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BACKGROUND AND PURPOSE: In MS, the relation between clinical and MR imaging measures is still
suboptimal. We assessed the correlation of disability and specific impairment of the clinical functional
system with overall and regional CNS damage in a large cohort of patients with MS with different
clinical phenotypes by using a random forest approach.

MATERIALS AND METHODS: Brain conventional MR imaging and DTI were performed in 172 patients
with MS and 46 controls. Cervical cord MR imaging was performed in a subgroup of subjects. To
evaluate whether MR imaging measures were able to correctly classify impairment in specific clinical
domains, we performed a random forest analysis.

RESULTS: Between-group differences were found for most of the MR imaging variables, which
correlated significantly with clinical measures (r ranging from �0.57 to 0.55). The random forest
analysis showed a high performance in identifying impaired versus unimpaired patients, with a global
error between 7% (pyramidal functional system) and 31% (Ambulation Index) in the different out-
comes considered. When considering the performance in the unimpaired and impaired groups, the
random forest analysis showed a high performance in identifying patients with impaired sensory,
cerebellar, and brain stem functions (error below 10%), while it performed poorly in defining impair-
ment of visual and mental systems (error of 91% and 70%, respectively). In analyses with a good level
of classification, for most functional systems, damage of the WM fiber bundles subserving their
function, measured by using DTI tractography, had the highest classification power.

CONCLUSIONS: Random forest analysis, especially if applied to DTI tractography data, is a valuable
approach, which might contribute to overcoming the MS clinical�MR imaging paradox.

ABBREVIATIONS: BMS � benign MS; CC � corpus callosum; CST � corticospinal tract; EDSS �
Expanded Disability Status Scale; FA � fractional anisotropy; GM � gray matter; MCP � middle
cerebellar peduncle; MD � mean diffusivity; MPRAGE � magnetization-prepared rapid acquisition
of gradient echo; NAWM � normal-appearing white matter; NBV � normalized brain volume;
PPMS � primary-progressive MS; RRMS � relapsing-remitting MS; SCP � superior cerebellar
peduncle; SPMS � secondary-progressive MS

In MS, MR imaging is the most valuable paraclinical tool to
monitor disease progression, either natural or modified by

treatment.1,2 Nevertheless, the correlation between clinical
and MR imaging measures is still suboptimal.1,2

Several factors have been considered to explain the so-
called clinical�MR imaging paradox of MS: First, the intrinsic

limitations of the clinical scale most commonly applied to
measure disability in MS, the EDSS, an ordinal scale ranging
from 0 (normal neurologic examination) to 10 (death), which,
for values higher than 4.0, is strongly weighted toward impair-
ment of deambulation3; second, the poor specificity of con-
ventional MR imaging measures for the most destructive as-
pects of MS pathology4; and third, the inability of
conventional MR imaging to detect and grade the involve-
ment of structures, including the GM, spinal cord2 and strate-
gic WM fiber bundles, such as the CST 5 and the CC,6 which
might be critical for the development of irreversible clinical
deficits or for the impairment of specific functional domains.

During the past 2 decades, much effort has been devoted to
overcoming the clinical�MR imaging paradox of MS. This
includes the development of new clinical scales (eg, the Mul-
tiple Sclerosis Functional Composite Scale),7 which provide a
better estimation than the EDSS of the overall clinical impair-
ment by assessing other domains affected by the disease, such
as cognition and upper limb function, and the application of
modern MR imaging techniques, which are sensitive to the
heterogeneous pathologic substrates of MS, to quantify dis-
ease-related abnormalities in different CNS compartments.1,2

More recently, advanced MR imaging techniques, including
DTI tractography, have provided novel tools to investigate in
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vivo the structural damage of “strategic” WM fiber bundles of
the brain.8 Such an effort has undoubtedly ameliorated the
strength of the correlation between clinical and MR imaging
quantities in MS,1,2 but which MR imaging measures correlate
best with a patient’s clinical status and whether regional rather
than global CNS damage plays a critical role in determining
disability still remain to be determined.

