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Background: Neurolathyrism is a toxic nutritional disorder 
caused by consumption of the grass pea, Lathyrus sativus. 
The disease, which manifests as an acute or insidiously 
evolving spastic paraparesis, continues to occur throughout 
Africa and Asia. Research on this disease is limited, and to our 
knowledge no imaging studies of patients with neurolathyrism 
have been published. 
Objectives: To better localize the site of damage in neurolathy- 
rism using advanced imaging methods. 
Methods: Three male patients, immigrants from Ethiopia, were 
included in the study. All had a history of arrested spastic 
paraparesis that had evolved before their emigration from 
Ethiopia, and a past history of exposure to grass pea without 
any other cause. Functional magnetic resonance imaging 
(fMRI) included simple motor tasks to evaluate cortical motor 
areas. Anatomic scans included diffusion tensor imaging (DTI) 
to evaluate the corticospinal tracts.
Results: In all patients clear activation was found in motor 
regions, and the patients’ activity pattern was qualitatively 
similar to that in control subjects. In one patient in whom 
clinical symptoms were asymmetric, an asymmetric activity 
pattern in M1 was identified. DTI analysis identified intact 
corticospinal tracts connecting the pons and the primary motor 
regions, similar to control subjects. 
Conclusions: Advanced neuroimaging clearly identified well-
functioning motor regions and tracts in neurolathyrism 
patients, suggesting a spinal etiology.
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aBstract:

KeY wOrds:

n eurolathyrism is a neurodegenerative disease caused by 
heavy consumption of the grass pea, Lathyrus sativus [1]. 

The pea contains large amounts of the neurotoxin, β-N-oxalyl-
L-α,β-diaminopropionic acid (L-β-ODAP), an AMPA receptor 
agonist of ionotropic glutamate receptors. Sustained stimulation 
of the glutamate receptors causes excitotoxicity. This, together 
with nitric oxide over-production, causes irreparable damage 
to mitochondria and cellular macromolecules leading to motor 

neuron degeneration [2]. Neurolathyrism is one of the old-
est known neurotoxic diseases, and was already described by 
Hippocrates. The grass pea is drought-resistant and is thus con-
sumed in large amounts during times of famine. Epidemics have 
continued to occur in recent decades throughout Africa and 
Asia, including Ethiopia where it is especially common in the 
northwest (prevalence rates ranged from 1/10,000 to 7.5/1000 
in the 1990s) [3]. 

Corticospinal involvement leading to spastic paraparesis 
is characteristic. Only in the most severe cases are the upper 
limbs affected. Risk factors include male gender, young age, and 
concurrent malnutrition [4]. The degree of a patient’s disability 
was categorized into four stages: from no need for a walking 
stick, through the need for one or two walking sticks, to the 
final stage, crawling [5].

Histopathological reports in neurolathyrism are rare. 
Involvement of the thoracolumbar and lumbar region of the spi-
nal cord has been reported [6]. Other histopathological changes 
in lathyrism include degeneration of Betz cells in the cerebral 
cortex, loss of myelin and axons in the pyramidal tract, swelling 
and degeneration of anterior horn cells, and swelling of Goll’s 
nuclei (gracile nucleus) [7,8]. Since the disease occurs in areas 
with limited medical services, many aspects of the disease have 
yet to be investigated. No functional imaging studies of patients 
with neurolathyrism have been performed. 

The aim of the current study was to better localize the site of 
damage in neurolathyrism using advanced imaging methods: 
functional magnetic resonance imaging (fMRI) and diffusion 
tensor imaging (DTI). Identifying the site of the lesion is essen-
tial to understand the mechanism involved and to determine 
possible remedies. 

