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Detection of Pyramidal Tract Lesions in Amyotrophic Lateral
Sclerosis with Magnetization-Transfer Measurements

Yasushi Kato, Kaname Matsumura, Yasutomi Kinosada, Yugo Narita, Shigeki Kuzuhara, and Tsuyoshi Nakagawa

PURPOSE: To determine the presence of small lesions in the pyramidal tract in patients with
amyotrophic lateral sclerosis (ALS) by using magnetization-transfer (MT) measurements and MR
imaging. METHODS: MT ratios (MTRs) were measured in the posterior limb of the internal capsule
in nine patients with ALS and in nine healthy volunteers. RESULTS: The mean value of MTRs (%)
in patients with ALS was 15.76 6 1.48, while that of the control subjects was 19.83 6 1.54. The
difference was statistically significant. CONCLUSIONS: MT measurements are useful for detecting
abnormalities associated with degeneration of the pyramidal tract in patients with ALS.
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Establishing the diagnosis of amyotrophic
lateral sclerosis (ALS) at an early stage of the
disease is occasionally difficult, since certain
clinical features such as pyramidal tract in-
volvement may be absent. In some cases of
ALS, symmetric, high-signal areas on T2-
weighted magnetic resonance (MR) images
have been reported in the posterior limbs of the
internal capsules in addition to high signal from
the corona radiata and the pons (1). These MR
abnormalities have been interpreted as reflect-
ing pyramidal tract degeneration in advanced
ALS. Because such changes are rarely seen in
early ALS (1, 2), imaging methods sensitive to
the detection of pyramidal tract degeneration
may enable earlier diagnosis.

Magnetization-transfer ratios (MTRs) can be
used to detect abnormalities beyond the reso-
lution of conventional MR images. Abnormali-
ties identified through the use of MTRs have
been reported in inflammatory diseases of the
central nervous system (3), in metastatic brain
lesions (4), and in multiple sclerosis (5). The
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purpose of this study was to determine whether
MT measurements could be used to detect ab-
normalities of the pyramidal tracts in patients
with ALS.

Subjects and Methods
MTRs were measured in nine patients with ALS (eight

men and one woman; 46 to 66 years old; mean age, 52
years) and in nine age-matched control subjects (Table 1).
The diagnosis of ALS was made on the basis of clinical and
electromyographic findings, as defined by the El Escorial
criteria for the diagnosis of ALS (6). The duration of illness
from the time of onset ranged from 6 months to nearly 3
years. The average interval between symptom onset and
MR examination was 14.5 months. All the patients in-
cluded in this study had classic ALS; those with primary
lateral sclerosis or progressive spinal muscular atrophy
were excluded. Control subjects (six men and three
women) were healthy volunteers who were medically sta-
ble and free of neurologic diseases.

All MR studies were performed on a 1.5-T system with
a quadrature head coil. The head of each patient was
secured between sponge wedges, which prevented motion
during and between the acquisition of images. The imag-
ing protocol consisted of standard spin-echo sagittal T1-
weighted localizing sequences (600/17/1 [repetition time/
echo time/excitations]; section thickness, 5 mm) and axial
fast spin-echo T2-weighted sequences (2500/90/1; echo
train length, 8; section thickness, 6 mm) of the whole
brain. Other imaging parameters included a 22-cm field of
view, and a 256 3 192 matrix.

Noncontrast MR imaging was performed in the axial
plane by using an MT-prepared three-dimensional radio-
1



TABLE 1: Clinical features, MR imaging findings, and magnetization transfer ratios (MTRs) in nine patients with amyotrophic lateral scle-
rosis (ALS) and in nine control subjects

Age, y/Sex
Disease

Duration, y
ALS

Score

MR of Posterior Limb of Internal Capsule

T1-Weighted
Images

T2-Weighted
Images

MTR, %

Patients
1 47/M 2.75 48 2 1 17.73
2 50/M 0.5 161 1 1 16.75
3 64/M 1.5 50 2 2 14.75
4 63/M 0.5 76 2 1 16.35
5 64/M 1.75 68 2 2 13.51
6 55/M 1.5 43 2 2 14.91
7 69/M 0.75 125 2 2 15.31
8 66/M 0.75 46 2 2 17.61
9 55/F 1.25 120 2 2 15.31

