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Clinical manifestation of stroke is characterized by great diversity, ranging from minor disability to considerable
neurological impairment interfering with activities of daily living and even death. Prognostic ambiguity has stimulated the
interest for implementing stroke recovery biomarkers, including those provided by structural neuroimaging techniques, i.e.,
diffusion tensor imaging (DTI) and tractography for the study of white matter (WM) integrity. Diffusion tensor imaging (DTI)
is an extension of magnetic resonance imaging (MRI) for in vivo mapping of white matter (WM) directionality and
organization, allowing the qualitative and quantitative evaluation of major WM tracts and their microstructural integrity. DTI
is based on the random diffusion of water molecules. Research on DTI metrics as stroke outcome biomarker is not limited
to the acute and subacute phases, as it is also implemented on chronic stroke patients. Direct visualization of long tracts
and their potential disruption provides insight into pathogenesis of functional deficits in stroke survivors as well as
compensatory mechanisms on a microstructural level. Such knowledge may elucidate which group of patients is most
likely to benefit from rehabilitation, and even help personalize treatment plans after the acute stroke phase according to
each individual's needs.
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| 1. Introduction

Clinical manifestation of stroke is characterized by great diversity, ranging from minor disability to considerable
neurological impairment interfering with activities of daily living (ADL) and even causing death. Prognostic ambiguity has
stimulated an interest in implementing stroke recovery biomarkers. Ideally, prognostic markers hold high sensitivity and
specificity, enabling appropriate management of healthcare resources and individualization of rehabilitation treatments.
Efficiency of the selected biomarker is also based on its capacity to accurately depict underlying mechanisms of disease.
Moreover, it should be non-invasive, readily accessible to patients and clinicians, easily interpreted by physicians,
reproducible, and cost-effective &2,

Stroke diagnosis has been facilitated by the incorporation of advanced neuroimaging modalities in clinical practice,
especially diffusion weighted imaging (DWI), a technique based on the motion of water molecules. Nevertheless,
conventional magnetic resonance imaging (MRI) is incapable of accurately illustrating microstructural impairment on white
matter (WM) tracts, rendering its role in predicting stroke outcome limited. Conversely, diffusion tensor imaging (DTI) is an
extension of this modality for in vivo mapping of white matter (WM) directionality and organization, allowing the qualitative
and quantitative evaluation of major WM tracts and their microstructural integrity Bl. DTI is based on the random diffusion
of water molecules 4. In WM, water diffusion is slower perpendicular to the fibers, but it occurs faster along their
longitudinal axis, producing anisotropic diffusion. The extent of anisotropy is influenced by integrity and organization of the
WM tract and water diffusion mobility generated by axonal membranes and their myelin sheaths. Different computational
algorithms are used to track different WM bundles and study WM organization in healthy participants and different disease
samples &, The most widely employed DTI parameters are fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD). FA measures the preferential directionality of diffusion and is quantitatively
expressed in numerical values between 0 and 1. High FA values indicate a greater degree of preferential directionality
(anisotropic diffusion). Such a high degree of preferential directionality is commonly observed in highly organized WM
tracts. On the other hand, low FA values indicate less preferential directionality of water molecules (isotropic diffusion).
Low FA values close to 0 are observed in gray matter and cerebrospinal fluid. MD indicates the diffusion magnitude, AD
describes the diffusivity along the dominant diffusion direction, and RD portrays the average diffusivity of two shorter
eigenvectors M. It has been suggested that AD is mostly related to axonal degeneration whereas RD is mostly linked to
demyelinating processes €. DTI offers directional information on water molecule diffusion and provides additional maps,



including the fractional anisotropy (FA) map and the color-coded directional map (Figure 1). The color-coded directional
maps are based on the convention that the blue color represents the water molecules that diffuse in an inferior—superior
direction, the green color represents that water molecules that diffuse in an anteroposterior direction, and the red color
represents the water molecules that diffuse in a left-right direction. Although DTI has not yet been incorporated in routine
clinical care in stroke, a growing body of research suggests that it is a promising imaging biomarker for stroke recovery,
owing to its ability to imprint white matter tract integrity in detail [,

Figure 1. Sagittal (first line) and coronal (second line) section of DTI data (a), fractional anisotropy map (b) and color
fractional anisotropy map (c). The color-coding of the white matter tracts in the color fractional anisotropy map follows the
assumption: red for left-right-oriented fibers, blue for superior—inferior-oriented fibers and green for anteroposterior-
oriented fibers.

The majority of studies assessing DTI value as a stroke recovery biomarker have focused primarily on corticospinal tract
(CST) integrity . CST is a descending pathway (Figure 2) of great significance for motor function. Thus, it is reasonable
that research on post-stroke rehabilitation has vastly focused on its assessment 8l Among DTI parameters, FA is the
most frequently utilized in research related to stroke recovery. Decrease of FA values of CST within the subacute stroke
phase is widely associated with poorer motor outcomes Bl Nevertheless, both increased and decreased FA values
can be seen acutely 14,
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Figure 2. Three-dimensional T1 sequence (a), color fractional anisotropy map (b), distribution of the corticospinal tract
fibers projected over a color fractional anisotropy map (c), three dimensional representation of the corticospinal tract (d,e)
which is further color-coded according to the distribution of the fractional anisotropy values along the tract (e) and
projected over a T1 sequence (d,e). The reconstruction of the corticospinal tract has been performed on a healthy subject



(who provided written informed consent for the data acquisition, analysis and presentation) using the Brainance MD
platform (Advantis Medical Imaging).