Patients and metHOds 
Three patients diagnosed with neurolathyrism were studied. 
The patients, males aged 26–40 years, were all immigrants from 
Ethiopia. Case definition for neurolathyrism included symmet-
ric spastic leg weakness, sub-acute or insidious onset, no sensory 
deficit, and history of grass pea consumption prior to and at 
the onset of paralysis. Two right-handed healthy male subjects 
(age 28 and 36) without any neurological background partici-
pated as control subjects. The imaging procedure was identical 
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for patients and controls. Procedures followed the tenets of 
the Declaration of Helsinki and written informed consent was 
obtained from all participants.

data acquisitiOn
The blood oxygenation level-dependent (BOLD) fMRI measure-
ments were performed in a whole-body 3T Siemens scanner. 
BOLD contrast was obtained with a gradient-echo echo-planar 
imaging sequence and a standard head coil. Functional data were 
obtained using TR 2 s, TE 30 ms, flip angle 90°, imaging matrix 
80 x 80, field of vision (FOV) 22 x 22 cm (inplane resolution 2.75 
x 2.75 mm) and 30 slices, 3 mm each with 0.5 mm gap between 
slices. Slices were placed oblique to cover most of the brain. DTI 
data were acquired using a diffusion-weighted imaging sequence 
(single shot, spin echo, TE 94 ms, TR 7127–8224 ms). To cover 
the whole brain, 52–60 axial 2 mm thick slices (no skip) were 
acquired, matrix size 96 x 96; FOV 288 mm (inplane resolution 
2*2) for two b values, b = 0 and b = 1000 s/mm2. The high b value 
was obtained by applying gradients along 64 different diffusion 
directions, including 2 averages. Anatomical MRI sequences 
included a high resolution T1-weighted MPRAGE sequence: 
minimum TE, flip angle 9°, TR 2300 ms, voxel size 1*1*1.1 mm. 

fmri exPerimental Paradigm
Subjects were required to open and close their hand and to per-
form flexion/extension of the ankle. Motor tasks were executed 
separately for each body side. Conditions were interleaved, and 
each was repeated four times in a counterbalanced manner in 
an fMRI block-designed experiment (12 s blocks, 9 s rest; a 
dummy block was inserted at the beginning of the experiment 
and removed during the analysis). The hands and feet were 
activated in different runs for one patient, but in the same run 
for the others. Counterbalancing assured that subjects could not 
predict the next movement and could not alter cortical activity 
in a movement-specific manner. A short auditory instruction 
was given at the beginning and at the end of each block, stating 
which movement to execute (e.g., “right hand” or “left foot”) and 
when to rest (“stop”). For all participants except one (case 1) the 
frequency of movement was controlled: auditory instructions 
informed the pace of movements within a block (0.5 Hz). Six 
movements of the same type were performed within each block. 

A simple motor task was chosen, so that both patients and 
control would be able to adequately perform the task. This task 
is used in routine clinical presurgery evaluation and achieves 
robust activation in the primary motor cortex (M1), the 
supplementary motor area (SMA), and commonly also in the 
cerebellum. For two patients the motor task was followed by 
an identical session in which they were asked to imagine the 
motion rather than actually perform it. 

Auditory instructions were presented using the NNL (Nordic- 
NeuroLab) auditory system including noise attenuation of +30 
dB. The language of instructions was tailored to each participant, 

and therefore an Amharic version was prepared and used by two 
of the patients. Stimulus presentation was implemented with 
Presentation software (http://www.neurobs.com/presentation).

data analYsis 
fMRI data analysis was performed using the BrainVoyager 
qX software package (Brain Innovation, Maastricht, The 
Netherlands, 2000). Prior to the statistical analysis, the raw data 
were examined for motion and signal artifacts. Head motion 
correction and high-pass temporal filtering in the frequency 
domain (three cycles/total scan time) were applied to remove 
drifts and improve the signal-to-noise ratio. Functional images 
were registered and incorporated into the three-dimensional 
data sets through tri-linear interpolation. Automatic registration 
was inspected and adjusted manually.

Changes in BOLD contrast associated with the performance 
were assessed on a pixel-by-pixel basis, using the general linear 
model (GLM) [9]; the hemodynamic response function was 
modeled using standard parameters [11]. Motion correction 
parameters were included in the GLM to correct for the patient’s 
movements. 

