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Abstract Decreased cerebral blood volume (CBV) in contra-
lateral cerebellar gray matter (cGM) in conjunction with cer-
ebellar white matter (cWM) damage, consistent with crossed
cerebro-cerebellar diaschisis (cCCD) develop following
supratentorial hemispheric stroke. In this study, we investigat-
ed the longitudinal evolution of diaschisis-related cerebellar

perfusion and diffusion tensor-imaging (DTI) changes in pa-
tients after surgery for supratentorial brain tumors. Eight pa-
tients (M:F 5:3, age 8–22 years) who received surgery for
supratentorial high-grade gliomas were evaluated. Initial MRI
studies were performed 19–54 days postoperatively, with
follow-ups at 2- to 3-month intervals. For each study, para-
metric maps of the cerebellum were generated and
coregistered to T1-weighted images that had been previously
segmented for cGM and cWM. Aggregate mean values of
CBV, cerebral blood flow (CBF), and fractional anisotropy
(FA) were obtained separately for cGM and cWM, and asym-
metry indices (AIs) were calculated. Hemodynamic changes
were more robust in cGM than in cWM. Seven patients
showed decreased perfusion within cGM contralateral to the
supratentorial lesion on the first postoperative study, and
asymmetry was significant for both CBV (p=0.008) and
CBF (p<0.01). For CBV, follow-up studies showed a signi-
ficant trend towards recovery (p<0.02). DTI changes were
more pronounced in cWM. FA values suggested a
“paradoxical” increase at initial follow-up, but steadily
declined thereafter (p=0.0003), without evidence of subse-
quent recovery. Diaschisis-related hemodynamic alterations
within cGM appear on early postoperative studies, but
CBV recovers over time. Conversely, cWM DTI changes
are delayed and progressive. Although the clinical corre-
lates of cCCD are yet to be elucidated, better understan-
ding of longitudinal structural and hemodynamic changes
within brain remote from the area of primary insult could
have implications in research and clinical rehabilitative
strategies.
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Introduction

The term diaschisis was introduced by the Russian–Swiss
neuropathologist Constantin von Monakow in the early part
of the 20th century. He intended the word to describe an insult
to the brain: when translated from the Greek derivation, it
means “shocked throughout.” In modern neuroscience, the
term is used to describe an acute, localized, secondary func-
tional disturbance in an area of the brain that is at a distance
from, but anatomically connected to, another site of primary
brain injury through fiber tracts. The most studied form of
diaschisis is the so-called crossed cerebro-cerebellar diaschisis
(cCCD), which is presumed to be due to the disruption of the
cerebro-ponto-cerebellar neuronal fibers (i.e., the afferent cer-
ebellar pathway). cCCD has been widely investigated and
primarily described in the nuclear medicine literature on the
basis of decreased glucose use and blood flow. In 18FDG
positron emission tomography (PET) studies, cCCD is indi-
cated by glucose hypometabolism in the affected cerebellar
hemisphere contralateral to a supratentorial insult, primarily
within the frontoparietal lobes [1]. Single-photon emission
computerized tomography (SPECT) examinations using cere-
bral perfusion agents [hexamethylpropyleneamineoxine
(HMPAO) and ethyl cysteinate dimer (ECD)] show hypoper-
fusion in the same pattern [2, 3]. More recent studies using
advancedmagnetic resonance imaging (MRI) techniques have
revealed measurable drops in perfusion in the cerebellar cor-
tical grey matter (cGM) and evidence of cerebellar white
matter (cWM) damage by fractional anisotropy (FA) in cCCD
[4–6]. Consequently, MRI-based perfusion and diffusion pa-
rameters, such as cerebral blood volume (CBV), cerebral
blood flow (CBF), and fractional anisotropy (FA), appear to
be reliable and reproducible markers of diaschisis-induced
cerebellar parenchymal changes.

To the best of our knowledge, noMRI-based data about the
dynamics of these alterations are available. Therefore, we
investigated the longitudinal evolution of cGM blood perfu-
sion and cWM integrity changes using dynamic susceptibility
contrast (DSC) perfusion MRI and diffusion tensor imaging
(DTI) to improve our understanding of the dynamics of the
underlying pathophysiologic processes in cCCD.

