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Measuring Brain Tissue Integrity during 4 Years Using Diffusion
Tensor Imaging
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ABSTRACT

BACKGROUND AND PURPOSE: DTl isan MRimaging measure of brain tissue integrity. Little is known regarding the long-term longitudinal
evolution of lesional and nonlesional tissue DTI parameters in multiple sclerosis and the present study examines DTl evolution over 4 years.

MATERIALS AND METHODS: Twenty-one patients with multiple sclerosis were imaged for up to 48 months after starting natalizumab
therapy. Gadolinium-enhancing lesions at baseline, chronic T2 lesions, and normal-appearing white matter were followed longitudinally. T2
lesions were subclassified as black holes and non-black holes. Within each ROI, the average values of DTI metrics were derived by using Analysis
of Functional Neuro Images software. The longitudinal trend in DTI metrics was estimated by using a mixed-model regression analysis.

RESULTS: A significant increase was observed for axial diffusivity (P < .001) in gadolinium-enhancing lesions and chronic T2 lesions during
4 years. No significant change in radial diffusivity either in normal-appearing white matter or lesional tissue was observed. The evolution
of axial diffusivity was different in gadolinium-enhancing lesions (P < .001) and chronic T2 lesions (P = .02) compared with normal-
appearing white matter.

CONCLUSIONS: An increase in axial diffusion in both gadolinium-enhancing lesions and T2 lesions may relate to the complex evolution
of chronically demyelinated brain tissue. Pathologic changes in normal-appearing white matter are likely more subtle than in lesional tissue
and may explain the stability of these measures with DTI.

ABBREVIATIONS: AD = axial diffusivity; BH = black hole(s); FA = fractional anisotropy; GAD = gadolinium-enhancing lesion; MD = mean diffusivity; NAWM =
normal-appearing white matter; NBH = non-black hole(s); RD = radial diffusivity

S is the leading nontraumatic cause of neurologic disability

in young adults in North America. MS pathology is charac-
terized by focal inflammatory demyelinating lesions and diffuse
changes in myelin, axon, and neuronal components.' Conven-
tional MR imaging in MS has limitations because this technique
provides little insight into the underlying pathology of MS lesions,
is not sensitive enough to detect tissue changes outside lesions (ie,
normal-appearing white matter [NAWM]), and is unable to
quantify pathologic substrates of disease such as myelin or axonal
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content. Additionally, conventional MR imaging is a relatively
insensitive technique in progressive forms of MS in which there is
little overt inflammatory activity, and MR imaging—detected le-
sion burden often does not change despite frequent clear-cut clin-
ical progression.”

DTl is a quantitative MR imaging—based technique that mea-
sures the diffusion of water in brain tissue.” The diffusion prop-
erties are thought to reflect the microstructure of the underlying
tissue.* DTT metrics include the following: mean diffusivity
(MD), fractional anisotropy (FA), radial diffusivity (RD), and ax-
ial diffusivity (AD). The different DTI metrics carry a pathologic
specificity as well. AD is correlated pathologically with axonal loss
in animal models of retinal ischemia.’ RD is thought to be a mea-
sure of myelin content based on studies examining animal models
of demyelination.” DTI may provide a window into the patho-
logic processes in MS, and through serial imaging studies, it can be
used to follow MS lesions in different stages and tissue changes
with time.” Additionally, DTT has demonstrated the ability to de-
tect changes in brain tissue that is apparently free of lesions (nor-
mal-appearing brain tissue) under standard MR imaging.®

Longitudinal studies examining DTI characteristics have typ-
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ically only been conducted for 1-2 years with a smaller number of
diffusion directions than with currently available high-angular-
resolution diffusion imaging. Harrison et al® studied the evolu-
tion of white matter tracts based on tractography and found that
there was a significant increase in FA and a decrease in RD during
a 2-year follow-up period, with most patients in that study being
on disease-modifying treatment. Lesional tissue has been studied
in acute phases or for short periods of follow-up (1-2 years), and
it most consistently has shown increases in MD and RD with a
decrease in FA.”'? Diffusion imaging studies have also shown
that T1 black holes have higher levels of diffusivity compared with
isointense T1 lesions."” There is evidence that radial diffusivity is
a strong predictor of T1 black hole conversion.'" Alternatively,
longitudinal studies of high-angular-resolution diffusion imaging
following lesion evolution with time have not been conducted, to
our knowledge.

