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MR Properties of Excised Neural Tissue Following
Experimentally Induced Inﬂammation
Greg J. Stanisz,1,2* Stephanie Webb,1 Catherine A. Munro,3 Teresa Pun,1 and
Rajiv Midha3,4
Changes in the MR parameters of inﬂamed neural tissue were
measured in vitro. Tumor necrosis factor-alpha (TNF-␣) was
injected into rat sciatic nerves to induce inﬂammation with
negligible axonal loss and demyelination. The MR parameters,
such as T1/T2 relaxation and magnetization transfer (MT), were
measured 2 days after TNF-␣ injection and were found to be
substantially different from those of normal nerves. The average T1/T2 relaxation times increased, whereas the MT ratio
(MTR) and the quantitative MT parameter M0B (which describes the semisolid pool of protons) decreased. The MR
parameters correlated very well with the extracellular volume
fraction (EM) of neural tissue evaluated by quantitative histopathology. The multicomponent T2 relaxation was shown to
provide the best quantitative assessment of changes in neural tissue microstructure, and allowed us to distinguish between the processes of inﬂammation and demyelination. In
comparison, the MT measurements were less successful due
to competing contributions of demyelination and pH-sensitive changes in the MT effect.
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Inﬂammation commonly occurs in a wide spectrum of
nervous system diseases, including multiple sclerosis
(MS) (1), stroke (2), dementia (3), and traumatic brain
injury (4). It is difﬁcult to distinguish the processes of
inﬂammation from those of neural tissue degeneration,
such as axonal loss and demyelination, because similar
qualitative changes occur in the MR signal intensities of
T1-, T2-, or magnetization transfer (MT)-weighted images.
MRI evaluations of tissue pathology are further complicated by the fact that inﬂammation, axonal loss, and demyelination often occur concurrently. The precise identiﬁcation of the pathophysiological processes that occur in
nervous system disorders is of considerable importance in
our ability to accurately diagnose disease, understand the
mechanisms and dynamics of neural tissue degeneration,
and evaluate treatment efﬁcacy. There is, therefore, a great
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need to establish MRI protocols that are capable of differentiating and quantitatively assessing these pathologies.
Quantitative MR measures are thought to provide more
speciﬁc information about changes in tissue microstructure. For example, the multicomponent T2 relaxation is
sensitive to white matter (WM) demyelination in multiple
sclerosis (MS). The observed short T2 component, which
occurs at approximately 10 –20 ms, has been associated
with water in the myelin sheath (5), and thus provides a
measure of the processes of demyelination and remyelination. We recently demonstrated that the magnitude of the
short T2 component correlates very well with the amount
of myelin in nerves undergoing degeneration and spontaneous regeneration following traumatic injury of the peripheral nervous system (PNS) (6). Conversely, the MT
effect is thought to be mainly mediated by the processes of
MT exchange between water and lipid protons within the
myelin sheath (7,8). It has been shown (9) that the observed changes in the MT ratio (MTR) and the decrease in
the MT macromolecular fraction (M0B) are also a manifestation of the decreased myelin content.
It should be noted, however, that these MR measurements evaluate myelin content as a volume fraction of
water (or macromolecules) in myelin, rather than the intraand extracellular water volumes. Therefore, it is expected
that even when there is no myelin loss, the process of
inﬂammation, which results in an increased EM fraction
(and therefore increased free water), will produce a decrease in the relative amplitude of the short T2 component