DTI image processing and analysis were performed using 
the open-source mrVista package http://vistalab.stanford.edu/
software. Preprocessing included removing Eddy current dis-
tortions and subject motion. Each diffusion-weighted image 
was then registered to the mean of the (motion-corrected) non 
diffusion-weighted images using a two-stage coarse-to-fine 
approach that maximized the normalized mutual information. 
The mean of the non-diffusion weighted images was also auto-
matically aligned to the T1 image using a rigid body mutual 
information algorithm. 

Probabilistic fiber tractography was used to delineate the 
motor pathways in each patient. Fiber tracking was performed 
using the Contrack algorithm [11], a probabilistic algorithm 
designed to find the most likely pathway between two regions 
of interest (ROI). Fibers were identified in right and left hemi-
spheres independently. The first ROI was positioned on T1 
maps and three color tensor maps of each subject, centered on 
motor pons. The volume of these regions were standardized to 
485 mm3 (5 mm sphere). The second ROI was defined in the 
primary motor cortex using fMRI. ConTrack was set to gener-
ate a set of 50,000 candidate pathways between the ROIs. The 
candidate pathways were scored, and the top 20% (10,000) high-
est scored pathways were selected as the most likely pathways 
for connecting the pons and the primary motor cortex. A few 
clearly misidentified fibers were eliminated by visual inspection.

diffusivitY measurements
The tensors were fitted using a least-squares algorithm. The 
eigenvalue decomposition of the diffusion tensor was com-
puted. Measures of the mean diffusivity (MD), the fractional 
anisotropy (FA), and diffusion parallel axial diffusivity (AD) 
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flexor contractures were evident in both knees and ankles. 
Brain and cervical MRI scans as well as cerebrospinal content 
(evaluated for cells, biochemistry and oligoclonal bands) were 
normal. At the time of the study he was in stage 4 of the patient’s 
disability scale [5].

Patient 3
A 33 year old male was evaluated for a 5 year history of lower 
limb spastic paresis with milder upper limb pyramidal signs. 
Detrusor hyper-reactivity was also described. Examination 
revealed spastic weakness in all four limbs, legs more than 
hands, accompanied by brisk deep tendon reflexes, bilateral 
positive Babinski sign and sustained bilateral clonus. Gait was 
very spastic and required two crutches. At the time of the study 
he was in stage 3 of the patient’s disability scale [5].

All three patients had lived in an area of Ethiopia with high 
grass pea consumption, where the disease was known to be 
endemic. 

cOrtical mOtOr maPs 
Movement of the hands activated expected regions in the pri-
mary motor cortex, SMA and cerebellum in the control subjects 
as well as the patients [Figure 1]. In one patient (# 3) an artifact 
was highly correlated with activation related to movement of 
the left hand. Since it was impossible to differentiate between 
the actual signal and the artifact, these data were removed 

and perpendicular radial diffusivity (RD) to the principal fiber 
direction were derived. 

diffusivitY measurements alOng tHe tract and cOre 
fiBer analYsis
In order to avoid partial voluming with non-white matter (i.e., 
ventricles or grey matter), diffusion measurements were taken 
near the dense core of the fibers. Diffusion at the core was esti-
mated by combining data from different voxels in a weighted 
fashion, assigning greater weight to voxels that are close to the 
core of the estimated tract [12]. Diffusion measures along the 
tract were re-sampled at 50 positions, calculating FA and the 
MD, AD and RD at each of these nodes. In this way, measures 
throughout the length of the fiber could be combined across 
different subjects. 

results
Patients’ characteristics are summarized in Table 1.

