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Abstract
Magnetization transfer (MT) imaging has assessed myelin integrity in the brain and spinal cord;
however, quantitative MT (qMT) has been confined to the brain or excised tissue. We
characterized spinal cord tissue with qMT in vivo, and as a first application, qMT-derived metrics
were examined in adults with the genetic disorder Adrenomyeloneuropathy (AMN). AMN is a
progressive disease marked by demyelination of the white matter tracts of the cervical spinal cord,
and a disease in which conventional MRI has been limited. MT data were acquired at 1.5T using
10 radiofrequency offsets at one power in the cervical cord at C2 in 6 healthy volunteers and 9
AMN patients. The data were fit to a two-pool MT model and the macromolecular fraction (Mob),
macromolecular transverse relaxation time (T2b) and the rate of MT exchange (R) for lateral and
dorsal column white matter and gray matter were calculated. Mob for healthy volunteers was:
WM=13.9±2.3%, GM=7.9±1.5%. In AMN, dorsal column Mob was significantly decreased
(p<0.03). T2b for volunteers was: 9±2µs and the rate of MT exchange (R) was: WM=56±11Hz,
GM=67±12Hz. Neither T2b nor R showed significant differences between healthy and diseased
cords. Comparisons are made between qMT, and conventional MT acquisitions.
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Introduction
MRI has been established as a useful tool in determining and monitoring white matter
pathology in the human body. Standard MR methodology, such as longitudinal (T1) and
transverse (T2) relaxation time and diffusion measurements have been shown to be sensitive
to the presence of abnormal tissue microstructure such as dys/demyelination, axonal loss,
inflammation, and gliosis. However, in the central nervous system (CNS), each of these
experiments are derived from measurements of the of bulk water and reflect changes in
molecular mobility or water density associated with tissue microstructure. Alternatively, it
has been noticed that many white matter (WM) pathologies exhibit reorganization/changes
in macromolecular constitution and that these changes are poorly reflected in standard
relaxation or diffusion measurements. In order to assess these changes two experimental
techniques are often used: magnetic resonance spectroscopy (MRS) and magnetization
transfer (MT).

MT imaging indirectly measures the interaction between mobile water protons and protons
residing within, or intimately associated with macromolecules of the CNS. It is hypothesized
that the bulk of the MT effect comes from the abundant hydroxyl moieties of the glycolipid
head group of fatty acids (sphyngosine, cerebroside) comprising the myelin sheets and are
the most prevalent macromolecules in WM (1). Therefore, MT imaging of the CNS may
reveal early changes in WM not detectable otherwise by conventional imaging.

The magnitude of the MT effect is generally characterized by the MT ratio (MTR) which is
defined as (2):

Eq. 1

where S(Δω) is the signal in the presence of the MT saturation pulse at offset frequency, Δω,
and So is the signal in the absence of RF irradiation. Single frequency MTR imaging has
been useful in assessing tissue pathology (3–10), but because it depends on experimental
parameters and tissue relaxation, it is not specific. More rigorous, quantitative methods have
been developed which consist of collecting MT-weighted data at multiple offset frequencies
and/or RF saturation (so-called MT z-spectrum (11)) powers and using mathematical models
to extract intrinsic characteristics of the MT process (12–16). A two-pool model with
exchange can be utilized to reveal metrics such as the fraction of macromolecular protons
(Mob), the rate of MT exchange (R), and the transverse relaxation time of macromolecular
spins (T2b) and is generally termed quantitative MT (qMT). Specifically, Mob has been
shown to scale with the myelin content whereas R and T2b may reflect changes within
myelin lipid structure (15).

qMT has been largely used to assess brain tissue in vivo (14,16), but data on many tissues ex
vivo (human and animal) (12,13,15) are also available. To date, qMT has not been used to
study the spinal cord in vivo, since the spinal cord offers a difficult environment to apply
techniques that have been designed for the brain. High resolution is necessary to distinguish
gray and white matter, and the spinal cord itself is small and mobile. However, the spinal
cord is an important structure anatomically serving as a conduit of information from the
brain to the extremities, and is affected in some of the most devastating disorders of the
CNS. Thus, an accurate assessment of its physiology would be paramount to understanding
the nature of diseases that afflict the CNS.