In this study, we collected conventional and quantitative MR
imaging data of the brain and spinal cord from a large sample of
patients with MS, including all the major clinical phenotypes of
the disease, to assess the correlation of disability and impairment
of clinical functional systems with involvement of the entire CNS
or damage to specific CNS structures at different stages of the
disease. To this end, we applied a random forest approach,9

which, by permuting and bootstrapping the observations, uses a
set of classification trees for obtaining robust estimates of the
associations among different variables.

Materials and Methods

Subjects
We recruited consecutively 172 patients with MS (women/men �

110:62; mean age � 43.4 years, range � 19 –70 years; mean disease

duration � 12.2 years, range � 0.01– 40 years; median EDSS score �

4.0, range � 0.0 – 8.5) and 46 age- and sex-matched healthy controls

(women/men � 29:17; mean age � 40.8 years, range � 21– 69 years)

with no previous history of neurologic dysfunction and normal find-

ings on neurologic examinations.

The subjects were selected from 2 different centers (70 from center

A and 102 from center B). Twenty-two patients had clinically isolated

syndromes with clinical and MR imaging features suggestive of MS10;

51, RRMS11; 44, SPMS11; 20, BMS (EDSS score of �3.0 and disease

duration of �15 years)12,13; and 35 patients had PPMS.14

All patients underwent a complete neurologic examination within

2 days of the MR imaging study, with rating of the EDSS score3 and

evaluation of the degree of impairment in the different functional

systems of the EDSS. Corticosteroid treatment for clinical relapses

had to be terminated at least 4 weeks before MR imaging.

The demographic and clinical characteristics of the different co-

horts of patients studied are presented in On-line Tables 1 and 2.

Local ethics committee approval and written informed consent

from each subject were obtained.

MR Imaging
Conventional MR imaging and DTI scans of the brain were acquired

from all subjects by using identical 1.5T magnetic field strengths

(Avanto; Siemens, Erlangen, Germany). The following MR imaging

sequences of the brain were performed in all subjects: 1) axial dual-

echo TSE; 2) axial pulsed gradient spin-echo echo-planar diffusion

MR imaging; and 3) sagittal 3D T1-weighted MPRAGE. In center B,

we also performed the following pulse sequences of the cervical cord:

1) sagittal T2-weighted TSE; 2) sagittal 3D T1-weighted MPRAGE;

and 3) axial 2D gradient-echo with and without an off-resonance

radio-frequency saturation. The acquisition parameters of the MR

imaging sequences used are described in the On-line Appendix.

MR Imaging Postprocessing
Brain T2 lesion loads were quantified. NBV was measured by using

Structural Imaging Evaluation of Normalized Atrophy software

(http://www.fmrib.ox.cc.uk/fsl/siena/index/html).15 From diffusion-

weighted images, the diffusion tensor was estimated for each voxel,16

and MD and FA maps were derived.17 The average MD of the NAWM

and GM and FA of the NAWM were measured.18

An atlas-based automated approach was used to obtain DTI-de-

rived measures of brain WM tracts.5,19,20 This procedure involved the

following steps: 1) the production of a reference FA image in the

standard space (the FA atlas) by using a reference group of 24 healthy

subjects (15 women and 9 men, mean age � 31.8 years, range �

21– 40 years); 2) the definition of probability maps of the CC, CST,

thalamocortical connection, inferior fronto-occipital fasciculus, un-

cinate fasciculus, cingulum, arcuate fasciculus, inferior longitudinal

fasciculus, optic radiation, SCP, and MCP on the FA atlas; 3) the

nonlinear alignment of individual subject’s MD and FA maps to the

FA atlas; and 4) the application of the WM tract probability maps to

the individual subject’s images to measure mean tract MD and FA

values. The use of a nonlinear transformation algorithm and of FA

images to drive the transformation (with pieces of information spe-

cific to each tract morphology) allowed an optimal overlap between

single subject data and the atlas to be obtained. Furthermore, major

errors were excluded during coregistration, because though the pro-

cess is completely automatic, all data were visually checked during all

steps of the analysis.

Volumes of T2 visible lesions in the different WM fiber bundles were

derived by applying fiber bundle probability maps, obtained by using

DTI tractography, and calculating the volume of lesions located inside

each.5 Figure 1 shows an example of WM fiber bundle reconstruction in

an individual subject before constructing the probability maps.

Cervical cord hyperintense lesions were quantified. Cord cross-

sectional area and average magnetization transfer ratio values were

measured.21,22 The details of MR imaging data analysis are described

in the On-line Appendix.