Patient 1
A 26 year old male was evaluated for a 21 year history of bilateral 
lower limb spasticity. He developed acute-onset spastic bilat-
eral lower limb weakness that progressed rapidly over days to 
weeks and then plateaued over the following years. No sphincter 
involvement was described. Examination revealed intact cranial 
nerves and upper limbs. Lower limb spasticity was of moder-
ate severity with brisk deep tendon reflexes, bilateral positive 
Babinski sign and sustained bilateral clonus. Gait was spastic. 
There was no sensory deficit. Whole-spine MRI was normal. 
A muscle relaxant (baclofen 100 mg daily) was prescribed with 
only mild amelioration of the spasticity. At the time of the study 
he was in stage 1 of the patient’s disability scale [5].

Patient 2
A 40 year old male was evaluated for a 9 year history of gait 
disturbance. He developed spastic bilateral lower limb weak-
ness that progressed rapidly over 3 months, after which he was 
wheelchair-bound. There were no sensory, sphincter or sexual 
dysfunction symptoms. Examination revealed intact cranial 
nerves. Tone was increased in the legs only, associated with sus-
tained clonus, right Babinski and right Hoffman signs. Marked 

Motor disabilityType of onsetAge of onset (year)genderAgePatient

Unstable walkingDays–weeks5M26Case 1

Wheelchair3 months31M40Case 2

Walking with 2 crutchesunclear28M33Case 3

Hands

Legs

Patient
Pyramidal 
signs 

Tendon 
reflexes

Distal 
strength 

Proximal 
strength 

Spasticity (Modified 
Ashworth Scale)

-++++3/53/53/41

-++++1–2/51–2/54/42

+++++2–3/52–3/53/43

B

a

Table 1. Patients’ characteristics [A] and clinical evaluation [B]

figure 1. Cortical activation related to hand movements. Activation related to motion of the hand in primary motor cortex (marked with yellow arrow) and SMA 
(marked with red arrow) is overlaid on axial T1 slice. Activation for patients (right) did not differ from controls (left)

control 1 control 2 case 1 case 2 case 3
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metric activity pattern in M1 was identified. Response to move-
ments of the hands in the left hemisphere (contralateral to the 
weaker side) was limited relative to the right hemisphere. His 

from the analysis. Cerebral activation was in the contralateral 
hemisphere to the activated limb. The extent of activation dif-
fered between subjects, but no systematic difference could be 
observed between patients and controls. 

Movement of the feet activated expected regions in the pri-
mary motor cortex in control subjects and two of the patients 
[Figure 2]. In one patient (# 2) no response to motion of the 
right limb was identified. Since motion was not recorded it is 
impossible to determine whether this result is related to diffi-
culty in performing the task or to disrupted neural representa-
tion. The extent of activation differed between subjects, but no 
systematic difference could be observed between patients and 
controls. 

The motor imagery task, which activated regions in the 
motor cortex in control subjects, did not elicit any significant 
activation in any of the patients because of cultural differences 
and inadequate translation. Therefore, this task was discarded.

cOrticOsPinal fiBers
DTI was performed in two patients. DTI tractography was able 
to clearly reconstruct the corticospinal motor fibers connect-
ing the pons with the primary motor cortex in both patients. 
Fiber did not differ from those of the controls [Figure 3 A & B]. 
Analysis of microstructure diffusion properties found similar 
values for both patients and controls [Figure 3C]. FA analysis 
showed that diffusion levels were similar for both hands (left 
hand: 0.55 in patient 2, 0.5 in patient 1, 0.48 in control 1, 0.56 
in control 2; right hand: 0.65 in patient 2, 0.58 in patient 1, 0.54 
in control 1, 0.67 in control 2) and feet (left foot: 0.49 in patient 
1, 0.45 in control 1, 0.52 in control 2; right foot: 0.62 in patient 
2, 0.56 in patient 1, 0.52 in control 1, 0.6 in control 2). A similar 
pattern of results was found for the other diffusion measures: 
AD, MD and RD.