Patients and Methods

Patient Enrolment

All patients had supratentorial hemispheric high-grade glio-
mas and were initially treated with surgery resulting in gross
total, near-total, or subtotal tumor resection. Subsequently,
after written consent, they were enrolled in a prospective
clinical trial. The primary research objectives of the trial were
the following: (a) to determine the maximum tolerated dose

(MTD) and dose-limiting toxicities (DLTs) of an epidermal
growth factor receptor (EGFR) inhibitor (Tarceva™, erlotinib
hydrochloride) when given during and after radiotherapy to
treat children, adolescents, or young adults with newly diag-
nosed high-grade glioma or unfavorable low-grade glioma;
and (b) to estimate the progression-free survival of those
receiving this therapy. Although the data used for our retro-
spective research originated from a prospectively designed
trial approved by the Institutional Review Board (IRB), a
separate IRB approval and waiver of consent was obtained
to allow us to evaluate the MRI data of 8 patients that we used
to characterize cCCD (Table 1).

Study Plan

Patients received escalating doses of erlotinib hydrochloride
in conjunction with conformal radiation therapy [7]. The
starting dose of erlotinib was 70 mg/m2 (80 % of the MTD
in adults), and the dosage was increased at increments of
approximately 30 % in cohorts of 3 to 6 patients, following
the traditional Phase I study design. Conformal three-
dimensional (3D) radiation therapy was given in 1.8 Gy
fractions over a period of 6 1/2 weeks for a total cumulative
dose of 59.4 Gy. The clinical trial required regular MRI
including conventional anatomic imaging, DSC perfusion
MRI, and DTI sequences. The first postoperative MRI studies
were performed 19–54 days after surgery. Further follow-ups
(up to 8/patient) were done at 2- to 3-month intervals. As per
protocol requirements, all studies were performed on a 1.5 T
MRI scanner (Avanto TIM, Siemens Medical Solutions,
Erlangen, Germany) with a circular polarized head coil.

Anatomic Data Collection and Evaluation

Conventional anatomical MRI of the brain included sagittal
and axial T1-weighted gradient echo, axial T2-weighted fast
spin echo, contrast-enhanced axial fluid-attenuated inversion
recovery (FLAIR), axial, coronal T1-weighted gradient echo,
and sagit tal 3D T1-weighted gradient echo [3D
magnetization-prepared rapid acquisition with gradient echo
(MP-RAGE)] sequences. These images were evaluated to
assess the primary lesion site (the extent of lesion involvement
and surgical resection, the presence of residual/recurrent tu-
mor, and the extent of collateral surgical damage) and possible
gross morphologic changes of the cerebellum. Using axial
FLAIR images, we visually estimated the extent of surgical
and tumoral damages as a percentage of the ipsilateral cerebral
hemisphere.

Perfusion Data Collection

DSC perfusion MR data were acquired during bolus intrave-
nous injection of a gadolinium-based contrast agent (GBCA),

Cerebellum (2014) 13:580–587 581



at a rate of 0.8 to 1.0 ml/s (n.b., these injection rates were
imposed by institutional policy/protocol requirements),
through a 22 G intravenous line. The injection was delivered
by a power injector, with total injection times being 2 to 13 s.
We used the regular dose, 0.1 mmol/kg (0.2 ml/kg); therefore,
the total amount of the injected GBCAwas a function of the
patient’s body weight. The DSC sequence used in our patients
was an echo-planar-based [free induction decay-echo planar
imaging (FID-EPI)] multi-slice two-dimensional (2D) acqui-
sition [TR/TE = 1,910 ms/50 ms, Nex 1, bandwidth 1,346/
pixel, field of view (FOV) 210 mm, matrix size of 128×128
with a partial Fourier factor of 7/8, 15 slices, 5-mm slice
thickness with no slice gap, and number of measurements
per slice 50]. The data acquisition started approximately 35–
40 s before the contrast arrived at the intracranial space and
ended after a few recirculation passes of contrast, with the first
pass being roughly in the middle of the acquisition. Because
our technique did not allow for coverage of the entire brain,
positioning of the acquisition slab was guided by the location
of the supratentorial lesions. This method resulted in varying
degrees of coverage of the posterior fossa: it was complete in
some cases (e.g., temporal lobe tumors), and it was partial in
others (e.g., higher parietal or frontal lesions), encompassing
only upper portions of the cerebellum.