and the MT semisolid fraction, M0B.
The purpose of this study was to measure how the
process of inﬂammation alone affects MR measurements,
such as T1/T2 relaxation and MT. To achieve this goal, we
used an experimental animal model of neural tissue inﬂammation (10) by injecting tumor necrosis factor alpha
(TNF-␣) into rat sciatic nerves. This experimental model
primarily invokes an inﬂammatory process with negligible
demyelination and axonal loss. The MR parameters were
then compared with the results of a quantitative, histomorphometric assessment of inﬂammation in the adjacent
neural tissue. In the light of the current results and data
reported in the literature, we also discuss which of the MR
measurements is most advantageous for distinguishing inﬂammation and demyelination.
MATERIALS AND METHODS
Experimental Model of Inﬂammation
It has been reported (10 –13) that when the proinﬂammatory cytokine tumor necrosis factor-alpha (TNF-␣) is injected in small quantities into neural tissue, it induces the
process of inﬂammation within 24 hr. In the ﬁrst few days
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post TNF-␣ injection, marked inﬂammatory responses are
observed, while axonal degeneration and demyelination
are negligible. By 1 week after injection, effects are reported to range from no degeneration or demyelination
(12,13) to axonal degeneration, demyelination without
axon loss, primary demyelination, and axonal degeneration (10,11). To examine the effects of inﬂammation on the
MR parameters of neural tissue, we measured the MR
properties of rat sciatic nerve in vitro 2 days after TNF-␣
injection in 16 samples. As controls, four untreated samples and four nerve samples with PBS injections (with no
⌻⌵F-␣) were also measured.
Inbred adult male Lewis rats (250 –300 g, 10 weeks old,
N ⫽ 12) were obtained from Charles River Canada (St.
Constant, QC) and housed in a standard animal facility
with 12-hr on/off light conditions. All of the animals were
acclimatized prior to surgery and allowed standard rat
chow and water ad libitum. All experiments and animal
interventions adhered to the guidelines of the Canadian
Council on Animal Care. The anesthesia used in all cases
consisted of an intramuscular injection of 10 mg/kg xylazine (20 mg/mL; Bayer Inc., Etobicoke, ON) and 100 mg/kg
ketamine hydrochloride (0.1 mL/100 g Rogarestic; RograSTB, Montreal, QC) into the lumbar paraspinal musculature. For all of the surgical procedures we employed standard microsurgical techniques, using an operating microscope (Wild M651; Wild Leitz, Willowdale, ON).
Following induction of anesthesia, the sciatic nerves were
exposed via bilateral gluteal and posterior thigh incisions.
The injections were made using a microsyringe with a
30-gauge needle. The tip of the needle was carefully inserted subepineurally, and 2 l of 8000 U/l rhTNF␣ were
slowly injected. The rhTNF␣ (Calbiochem, LaJolla, CA)
was dissolved in PBS containing 0.1% BSA. Each sciatic
nerve was given two injections, spaced 1 cm apart, and the
sites of the injections were marked with a superﬁcial
epineural 9-0 suture (Dermalon, Davis & Geck; American
Cyanamid Co., Danbury, CT). Control injections of PBS
containing 0.1% BSA were made in an identical fashion.
Two days later the animals were deeply anesthetized
and the sciatic nerves were harvested. The nerve tissue
was harvested from both legs after TNF-␣ PBS injection or
no treatment (control samples), as shown in Table 1. Each
nerve tissue sample was prepared as shown in Fig. 1. For
the MR measurements, the tissue (approximately 1.5 cm
long) was harvested around and between the injection
sites as one sample, and the entire sample was measured
by MRI. Additionally, to ensure continuity in the tissue
pathology across the sample, the proximal and distal portions of the injured nerve were evaluated histopathologiTable 1
Animals Used in the Study
Animal No.