Control Subjects
1 66/F 2 2 19.53
2 54/F 2 2 18.44
3 53/M 2 2 17.39
4 60/F 2 2 19.46
5 50/M 2 2 19.46
6 48/F 2 2 22.56
7 67/M 2 2 19.46
8 44/M 2 2 21.06
9 49/M 2 2 21.15

Note.—2 indicates normal; 1, abnormal.
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frequency spoiled gradient-recalled acquisition in the
steady state echo sequence (T1-weighted images reflect
the effect of MT far better than T2-weighted images do).
The pulse sequence that was designed to minimize T2
effects (50/5; flip angle, 30°; section thickness, 5 mm;
matrix, 256 3 128), resulted in a relatively T1-weighted
image. MT contrast was achieved with application of 18-
millisecond half-cycle, sinc-shaped saturation pulses at a
frequency of 1 kHz below water resonance before each
excitation. The interval between the end of the saturation
pulses and the beginning of each excitation was approxi-
mately 1 millisecond. Corresponding reference images at
identical 5-mm intervals were obtained without the satu-
ration pulses so that imaging parameters were otherwise
identical to those of the saturated images.

MTRs are defined as the percentage of signal loss be-
tween unsaturated and saturated images. They were cal-
culated by using the equation [(Mo 2 Ms)/Mo] 3 100,
where Mo is the measured signal intensity on the reference
image and Ms is the measured signal intensity on the MT
image. Signal intensity on the calculated image repre-
sented the amount of MT between the free and bound
water pool.

The MTRs of a 3-mm-diameter circular region of inter-
est (ROI) were measured in four areas of the cerebral white
matter (the frontal, temporal, parietal, and occipital
lobes); in two areas of the internal capsule (the genu and
the posterior third quarter of the posterior limb); in the
genu of the corpus callosum and seven areas of the cere-
bral and subcortical gray matter in the left hemisphere
(frontal, temporal, parietal, and occipital cortex, caudate
nucleus, putamen, and thalamus); and in a single area of
the ventricular cerebrospinal fluid on the calculated im-
ages. The patients showed no laterality of symptoms at
neurologic examination.

ROIs of the cerebral white matter were selected at areas
of maximum distance from both the gray matter and the
ventricle to avoid partial volume averaging; they were
located anterolaterally to the anterior horn of the lateral
ventricle in the frontal lobe, lateral to the temporal horn,
posterior to the trigone in the occipital lobe, and in the
centrum semiovale in the parietal lobe above the level of
the lateral ventricle. The ROIs of the internal capsule were
located in the posterior third quarter of the posterior limb
medial to the posterior aspect of the putamen, where the
large myelinated fibers of the pyramidal tract are located
and where degeneration of the tract occurs in ALS (7, 8).

Imaging evaluations, ROI measurements, and calcula-
tions were performed by a neurologist and a radiologist. At
the time of MR imaging, each patient provided a complete
medical history and underwent a neurologic examination,
including scoring on Appel’s ALS rating scale (9). The
MTRs for the ALS patients and the control subjects were
statistically compared by means of the Mann-Whitney U
test. The MTRs were given as mean 6 standard deviation.