Natalizumab is a monoclonal antibody directed at the very late
antigen-4 receptor on leukocytes.'* Most patients treated with natali-
zumab enter a relatively inflammation-free state, which enables the
study of the underlying neurodegenerative and reparative aspects of
MS, similar to those seen in progressive MS. DT is a feasible alterna-
tive to measure underlying neurodegeneration and to assess the effi-
cacy of potential neuroprotectant medications.

In this study, we aimed to study the evolution of lesional and
nonlesional tissue in patients treated with natalizumab during a
4-year period. Previous DTI studies have used low angular reso-
lution and have followed patients for only up to 2 years.® The
high-angular-resolution diffusion imaging acquisition'” reduces
the variability and bias found in lower-angular-resolution ap-
proaches, allows a more accurate study of DTT metrics with time,
and shows advantages over using a small number of diffusion
directions.'®

MATERIALS AND METHODS

Participants

Twenty-two patients with relapsing MS starting natalizumab ther-
apy were sequentially enrolled from neurologist referrals at an aca-
demic specialty clinical center in an institutional review board—ap-
proved longitudinal observational imaging study, as previously
described.'” Inclusion criteria were clinically definite MS by the 2005
Revised McDonald Criteria,'® age older than 18 years, and the ability
to provide informed consent. Exclusion criteria were clinical relapse
or steroid treatment in the previous 8 weeks, pregnancy, and contra-
indications to MR imaging such as severe claustrophobia and im-
planted devices such as neurostimulators and pacemakers. One pa-
tient discontinued imaging follow-up after only 2 months and was
removed from the data analysis.

MR Imaging Protocol

MR imaging of the brain was serially performed at time baseline
(before natalizumab dosing) and at 1, 2, 6, 12, 18, 24, 36, and 48
months. Images were obtained on a 3T Magnetom Trio scanner
(Siemens, Erlangen, Germany). Diffusion-weighted imaging used
71 noncollinear diffusion-weighting gradients (2.5 X 2.5 X 2.5
mm voxels, b = 1000 s/mm?>, 8 b = 0 acquisitions, 260 X 260 mm
FOV, 104 X 104 matrix, forty-eight 2.5-mm sections, TE = 95 ms,
TR = 7300 ms). The b-value of the DTT sequence was reduced at
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12 months from b = 2000 s/mm? to b = 1000 s/mm”. This change
was implemented to address vibration-related artifacts observed
at the higher b-value.'” Anatomic imaging was performed for
lesion detection and coregistration: 3D MPRAGE (256 X 256 mm
FOV, 128 X 256 matrix, one hundred twenty 1.2-mm sections,
TE = 1.71 ms, TR = 1900 ms, T1 = 900 ms, flip angle = 8°);
proton density/T2-weighted (230 X 230 mm FOV, 320 X 320
matrix, forty-eight 3-mm sections, TE; = 20 ms, TE, = 91 ms,
TR = 3600 ms); and T1 postgadolinium sequences (230 X 230
mm FOV, 320 X 320 matrix, forty-eight 3-mm sections, TE =
2.46 ms, TR 300 ms, flip angle = 75°).