Left leg

Right leg

1
2
3
4
5
6
7–12

No injection
PBS
No injection
TNF-␣
TNF-␣
PBS
TNF-␣

PBS
No injection
TNF-␣
PBS
No injection
TNF-␣
TNF-␣

FIG. 1. Schematic of the sciatic nerve segment, the sites of the
TNF-␣ injury, and tissue samples for the MR and histology assessments. The histopathology samples were obtained from both proximal and distal sites. Separate samples were processed for immunohistology and histomorphometry (histo), and the thickness of
each section was also noted.

cally (Fig. 1). The pH of TNF-␣, normal controls and the
nerves before, immediately after, and 2 days postinjection
were also measured.
Histopathology
For each distal and proximal portion of the nerve, two
histopathological samples were obtained for histomorphometric assessment of the myelin content, axonal integrity,
and EM fraction (toluidine blue stain), and for immunohistologic evaluation of the inﬂammatory process (using
antibodies for ED1, a macrophage and monocyte cytoplasmic antigen) (Fig. 1).
For the histomorphometric assessment, the samples
were ﬁxed by immersion in universal ﬁxative (40% formalin, 25% glutaraldehyde). They were then postﬁxed with
osmium tetroxide, embedded in epon-araldite, and sectioned on an ultramicrotome (Sorvall MT6000, Kendro,
Asheville, NC; or Reichert-Jung Ultracut E, Leica Microsystems, Germany). Toluidine blue was used to stain
1-m-thick cross sections for light microscopy.
Tissue samples for the immunohistologic assessment
were collected, ﬁxed in 10% buffered formalin, and embedded in parafﬁn. Slides with 8-m-thick sections were
then dewaxed in three changes of xylol, and dehydrated in
two changes of 100% ethanol and endogenous peroxidases
quenched with a solution of PBS, 0.03% hydrogen peroxide, and 1% sodium azide. Then they were treated with
0.2% pepsin solution in TBS at 37° for 15 min to unmask
antigens, and rinsed in tap water. All incubations were
performed at room temperature in a humid chamber. The
slides were rinsed in PBS and blocked with 7% normal
horse serum for 15 min. They were then incubated for
1.5 hr with mouse anti-rat ED1 (1/50 dilution; Chemicon
International, Temecula, CA). The sections were washed
three times in TBS. Biotinylated horse anti-mouse antibody was added and the samples were incubated for
45 min, and then washed three times with TBS. Commercial avidin/biotin complex (Vector Laboratories, Burlington, ON) was added and the sections were incubated for
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40 min, and then washed three times with TBS. Then
chromagen solution (NovaRed; Vector Laboratories, Burlington, ON) was added and the sections were incubated for
10 min. Finally, the slides were washed for 5 min in
running tap water, and lightly counterstained with hematoxylin.
For quantitative evaluation of neural tissue integrity, a
computer-assisted image analysis (CAIA) was performed
on the toluidine blue-stained samples using image analysis software (Image-Pro Plus 4.5; Media Cybernetics, Silver
Spring, MD). Histomorphometric studies to evaluate the
myelin content of each nerve section were performed on
randomly selected, representative ﬁelds of known area
(3093 m2), at 1000⫻ magniﬁcation on a light microscope
(Olympus BX51 light microscope; Olympus America, Inc.,
Melville, New York). The number of ﬁelds evaluated (ﬁve
to seven) depended on the total cross-sectional sample
area, and was selected such that total area evaluated was at
least 25% of the total cross-sectional area. Images were
captured via a Cool Snap-Pro camera (Media Cybernetics,
Inc., Silver Springs, MD) linking the microscope and the
image analysis system for further analysis, which involved
a three-step approach modeled on the segmentation, recognition, and measurement method of Romero et al. (14),
as previously developed in our laboratory (6). Brieﬂy, the
evaluation took into account both intact myelin sheaths
and myelin present in the form of Wallerian degeneration
(WD) proﬁles or disrupted myelin sheaths (6). The myelin
content and extracellular matrix volume (EM) fraction
were calculated as percentages of the total sampled area.
MR Measurements
All MR measurements were performed at 20°C and 1.5 T
on a 20-cm-bore superconducting magnet (Nalorac Cryogenics Corp., Martinez, CA) controlled by an SMIS spectroscopy console (SMIS, Surrey, UK). Rectangular radiofrequency (RF) pulses were ampliﬁed by an RF ampliﬁer
(model 3205; American Microwave Technology, Brea,
CA). Immediately after tissue excision, the samples were
placed in nonprotonated, MR-compatible ﬂuid (Fluorinert;
3M, London, Canada) to avoid dehydration and reduce
susceptibility effects. The MR experiments lasted approximately 3 hr. Before and after each experimental session, a
multicomponent T2 decay was measured using a CarrPurcell-Meiboom-Gill (CPMG) sequence to test the continuity of the sample signal characteristics. The T2 decay
curves varied ⬍ 1% during these sessions, which indicated that the samples were stable over the time-course of
the MR experiments.
The MR measurements were obtained as follows:
- T1 relaxation time data were acquired using an inversion recovery (IR) sequence (15) with 35 TI values logarithmically spaced from 1 to 32000 ms, with 10 s between each acquisition and the next inversion pulse,
and two averages.
- T2 relaxation time data were acquired using a CPMG
sequence (15,16) with TE/TR ⫽ 1/10000 ms, 2000 even
echoes sampled, and 100 averages.
- MT-weighted data were measured using a continuouswave (cw) saturation pulse of 7 s duration. For the
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standard MTR evaluation, the RF saturation pulse amplitude (1/2) was 670 Hz, and the offset frequency of
the saturation (⌬) was 5 kHz. To quantitatively evaluate
the MT data (17), seven RF saturation amplitudes (1/
2 ⫽ 85, 170, 330, 670, 1330, 2670, and 5340 Hz) and 26
off-resonance frequencies ⌬ (0.014 –250 kHz) were applied. The TR was 10 s, and the number of averages was
eight. The effects of any residual transverse magnetization following the off-resonance irradiation was removed by phase-cycling the /2 pulse (–x/x).
Data Analysis
We analyzed the T1 data assuming monoexponential behavior. All T2 decay data were ﬁtted to a multicomponent
T2 model in which the relaxation of each T2 component
had a Gaussian distribution on a logarithmic time scale
(6,18). The Gaussian model was found to provide better
separation of the T2 peaks than the commonly used nonnegative least-squares (NNLS) method (19), yet guaranteed
approximately the same value of 2 and resulted in similar
T2 spectra. Repeated T2 measurements of a single sample
were used to determine that a minimum signal-to-noise
ratio (SNR) of 500 was required in order to assess the
amplitudes and positions of all three T2 components with
5% precision.
The MTR was evaluated by the following equation:
MTR ⫽