Results

Figures 1A and B show focal high-intensity
areas in the posterior third quarter of the poste-
rior limb of the internal capsule, Figure 1C



Fig 1. Case 2: 50-year-old man with ALS of 6 months’ duration and an ALS score of
161. T2-weighted fast spin-echo image (2500/90/1) (A) and proton density–weighted
image (2500/18/1) (B) show high-intensity areas in the posterior limb of the internal
capsule. T1-weighted image (600/17/1) (C) shows slightly low-intensity areas in the
corresponding areas. The MT image (D) shows reduced intensities (ie, low MT ratios) in
the corresponding areas (arrows).
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shows focal slightly low-intensity areas in the
corresponding areas, and Figure 1D shows fo-
cal low-intensity in the corresponding areas on
an MT image in a patient with ALS (case 2).
Figures 2A through C show no abnormality on a
T2-weighted image obtained with fast spin-
echo, a proton density–weighted image, and a
T1-weighted image, respectively; while Figure
2D shows a low-intensity area on an MT image.
The mean MTRs and standard deviations in the
patients with ALS and in the control subjects are
given in Table 2. The MTRs (%) of the pyramidal
tract area in the posterior limb of the internal
capsule were 15.76 6 1.48 in the ALS patients
and 19.83 6 1.54 in the control subjects; the
mean MTRs decreased significantly in the ALS
patients (P , .0007). There was no significant
difference in other areas. The MTRs (%) of the
ventricular cerebrospinal fluid were 0.00 both in
ALS patients and in control subjects.

Focal high-signal areas were observed along
the course of the pyramidal tract in the posterior
limb of the internal capsule in three (33%) of the
nine patients with ALS (cases 1, 2, and 4) on
T2-weighted images obtained with fast spin-
echo, whereas the hypointense area was ob-
served on conventional T1-weighted images in
one patient (case 2). T2-weighted images
showed abnormalities in one patient with severe
disease and in two patients with mild disease.
No abnormalities were observed in the other six
patients. On the other hand, all the MTRs of the
pyramidal tract area in the posterior limb of the
internal capsule were decreased below the nor-
mal value measured in the ALS patients. There
was no significant relationship among the mean



Fig 2. Case 3: 64-year-old man with ALS of 18 months’ duration and an ALS score
of 50. No areas of abnormal intensity are seen in the posterior limb of the internal capsule
on the T2-weighted fast spin-echo image (2500/90/1) (A), the proton density–weighted
image (2500/18/1) (B), or the T1-weighted image (600/17/1) (C), whereas reduced
intensities (ie, low MT ratios) are seen in the corresponding areas (arrows) on the MT
image (D).
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MTRs, the ALS scores, and the duration of ill-
ness; nor was there a correlation between low
MTRs and signal intensity on T1- or T2-
weighted images.

Discussion

There are no biological markers that establish
the diagnosis of ALS, and because of the wide
variety of clinical features that accompany this
disease, definite diagnosis may be difficult.
Many motor neuron disease syndromes resem-
ble ALS (6), but these may be ruled out by
clinical, electrophysiological, laboratory, and
neurologic examinations. These include spon-
dylitic myelopathy (especially cervical spondy-
litic amyotrophy without sensory disturbance),
dysimmune motor system degeneration, motor
neuropathies and neuropathies associated with
monoclonal gammopathies of unknown origin,
Waldenström macroglobulinemia, and osteo-
sclerotic myeloma, vascular diseases, Hodgkin
and non-Hodgkin lymphoma, infections (hu-
man immunodeficiency virus 1, human T-cell
lymphotropic virus 1, encephalitis lethargica,
varicella-zoster, brucellosis, cat-scratch dis-
ease, Creutzfeldt-Jakob disease, syphilis, and
delayed postpoliomyelitis), nonmalignant en-
docrine abnormalities, acquired enzyme defects
(detoxification and enzymes), exogenous toxins
(lead, mercury, arsenic, thallium, cadmium,
manganese, aluminum, organic pesticides, and
lupin seeds), and physical injury (electric shock
and radiation therapy). Early and correct diag-
nosis of ALS is important, because recent ther-
apeutic trials have disclosed that riluzole, a glu-
tamate release inhibitor and insulinlike growth
factor, can slow the course of the disease (10,
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11), and some of the motor neuron disease
syndromes are treatable.