Image Analysis

For each subject, ROIs were manually drawn (authors: D.O. and
R.J.F.) using Analysis of Functional Neuro Images software
(AFNIL; http://afni.nimh.nih.gov/afni) on all areas with patho-
logic gadolinium enhancement on T1 postcontrast images at the
baseline scan and will be referred to as GAD tissue. Ten ROIs were
sequentially drawn in selected chronic lesional tissue (T2 lesions
and T1 black holes) also on the baseline scan, and these included
2 lesions in the following locations: periventricular, juxtacortical,
corpus callosum, infratentorial, and posterior periatrial (Fig 1). If
subjects did not have lesions in the prespecified regions with the
required T1/T2 signal characteristics, these regions were ignored.
T2 lesions were labeled as black hole (BH) and non-black hole
(NBH). T1 black holes were differentiated from NBH by a visible
decrease in signal intensity on the T1 sequence compared with
normal-appearing adjacent white matter tissue, as has been de-
scribed previously.*®

Images from each time point were coregistered by using
the FMRIB Software Library (FSL; http://fsl.fmrib.ox.ac.uk/).*!
The images from the DTT dataset without diffusion weighting, the
b = 0 images, were coregistered to the baseline T1-weighted im-
ages to determine tensor properties in lesional tissues. Inverse
transformation was applied to localize ROIs in DTI space. GAD
ROIs were observed on FA maps to ensure that these ROIs did not
include CSF or CSF volume-averaging artifacts. Lesional ROIs
were examined on FA maps and T1 postcontrast images to ensure
that ROIs did not include T1 GAD lesions, CSF, or CSF volume-
averaging artifacts. FA was used, given the possibility of image
warping in DTI space to ensure that ROIs were not in the CSF or
voxels adjacent to the CSF.

For each subject, 16 ROIs were also drawn in the normal-
appearing white matter bilaterally. These included 2 ROIs (ipsi-
lateral and contralateral) in each of the following regions: corti-
cospinal tracts in the pons, corticospinal tract in the midbrain,
anterior limb of the internal capsule, posterior limb of the internal
capsule, anterior corpus callosum, posterior corpus callosum,
centrum semiovale, and deep white matter of the frontal lobe (Fig
1). ROIs were drawn individually on the coregistered FA maps at
each time point with simultaneous observation of the T2 and T1
postcontrast scans to ensure that ROIs did not include T2 lesions,
T1 gadolinium-enhancinglesions, CSF, or CSF volume-averaging
artifacts and voxels adjacent to CSF. Lesions were shifted within
the tract when possible to avoid the above changes, but when this
was not possible, these ROIs were eliminated from the analysis.


http://afni.nimh.nih.gov/afni
http://fsl.fmrib.ox.ac.uk/

FIG1. ROIs in infratentorial (A), posterior periatrial (B), corpus callosum (C), and juxtacortical (D) lesional tissues on postcontrast T2-weighted
images. Note ROIs in normal-appearing white matter locations (E-/) on fractional anisotropy maps.

Statistical Analysis

The data from each ROI from the FA, MD, RD, and AD maps at all
the different time points were extracted. For each subject, distri-
bution plots of the data were created to identify extreme outliers
(>2 SDs from the mean). ROI positions of outliers were checked
on the different DTI maps and were corrected as needed to ensure
that the ROIs did not include CSF, vascular spaces, or lesional
tissue (for NAWM). The data were then re-extracted and
rechecked.

Statistical testing was directed at demonstrating longitudinal
change in DTI metrics among the different tissue types. Hypoth-
esis-driven separate linear mixed models were used to estimate
the mean difference in DTI metrics (RD, AD, FA, and MD) with
time between NAWM and GAD tissue, NAWM versus T2 lesions,
and BH versus NBH. We hypothesized that NAWM would be
more stable compared with GAD and that BH would demonstrate
more tissue injury than NBH. Each model included fixed effects
for the following: 1) tissue type (NAWM and GAD tissue, NAWM
and T2 lesions, or BH and NBH), 2) an interaction between tissue
type and follow-up time in months (to separately model the DTI
evolution in each group with time), and 3) subject age at the time
of study initiation (to account for the change observed in DTI
metrics with normal aging with time). The model also accounted
for the effects of between-lesion variation with time by adding a
normal random effect for each ROI to control the heterogeneity
over different ROIs. ANOVA tests were used to determine
whether the rate of change in DTI measures with time differed
between tissue types. All analyses were performed by using the R
Statistical Computing Software (Version 3.1.3; http://www.r-
project.org/). The level of statistical significance was set at P <
.025 (2-tailed) with a correction for multiple comparisons, to ad-
just for the 2 independent DTI metrics used in the study (RD,
AD). A formal sample size calculation was not conducted, given
the exploratory nature of the study.