Statistical Analysis
Between-group differences were assessed by using the nonparametric

Kruskal-Wallis test. Correlations between clinical and MR imag-

ing�derived quantities were estimated by using the Spearman rank

correlation coefficient.

Random forest analysis was performed to classify clinically im-

paired-versus-unimpaired patients by using a set of MR imaging co-

variates (including measures of global brain and cord damage as well

as selective damage to brain WM fiber bundles) as detailed in the

On-line Appendix. Because the number of observations for each value

of the functional systems and EDSS scales was small, potentially lead-

ing to unreliable results, we dichotomized the functional systems into

impaired (�1) and nonimpaired (0) and the EDSS scale according to

a cutoff of 4.0 (which identifies fully ambulatory patients). According

to the random forest technique, 100 000 trees were built to classify

compromised patients.9 The training set used to grow each tree was a

0.632� bootstrap resample of the observations.23 Trees were allowed

to grow to their full size without pruning; nodes with at least 1 event

and a minimum total size of 5 were used as stopping rules. The best

split at each node was selected from a random subset of covariates.

The left-out observations (ie, “out of bag” observations) were then

predicted to obtain the classification error rate of the considered tree.

We assessed the predictive ability of the classifier, aggregating the

single-tree error rates. Furthermore, the random forest framework

allowed us to estimate the importance of a variable by looking at how

much the classification error increases when “out of bag” data for that

variable are permuted while all others are left unchanged. We fol-

lowed Strobl et al24 to avoid possible bias in variable selection: Indi-
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vidual classification trees were built by using subsampling without

replacement and adopting a conditional permutation scheme.25

A P value �.05 was considered significant. All analyses were per-

formed by using SAS Release 9.1 (SAS Institute, Cary, North Caro-

lina). For the random forest analysis, we used the package random-

Forest, Version 4.5 implemented in R software (http://cran.r-project.

org/web/packages/randomForest/index.html).

Results
On-line Table 3 summarizes the main structural MR imaging
findings from the different study groups. Most of the MR imaging
measures were significantly different among groups. Several cor-
relations were found between EDSS and impairment of individ-
ual functional systems and MR imaging measures of the follow-
ing: 1) global brain damage (r ranging from �0.57 to 0.51, P
values ranging from .04 to �.0001), 2) damage to specific WM
fiber bundles (r ranging from �0.51 to 0.55, P values ranging
from .05 to �.0001), and 3) cervical cord damage (r ranging from
�0.48 to 0.26, P values ranging from .03 to �.0001). None of the
MR imaging quantities analyzed was correlated with impairment
of the sensory functional system.

The results of the random forest analysis in the whole sample
of patients and in the different patient subgroups are reported in
On-line Table 4. For each clinical end point, the global error of the
random forest estimation and the error in unimpaired and im-
paired patients, separately, are provided. A list of the first 4 most
important variables that classified patients correctly is also given.
Empty cells are due to the absence of a group of patients (eg, 100%
impaired and 0% unimpaired).

In the entire sample of patients, the random forest analysis

showed relatively low global error rates in classifying correctly
impaired and unimpaired patients according to the EDSS scale
and to the different functional system subscales (global error
range from 7.5% to 30.7%). When we considered the perfor-
mance in impaired and unimpaired patients separately, the
random forest analysis achieved a good fit in the classification
of impaired patients (with the exception of the visual and
mental functional system), whereas it had heterogeneous per-
formances in identifying unimpaired patients (with best per-
formance for the visual and worst performance for the pyra-
midal functional system). In the different clinical disease
phenotypes, the random forest analysis showed heteroge-
neous performance. Low performances were observed when
the design was strongly unbalanced (On-line Table 4).

The ranking of variable importance showed that, for most
of the functional systems, damage to the WM fiber bundles
subserving their functions had the highest classification accu-
racy (eg, Ambulation Index versus cord area and cerebellar
damage; cerebellar function versus CST and SCP damage).