DTI Data Collection

DTI was performed by using a twice-refocused spin echo
(TRSE)-EPI-DTI sequence [8] having the following parame-
ters: 6 or 12 (after a license upgrade) diffusion-encoding
directions with a b value of 1,000 s/mm2 and 1 image with
b=0; TR/TE = 10,000/100 ms; matrix 128×128, FOV=
230×230 mm corresponding to a voxel size of 1.8×1.8 mm;
gap between slices=3 mm, NEX=4, 15 slices, 5-mm slice
thickness. Bipolar diffusion-encoding gradients were used to
reduce gradient-induced eddy currents that cause image dis-
tortion and degradation [9]. DTI data were always collected
from the whole brain.

Perfusion and DTI Data Analysis

For each patient, the first post-surgical, high-resolution, T1
three-dimensional image (0.82×0.82×1.25 mm) was used as
the anatomic reference to which all DTI and perfusion data
(including derived maps) were registered (SPM2, Wellcome
Institute of Neurology, London, UK, http://www.fil.ion.ucl.ac.
uk/spm). Correct registration of all parametric maps
associated with each time point was visually verified.
Segmentation of the whole brain was performed with the
standard Gaussian mixture model method that is part of the
statistical parametric mapping (SPM) package [10]. The SPM
segmentation procedure was applied to the 3D T1-weighted
image for each examination, yielding tissue-class probability
maps for gray matter, white matter, and cerebrospinal fluid.
Binary gray matter and white matter masks were created by
thresholding for tissue-class probability ≥0.8. The perimeters
of the left and right cerebellar hemispheres were manually
delineated in each slice of the T1 volume to define regions of
interest for evaluation of diaschisis-related asymmetry of the
perfusion and diffusion parameters (ImageJ, U. S. National
Institutes of Health, Bethesda, MD; http://rsbweb.nih.gov/ij/).

CBF and CBV parametric maps were computed by using a
proprietary software suite including a “perfusion-weighted
imaging” toolbox that was installed on a dedicated
multimodality workstation (Siemens Medical Solutions, Er-
langen, Germany). DTI data were processed by using the
Diffusion II toolbox [extension to SPM (http://www.fil.ion.
ucl.ac.uk/spm/ext/#Diffusion_II)]. Grayscale maps for FA,
radial diffusivity (RD), and axial diffusivity (AD) were com-
puted after correcting the time series for motion, reorienting
gradients accordingly, computing the tensor regression, and
then computing the tensor decomposition. The affine registra-
tion parameters to register the FA, RD, AD images to the 3D
T1 image were computed from the standard SPM mutual
information-based registration of the respective b=0 image
to the T1 reference. After the parametric maps of CBF, CBV,
FA, RD, and ADwere registered to the T1 reference images of
each patient, cGM and cWM parameters were evaluated

Table 1 Demographic, histologic, and surgical treatment data

Patient Gender Age at diagnosis
(years)

Histologic diagnosis (grade) Location of tumor and
surgical involvement

Estimated volume of
hemispheric damage (percent)

1 F 8 Glioblastoma multiforme (WHO IV) Left thalamus and temporal/occipital 25

2 F 14 Glioblastoma multiforme (WHO IV) Left temporal 30

3 M 23 Anaplastic oligoastrocytoma (WHO III) Left temporal and insula 15

4 F 18 Anaplastic astrocytoma (WHO III) Right anterior temporal 15

5 M 12 Anaplastic ganglioglioma (WHO III) Right frontotemporal and insula 15

6 M 13 Glioblastoma multiforme (WHO IV) Right temporal 20

7 M 3 Anaplastic oligoastrocytoma (WHO III) Left posterior frontal 10

8 M 19 Anaplastic astrocytoma (WHO III) Left frontal 30
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within each cerebellar hemisphere after masking with the
binary segmentation of the cerebellar tissues of interest
(Fig. 1).