Postmortem examinations show degenera-
tion of the entire upper motor neuron system
from the cerebral motor cortex through the cor-
ticospinal tract of the internal capsule, brain
stem, and spinal cord in approximately 47% of
patients with ALS (12). There is, however, lim-
ited information about the imaging findings in
ALS. Goodin et al (1) reported the characteristic
abnormal signal intensity of the corticospinal
tract from the motor cortex through the corona
radiata, the posterior limb of the internal cap-
sule, the cerebral peduncle, and the pons on MR
images of the brain. Nonspecific white matter
changes in ALS patients were also demon-
strated (13). The presence of low signal inten-
sity in the motor cortex on T2-weighted im-
ages was recently described (14–16). Only a
single study reported the MR findings of ALS
patients in relation to the grade of clinical se-
verity (17).

The posterior third quarter of the posterior
limb of the internal capsule and the lateral third
quarter of the cerebral peduncle contain large
myelinated fibers of the pyramidal tract, and, in
ALS, demyelination associated with degenera-
tion occurs histopathologically in this area (7,
8). The high signal on T2-weighted MR images

TABLE 2: Mean magnetization transfer ratios (6SD) in each of 14
lesions in patients with amyotrophic lateral sclerosis (ALS) and in
control subjects

Patients with
ALS

Control Subjects

White matter
Frontal 22.70 6 1.75* 22.59 6 0.86
Temporal 20.81 6 2.04* 22.24 6 1.63
Parietal 21.84 6 2.04* 21.02 6 2.49
Occipital 22.20 6 2.22* 21.45 6 1.94
Genu of corpus

callosum 22.51 6 1.94* 22.43 6 1.52
Genu of the internal

capsule 22.11 6 1.66* 22.06 6 1.92
Posterior limb of the

internal capsule 15.76 6 1.48† 19.83 6 1.54
Gray matter

Frontal 16.30 6 0.87* 16.06 6 1.37
Temporal 15.43 6 1.86* 15.44 6 1.21
Parietal 15.66 6 1.20* 15.82 6 1.83
Occipital 16.28 6 1.25* 15.94 6 1.24
Caudate nucleus 15.18 6 0.87* 14.66 6 2.30
Putamen 14.92 6 1.07* 14.64 6 1.77
Thalamus 16.01 6 1.05* 16.56 6 1.55

* Not significant.
† P , .0007.
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in these areas has been regarded as reflecting
the pathologic conditions in pyramidal tract de-
generation. In some cases, abnormal signals
were also seen in the paraventricular white mat-
ter and in the posterior limbs of the internal
capsule (1, 14, 17). However, the sensitivity of
MR imaging to pyramidal tract degeneration in
ALS is limited. Udaka et al (18) reported abnor-
malities in four (19%) of 21 ALS patients on
T2-weighted images, whereas Cheung et al
(17), in a series of 17 patients with ALS, re-
ported abnormalities in six patients (35%) on
T2-weighted images and in eight patients (47%)
on proton density–weighted images. The high
signal areas on T2-weighted images of the pos-
terior limb of the internal capsule are not always
pathologic, since they are occasionally seen in
healthy subjects (19). On the basis of these
findings, Guermazi (20) pointed out that high
signal areas in the corticospinal tract on T2-
weighted images must be analyzed with cau-
tion, and that T1- and proton density–weighted
images are more important for differentiating
real degeneration from normal areas. Nonethe-
less, MTRs may be superior to conventional MR
images in detecting pyramidal tract degenera-
tion of ALS at an early stage.

MT measurements can reflect the structural
variations within a tissue (21, 22). A model for
this mechanism incorporates at least two dis-
tinct pools of water protons within biological
tissues: bound immobile protons associated
with macromolecules, such as myelin, and free
mobile protons associated with free water. Al-
though the exact physical mechanism of MT
has not been completely delineated, cross-re-
laxation and chemical exchange between the
spins in the two pools of water protons are re-
garded as the basis of MT contrast (22, 23).
Pulsed MT imaging is achieved by the applica-
tion of an off-resonance radio frequency before
the pulse sequence to preferentially saturate
immobile protons of macromolecules, which
then transfer magnetization to mobile protons in
free water (22). This results in suppression of
tissue signal intensity from immobile protons.