The random forest analysis in patients recruited in center B
confirmed the results obtained in the whole sample (data not
shown). Such an analysis, resulted in better error estimation
(with reliable ranking of variable importance) for the follow-
ing subgroup analysis:

● Pyramidal functional system in patients with clinically iso-
lated syndromes: global error � 15%, unimpaired error �
25%, impaired error � 12.5%; variable importance: CST
average lesion FA, CST average lesion MD, CC NAWM MD,
CC NAWM FA.

Fig 1. Illustrative behavior of the main WM fiber bundles studied in a single subject, before spatial normalization. See text for further details.
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● Visual functional system in patients with SPMS: global er-
ror � 40.0%, unimpaired error � 26.7%, impaired error �
80.0%; variable importance: NAWM MD, CC NAWM MD,
OR NAWM MD, NBV.

● Sensory functional system in patients with SPMS: global
error � 31.6%, unimpaired error � 80.0%, impaired er-
ror � 14.3%; variable importance: NAWM FA, SCP
NAWM MD, CC NAWM MD, MCP NAWM MD.

Discussion
We applied a random forest analysis to assess whether MR imag-
ing measures of CNS structural damage could contribute to cor-
rectly classifying patients with MS with or without clinical disabil-
ity, as determined by the EDSS scale, and with or without
impairment to the different functional systems of this scale.

Most previous studies lacked a large-enough sample sizes; typ-
ically, only a restricted selection of MR imaging measures was
considered as data input.1,2 The random forest approach is an
established highly accurate classifier, which can handle a large
number of input variables even when the number of observations
is small. Using a different bootstrap sample of the data and a
different subset of predictors, chosen randomly to construct each
tree of the forest, it overcomes false-positive discoveries. Unlike a
classic correlation analysis, no adjustment for multiple compari-
sons is needed. Furthermore, it estimates the importance of vari-
ables in the classification by using the permuted “out of bag”
observations: By introducing an appropriate level of randomness,
it produces accurate estimates of associations handling the prob-
lem of correlated predictors and showing which, among them, is
the best one.9 The same is not possible by using other standard
statistical procedures. Possible bias in variable selection was pres-
ent in the first version of random forest analysis when the predic-
tors varied in their scale of measurement or their number of cat-
egories and when the predictors were highly correlated.24

According to recent developments,25 such problems were
avoided in our study by building individual classification trees by
using subsampling without replacement and adopting a condi-
tional permutation scheme, where each predictor is permuted
only within selected subgroups of observations to preserve the
correlation structure between the permuted predictor and the
other variables.

With this new conditional permutation scheme, the im-
portance measure can reveal the spurious correlations and ac-
count for them.

The combination of all the available MR imaging techniques
for the quantification of macro- and microscopic MS-related
damage to the brain and spinal cord in a single study would have
required an extremely long acquisition time and would have been
hampered by problems with patient compliance. As a conse-
quence, we, a priori, chose a set of sequences to be applied, on the
basis of their ability to provide information on different aspects of
MS pathology. Our MR imaging acquisition scheme included the
following: T2-weighted scans, which are sensitive to macroscopic
MS-related abnormalities26; T1-weighted scans, which allow
measuring atrophy and, as a consequence, provide an estimate of
irreversible tissue damage26; DTI, which allows quantifying in-
jury to critical WM pathways8; and magnetization transfer MR
imaging, which reliably quantifies the extent of MS damage to the
cervical cord.22

In line with the results of many previous MR imaging reports

in MS,1,2 we found significant between-group differences for
most of the MR imaging variables studied. As expected, consid-
ering the number of variables included, the classic analysis
showed poor-to-moderate correlations between clinical EDSS
scores and some of the MR imaging measures of structural dam-
age to the brain and spinal cord. Similar results were obtained
when considering the impairment of the different functional sys-
tems, with the exception of the sensory one, where impairment
was not related to any MR imaging measure.

The random forest analysis provided several additional im-
portant pieces of information from this dataset. First, by using a
set of MR imaging covariates, we were able to classify, with rela-
tively low error rates, impaired-versus-unimpaired patients ac-
cording to their EDSS and different functional system scores,
with a global error between 7% (for the pyramidal functional
system) and 31% (for the Ambulation Index) in all the different
outcomes considered, indicating that such an approach could
classify correctly a proportion between 70% and 93% of our
patients.