The mean parameters were calculated at each time-point
within each tissue segment (i.e., GM,WM) for each cerebellar
hemisphere (ipsi-lateral and contra-lateral to the supratentorial
tumor). An asymmetry index (AI) was calculated as follows:

AIparameter;tissue ¼
parametertissue;contralateral − parametertissue;ipsilateral
parametertissue;contralateral þ parametertissue;ipsilateral

The AI was evaluated longitudinally at nine time points,
with the time measured from surgical resection. A linear
mixed-effects model was used to characterize the temporal
evolution of the asymmetry indices in the cerebellum. The
model included fixed effects (i.e., intercepts and slopes) for
each parameter–tissue combination (e.g., CBV in GM and
CBV in WM) and nested random effects (intercepts) for each
parameter (CBF, CBV, and FA) within each tissue type (GM
and WM) within each patient. As described earlier, the cov-
erage of the cerebellum in the images was variable because the
primary target for the protocol-based imaging was the
supratentorial tumor. The total number of image voxels con-
tributing to each AI was entered into a linear mixed-effects
model to test the influence of image coverage on the measured
asymmetry. In a separate analysis, linear models were used to
characterize the relationship of FA to RD and AD. Statistical
analyses were performed with R, using the lme function for
mixed-effects models [7].

Results

Anatomic Evaluation

No perceptible morphologic changes or signal alterations in
the cerebellum were found to develop in any of our patients
within the study interval. We did not volumetrically evaluate
the supratentorial lesion burden (defined as the sum of the
volumes of the surgical resection cavity and the residual
tumor), but we made a visual estimate for each patient
(Table 1). In all cases, the actual supratentorial lesion burden
was more than 10 % of the volume of the affected cerebral
hemisphere (range 10–30 %). The most common lesion loca-
tion in our series was the temporal and the frontal lobes.
Tumors remained limited to one hemisphere in all cases (i.e.,
no contralateral extension) throughout the evaluation period,
even in cases having conventional imaging evidence of tumor
progression.

Advanced MRI Evaluation

No significant association existed between AI and the number
of voxels evaluated for any of the parameter–tissue combina-
tions. Summary AI data for each measured parameter–tissue
versus time since surgery are shown in Fig. 2.

Hemodynamic changes were more robust in cGM than in
cWM. During the first postoperative study, 7 patients had
decreased blood perfusion within cGM contralateral to
supratentorial lesion, and the asymmetry was statistically sig-
nificant (intercept of the fixed effects regression) for both

Fig. 1 Post-operative axial T2-
weighted images of the
supratentorial lesion area (a) and
cerebellum (b). Axial 18FDG PET
images of the cerebellum,
showing decreased metabolic
activity within left cerebellar
cortex consistent with diaschisis
(c). Axial parametric maps of FA
(d), CBV (e), and CBF (f).
All images are of the same
patient (#5)

Cerebellum (2014) 13:580–587 583



CBV (p=0.008) and CBF (p<0.01). The asymmetry was in
the range of 3–15 % (median 6 %) for CBV and 2–6 %
(median 4 %) for CBF. Asymmetry of CBV trended signifi-
cantly toward recovery (p<0.02), reaching symmetry after
2 years. In contrast, CBF remained asymmetric for the dura-
tion of the study. The regression of CBV and CBF in cWM
was not significant. The pattern of hemodynamic changes in
cWM suggests a paradoxical increase after surgery and a large
decrease at first follow-up, perhaps representing a delayed
response in the white matter compared to the more metabol-
ically active gray matter.

DTI changes were more pronounced in cWM than in cGM.
The FA in contralateral cWM steadily declined (p=0.003),
without evidence of recovery during the follow-up period. FA
in cGM followed a similar trend; however, the slope was not
statistically significant. The decline in cWM FA contralateral
to the supratentorial lesion was associated with an increase in
radial diffusivity (p=0.04), with no systematic change in the
axial diffusivity (Fig. 3).