To evaluate qMT in the spinal cord, we examined healthy volunteers and patients diagnosed
with the genetic disorder, Adrenomyeloneuropathy (AMN). AMN is the adult form of X-

Smith et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



linked Adrenoleukodystrophy (X-ALD), a disorder of the peroxisomal beta-oxidation of
very long chain fatty acids. It mostly affects men in their early 20’s and to a lesser degree,
women, heterozygous for the X-ALD gene, later in life (17,18). Pathologically, AMN
presents as a primary, retrograde, distal axonopathy with secondary demyelination of the
dorsal columns in the cervical cord and the thoraco-lumbar lateral columns (18). In contrast
to multiple sclerosis, AMN does not have an overt inflammatory component, and
conventional (T1- and T2-weighted) MRI has shown no significant changes other than cord
atrophy late in the disease. However, it is suspected that AMN is the result of accumulation
of fatty acids in spinal cord, resulting in the structural destabilization of myelin lipid content
leading to myelin breakdown (18). We have shown previously that MT-weighted imaging is
sensitive to cord pathology in the cervical dorsal columns in AMN patients (19,20). Here,
we apply the more rigorous, quantitative approach (qMT).

Our goal was to apply a two-pool model of MT to spinal cord tissue in vivo, in healthy
controls and patients with AMN. In this work, fitted values for the rate of MT exchange (R),
transverse relaxation time of macromolecular spins (T2b), and macromolecular pool fraction
(Mob) are reported for dorsal, and lateral column white matter (WM), as well as dorso-lateral
grey matter found in the upper cervical spinal cord (C2). Results are obtained by fitting MT
z-spectra from 1 – 64 kHz offset to a two pool model of MT (14).

Materials and Methods
Some of the patients and imaging methodologies presented here overlap with two previous
manuscripts (19,20). This protocol was approved by the local institutional review board, and
signed, informed consent was obtained prior to examination. The study participants were:
six healthy volunteers (3 male, 3 female; mean age 28.8±5.6 years), 4 males (mean age:
37±12 years) diagnosed with AMN (mean EDSS = 4.3, range = 3–5) and 5 females (mean
age: 46±10 years) heterozygous for the X-ALD gene (mean EDSS = 2.7, range = 1–5).

The full details of the scanning protocol are given elsewhere (19,20). All MRI scans were
acquired using a Philips Intera 1.5T (Philips Medical Systems, Best, The Netherlands) MRI
system with transmit body coil and a two-element receive surface coil. MT-weighted images
were obtained between C1 and C3 using a 3D-gradient echo (TR/TE/α = 50ms/12ms/7°),
with a five lobed, sinc-shaped MT pre-pulse (pulse duration = 15ms, peak B1 = 14.5µT), and
10 RF offset frequencies logarithmically sampled between 1–64 kHz. A reference scan with
no MT irradiation was also acquired.

ROI selection and Fitting Methodology
Since AMN is a diffuse disease and pathology extends over many levels of the cord, a single
level was judged to be a sufficient representation of a much larger segment of the spinal
cord. Thus, 4 slices at 1.5mm thick and centered at C2 were further examined. ROI’s were
selected in the lateral and dorsal column WM and dorso-lateral horn gray matter (GM). Care
was taken to minimize visual partial volume contacts with neighboring tissues; however, due
to the small size of the spinal cord, partial volume effects are unavoidable. The average
number of voxels in each ROI was 60.

The MT data were analyzed using a two-pool model of MT exchange using the
mathematical formalism proposed by Sled and Pike (21) and further adapted by Portnoy et
al (22). This model decomposes the MT pulse sequence into a series of stages: 1) constant-
amplitude, off-resonance irradiation of semisolid proton pool, 2) periods of free precession
and, 3) instantaneous saturation of the free water pool. In each of these cases, the modified
Bloch equations including exchange bear constant coefficients and can be solved
analytically for both steady and transient states. Furthermore, the transverse and longitudinal
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components of magnetization are decoupled, and for simplicity, only the longitudinal
components of magnetization were modeled as the transverse components were assumed to
disappear through relaxation and spoiling. Using these approximations analytical
expressions exist for the longitudinal magnetization throughout each stage.

To describe the propagation of the magnetization through the sequence, the endpoint values
of each stage were used as initial conditions for the next. Finally, a closed form solution was
obtained, by imposing the condition that a sufficient number RF pulses were applied to
ensure attainment of a pulsed steady state (i.e. the magnetization behaves periodically with
TR). The resultant analysis yielded the semisolid pool fraction, Mob, the transverse
relaxation time of macromolecules, T2b, and the rate of MT exchange, R as well as
uncertainties associated with each MT parameter (22).