M 0 ⫺ M SAT
,
M0

[1]

where M0 and MSAT denote signal amplitude measured
without and with the RF saturation pulse, respectively.
The quantitative MT data were ﬁtted to a “two-pool”
model (17) quantifying the exchange between an unrestricted liquid pool and a semisolid macromolecular pool
of restricted mobility (20). The model estimates R, the rate
of exchange of longitudinal magnetization between liquid
and semisolid pools, as well as the dimensionless parameters 1/RAT2A, and RM0B/RA, where RA is the rate constant
of longitudinal relaxation in the liquid pool, T2A is the
average transverse relaxation time of the liquid pool, and
M0B is the fraction of magnetization that resides in the
semisolid pool and undergoes MT exchange.
RESULTS
Histopathology
The histopathology of the control nerves (injected with
PBS) showed no signs of inﬂammation, which was similar
to the results in the normal samples. Figure 2 shows representative toluidine blue-stained sections for control (Fig.
2a) and injured nerve (Fig. 2b), as well as the immunohistologic appearance 2 days post TNF-␣ injection (Fig. 2c).
The normal sciatic nerve sample shows well-myelinated
axons with adjacent nuclei consisting of mainly Schwann
cells (Fig. 2a). In the sciatic nerve 2 days following TNF-␣
injection, a large number of inﬂammatory cells (stars) and
red blood corpuscles are present. Most axons are well
myelinated and appear normal, except for an increased
distance between them (increased EM fraction). Occasion-
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FIG. 2. Toludine blue-stained cross sections of nerves at 1000⫻ magniﬁcation. a: Normal sciatic nerve sample. The axons are well
myelinated, with the occasional Schwann cell present. b: Sciatic nerve 2 days after TNF-␣ injection. Note the large number of inﬂammatory
cells (stars) and red blood corpuscles. Most of the axons are well myelinated and appear normal, except for the increased distance between
them. There is an occasional Wallerian degeneration proﬁle (arrow). c: ED1-stained longitudinal section counterstained with hematoxylin,
400⫻ magniﬁcation. ED1 immunostaining (reddish-brown pigment) reveals a large number of ED1⫹ macrophages, indicating a marked
inﬂammatory response.