The change in net magnetization of bulk wa-
ter depends not only on the power of the satu-
ration pulses but also on the macromolecular
matrix (the pool of bound protons). The amount
transferred can be quantitated by calculation of
the MTR. Lexa et al (24), in a comparison of the
MT measurements with histopathologic walle-
rian degeneration of the visual pathways in cats,



found a corresponding decrease in the MTR,
which reflected demyelination at the late stages
of this degenerative process.

Dousset et al (25) reported that the MTRs
were mildly reduced in focal edematous lesions
without demyelination in the white matter of
guinea pigs with experimental allergic enceph-
alomyelitis but that they were significantly de-
creased in focal white matter lesions in patients
with multiple sclerosis (MS). On the basis of
these observations, they hypothesized that de-
myelination produced the decrease in MTRs,
and that lesions varied in transfer ratio in pro-
portion to the extent of myelin loss. Tomiak et al
(26) and Gass et al (27) also reported reduction
of mean MTRs in focal white matter MS plaques;
the range of MTR values seemed to reflect the
structural changes in the tissue resulting from
demyelination and axonal loss.

Proton density, T2 and T1 relaxation times,
and apparent diffusion constant have been used
as tissue parameters in MR imaging. Henkel-
man et al (28) reported that anisotropy was
observed in T2 and T1 values on ordinary MR
images but not on those with MT contrast. In
quantitative studies using such MR parameters
as T2 and T1 relaxation times in the tissue with
anisotropic anatomic structures, such as the
pyramidal tract, the signal intensity and T2 and
T1 relaxation times may be influenced by an-
isotropy. On the other hand, MTRs are barely
influenced by anisotropy and are one of the
parameters that reflects the interactions be-
tween water and macromolecules of the tissue.
MTRs are thus useful for the quantitative study
of tissues with an anisotropic anatomic struc-
ture, such as the pyramidal tract.

Our study showed a significant decrease of
MTR in the posterior limb of the internal capsule
of ALS patients. We speculate that this decrease
reflects degeneration of the pyramidal tract.
MTRs may be more useful and more sensitive
than MR images in detecting subtle and early
degeneration of the pyramidal tract in patients
with ALS, as MT values may provide objective
and semiquantitative information related to the
severity of pyramidal tract degeneration.

References
1. Goodin DS, Howard AR, Olney RK. Magnetic resonance imaging

in amyotrophic lateral sclerosis. Ann Neurol 1988;23:418–420
2. Iwasaki Y, Kinoshita M, Ikeda K, et al. MRI in patients with amyo-

trophic lateral sclerosis: correlation with clinical features. Int
J Neurosci 1991;59:253–258

1546 KATO
3. Miller DH, Johnson G, Tofts PS, et al. Precise relaxation time
measurements of normal-appearing white matter in inflammatory
central nervous system disease. Magn Reson Med 1989;11:331–
336

4. Boorstein JM, Wong KT, Grossmann RI, et al. Metastatic lesions of
the brain: imaging with magnetization transfer. Radiology 1994;
191:1–5

5. Loevner LA, Grossman RI, Cohen JA, et al. Microscopic disease in
normal-appearing white matter on conventional MR images in
patients with multiple sclerosis: assessment with magnetization-
transfer measurements. Radiology 1995;196:511–515

6. World Federation of Neurology Research Group on Neuromuscu-
lar Diseases. El Escorial World Federation of Neurology criteria for
the diagnosis of amyotrophic lateral sclerosis. J Neurol Sci 1994;
124(Suppl):96–107

7. Hirayama K, Tsubaki T, Toyokura Y, Okinaka S. The representa-
tion of the pyramidal tract in the internal capsule and basis pe-
dunculi. Neurology 1962;12:337–342

8. Englander RN, Netsky MR, Aderman LS. Location of human py-
ramidal tract in the internal capsule. anatomic evidence. Neurol-
ogy 1975;25:823–826