Data Comparison
In healthy spinal cord tissue, it is not well known whether or not WM columns will differ
from each other and therefore, we compared the mean of each derived metric in lateral
column to dorsal column WM in healthy controls. Finally as a test for the sensitivity of qMT
derived parameters, we compared the mean of each metric for the dorsal and lateral column
WM between patients and controls. All comparisons were performed using Wilcoxon rank
sum test, as the number of entries was insufficient to warrant t-test.

Results
Figure 1 shows MT-weighted images obtained in a healthy volunteer (panel A) and a patient
with AMN (panel B) at the level of C2 as a function of offset frequency. In panel A,
excellent contrast between GM and WM can be appreciated at higher offset frequencies,
while at lower offset frequencies, the tissues are equally saturated such that no GM/WM
contrast can be observed. The final image in panel A shows a representation of the ROIs that
were selected for further analysis in all subjects: lateral columns (red), dorsal column (blue)
and dorso-lateral horn GM (yellow). In panel B, a representative data set from a mildly
afflicted AMN male is presented. Note that in this patient, little cord atrophy is evident,
however dorsal column hyperintensities (red arrow) appear in each image at offsets > 1 kHz.

Figure 2 shows experimental data and fits to the dorsal column MT z-spectra of the patient
(blue) and healthy volunteer (black) presented in Figure 1. It should be pointed out that for
most offset frequencies the z-spectrum in the AMN patient (triangle) is elevated relative to
the healthy control (square). This is not entirely surprising and is consistent with the tissue
pathology in the AMN patients.

In Figure 3, bar graphs show mean qMT-derived metrics over all patients and controls. Each
bar color represents the mean of the metric of interest over each class of subjects (control –
black, X-ALD Female heterozygote – red, AMN Male – blue). Individual patient data are
given in Table 1.

In healthy volunteers, the mean rate of MT exchange, R, in WM (averaged over dorsal and
lateral) was 56±11 Hz and GM = 67±12 Hz. While not significant, this demonstrates a slight
disparity in the rate of MT exchange between WM and GM in the cord. Comparisons
between control lateral and dorsal column WM rate of MT exchange revealed no significant
differences (p = 0.5), however, analysis of the MT exchange rate between lateral column
WM and GM showed a significant difference (lateral column WM: 52±8 Hz vs. GM: 67±12
Hz p < 0.03). No significant difference was observed between patients and healthy controls.
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The mean white matter macromolecular fraction, Mob in healthy controls was 14±2%. In
GM, the mean Mob = 8±2%. Due to the high degree of partial volume effects in GM
measurements, we expect the GM value to be slightly bloated; however, these values
coincide with reports of cerebral deep GM Mob (14). Mob was statistically equivalent
between lateral and dorsal column WM in healthy controls, and both WM columns showed a
statistical elevation in Mob when compared to GM (p = 0.002). In the AMN patients, the
lateral columns and GM showed no significant difference compared to controls. However, in
the dorsal column, Mob in X-ALD exhibited a trend towards significance (p = 0.1) and
AMN males showed significant decrease in Mob (p < 0.03) when compared to controls. No
disparity was observed between AMN phenotypes.

The mean macromolecular relaxation time, T2b across all columns in healthy volunteers was
9±2µs for WM and GM. For lateral, dorsal column WM, and GM, there was no significant
difference between any of the patient classes and controls. However, as seen in Figure 3,
large variability was observed in the dorsal column T2b values for the X-ALD patients
(range: 3.8µs–16.5µs) and is shown in detail in Table 1.

Of note is the quality of the fits for volunteers and patients. Chi-squared analysis revealed
that the normalized χ2 for all fits was on average 1.3 and not exceeding 1.6 indicating a
strong degree of association between data and fit. The average errors in each of the fitted
parameters did not exceed 7% error at the 95th percent confidence level.

Discussion
We describe qMT measurements of the human spinal cord in vivo. As a first test, we applied
this technique to Adrenomyeloneuropathy, a disease of the spinal cord with no conventional
imaging maker for progression. Dorsal and lateral column white matter showed similar qMT
derived values in healthy controls, but significantly decreased macromolecular fraction
(Mob) in the dorsal column of AMN males. The results presented here may prove to be a
benchmark for future spinal cord qMT studies at higher field and in different diseases.