ally, a Wallerian degeneration proﬁle was observed (arrow). The immunohistologic staining (Fig. 2c) revealed the
presence of considerable inﬂammatory cells (ED1⫹ macrophages and monocytes).
No substantial differences in histopathology between
the proximal and distal nerve samples were observed,
indicating tissue uniformity across the intervening measured MR samples.
We performed a quantitative assessment with CAIA on
the toluidine blue-stained slides, which allowed us to
estimate the myelin content and EM fraction (including
inﬂammatory cells). The myelin content of the normal
nerves was 31% ⫾ 4%, and was slightly lower in the
TNF-␣-treated samples (23% ⫾ 7%). The EM fraction substantially increased from 42% ⫾ 2% in untreated nerve to
52% ⫾ 6% for 2 days post TNF-␣ injection. The larger
range of myelin content and EM fraction in the treated
samples indicated different degrees of inﬂammation. The
amount of pathology was independent of injection site
(left/right leg, P ⬎ 0.6, N ⫽ 6, r ⫽ – 0.2); therefore, the
samples were treated as independent observations in the
comparison between MR parameters and quantitative histopathology.
The pH of the normal sciatic nerves and injected TNF-␣
solution was 7.4 ⫾ 0.1 and 6.9 ⫾ 0.1, respectively. Two
days after injection (just before the nerves were dissected
and harvested), the pH of the nerves substantially increased to 8.3 ⫾ 0.1.

short, intermediate, and long values of T2), described as
follows:
● A short T2 component at 16 ⫾ 2 ms (average and
standard error of the mean for four samples) represented 32% ⫾ 5% of the total curve area.
● An intermediate T2 component at 42 ⫾ 5 ms, with size
61% ⫾ 1% of the total curve area.
● A long T2 component at 242 ⫾ 20 ms, with size 11%
⫾ 3% of the total curve area.

MR Parameters
For all measured samples, T1 relaxation (Fig. 3a) appeared
monoexponential, with the average longitudinal relaxation time T1 for untreated nerves equal to 631 ⫾ 30 ms. T2
relaxation was multiexponential, showing three well-distinguished T2 components. The Gaussian ﬁtting procedure
yielded values for the T2 spectrum position, width, amplitude, and relative size of each component. Typical T2
spectra for normal and TNF-␣-treated nerves are shown in
Fig. 3b. The T2 spectrum of normal nerve (solid line)
shows three well-distinguished components (centered at