9. Appel V, Stewart SS, Smith G, Appel LH. A rating scale for amyo-
trophic lateral sclerosis: description and preliminary experience.
Ann Neurol 1987;22:328–333

10. Bensimon G, Lacomblez L, Meiniger V. A controlled trial of riluzole
in amyotrophic lateral sclerosis. N Engl J Med 1994;330:585–591

11. Smith RA, Melmed S, Sherman B, Frane J, Munsat TL, Festoff
BW. Recombinant growth hormone treatment of amyotrophic lat-
eral sclerosis. Muscle Nerve 1993;16:624–633

12. Brownell B, Oppenheimer DR, Hughes JT. The central nervous
system of motor neuron disease. J Neurol Neurosurg Psychiatry
1970;33:338–357

13. Iwasaki Y, Kinoshita M, Ikeda K, Takamiya K. Central nervous
system magnetic resonance imaging findings in amyotrophic lat-
eral sclerosis. Eur Arch Psychiatry Clin Neurosci 1989;239:125–
126

14. Ishikawa K, Nagura H, Yokota T, Yamanouchi H. Signal loss in the
motor cortex on magnetic resonance imaging in amyotrophic
lateral sclerosis. Ann Neurol 1993;33:218–222

15. Oba H, Araki T, Monzawa S, et al. MR imaging of amyotrophic
lateral sclerosis. Nippon Acta Radiol 1992;52:427–435

16. Oba H, Araki T, Ohtomo K, et al. Amyotrophic lateral sclerosis:
T2 shortening in motor cortex at MR imaging. Radiology 1993;
189:843–846

17. Cheung G, Gawel MJ, Cooper PW, et al. Amyotrophic lateral
sclerosis: correlation of clinical and MR imaging findings. Radiol-
ogy 1995;194:263–270

18. Udaka F, Sawada H, Seriu N, et al. MRI and SPECT findings in
amyotrophic lateral sclerosis. Neuroradiology 1992;34:389–393

19. Mirowiz S, Sartor K, Gado M, Torack R. Focal signal-intensity
variations in the posterior internal capsule: normal MR findings
and distinction from pathologic findings. Radiology 1989;172:
535–539

20. Guermazi A. Is high signal intensity in the corticospinal tract a sign
of degeneration? (letter). AJNR Am J Neuroradiol 1996;17:801–
802

21. Lundbom N. Determination of magnetization transfer contrast in
tissue: an MR imaging study of brain tumors. AJR Am J Roentge-
nol 1992;159:1279–1285

22. Wolff SD, Balaban RS. Magnetization transfer contrast (MTC) and
tissue water proton relaxation in vivo. Magn Reson Med 1989;10:
135–144

23. Eng J, Ceckler TL, Balaban RS. Quantitative 1H magnetization
transfer imaging in vivo. Magn Reson Med 1991;17:304–314

AJNR: 18, September 1997



AJNR: 18, September 1997 AMYOTROPHIC LATERAL SCLEROSIS 1547
24. Lexa FJ, Grossman RI, Rosenquist AC. MR of wallerian degener-
ation in the feline visual system: characterization by magnetic
transfer rate with pathologic correlation. AJNR Am J Neuroradiol
1994;15:201–212

25. Dousset V, Grossman RI, Ramer KN, et al. Experimental allergic
encephalomyelitis and multiple sclerosis: lesion characterization
with magnetization transfer imaging. Radiology 1992;182:483–
491
26. Tomiak MM, Rosenblum JD, Prager JM, Metz CE. Magnetization
transfer: a potential method to determine the age of multiple
sclerosis lesions. AJNR Am J Neuroradiol 1994;15:1569–1574

27. Gass A, Barker GJ, Kidd D, et al. Correlation of magnetization
transfer ratio with clinical disability in multiple sclerosis. Ann
Neurol 1994;36:62–67

28. Henkelman RM, Stanisz GJ, Kim JK, Bronskill MJ. Anisotropy of
NMR properties of tissues. Magn Reson Med 1994;32:592–601