2. Diffusion Tensor Imaging as a Prognostic Tool for Recovery in Acute
and Hyperacute Stroke

2.1. Prediction of Recovery Using Different DTI Parameters in Studies with Ischemic Cohorts: The
Role of FA

Regarding the role of FA, Berndt and colleagues 12 studied 165 large-vessel occlusion stroke patients who underwent
mechanical thrombectomy and DTI within 7 days post-stroke. They reported reduced FA of posterior limbs of the internal
capsule (PLIC) in the acute phase, reflecting impairment of CST integrity, and weak negative correlation with the National
Institutes of Health Stroke Scale (NIHSS) at time of MRI. Furthermore, FA within PLIC in the acute phase was significantly
correlated with clinical outcome at 90 days in peripheral infarcts, whereas no significant association was found for basal
ganglia infarcts. Similarly, Xia and colleagues 13 reported a decline in FA values in the ipsilesional CST during the first
week poststroke and then longitudinal increase over the next 12 weeks. Again, significant associations with clinical
outcome were found after the acute phase. Increases in both interhemispheric functional connectivity (FC) and ipsilesional
CST-FA were significantly correlated with the greater change of Fugl-Meyer Assessment (FMA) between weeks 1 and 4
post-stroke. In line with these findings, Mahmoud and colleagues 24 studied a cohort of 60 acute ischemic stroke patients
within 2 days from onset. In patients with intact WM tracts, near-complete clinical recovery was noted. Moreover, the
magnitude of FA reduction in the involved tracts was significantly associated with clinical score at admission and the 3-
month clinical outcome. FA value in relation to motor recovery was also evaluated by Liu and colleagues 23! in their DTI
study of 18 patients examined at weeks 1, 4, and 12 post-stroke. They reported positive correlations between FA values of
contralesional medial frontal gyrus (MFG), thalamocortical connections, and FMA scores within 12 weeks following
infarction. Besides CST, Takenobu and colleagues 28] studied the role of red nucleus in association with motor recovery in
10 patients who underwent DTI within 2 weeks and 1- and 3-months post-stroke. Significant positive correlation between
the FA value of the red nucleus or dorsal pons cluster and Fugl-Meyer motor scale (FMMS) scores was observed,
highlighting that microstructural alterations in the rubrospinal pathway may mediate motor recovery.

Regarding aphasia recovery, Keser and colleagues 12 explored the integrity of arcuate fasciculus (AF) and frontal aslant
tract (FAT) in 24 patients with left hemisphere ischemic stroke and consequent aphasia who underwent neuroimaging and
language testing at acute and chronic time points. Acute right and left AF and FAT DTI values failed to correlate with
recovery rate. On the contrary, longitudinal FA of the right AF was inversely correlated with nhaming recovery, providing
evidence that reliance on left hemispheric components is linked with greater language recovery. With respect to
perisylvian language networks, Forkel and colleagues 8 aimed to identify potential anatomic predictors of language
recovery using DTI tractography. In their study, in the left hemisphere the only anatomical predictor of longitudinal aphasia
was lesion size, whereas in the right hemisphere age and AF volume were associated with aphasia severity.

2.2. Prediction of Recovery Using Different DTI Parameters in Studies with Ischemic Cohorts: The
Role of the FA Ratio

With regards to the FA ratio (rFA), Ali and colleagues 9 investigated 21 patients and demonstrated that an FA ratio
between the affected and unaffected side under 0.8 at admission was associated with deficient motor recovery at
discharge. Additionally, they visualized WM tracts using DTI tractography and found that patients with whole involvement
of pyramidal tract exhibited higher NIHSS at discharge compared with the groups with intact and partial involvement.

2.3. Prediction of Recovery Using Different DTI Parameters in Studies with Ischemic Cohorts: The
Role of MD

Regarding MD in stroke outcome prognosis, in the study of Liu and colleagues 29 33 patients with acute subcortical
stroke were investigated with DTI focused on the integrity of the inferior cerebellar peduncles (ICP) and lower limb FM
assessment within 1 week, 4 weeks and 12 weeks post-stroke. Both MD and FA in contralesional ICP showed association
with lower-limb FM score changes. Etherton and colleagues 2 studied a cohort of 42 patients to assess the role of DTl in
early neurological improvement. Normal-appearing white matter (NAWM) MD was significantly lower in the group with
early neurological improvement, and in multivariable logistic regression it was an independent predictor for early
neurological improvement.