discussiOn
In two patients clear symmetric activation was found in motor 
regions, including primary motor cortex (M1), cerebellum 
and supplementary motor area (SMA). The activity pattern 
was qualitatively similar to control subjects. In one patient (# 
2), in whom clinical symptoms were asymmetric with positive 
Babinski and positive Hoffman’s sign only on the right, an asym-

figure 3. Corticospinal fibers. Fibers reaching a region involved in 
motion of the foot (in blue) and fibers reaching a region involved 
in motion of the hand (in green) were similar for controls [A] and 
patients [B]. Fibers are presented on coronal T1 slice. Microstructure 
analysis of corticospinal tracts did not yield any systematic differences 
between average FA of patients and controls for hands or feet [C]
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figure 2. Cortical activation related to foot movements. Activation related to motion of the foot in primary motor cortex (marked with yellow arrow) is overlaid 
on axial T1 slice. Activation for patients (right) did not differ from controls (left)

control 1 control 2 case 1 case 2 case 3
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To our knowledge, this is first time neurolathyrism has been 
investigated using advanced imaging techniques. The fact that 
no clear abnormality in brain function was observed in these 
patients may indicate that the disease primarily results from 
axonal dysfunction at the spinal level, with relative preserva-
tion of the cortical cell bodies. Further research, particularly 
pathology studies, would help establish this hypothesis. 
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asymmetric pattern of activity in primary regions was accompa-
nied by a symmetric pattern in secondary motor regions – the 
SMA and cerebellum.

  DTI analysis identified the corticospinal tracts connect-
ing the pons and the primary motor regions. Macro- as well 
as micro-structurally, the tracts seemed intact and similar to 
those of the control subjects. Thus, it seems that the advanced 
neuroimaging methods used here did not allow us to identify 
a pattern characteristic of neurolathyrism. 

Other motor neuron diseases studied with MRI, such as 
amyotrophic lateral sclerosis (ALS) and hereditary spastic 
paraparesis (HSP), showed differences between patients and 
controls. An increase in fMRI activation in ipsi- and contralat-
eral primary motor regions as well as in the SMA, basal ganglia 
and cerebellum was identified in ALS [13]. In HSP inconsistent 
results were reported [14] and effects were shown to be depen-
dent on task and performance [15]. Thus, since patients usually 
comprise a heterogeneous group, differing in their individual 
effort during the task, it is hard to untangle motor capabilities 
and cortical plasticity. Using DTI, decreased FA in regions in 
the corticospinal tracts and corpus callosum were reported 
in ALS and HSP patients [16]. Yet, these differences were not 
sufficient to enable the use of DTI for diagnosis in ALS (for 
meta-analysis, see [17]). 

Our results suggest that the neuropathology in neurolathy-
rism differs from that in ALS and HSP in both white and grey 
matter. The limited pathology studies conducted in neuro-
lathyrism patients suggested several locations along the entire 
motor system as the primary site of damage [7,8]. Our results 
showing no consistent differences within either the motor 
cortex or the upper portion of the corticospinal tracts may 
indicate dominant involvement of spinal pathology relative to 
central pathology. The selective susceptibility of spinal motor 
neurons to AMPA receptor activation [18] and the lack of 
bulbar/pseudo-bulbar involvement in the disease may further 
support this assumption. 

Several methodological considerations should be noted. As 
mentioned above, an inherent challenge of motor research and 
especially research of motor diseases is separating the neural 
representation of motor effort, motor abilities and plasticity 
effects due to damage. A common solution is the use of imag-
ery. Motor imagery was indeed included in the original design 
of the study; however, no reliable results could be identified in 
any of the patients. This may be due to cultural barriers. 

Neurolathyrism is rarely encountered in centers where 
advanced imaging techniques are available. Therefore, the 
number of patients in this study was limited. Moreover, there 
are no clear diagnostic criteria for the disease, and diagnosis is 
based solely on clinical features after excluding other etiologies. 
Although we believe neurolathyrism was the most likely diag-
nosis in all these cases, we cannot rule out the possibility that 
an alternative etiology was responsible for the motor disorder.




