisotropy which is another limitation 
of diffusion tensor model. Future studies using high magnetic field MRI, higher angular diffusion technique or 
postmortem exams with focusing on the MTT may further validate our results23,43,47.

A precise understanding of the limbic white matter anatomy is essential for unraveling the complex functional 
network of the limbic system. This study may be one step forward toward unravelling the complex neuronal net-
work of the limbic circuitry and to advance our understanding of limbic function and numerous limbic related 
disorders such as schizophrenia, depression, OCD, and anxiety disorder among other pathologies.

Conclusions
In this report, we demonstrated the detailed trajectory of the mammillothalamic tract using a high spatial reso-
lution diffusion tensor deterministic tractography technique at 3 T. We also depicted the relationship of the MTT 
with adjacent forniceal columns. Our tractography results are supported by the atlas of anatomy1 as well as prior 
animal and human studies23,25–28,36.



www.nature.com/scientificreports/

8SCieNTifiC Reports |  (2018) 8:5229  | DOI:10.1038/s41598-018-23452-w

References
	 1.	 Hains, D. E. Neuroanatomy. An atlas of structures, sections and systems 7th (edn) Lippincott Williams and Wilkins, New York. 

(2007).
	 2.	 Van der Werf, Y. D. et al. Deficits of memory, executive functioning and attention following infarction in the thalamus; a study of 22 

cases with localised lesions. Neuropsychologia 41, 1330–44 (2003).
	 3.	 Schott, J. M., Crutch, S. J., Fox, N. C. & Warrington, E. K. Development of selective verbal memory impairment secondary to a left 

thalamic infarct: a longitudinal case study. J Neurol Neurosurg Psychiatry 74, 255–7 (2003).
	 4.	 Thompson, R. A. Note on cortical and subcortical injuries and avoidance learning by rats. In: The Frontal Granular Cortex and 

Behavior, edited by J. M. Warren & K. Akert. McGraw- Hill, New York (1964).
	 5.	 Thompson, R., Langer, S. K. & Rich, I. Lesions of the limbic system and short-term memory in albino rats. Brain 87, 537–542 (1964).
	 6.	 Field, T. D., Rosenstock, J., King, E. C. & Greene, E. Behavioral role of the mammillary efferent system. Brain Res Bull 3(5), 451–456 (1978).
	 7.	 Vann, S. D. & Aggleton, J. P. Evidence of a spatial encoding deficit in rats with lesions of the mammillary bodies or mammillothalamic 

tract. J Neurosci 23(8), 3506–3514 (2003).
	 8.	 Vann, S. D., Honey, R. C. & Aggleton, J. P. Lesions of the mammillothalamic tract impair the acquisition of spatial but not nonspatial 

contextual conditional discriminations. Eur J Neurosci 18, 2413–2416 (2003).
	 9.	 Yoneoka, Y. et al. Acute Korsakoff syndrome following mammillothalamic tract infarction. AJNR Am J Neuroradiol 25, 964–8 (2004).
	10.	 Kim, E. et al. Mammillothalamic functional connectivity and memory function in Wernicke’s encephalopathy. Brain 132, 369–376, 

https://doi.org/10.1093/brain/awn311, (2009).
	11.	 Von Cramon, D. Y., Hebel, N. & Schuri, U. A contribution to the anatomical basis of thalamic amnesia. Brain. 108, 993–1008 (1985).
	12.	 Dusoir, H.1, Kapur, N., Byrnes, D. P., McKinstry, S. & Hoare, R. D. The role of diencephalic pathology in human memory disorder. 

Evidence from a penetrating paranasal brain injury. Brain. 113, 1695–706 (1990).
	13.	 Ghika-Schmid, F. & Bogousslavsky, J. The acute behavioral syndrome of anterior thalamic infarction: a prospective study of 12 cases. 

Ann Neurol. 48, 220–7 (2000).
	14.	 Harding, A., Halliday, G., Caine, D. & Kril, J. Degeneration of anterior thalamic nuclei differentiates alcoholics with amnesia. Brain. 

