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Abstract. Recently, a robust mathematical formulation has been intro-
duced for the closed-form analytical reconstruction of the signal and the
Mean Apparent Propagator (MAP) in diffusion MRI. This is referred to
as MAP-MRI or 3D-SHORE depending on the chosen reference frame.
From the MAP, microstructural properties can be inferred by the deriva-
tion of indices that under certain circumstances allow the estimation of
pores’ geometry and local diffusivity, holding the potential of becom-
ing the next generation of microstructural numerical biomarkers. In this
work, we propose the assessment and validation of a subset of such in-
dices that is RTAP, D, and PA for the quantitative analysis of axonal
remodeling in the uninjured motor network after stroke. Diffusion Spec-
trum Imaging (DSI) was performed on ten patients and ten controls at
different time points and the indices were derived and exploited for tract-
based quantitative analysis. Our results provide quantitative evidence on
the eligibility of the derived indices as microstructural biomarkers.

1 Introduction

Connectivity remodeling after stroke has been reported in both injured [1] and
uninjured hemispheres [2,3]. Generalized Fractional Anisotropy (GFA) had pre-
viously been successfully exploited to provide evidence of plasticity in the unin-
jured motor network in stroke patients with motor deficits. Recently, a robust
mathematical formulation has been introduced for the closed-form analytical
reconstruction of the diffusion signal from which new micro structural indices
could be analytically derived. This is referred to as Mean Apparent Propaga-
tor (MAP)-MRI and 3D Simple Harmonic Oscillator Based Reconstruction and
Estimation (3D-SHORE), respectively, depending on the reference frame. The
corresponding MAP, also known in literature as Ensemble Average Propagator
(EAP) [4], can then be profitably exploited for deriving information about the
ensemble average values of pores’ geometry and local diffusivity [4] and hold
the potential for eligibility as the next generation of microstructural biomark-
ers. In particular, an estimation of the axons’ cross-sectional area and diameter
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can be derived analytically in white matter. In this work, we aimed at explor-
ing whether the MAP-derived measures 1) could reveal contralesional structural
changes along intracallosal connections after stroke; 2) correlate with the well
established GFA index; and 3) jointly with clinical status allow to predict motor
outcomes.

2 Materials and Methods

Ten stroke patients [6 males and 4 females (age: 60.3 + 12.8 years, mean +
SD)] were enrolled in the study; the inclusion criteria, imaging protocol and
post-processing were as in [2]. All patients underwent three DSI scans (TR/TE
= 6600/138 msec, FOV = 212 x 212 mm, 34 slices, 2.2 x 2.2 x 3 mm resolu-
tion, 258 gradient directions, by,q; = 8000 s/mm?) within one week (¢p1), one
month (+ one week, tp2), and six months (£ fifteen days, tpJ) after stroke. Ori-
entation distribution functions were reconstructed using the Diffusion Toolkit
(www.trackvis.org/dtk). Fiber-tracking was performed via a streamline algo-
rithm (www.cmtk.org). Patients benefited of clinical assessment (NIHSS: Na-
tional Institute of Health Stroke Scale), with the motor part (NTHSS motor)
derived from items 2 to 7 and 10 (www.nihstrokescale.org/). Ten age and gender
matched healthy controls were also included in the study (age: 56.1 + 17.8 years,
mean £ SD). Control group underwent two DSI scans one month apart (tpIc
and tp2c). All subjects provided written informed consent and the Lausanne
University Hospital review board approved the study protocol. To the best of
our knowledge, this is the first attempt of using MAP-indices in patients, while
in-vivo acquisition in healthy subjects were reported in [5].

2.1 Analytical Model for Signal Reconstruction

In this work, the orthonormal formulation of the 3D-SHORE model was chosen
[6,7]. With respect to MAP, this formulation allows less degrees of freedom in
the choice of the scale parameter but there is some evidence for improved capa-
bility in resolving complex structural micro-topologies [8]. The diffusion signal is
modeled by using the Eigenfunctions of the SHORE as basis. After rotating the
reference frame for diagonalizing the stiffness tensor, a separable solution can be
obtained [4]

PN (A, q) = ¢n$(i) (e, Qx)¢ny<i) (Uya Qy)¢n2(i) (uz,q-) (1)

. 2 2 2
with ¢7l(u7q) = \/Zznn!e_%r au H?L(QT‘-UQ)
A = Diag(uZ, u3,2)

where N; = (ng(i); Ny(:), M=(i)) is the basis order and H, a Hermite polyno-
mial. Diagonalization of the stiffness tensor is performed by tensor fitting A’
(A = RA’ RT)7 where R consists of the tensor Eigenvectors. Separability en-
ables the anisotropic scaling of the basis functions along the coordinate axes
making the 3D basis particularly suited to anisotropic data. The 3D-SHORE
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model is expressed in spherical coordinates. Separability holds the radial and
angular coordinates which prevents the independent scaling of the basis func-
tions along the main coordinate axes. Following the formulation in [9], the basis
functions @,,(qu) can be written as