2.4. Prediction of Recovery Using Different DTl Parameters in Studies with Ischemic Cohorts: The
Role of AD

With regards to the AD, Moulton and colleagues 22 examined 28 thrombolysed patients and found that the strongest
independent predictor of clinical outcome was the corona radiata AD ratio (rAD), correlating with motor NIHSS scores on
day 7 and with mRS at 3 months. Interestingly, FA values could not be correlated with clinical recovery. In another study of
45 patients under thrombolysis, Moulton and colleagues 23 reported that rAD in CST predicted long-term motor recovery,
whereas rAD in AF independently predicted a 3-month aphasia outcome, thus highlighting its potential as an efficient
biomarker in the acute phase of stroke.

2.5. Prediction of Recovery Using Different DTI Parameters in Studies with Ischemic Cohorts: The
Role of Fiber Number Ratio

As for the rFN, Jang and colleagues 24 studied 31 pontine infarct patients using DTI at days 7—28 and clinical evaluation
at 6 months using MI, a modified Brunnstrom classification (MBC), and functional ambulation category (FAC). The rFN
and the CST area ratio significantly correlated with all 6-month motor outcomes.

2.6. Prediction of Recovery Using Different DTI Parameters in Studies with Hemorrhagic Cohorts:
The Role of FA

Regarding DTI in prediction of recovery in hemorrhagic stroke, the majority of studies focus on FA in CST. Ma and
colleagues 22 applied DTI imaging in a cohort of 23 hemorrhagic stroke patients at different time points, including day 0.
They evaluated outcome with motor function score (MFS) 90 days post-stroke. Significant association was noted between
initial FA of the affected cerebral peduncle and MFS of day 90. Additionally, the initial FA value over 0.45 was a motor
outcome predictor with high sensitivity and specificity.

2.7. Prediction of Recovery Using Different DTI Parameters in Studies with Hemorrhagic Cohorts:
The Role of FA Ratio

The rFA of cerebral peduncles (CP) was also investigated in the study of Wang and colleagues 28, They demonstrated
that within 3 days the ratio of rFA (affected/unaffected side) exhibited negative correlation with the paresis grading and
MRS and positive correlation with the FIM scores at the end of follow-up. On the other hand, rFA at 2 weeks had positive
correlation with the FIM and negative correlation with mRS scores and PG at the end of follow-up. Notably, as compared
to the DTI within 3 days of ICH onset, the application of DTI at 2 weeks after ICH was superior to DTI within 3 days in
terms of accurate prediction of motor outcome and daily living activities.

2.8. Prediction of Recovery Using Different DTl Parameters in Studies with Hemorrhagic Cohorts:
The Role of Qualitative Assessment of CST Integrity

The role of CST integrity in relation to hand function was explored by Gong and colleagues 24 in a study of 75
hypertensive hemorrhage patients receiving DTI in approximately 3 weeks following stroke. It was shown that degree of
CST integrity was negatively correlated with the Brunnstrom Recovery Staging-Hand (BRS-H) at 3 weeks and 3 months.
In particular, patients with intact or complete disruption of CST failed to present substantial improvement in BRS-H at 3
months. On the contrary, those having partial CST impairment based on DTI were remarkably improved at 3 months in
comparison to 3 weeks post-stroke.

2.9. Prediction of Recovery Using Different DTI Parameters in Studies with Both Ischemic and
Hemorrhagic Cohorts: The Role of FA and the FA Ratio

In a study including both hemorrhagic and ischemic stroke patients, Imura and colleagues 28] evaluated the most efficient
DTI parameters in predicting motor outcomes and activities of daily living function. They employed FA, FN, and ADC
within 10 days post-stroke. Clinical outcome was re-assessed at 1 month. Only FA of the affected CST exhibited
significant correlation with the motor outcome and activities of daily living function within 10 days and at 1 month post-
onset. In a similar cohort, Nakashima and colleagues 22 examined 17 patients with DTI and voxel-based morphometry
and assessed clinical outcome at 3 months using FMA and the Motor Activity Log (MAL). In patients with incomplete CST
disruption in tractography, rFA of the bilateral CP showed significant correlation with FMA, amount of use, and quality of
movement. The rFA on CP was also examined in the study of Koyama and colleagues 2% who included 80 patients with
hemorrhagic and ischemic stroke and DTl on days 14-21. Both the hemorrhagic and the infarct groups showed similar
patterns of statistically significant correlations between rFA and outcome measures.



| 3. Conclusions

In conclusion, the utility of DTI and specific parameters (e.g., FA, FA ratio, diffusivity values, and fiber number ratio) for
tracking longitudinal changes and identifying prognostic correlates in acute and hyperacute stroke patients. However, it is
worth mentioning that additional efforts are needed to translate the insights gained from DTI studies in stroke patients into
practical applications in clinical settings and routine clinical practice. Of note, ROC curves and various machine-learning
frameworks in structural imaging in other neurological and psychiatric groups suggest that DTI may have a role in
predicting patients’ outcomes with adequate accuracy at a single-patient level, thus providing valuable information for
patients’ therapeutic management and both short- and long-term outcomes.
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