FIG. 3. (a) T1 data, (b) T2 spectrum, and (c) MT data for normal and
TNF-␣-treated samples.
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Moreover, the single measure of the T2 relaxation, 具T2典,
was evaluated. 具T2典 represents an average of the T2 relaxation spectrum, and is equivalent to the monoexponential
estimate of T2 decay that is usually assessed in clinical
MRI. The 具T2典 average for the normal nerve was 78 ⫾ 6 ms.
The MTR measured at saturation pulse amplitude 1/2
of 670 Hz and the offset frequency of the saturation, ⌬,
equal to 5 kHz for normal nerves was 0.70 ⫾ 0.01 (Fig. 3c).
The two-pool MT model resulted in the MT exchange rate
R of 47 ⫾ 4 [s–1] and the fraction of the semisolid pool M0B
equal to 10% ⫾ 2%.
The MR parameters for four PBS-treated samples were
similar to those for the control samples. The T1 relaxation
time was 635 ⫾ 28, the average relaxation time 具T2典 was
76 ⫾ 6 ms, the value of the intermediate T2 component
was 43 ⫾ 4 ms, the MT exchange R was 46 ⫾ 3 s–1, the
semisolid pool fraction M0B was 8% ⫾ 1%, MTR was
0.69 ⫾ 0.01, and the EM fraction was equal to 42% ⫾ 3%.
The MR properties of the TNF-␣-treated nerves were
different from those of the normal and control (PBS-injected) nerves. Figure 3 shows the T1 data, T2 relaxation
spectrum, and MT data for a normal nerve and a typical
TNF-␣-injected nerve. The T1 relaxation time for the TNF␣-treated samples was longer, and the mean for 16 measured samples was 819 ⫾ 80 ms. The T2 spectrum was also
different, as described below:
● The short T2 component position was approximately
the same as for the normal nerve (18 ⫾ 6 ms); however, its percentage of the total area was slightly
smaller (22% ⫾ 6%).
● The intermediate and long T2 peak positions were
increased, with values of 78 ⫾ 14 ms and 298 ⫾ 39 ms,
respectively.
● The average 具T2典 relaxation time also increased and
was equal to 96 ⫾ 17 ms.
The MT data also showed differences between normal
and TNF-␣-treated nerves. The MTR was on average lower
than that of normal nerves (0.65 ⫾ 4). The semisolid pool
M0B decreased to 5% ⫾ 2%, whereas the MT exchange rate
R remained the same at 47 ⫾ 5 [s–1].
To assess whether the changes in the MR parameters
mapped onto the observed changes in histopathology, we
compared the MR parameters with the quantitative morphometric measure (the EM) of the nerve samples. Figure
4 shows the T1 (a); the average T2, 具T2典 (b); the value of the
intermediate T2 component (c); the MT semisolid pool
fraction. M0B (d); the MT exchange rate constant, R (e); and
the phenomenological measure of MT – MTR (f) as a function of the EM fraction for all measured samples. The
average relaxation times, T1 and 具T2典, and the value of the
intermediate T2 component increased with the EM fraction. The MT semisolid fraction M0B and the MTR decreased, whereas the MT exchange rate constant R was
independent of the EM fraction.
Figure 4 illustrates the substantial correlation (as reﬂected in the correlation coefﬁcient, r between the measured MR parameters and the histomorphometric assessments of the EM fraction. The errors represent uncertainties in r within a 95% conﬁdence level. It is evident that
most of the MR parameters were strongly correlated with
histopathology.
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FIG. 4. Correlation between the MR parameters and quantitative
measure of the EM fraction. Closed and open circles indicate controls and TNF-␣ treated samples, respectively. Samples with PBS
injections (stars) are also shown.