123, 141–54 (2000).
	15.	 Vann, S. D. Re-evaluating the role of the mammillary bodies in memory. Neuropsychologia 48(8), 2316–2327 (2010).
	16.	 Mirski, M. A. & Ferrendelli, J. A. Interruption of the Mammillothalamic Tract Prevents Seizures in Guinea Pigs. Science 226, 72–74 

(1984).
	17.	 Kamali, A. et al. Revealing the ventral amygdalofugal pathway of the human limbic system using high spatial resolution diffusion 

tensor tractography. Brain Struct Funct. 221, 3561–9 (2016).
	18.	 Kamali, A. et al. Mapping the trajectory of the stria terminalis of the human limbic system using high spatial resolution diffusion 

tensor tractography. Neurosci Lett. 608, 45–50 (2015).
	19.	 Le Bihan, D. et al. Diffusion tensor imaging: concepts and applications. J Magn Reson Imaging. Review 534–46 (2001).
	20.	 Concha, L., Gross, D. W. & Beaulieu, C. Diffusion tensor tractography of the limbic system. AJNR Am J Neuroradiol 26, 2267–2274 

(2005).
	21.	 Catani, M. & Thiebaut de Schotten, M. A diffusion tensor imaging tractography atlas for virtual in vivo dissections. Cortex. 44, 

1105–32 (2008).
	22.	 Schmahmann, J. D., Smith, E. E., Eichler, F. S. & Filley, C. M. Cerebral white matter: neuroanatomy, clinical neurology, and 

neurobehavioral correlates. Ann N Y Acad Sci. 1142, 266–309 (2008).
	23.	 Mori, S. & Aggarwal, M. In vivo magnetic resonance imaging of the human limbic white matter. Front Aging Neurosci. 6, 321 (2014).
	24.	 Hasan, K. M., Kamali, A. & Kramer, L. A. Mapping the human brain white matter tracts relative to cortical and deep gray matter 

using diffusion tensor imaging at high spatial resolution. Magn Reson Imaging. 27, 631–636 (2009).
	25.	 Clark, W. E. Le. Gros An experimental study of thalamic connexions in the rat. Phil Trans B 222, 1–28 (1932).
	26.	 Yamagata. Ueber die Verbindungsbahnen des Corpus Mamillare. J. Okayama Med. Soc. 39, 641–644, 920–922, 1071–1072. (German 

summaries) (1927).
	27.	 Powell, T. P. & Cowan, W. M. The origin of the mamillo-thalamic tract in the rat. Journal of anatomy. 88, 489–497 (1954).
	28.	 Guillery, R. W. Degeneration in the hypothalamic connexions of the albino rat. Journal of anatomy 91, 91–115 (1957).
	29.	 Cruce, J. A. F. An autoradiographic study of the projections of the mammillothalamic tract in the rat. Brain Research 85, 211–219 

(1975).
	30.	 Vann, S. D., Saunders, R. C. & Aggleton, J. P. Distinct, parallel pathways link the medial mammillary bodies to the anterior thalamus 

in macaque monkeys. The European journal of neuroscience 26, 1575 (2007).
	31.	 Alpeeva, E. V. & Makarenko, I. G. Perinatal development of the mammillothalamic tract and innervation of the anterior thalamic 

nuclei. Brain Research 1248, 1–13 (2009).
	32.	 Kwon, H. G., Hong, J. H. & Jang, S. H. Mammillothalamic tract in human brain: diffusion tensor tractography study. Neurosci Lett. 

481, 51–3 (2010).
	33.	 Aggleton, J. P. & Brown, M. W. Episodic memory, amnesia, and the hippocampal-anterior thalamic axis. Behav. Brain Sci 22, 

425–489 (1999).
	34.	 Valverde, F., García, C., López-Mascaraque, L. & De Carlos, J. A. Development of the mammillothalamic tract in normal and Pax-6 

mutant mice. The Journal of comparative neurology 419, 485 (2000).
	35.	 Kamali, A., Kramer, L. A. & Hasan, K. M. Feasibility of prefronto-caudate pathway tractography using high resolution diffusion 

tensor tractography data at 3T. J Neurosci Methods. 191, 249–254 (2010).
	36.	 Shen, C. L. Efferent projections from the mammillary complex of the guinea pig: An autoradiographic study. Brain Research Bulletin 