It is convenient to assume that the spinal cord WM is similar to that of the brain.
Morphologically, spinal cord WM consists of densely packed fiber bundles and is most
similar to cerebral WM found in structures such as the internal capsule and corpus callosum
(23). While few reports are given on the qMT derived metrics of these fiber pathways, the
qMT derived parameters (Mob, T2b) of the lateral and dorsal column white matter in healthy
controls fall within the range of reported values (14–16,24,25) for frontal WM: Mob = 9–
15%, T2b = 9–12µs (16,26). The variability and apparent discrepancy between the rate of
MT exchange, R, reported here and elsewhere in the literature for brain and ex-vivo tissue,
can be accounted for by the difficulty with which R can be evaluated from a single power
MT experiment (22). Similarly, spinal cord GM is similar to deep gray matter of the basal
ganglia (e.g. caudate nucleus, putamen) and the qMT parameters derived here fall within
published values for general, cerebral GM: Mob = 6–11%, T2b = 9–12µs. This indicates that
for healthy populations, the similarity between the spinal cord and brain tissues can be safely
assumed.

Pathologically, AMN is unique in that it is a disabling spinal cord disease marked by distal
axonopathy and concomitant demyelination of the cervical dorsal columns, but little or no
inflammatory component. In agreement with histopathology, we found that in the dorsal
column, the fraction of bound protons was decreased in AMN and X-ALD heterozygote
patients. It was also observed that the lateral columns show little difference in the derived
metrics for all groups studied, which seems to indicate the lack of tissue involvement in
these columns in the cervical cord.
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An interesting finding was that there was a wide range of variability in the macromolecular
transverse relaxation time, T2b, and the rate of MT exchange, R, in the dorsal column of the
X-ALD females. Interestingly, closer examination revealed that 3/5 of the females (Table 1)
showed T2b similar to reported literature values for healthy tissue (T2b range = 10–16µs,
mean = 13.7µs), while 2/5 X-ALD females showed dramatically reduced T2b (T2b range =
3.8–4.6µs, mean = 4.2µs). In these same patients, an increase in the rate of MT exchange
was also observed. Even though preliminary, these results are exciting and may potentially
relate to the fact that the clinical disability in X-ALD heterozygotes varies widely as well.
Furthermore, in comparison with other WM diseases, changes in the qMT-derived
parameters were less obvious and were not accompanied by concomitant T1- /T2-weighted
signal abnormalities. Since there were no apparent signal abnormalities in T1- or T2-
weighted images, we did not compare these results to standard measures of myelin water
relaxation (27). However, our results indicate that qMT may be capable of capturing subtle
changes at the macromolecular level prior to overt T1/T2 relaxation aberrations.

In qMT studies of the brain, comparisons are often made with conventional imaging
techniques. In the spinal cord, two model-independent methods exist to characterize the MT
effect: the magnetization transfer ratio (MTR, 6) and the magnetization transfer normalized
by cerebrospinal fluid (MTCSF, 20). The former is the standard method to quantify the MT
effect because it removes contributions of T1 and T2 relaxation, while the latter, though
compromised by T1 and T2 effects, has shown utility in quantifying the degree of pathology
in AMN.

Examination of the dorsal column MTR taken at an offset frequency of 2.5 kHz reveals a
significant, decreased signal in the AMN males (MTR (control) = 0.31 ± 0.02, MTR (AMN)
= 0.28 ± 0.01; p = 0.015) when compared to the healthy control, but no difference was
observed between the X-ALD heterozygotes and the healthy volunteers (MTR (control) =
0.31 ± 0.02, MTR (X-ALD) = 0.26 ± 0.07; p = 0.1) or between the X-ALD heterozygotes
and the AMN males (p = 0.5). However, the dorsal column MTCSF taken at an offset
frequency of 10 kHz shows a strong, significant difference in the MTCSF between controls
and X-ALD heterozygotes (MTCSF (control) = 0.49 ± 0.03, MTCSF (X-ALD) = 0.58 ±
0.05; p = 0.004), controls and AMN males (MTCSF (control) = 0.49 ± 0.03, MTCSF
(AMN) = 0.63 ± 0.05; p < 0.001), but not between X-ALD heterozygotes and AMN males
(p = 0.2). This is in accord with previous findings (19,20).