RESULTS
Twenty-one subjects were recruited into the study. Demographics
and baseline clinical/ MR imaging characteristics have been previ-
ously published in the American Journal of Neuroradiology."” Sev-
enteen (81.0%) subjects completed the 48-month scan, 1 subject
died due to an unrelated cardiac event, and 3 subjects withdrew
from the study before completion (at 12, 18, and 24 months).
Figure 2 shows AD and RD boxplots for NAWM, GAD, and T2
lesions. Sixty-one GADs were identified at baseline (mean lesion
size, 751.3 mm?>) along with 141 chronic T2 lesions, of which 90
were BH and 51 were NBH (mean T2 lesion size, 666.8 mm?).
Longitudinal DTI metrics for NAWM, GAD, and T2 lesions
are presented in Fig 3. Results of linear mixed-effects models with
average yearly changes in DTI metrics are presented in Tables 1
(NAWM, GAD) and 2 (T2 lesions).

DTI Changes in NAWM

No statistically significant changes were observed with time in
DTI metrics from NAWM ROIs (all P> .08). RD and MD showed
an increasing trend with time, while FA and AD showed a trend
toward decreases with time.

DTI Changes in GAD
Anincrease in AD of 1.88 X 10~ ° mm?®/s per month was observed

during 4 years in GAD tissues (P < .0001). A nonsignificant in-
crease of 0.66 X 10~° mm®/s change per month in RD was ob-
served (P = .037), which, in combination with AD, resulted in an
overall increase of 1.28 X 10~ ° mm?®/s per month (P < .0001) in
MD as well.

DTI Changes in T2 Lesions

RD did not significantly change with time in T2 lesions. An in-
crease of 0.54 X 10~ ° mm?®/s per month in AD (P = .003) with a
concomitant increase in MD of 0.27 X 10~ ° mm?/s per month
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FIG 2. Baseline DTl characteristics of normal-appearing white matter, non-black holes, black holes, and gadolinium-enhancing lesions for radial
diffusivity (A), axial diffusivity (B), fractional anisotropy (C), and mean diffusivity (D). Boxplots show median (dark line), upper and lower quartiles
(box), maximum and minimum values excluding outliers (whiskers), and outliers (circles).

(P =.021) was observed. FA increased by 0.16 X 10~ °® mm?/s per
month, but this increase was not statistically significant (P =
.048). No significant changes were seen in the evolution of DTI
metrics in either BH or NBH when analyzed alone (all P > .04).
RD increased with time in BH and decreased in NBH, though
changes were not significant.

Comparative Evolution of DTI in Different Tissue Types
The tests of fixed effects by ANOVA (Table 3) showed a significant
difference between GAD and NAWM in the rate of change with
time in AD (P < .0001), but not for RD (P = .111). AD increased
with time in GAD tissue and was stable in NAWM. When we
compared T2 lesions and NAWM, a significant difference was
detected for AD (P = .002), with no significant difference for RD
(P = .86). When we compared BH and NBH, no differences were
observed for RD or AD; however, a significant difference in the
evolution of FA was observed between BH and NBH (P = .012),
showing a decrease in FA in BH and an increase in NBH.