D (qu) = Rn(q)Yn(u) (2)

where R, (¢) models the radial part of the signal and {Y,,(u)} are the real spher-
ical harmonics of even order [10]. After a reordering of the terms, the signal
model becomes

Niaz (Nmaz+l)/

l
Z Z Z Crim®Pnim (qu) (3)

1=0,even m=—I
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where Npjq. is the maximal order in the truncated series and @,,,,(q) is the
orthonormal 3D-SHORE basis, I" is the Gamma function and ( is an isotropic
scaling parameter. The coefficients are determined by quadratic programming
and positivity constraints are imposed to the MAP. The two formulations are
equivalent for isotropic scaling.

Under such assumption, in this study we call MAP-based indices the mea-
sures derived from 3D-SHORE namely the Return to Axis Probability (RTAP)
and Propagator anisotropy (PA). An estimate of the axon diameter (D) was
inferred from RTAP as this provides an estimate of the exact statistical aver-
age of the cross-sectional area in white matter if some conditions are met [4] as

D = /4w /RT AP. The MAP indices were assessed against GFA.

2(n = 1)!

Prim (qu1) = (320 (n + 3/2)
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2.2 Tract-Based Quantitative Analysis

The primary motor area (M1), supplementary motor area (SMA), somatosensory
cortex (SC) and thalamus (Thl) were considered in the analysis. GFA and MAP-
indices were collected along intracallosal fiber bundles connecting those regions
to the corpus callosum (CC) in the contralateral (non-lesioned) hemisphere. In
particular, GFA, RTAP, D, and PA values were computed for each voxel and
then averaged along each tract and among all tracts connecting the regions of
interest to the CC.
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2.3 Statistical Analysis

Reproducibility of mean GFA, RTAP, D, and PA values along motor tracts
was assessed by evaluating statistical differences between tpIc and tp2c using a
paired t-test (p > 0.05) after a Kolmogorov-Smirnov normality test. Percentage
absolute changes in mean values between time points were evaluated for each
index on both groups as

Agprac(m) = |(Mip2e — Mupic)|/Mipic

Agpra(m) = [(mup2 — mup1)|/map1 (5)
Agpaz(m) = [(mups — mup2)|/meps

Arp1z(m) = [(Meps — mup1)|/mept

where m denotes the mean value of the considered index along the fibers of
a given connection, and the subscript ¢ denotes the control group. Normality
test (Kolmogorov-Smirnov) revealed that the values were normally distributed
enabling the use of parametric statistics. Accordingly, the unpaired ¢-test with
p < 0.05 was performed to establish the significant differences between Agp,19.(m)
and Azpi2(m). With the purpose to further characterize the MAP-based indices,
Spearman correlation with GFA was performed. In addition, for each patient,
the z-score of the mean absolute changes of each index and connection with
respect to the same measurement on the control group was calculated in order
to highlight and visually render in an intuitive way the distance between each
patient and the control group as well as individual changes over time. Finally, the
predictive value of each metric was assessed by a linear regression model where
the motor outcome at six months after stroke (¢p3) was the dependent variable
and the mean values of each index for all the connections at ¢pl, age, stroke
size, and NTHSS motor scores at tpl and tp2 were the predictors. A backward
selection process was used to select the optimal predictor model with p = 0.05
as significance threshold.

3 Results and Discussions

Reproducibility of index values in controls. In controls, reproducibility of the
mean GFA, RTAP, D and PA values was observed as confirmed by t-test which
showed no statistical significant differences between tplc and ¢p2c (p > 0.05).
The mean absolute GFA, RTAP, D, and PA changes calculated for all the motor
connections between the two time points were: GF A : 0.0248 4 0.0074, RT AP :
0.0290 + 0.0082, D : 0.0205 + 0.0047, PA : 0.0241 £+ 0.0072 (mean + SEM).
Among connections, the largest variability was recorded for SC.