11, 43–59 (1983).
	37.	 Watanabe, K. & Kawana, E. A horseradish peroxidase study on the mammillothalamic tract in the rat. Acta anatomica 108, 394 (1980).
	38.	 Thomas, G. J. & Gash, D. M. Mammillothalamic tracts and representative memory. Behav. Neurosci 99, 621–630 (1985).
	39.	 Graff-Radford, N. R., Tranel, D., Van Hoesen, G. W. & Brandt, J. P. Diencephalic amnesia. Brain 113, 1–25 (1990).
	40.	 Duprez, T. P., Serieh, B. A. & Raftopoulos, C. Absence of memory dysfunction after bilateral mammillary body and 

mammillothalamic tract electrode implantation: preliminary experience in three patients. AJNR Am J Neuroradiol 26, 195–7 (2005).
	41.	 Park, K. C. et al. Amnesic syndrome in a mammillothalamic tract infarction. J. Korean Med. Sci. 22, 1094–1097 (2007).
	42.	 Danet, L. et al. Thalamic amnesia after infarct: The role of the mammillothalamic tract and mediodorsal nucleus. Neurology. 85(24), 

2107–2115 (2015).
	43.	 Balak N, et al. Tanriover N. Mammillothalamic and Mammillotegmental Tracts as New Targets for Dementia and Epilepsy 

Treatment. World Neurosurg. pii: S1878-8750(17)31907-1 (2017).
	44.	 Mori, S., Kageyama, Y., Hou, Z. & Aggarwal, M. Elucidation of White Matter Tracts of the Human Amygdala by Detailed 

Comparison between High-Resolution Postmortem Magnetic Resonance Imaging and Histology Front Neuroanat. https://doi.
org/10.3389/fnana.2017.00016, (2017).

	45.	 Jones, D. K. Studying connections in the living human brain with diffusion MRI. Cortex. 44, 936–952 (2008).
	46.	 Kamali, A. & Hasan, K. M. The importance of using a proper technique and accurate seeding of regions-of-interest in diffusion 

tensor tractography. J Neurol Sci. 339, 235–6 (2014).
	47.	 Wedeen, V. J. et al. Diffusion spectrum magnetic resonance imaging (DSI) tractography of crossing fibers. Neuroimage. 41, 1267–77 

(2008).

http://dx.doi.org/10.1093/brain/awn311,
http://dx.doi.org/10.3389/fnana.2017.00016,
http://dx.doi.org/10.3389/fnana.2017.00016,


www.nature.com/scientificreports/

9SCieNTifiC Reports |  (2018) 8:5229  | DOI:10.1038/s41598-018-23452-w

Author Contributions
Arash Kamali wrote the final draft of the manuscript and did the tractography. Khader Hasan is the PI, built the 
DTI protocol and did the post processing. Caroline Zhang wrote parts of the introduction and discussion. Nitin 
Tandon checked the results and methods. Eliana Bonafante helped with drafting and writing of the manuscript. 
Rajan Patel helped with drafting and writing of the manuscript. John Lincoln validated the tractography and 
anatomy results. Pejman Rabiei did the search of the literature and helped with referencing. Laura Ocasio helped 
with referencing. Kyan Younes validated the tractography. Roy Riascos helped with method section and validity 
of the study.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Diffusion tensor tractography of the mammillothalamic tract in the human brain using a high spatial resolution DTI techniqu ...
	Materials and Methods

	Study Subjects. 
	Conventional MRI Data Acquisition. 
	DTI Data Acquisition. 
	White Matter Fiber Tracking. 

	Results

	The mammillothalamic tract. 

	Discussion

	Conclusions

	Figure 1 ROI locations for tractography of the MTT.
	Figure 2 Three-dimensional reconstructions of the MTT (in orange) and the stria terminalis (ST, in black, d).
	Figure 3 Three successive color-coded DTI map and corresponding T1 weighted MRI sequences in axial planes from caudal to cranial demonstrating the relationship of the postcommissural fibers of the fornix and stria terminalis (pointed by short arrows), wit
	Figure 4 Three-dimensional reconstructions of the fornix (in yellow) and the stria terminalis (in black, a and b).
	Figure 5 Sagittal T1 weighted MRI showing the trajectory of the MTT in relation with the precommissural fibers of the fornix and stria terminalis (Fx, ST).
	Figure 6 Coronal T1 weighted MRI showing the trajectory of bilateral MTTs on the coronal level just posterior to the mammillary bodies (MB).