DISCUSSION

Atbaseline, DTT metrics showed expected differences, with higher
RD and MD along with lower FA and AD in gadolinium-enhanc-
ing tissue compared with NAWM. This finding suggests the pres-
ence of more severe demyelination and axon loss in lesional tissue
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compared with NAWM based on the findings in animal models,
showing that RD correlates with myelination and AD correlates
with axonal injury.®** It is likely that edema was an additional
contributing factor to an increase in RD at the time of acute de-
myelination.”” In chronic T2 lesions, DTI metrics at baseline
showed higher RD and MD with lower FA and AD compared with
NAWM. DTI metrics at baseline were similar in GAD and chronic
T2 lesions, but overall GAD tissues had slightly higher RD and
slightly lower FA, MD, and AD at baseline. Similar to prior stud-
ies,”*?® BH showed greater diffusivity at baseline compared with
NBH, suggesting greater tissue injury. As would be expected, FA
was significantly lower at baseline in BH than in NBH. Alterna-
tively, AD at baseline was similar in BH and NBH. This outcome
would not normally be expected because axon loss is a clear his-
tologic feature of BH lesions.”**” Our findings illustrate why
equating AD with axonal integrity is an oversimplification of a
complex measure. Our findings are similar to previous results
showing that AD does not predict BH formation.'"'”

No statistically significant changes were observed in the longi-
tudinal evolution of DTI metrics in NAWM. This finding is con-
sistent with the findings of previous groups,*® but it is in contrast
to previous shorter term studies that have shown tract-specific
longitudinal changes in NAWM DTI values.® The trends observed
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Table 1: Longitudinal DTI changes in NAWM and GAD

served in AD and MD during the study

Change/ % Annualized period. A progressive increase in AD was
Month 95% Cl Change PValue  observed during 4 years and is similar to
NAWM e, prior findings. Naismith et al'' did not
RD X 10 _6mm2/s 0.2193 —0.187 to 0.625 0.57% .2898 find significant changes in AD at the time

AD X 10" ° mm“/s —0.2109 —0.614 t0 0.192 —0.21% .3052 f oadolini h but in thei
FA X 107 ~02572 ~0.551t0 0.037 —057% 0865 °fgadolinlum-enhancement, but in their
MD X 10~ mm?/s 003209  —0331t00.396 0.05% 8626  data, AD also appeared to increase during
GAD 1 year of follow-up. The longitudinal in-
RD X 10*2 mmzz/s 0.6107 0.039 t01.285 122% 0374 crease in AD may have been partially

- O, a
AD X 10_3 mm</s 1.8831 1135 to 2.631 2.25% <.0001 driven by the increase in AD observed in
FA X 10 0.5074 0.031to 0.984 2.10% .037 he fi h following lesion f

MD X 10~ mm?/s 12788 0.695 t01.863 2.00% <ooor  the first month following lesion forma-
E— tion; however, inspection of the trend of

in NAWM changes with time in our study were similar to what
would be pathophysiologically expected, with an increase in RD
and decrease in AD with time indicating progressive demyelina-
tion with ongoing axonal loss. One explanation for the absence of
statistical significance is the relative lack of inflammatory activity
seen in our patient population. Highly effective treatment may
mitigate longitudinal changes in DTI. Anti-inflammatory thera-
pies are likely to limit the amount of demyelination and secondary
axon loss, making differences more difficult to observe.”? A sec-
ond explanation may relate to technical differences between our
study and that of Harrison et al.® In our study, ROIs in the
NAWM were individually drawn and voxel volume was relatively
small compared with a tractography-based technique. A larger
sample size of voxels may have shown statistically significant re-
sults in the trends described above.

In gadolinium-enhancing tissue, significant changes were ob-

AD shows that this was only a marginal
contribution. Given similar results observed in T2 lesions (see
below), we conclude that the change in AD is likely a biologic
effect in lesional tissue. An alternate explanation may relate to the
severity of axon loss in acute lesions. Postmortem analyses have
shown that axon loss is maximal at the time of gadolinium-en-
hancement and that with time, axonal loss becomes less preva-
lent.® It is hypothesized that the initial injury causes an acute and
severe loss of axons, which is detected by a marked drop in AD.
The subsequent increase in AD might be a reflection of a second-
ary process occurring during chronic lesion evolution. The in-
crease in AD may be due to a partial repair mechanism or may
represent chronic lesion changes with scar formation or replace-
ment by CSF/glial tissue.