Comparison of absolute GFA, RTAP, D, and PA changes in patients and con-
trols. Figure 1 illustrates the mean absolute percent changes of the different
indices for patients and controls. For each index, absolute changes between ip1
and tp2 in patients’ connections were significantly different from the absolute
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changes between the same regions in controls between tp1c and tp2c¢ (0.01 < p <
0.05). However, the thalamic intracallosal connection failed to reach significance
in all conditions, and SC-CC did not reach significance for RTAP and D. As it is
apparent from Figure 1, PA shows the highest sensitivity in differentiating the
patients from the control group, outperforming GFA in the SMA-CC connection
and having the same performance for the other considered ones. In particular,
both are able to differentiate the groups for the M1 and SC intracallosal con-
nections. RTAP and D also allow differentiating between the two groups for M1
and SMA, while they could not highlight differences for SC. However, RTAP
and D provide a richer microstructural information with respect to GFA which
only describes the level of anisotropy of restricted diffusion. In connections where
RTAP and D are able to split patients and controls, MAP-based indices allow
for a more accurate description of the microstructural changes in patients.
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Fig. 1. Longitudinal changes in percent mean absolute values in controls and patients
(*p < 0.05, **p < 0.01). (A) GFA; (B) PA; (C) D; (D) RTAP.

Correlations of each absolute descriptor changes with GFA. For both controls
and patients, Spearman’s correlation p showed a significant (p < 0.05) monotonic
relationship between the mean absolute changes of each MAP-based index and
GFA changes. The overall correlation among all the intracallosal connections was
assessed, showing the following results: 1) RTAP: pyp12. = 0.48, pyp12 = 0.74,
Ptp23 = 0.38, Ptp13 = 0.65; 2) D: Ptpl2¢ = 0.43, Ptp12 = 0.76, Ptp23 = 0.37,
Ptp13 = 040, and 3) PA: Ptpl2c = 051, Ptp12 = 074, Ptp23 = 040, Ptpl3 = 0.64.
In all cases results were significant with p < 0.05.

Longitudinal changes in patients. Figure 2 highlights the pattern of the longi-
tudinal changes in the different connections for individual patients with respect
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to the control group, that appeared to be patient-specific. The largest changes
were observed in patients with the more severe motor deficit. The pattern is
similar for the different indices providing evidence of the ability to capture the
microstructural alterations due to white matter plasticity in the contralesional
area. In particular, PA closely reproduces the pattern of GFA, while RTAP and
D appear to be less sensitive especially for SC, coherently with the observation
that for SC no significant difference between patients and controls could be de-
tected by these two indices (see Figure 1). An increase in axon diameter is seen
in patients over time. This could reveal axonal outgrowth and myelin increase
due to plasticity as activated in the rehabilitation process [3], [11].
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Fig. 2. Patients’ individual profiles of mean absolute changes between tp! and tp2
(first column), tp2 and ¢p3 (second column), and tp! and ¢p3 (third column). Changes
were compared to the corresponding controls’ mean changes using z-scores. Patients
are ordered according to the initial NIH Stroke Scale (NIHSS).

Prediction of clinical outcomes in patients for each index. In the patients’ group,
a linear regression model including only age and NIHSS at tp! and tp2 gave low
correlation as well as a model including only NTHSS at tp! and tp2 (R? = 0.691;
adjusted R? = 0.652). Conversely, for each index, the models including also its
mean values across the different connections were able to predict the NIHSS at
tp3 with higher significance (Table 1). In particular, the best prediction model
was obtained for D (R? = 0.998; adjusted R? = 0.990, p = 0.008). The relative
importance for each predictor of the different optimal models was evaluated with
the Fisher test and reported in Supplementary Materials. However, all models led
to high significance, with adjusted R? > 0.8, confirming the importance of GFA
and MAP-based indices for an early prediction of the patient clinical outcome.



Assessment of Mean Apparent Propagator-Based Indices as Biomarkers 205

Moreover, although GFA and PA are both anisotropy indices, PA has a higher
prediction significance pointing at a stronger reliability of this new descriptor.

Table 1. Performance of each prediction model

Index Multiple R? Adjusted R? P

GFA 0.970 0.932 0.004
RTAP 0.919 0.818 0.026
D 0.998 0.990 0.008
PA 0.991 0.973 0.004
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Fig. 3. Representation of the measured and predicted NIHSS at ¢p3 using the models
described above.

4 Conclusions

In this study, some evidence was provided on the suitability of the MAP-based
indices RTAP, D, and PA as numerical biomarkers for stroke. Reproducibility was
assessed by the test-retest method on the control group and longitudinal analysis
on the patients group highlighted that contralesional structural changes after
stroke could be well characterized and monitored by the newly proposed indices.
The significant differences between controls and patients over multiple regions
of interest lead the way to the application of RTAP, D, and PA as important
descriptors for differentiating between the groups. Moreover, the performance of
RTAP-, D-, and PA-based clinical regression models emphasized the suitability of
these indices as early descriptors of patients’ longitudinal changes and predictors
of clinical outcomes.
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