While the single offset frequency MTCSF has been shown to be sensitive to the pathology in
AMN, it is confounded by other contrast mechanisms (T1 and T2) and even potentially by
T2b which is the parameter ultimately defining the “width” of the MT effect and therefore
the sensitivity of the MTCSF. MTR on the other hand, does not show the same degree of
sensitivity as MTCSF or qMT derived metrics. In relationship to the qMT findings reported
here, it is possible that the MTR shows no difference between healthy and diseased cords by
virtue of low SNR rather than MT insensitivity. This is mitigated to a degree when doing
qMT analysis because information from all offset frequencies is used to derive the
individual metrics. The MTCSF does in fact show a difference between the diseased and
healthy cords, which could in part be due to changes in spin density, which drives the
macromolecular proton fraction observed by qMT.

It is prudent to mention some of the limitations of the methods used in this study. First, qMT
calculations suffer from low SNR and therefore, multiple slices of the spinal cord were
averaged to achieve the necessary SNR for fitting. Since we applied this in AMN, a diffuse
disease, we can assume that each slice at the cervical level will show similar degree of
involvement without the loss of generality. Secondly, the fitting methods here were
employed with only one power of MT irradiation. It has been shown that better fitting and
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more robust estimates of the qMT parameters can be achieved when applying a global fit to
multiple powers (22). However, analysis of the quality of fit shows that the fit to the z-
spectra are quite good (χ2= 1.3 and not exceeding 1.6) as shown in Figure 2. Along a similar
line, the estimated error per metric did not exceed 7%, which was calculated according to
(22). Therefore, even at one power, the fit and resulting qMT-derived metrics show a high
degree of reliability.

In this work, only a short section of the cervical spinal cord was chosen for further analysis,
however the results can be interpreted as being representative of a much larger segment of
the cord. The spinal cord is an essentially linear organ and changes in tissue morphology
over the rostral-caudal direction are gradual. In the cervical level, superior to the branching
of the brachial plexus, spinal cord WM and GM are known to differ only in shape rather
than in composition. It is possible that future studies of the spinal cord at different levels
(e.g. thoracic, lumbar, conus medularis) might reveal differences in qMT parameters as
compared to this and previous works.

Conclusion
For the first time qMT derived metrics (Mob, T2b, and R) are reported in the human spinal
cord in vivo. The ramification from such experiments is the ability to use qMT to assess and
characterize spinal cord tissue in disease and health with the ultimate goal of understanding
the underpinnings of tissue destruction caused by diseases such as multiple sclerosis,
transverse myelits, and spinal cord trauma.
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Figure 1.
MT-weighted images taken at the level of C2 as a function of offset frequency. Panel A:
Healthy control. Excellent discrimination between gray and white matter can be appreciated
at all offsets greater than 4 kHz. The contrast is such that tissue with a large MT effect (e.g.
white matter) is dark relative to GM and CSF (brightest). The image on the bottom right
reflects the placement of ROIs used for qMT analysis: lateral columns (red), dorsal column
(blue) white matter, and dorso-lateral horn (yellow) gray matter. Panel B: Mildly affected
AMN male. At all offsets greater than 1 kHz, tissue hyperintensity in the dorsal column (red
arrow) is observed. It should be noted that the dorsal column is the principle site of
pathology (ref) in the cervical level of AMN patients.
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Figure 2.
Acquired z-spectra and fitted results for healthy control (black) and AMN patient (blue)
presented in Figure 1. Solid lines indicate qMT fit result, while data points represent the
mean normalized signal intensity in the dorsal column. Similarly to figure 1, the dorsal
column signal intensity in the AMN patient is elevated for all offset frequencies with respect
to the control.
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Figure 3.
Mean qMT metrics for controls (black), X-ALD females (red) and AMN males (blue) for
each of the dorsal and lateral columns and dorso-lateral horn gray matter. (A) Rate of MT
exchange (R) in Hz. R is approximately the same for all volunteers and subjects with AMN
for each of the columns and GM. (B) Fraction of bound spins (Mob). Mob is seen to
decrease in the dorsal column, which is the principle site of pathology, in AMN patients as
compared to healthy controls. Similarly, a significant difference between WM and GM Mob
can be appreciated. (C) Transverse relaxation time of bound spins (T2b). T2b is
approximately the same for all subjects studied. However, the large variability in T2b for the
X-ALD females in the dorsal column could be a result of hydrophobic interactions with bulk
water caused by increase in very long chain fatty acid incorporation into the myelin
membrane.
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