When comparing the longitudinal evolution of DTT in GAD
tissue and NAWM, significant differences were found for AD but
not RD. This finding may indicate that distinct processes
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Table 2: Longitudinal DTI changes in chronic lesional tissue

Our study also showed no significant

% Annualized

difference in the evolution of RD or AD in

Change/Month 95% Cl Change PValue  BH and NBH. Regarding AD, it appears

All T2 leSioﬂi . that the overall progressive increase in T2
RD X 10~¢ mm/s 0.05683 ~0181t0 0.295 0% 6401 lesions was likely determined by changes
AD X 10 ° mm</s 0.5411 0.251to0 0.831 0.62% .0003* . d thi bili bi
FA X 107 0163 0.001 to 0.324 0.61% 04822 1nBH, and this possibility supports a bio-
MD X106 mm?/s 0.2695 0.040 t0 0.499 0.41% o logic gradient among NAWM, NBH, and

BH finally BH. While changes were not signif-
RD X 10: mmzz/s 0.3392 —0.028 t0 0.706 0.57% .0701 icant, RD progressively increased in BH
AD X 1073 mm</s 0.1967 —0.200 t0 0.593 0.22% 331 and decreased in NBH; these findings
FA X110 —0.2137 —0.422 to —0.005 —0.91% .0444 ined lination in BH and
MD X 10 mm?/s 0.2919 —0.059 to 0.643 0.42% 1026 suggestongoing demyelination in B an

NBH possible remyelination in NBH lesions.
RD X10~¢ mm?%/s —0.4137 —0.967 to 0.140 —0.85% 1432 Remyelination is a well-described phe-
AD X 10~ mm?/s —02392 —0.838 t0 0.360 —0.28% 434 nomenon in NBH and has been demon-
FA X110 s , 0.2907 —0.025t00.606 0.99% 0708 strated with magnetization transfer ratio
MD X 10™° mm?/s —0.355 —0.174t0 0.884 —0.58% 1883 . . . 33,34

imaging previously.””
2P < .05.

Table 3: Analysis of variance of fixed effects on longitudinal
changes comparing evolution of DTl metrics from different
tissue types during 4 years

P Value

NAWM vs GAD

RD Al

AD <.001?

FA 004

MD <.001*
NAWM vs T2 lesions

RD 15

AD .0022

FA .09

MD .037
BH vs NBH

RD 36

AD 39

FA Kolhs

MD .07

ap < 05.

outside demyelination are occurring in lesional tissue that can
alter AD but not RD. The absence of changes in RD may represent
the abrogation of demyelination induced by natalizumab and
may explain differences with prior studies.”® The exact changes
that drive the change in AD in lesional tissue are not clearly un-
derstood and will require further study, including an analysis of
the different enhancement patterns within the gadolinium-en-
hancing lesions and pathologic correlation with DTI measures.

Similar to what was found in GAD tissue, a progressive in-
crease in AD was observed during the 4-year study period in T2
lesions. This finding is of unclear significance, but similar changes
have been previously reported as described above. The lack of any
inflammatory-driven changes in these lesions along with the sim-
ilar changes in GAD tissue suggests that the increase in AD is a real
phenomenon and not a spurious result. The pathologic signifi-
cance of this change is more difficult to determine. The correla-
tion of AD with axonal integrity may be different in brain and
optic nerve tissues,” where fibers are more-or-less homogeneous
in direction. Conversely, brain lesions may contain various differ-
ent fibers, and an increase in AD may be due to selective loss of
certain fibers, resulting in counterintuitive changes in DTI
measures.””
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Our study was limited due to the ab-
sence of a control arm treated with something other than natali-
zumab. We aimed to study MS in a population with little inflam-
matory disease activity to minimize the effects of ongoing tissue
inflammation on DTI measures. Our study was also limited by
patients who dropped out of the study. However, it is likely that
these drop-outs were patients who did not tolerate natalizamab
or who stayed on the medication for only a short time, thus lim-
iting the overall effect on the study.