DISCUSSION
Injecting nerves with TNF-␣ is an excellent means of inducing inﬂammation while causing minimal damage to
axons and myelin. It is therefore a very useful technique
for probing MR contrast mechanisms during neural tissue
inﬂammation. Because of the variability in the histopathological results from the TNF-␣-treated samples, it was not
feasible to make simple comparisons of mean MR parameters across experimental conditions. Rather, our primary
focus was to examine whether the variability in histopathology correlated with the MR measurements. In this
study we found more biological variation in the MR parameters and histopathology in the TNF-␣-treated samples
than in the normal controls. While TNF-␣ had a signiﬁcant
effect on most of the animals, in some animals it resulted
in no apparent inﬂammation (Fig. 4). This is common in
animal models of disease, where the degree of tissue damage is variable across different animals (6). For this reason,
instead of comparing the TNF-␣-treated samples with the
control ones, we correlated the MR measurements for each
individual sample to the histopathological results. The
TNF-␣ dose chosen in this study was higher than the usual
dose (10). In our pilot studies, lower doses of TNF-␣ also
resulted in inﬂammation, but produced no effect in approximately 20% of the animals. The 2-day end-point of
the study was chosen to maximize the effects of inﬂammation while minimizing other neural tissue damage. At
later time points, demyelination becomes more pronounced (10). The animal model used in this study resulted in a robust inﬂammatory response.
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The current results demonstrate that standard MR techniques, such as average T1/T2 relaxation and MTR, correlate strongly with inﬂammation. This is consistent with
observed changes in MRI of a variety of neural system
pathologies.
The experimental data presented here describe ex vivo
nerve tissue measured at room temperature. Therefore, it is
not expected that the extracted MR parameters will have
exactly the same values for in vivo neural tissue. T1/T2
relaxation times and intercompartmental exchange all increase with temperature (21). However, qualitatively, the
MR properties of in vivo tissue are not vastly different
from those of excised tissue. In particular, the T2 spectra of
in vivo normal nerves are similar to those obtained in this
study (22). Similarly, the quantitative MT parameters for
in vivo neural tissue (9) are comparable to those obtained
in vitro (20). Thus, it is difﬁcult to believe that in vivo MR
measurements will not exhibit similar changes in MR parameters as a result of inﬂammation.
The quantitative comparison between measured MR parameters and histopathology shows that most of the MR
parameters are sensitive to inﬂammation and may be used
as a semiquantitative evaluation of the degree of inﬂammation. On average, the T1 and T2 relaxation times increased by approximately 28% and 25%, respectively,
whereas the decrease in MTR was small (approximately
5%). The changes in more quantitative MR measures, such
as the value of the intermediate T2 component (an ⬃83%
increase) and MT macromolecular fraction M0B (an ⬃50%
decrease) are more pronounced. Other MR parameters,
such as the relative curve areas of the T2 components,
spectra change only slightly with inﬂammation. Interestingly, the MT exchange rate R appears to be independent
of inﬂammation. The moderate change in MTR due to
inﬂammation may be explained by conﬂicting contributions of the MT and direct effects on the MTR. It has been
shown that MTR is proportional to the RM0B/RA ratio (23).
In the case of inﬂamed nerves, the decrease in MTR caused
by decreased M0B is counteracted by a decreased longitudinal relaxation rate RA.
In most neural tissue pathologies, the process of inﬂammation is accompanied by nervous tissue damage, demyelination, and axonal loss. It is generally believed that the
ability to differentiate these processes may be of great
value to researchers in elucidating the pathobiology of
nervous system disorders and assessing response to therapeutic interventions. For example, we have shown that
rat sciatic nerves that can spontaneously regenerate following traumatic injury are on average more inﬂamed than
those with irreversible structural changes (6). However, it
is very difﬁcult to distinguish between inﬂammation and
demyelination using standard MR techniques. This is because the changes in the MR signal intensities in the standard (clinically used) T1-, T2-, and MT-weighted images
due to inﬂammation are very similar to those related to
myelin loss. However, it may be possible to make such a
distinction by analyzing quantitative MR measures. Although the process of demyelination increases T1/T2 relaxation times and decreases the MT parameters, there are
some fundamental differences. We have shown that a total
loss of myelin in WM (24) should result in a T1 relaxation
increase of approximately 20% and an average T2 increase

Stanisz et al.