When we considered the performance in the unimpaired
and impaired groups separately, in the entire sample of pa-
tients, the random forest analysis showed an extremely high
performance in identifying patients with impairment of sen-
sory, cerebellar, and brain stem functions (with an error below
10%), while it performed poorly in defining impairment of the
visual and mental systems (with an error of 91% and 70%,
respectively) as well as in the pyramidal functional system.
This unequal behavior of patient classification is likely due to
the unbalanced degree of impairment in the different func-
tional systems (in this case, only an increase of the sample size
would allow improving the performance). Indeed, only a few
patients experienced a clinical impairment of the visual and
mental functional system, while most had pyramidal func-
tional system impairment according to our criteria. Admit-
tedly, the rating of these 2 functions was performed during a
routine neurologic assessment in the proximity of the MR im-
aging study. As a consequence, we cannot exclude the possi-
bility that a more precise estimation of impairment of these 2
functional systems through a neuro-ophthalmologic and a
neuropsychological evaluation would have resulted in a better
classification. The same considerations also apply to the re-
sults obtained from the random forest analysis in the different
disease phenotypes. Clearly, these results are strongly influ-
enced by the dichotomization we applied. Such an approach
resulted in inestimable error rates when we had only clinically
impaired or unimpaired patients (eg, all patients with BMS
had an EDSS below 3.0, and all patients with SPMS and PPMS
had locomotor impairment). Similarly, we had high error
rates in case of strongly unbalanced groups (eg, most patients
with clinically isolated syndromes had low EDSS scores and
most patients with PPMS had high EDSS scores).

The random forest analysis also enabled us to define the
importance of variables, which can contribute to better defin-
ing the relationship between clinical and MR imag-
ing�derived quantities. When considering the results ob-
tained in the entire group of patients with MS, this analysis
showed that for most of the functional systems, clinical im-
pairment was associated with a structural injury to the CNS
structures strictly related to the function of the system of in-
terest. For instance, the Ambulation Index was associated with
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cord and cerebellar damage; brain stem functional system im-
pairment, with MCP damage; and cerebellar functional sys-
tem impairment, with SCP and CST damage. For most of the
functional systems (except for bowel and bladder, and visual
functional systems), MR imaging measures of global brain
damage, including T2 lesion load, NBV, and NAWM average
FA, were also found to have a role in determining a patient’s
clinical status. These findings suggest that disability in this
disease might result from both an injury to specific CNS struc-
tures/pathways and the extent of overall damage to the entire
brain. However, our classification was based on data from a
mixed group of patients with MS with different disease clinical
phenotypes. As a consequence, it is tempting to speculate that
regional-versus-global structural MR imaging damage might
play different roles in patients with MS according to the dis-
ease stage. This hypothesis is at least partially supported by the
results obtained from variable classifications in the different
disease phenotypes. Although such an analysis was limited by
the presence of a few empty cells, it showed that in patients
with clinically isolated syndromes, for most of the functional
systems, damage to selected WM fiber bundles rather than
overall CNS damage had the greatest impact on clinical status,
whereas in those with BMS and PPMS, global and regional
damage seemed to have a similar role.

The random forest approach also allowed us to define a
correlation between structural MR imaging variables and clin-
ical scales, which did not emerge during the classic statistical
analysis. This was the case, for instance, for impairment of the
sensory functional system, which was not related to any MR
imaging measure in the classic analysis, while it was associated
with thalamocortical connection damage, NAWM FA, and
NBV when the random forest approach was used.

Despite these results suggesting that the random forest ap-
proach might be a valuable tool to overcome the clinical�MR
imaging paradox of MS, our study is not without limitations.
These include the absence of corrections for geometric distor-
tions of DTI data, which might result in a mismatch with non-
echo-planar imaging–based images, dichotomization of clinical
impairment (which is likely to have influenced the random forest
performance for the pyramidal functional system), the lack of
proper neuropsychological and neuro-ophthalmologic assess-
ment, and the relatively small number of patients classified ac-
cording to their disease phenotypes. In this perspective, none of
the variables considered showed a significant association with the
variable “center,” suggesting that the application of this approach
in large multicenter datasets might be a valuable strategy to be
applied in future studies.

Conclusions
Random forest analysis, especially if applied to DTI tractogra-
phy data, is a valuable approach, which might contribute to
overcoming the MS clinical�MR imaging paradox.
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