An additional area of concern is the difficulty in delineating
specific lesional tissue with time. Changes in the tissue architec-
ture with time related to gliosis, resolution of edema, and brain
atrophy complicate following lesions longitudinally. We used the
T2 ROIs at baseline as a guide to follow the extent of the lesion on
follow-up scans, but this method did not take into account areas
where brain tissue remyelinates and lesions essentially resolve.
This limitation is implicit in any study dealing with dynamic tis-
sue changes. The stability of DTI measures in the first 3 time
points from chronic lesion tissue and NAWM along with signifi-
cant variability in GAD tissue demonstrates that DTI measures
are quite sensitive to inflammatory changes. NAWM and chronic
lesion measures showed good reliability during short imaging in-
tervals (1 month).

A change to the b-value in the DTI sequence was required at
month 12 due to vibration-related artifacts. ROI placement
avoided regions affected by the vibration artifacts. Noise floor
effects can result in systematic bias among measurements taken at
different b-values. With a sufficiently low signal-to-noise ratio
and in regions of high anisotropy, a reduction in b-value can
result in an artifactual increase in diffusivity.”> However, if the
effects were substantial, we would expect an increase in diffusivity
in all tissue types. Decreases in diffusivity values in normal-ap-
pearing white matter and lesional tissue, while not statistically
significant, suggest that the impact of bias with the change in
b-value did not have a meaningful impact on our data.

The use of DTT in clinical trials has significant promise; how-
ever, the DTT outcomes to be used should be tailored depending
on the therapeutic mechanism of action and MS disease type. The
selection of both the DTT metrics and the tissue from which these
metrics are obtained is of importance when considering outcomes
for clinical trials. For trials of agents that promote remyelination,



RD is a natural choice because it is thought to be a marker of
myelin content. In NAWM, RD shows a tendency to increase with
time. Although in our study, this increase was not statistically
significant, therapies that promote remyelination may show a
progressive decrease in RD. The study of RD in NAWM is advan-
tageous because the cellular architecture is preserved and there is
no confounding inflammatory activity, making the interpretation
of DTI measures more straightforward. These advantages make
RD within NAWM a good potential outcome for primary
neuroprotection.

Although AD has been purported as a measure of axonal in-
tegrity, our results suggest that lesional AD is not likely correlated
to axonal content because AD was not significantly different in
BH and NBH. AD may provide a sensitive measure of ongoing
disease processes in lesional tissue; however, the pathologic sig-
nificance of this new finding remains unclear and will have to be
studied in the future. The summary measures FA and MD are
difficult to interpret as stand-alone measures, so they are less at-
tractive as clinical trial outcomes. FA appears to be a good marker
of acute lesion formation; however, the longitudinal evolution of
FA did not show statistically significant changes in NAWM and
only marginal changes in lesional tissue. In summary, our data
suggest that DTT holds promise in trials that promote remyelina-
tion and tissue repair within lesions and to a lesser extent in
NAWM.

CONCLUSIONS

Lesional tissue demonstrated higher values of RD and lower val-
ues of AD compared with NAWM, likely representing demyelina-
tion with a component of axon loss. No statistically significant
changes were observed with time in NAWM. A progressive in-
crease in AD was also observed in GAD tissues and chronic T2
lesions; however, the significance of this change remains unclear
from a pathologic standpoint. Our findings suggest that AD from
lesional tissue may be a more sensitive metric than RD from le-
sions or DTT measures from NAWM. The description of AD in
lesional tissue as a surrogate of axon content in MS should be
revisited, given its poor ability to differentiate BH and NBH.
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