of 30%. The changes in the T1 relaxation are caused
mainly by decreased MT effect, whereas a decrease in the
average T2 is caused primarily by the disappearance of the
short T2 component (associated with myelin). The shift in
the value of the intermediate T2 component, in the case of
total myelin loss, is also anticipated, due to the processes
of intercompartmental exchange, but it should not exceed
30%. Our previous study (24) of MT and T2 in WM demonstrated that full myelin loss would result in signiﬁcant
decrease in the semisolid macromolecular pool, M0B, to
⬃2% (the protein part of the macromolecular pool in the
intra- and extracellular compartments). Consequently,
MTR would also drastically decrease to about 0.4. In the
current study, we observed much higher increases with
moderate inﬂammation in the average T1/T2 relaxation,
but smaller changes in the MTR.
The most effective way to distinguish inﬂammation
from myelin loss is to analyze the T2 spectrum. In the case
of demyelination, the relative area of the short T2 component should drastically decrease, while in the process of
inﬂammation the value of the intermediate component
substantially increases. In the present study, the amplitude of the short T2 component was observed to decrease
with inﬂammation; however, the changes were moderate
and were accompanied by a huge shift of the intermediate
component. The short T2 component decrease in the case
of inﬂammation is expected, since inﬂammation results in
an increased EM in water. Therefore, the relative myelin
component may slightly decrease. However, the change is
relatively small (approximately 20 –30%). In the case of
demyelination, only a much larger decrease in the amplitude of the short T2 component is anticipated (24), and a
much smaller shift in the intermediate T2 should be
present.
The MT results are also interesting, since they defy
commonly-held beliefs. Given the interactions that occur
between water and protons associated with myelin lipids,
it is assumed that most of the MT effect occurs in myelin,
and consequently that MT would be a perfect measure of
the process of demyelination. Therefore, it is surprising
that such a signiﬁcant decrease in the macromolecular
fraction M0B was observed in this study. It is expected that
the M0B would slightly decrease with an increase in the
EM fraction. M0B is the relative measure of the macromolecular proton population that takes an active part in the
MT process. M0B is deﬁned as a fraction of the semisolid
pool in comparison to that of liquid water. Since the process of inﬂammation results in increased extramyelin water, M0B should decrease. However, the slight increase in
free water (by approximately 15%) observed in this study
should result in M0B by approximately the same amount.
Therefore, it is anticipated that M0B should decrease from
10% (for normal nerve) to approximately 8% in the presence of inﬂammation. However, we observed much
smaller M0B values (⬃5%) in the case of inﬂamed nerves.
The origins of this effect are not fully understood; however, there are several reasons for such a large M0B change.
It is possible that the inﬂammatory cells (including macrophages) that are present in the nerve block the MT sites
from the active MT exchange. Moreover, we observed a
signiﬁcant change in the pH of the inﬂamed nerves. It has
been shown that MT effects are very sensitive to the pH of
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Table 2
Trends in the MR Parameters Due to Myelin Loss or Inﬂammation
MR parameter

Demyelination

Inﬂammation

T1
⬍T2⬎
Amplitude of short T2
component
Position of intermediate T2
component
M0B
MTR

⫹⫹
⫹⫹

⫹⫹⫹
⫹⫹⫹

⫺⫺⫺

⫺

⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫺⫺
⫺

the sample. In particular, for multivesicle lipid bilayers,
the maximum MT effect occurs at approximately low pH
values (5– 6), drastically decreasing (by 200%) with pH at
8. The changes in pH are related to the processes of inﬂammation, rather than to the TNF-␣ injection. Our preliminary studies also showed that the nerve pH increases
in the case of Wallerian degeneration induced by crush
injury. Therefore, the macromolecular fraction M0B may
not be the best indicator of demyelination if inﬂammation
is also present. It should be noted, however, that the anesthesia might also have inﬂuenced the pH of the nerve.
Table 2 summarizes the trends in MR parameters that
are anticipated from the processes of severe demyelination
and inﬂammation. Although these trends occur in the
same direction, the magnitudes by which the MR parameters change are substantially different, which enables us
to distinguish between myelin loss and inﬂammation.
Quantitative MR techniques, such as multicomponent T2
relaxation and MT, are available in vivo (5,9,25); however,
because of the time limitations of clinical scanners, they
are rarely performed. In clinical MR examinations, the
standard techniques may still be able to distinguish between inﬂammation and demyelination by the different
degrees of change in T2 relaxation and MTR. For example,
a T2 increase with a signiﬁcant MTR decrease would be
consistent with demyelination, whereas even a large T2
increase with a moderate MTR decrease would suggest
inﬂammation.
CONCLUSIONS
Most MR parameters change in the presence of neural
tissue inﬂammation. Multicomponent T2 relaxation is the
best means of distinguishing between the processes of
inﬂammation and myelin loss. The quantitative measurement of MT is less successful due to competing contributions from demyelination and pH-sensitive changes in the
MT effect.
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