Discussion

Crossed cerebro-cerebellar diaschisis is a powerful example of
the well-known interdependency of interconnected yet remote

areas of the brain. Because the pathophysiological sequelae of
diaschisis are most likely due to the loss of structural integrity
at one level of a functional system (neuron populations inter-
connected by white matter bundles through one or more
synaptic relays), the resultant disconnection between these
functionally interdependent structures leads to functional and
structural degradation of a seemingly unaffected, remote re-
gion. It is, therefore, logical to presume that diaschisis is a
universal trans-synaptic response mechanism to brain injury
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Fig. 2 Asymmetry index for cerebral blood flow (CBF), cerebral blood
volume (CBV), and fractional anisotropy (FA) in cerebellar grey matter
(cGM) and cerebellar white matter (cWM). The points represent the mean
and standard error of the asymmetry index across patients at each nominal

protocol time point. The regression lines represent the fixed effects from
the full mixed-effects model. The asterisk (*) indicates a significant, non-
zero intercept for CBF and CBV in the gray matter, and solid lines
indicate significant slopes for CBV in gray matter and FA in white matter

Fig. 3 Asymmetry of fractional anisotropy (FA) versus axial diffusivity
(AD) and radial diffusivity (RD) in cerebellar the cerebellar white matter.
The FA asymmetry values are the same as shown in Fig. 2, and there was
a significant negative correlation between FA and RD. FA was not
associated with AD
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that may present with more or less significant neurologic or
neuropsychologic manifestations, depending on the elo-
quence of the affected area. Indeed, it was recently suggested
that reversed cerebello-cerebral diaschisis is the likely
pathomechanism of the so-called postoperative posterior fossa
syndrome (PFS). PFS is seen in up to 25 % of pediatric
patients undergoing surgical treatment for midline cerebellar
tumors, and the central manifestation of this complex condi-
tion is cerebellar mutism (a peculiar form of speech apraxia),
likely due to diaschisis-related negative perfusion changes in
supratentorial cerebral cortex with frontal predominance [11].
Diaschisis should not be confused with Wallerian degenera-
tion, which represents disintegration of the axonal membrane
and skeleton as well as secondary breakdown of the axon’s
myelin sheath distal to an injury to the neuroaxonal unit.
However, due to injury to neurons in the primary lesion site,
Wallerian degeneration likely also occurs in diaschisis along
the first segment of the affected functional system.

Advanced MRI techniques can detect changes in regional
brain perfusion and fiber tract integrity [5, 6]. T2*-weighted
DSC perfusion MRI has been widely used to evaluate brain
perfusion and provides quantitative measurements of param-
eters such as relative CBF and CBV [12]. Using this tech-
nique, investigators have shown perfusion changes (i.e., de-
creased CBV) within the cerebellar cortex in patients with
contralateral cerebral infarctions [6]. DTI is a reliable indicator
of white matter integrity and provides parametric information
about the structural integrity of myelinated axons in brain
parenchyma [13]. DTI has been used to show FA reduction
in the contralateral middle cerebellar peduncle, a fairly robust
white matter structure, in patients with chronic cerebral hemi-
spheric stroke [5]. These observations suggest that both DSC
and DTI may be useable markers of functional (blood perfu-
sion) and structural (myelin integrity) changes in cCCD, re-
spectively, and support the appropriateness of using DSC
perfusion MRI and DTI to characterize presumed diaschisis-
related changes in brain parenchyma in various settings.

One of the distinctive conventional cross-sectional imaging
features in diaschisis is the initial lack of associated morpho-
logic (e.g., atrophy and swelling) or signal/density changes in
affected brain structures. Our study validates this observation,
with none of our patients having appreciable cerebellar vol-
ume loss or signal changes during the study period. However,
others have described trophic changes within the affected
cerebellar hemisphere late during the course of diaschisis [1].

Most investigators agree that diaschisis-related hemody-
namic alterations within cGM are probably immediate, but
available data is inconsistent about the onset of these phenom-
ena as detected by DSC perfusion MRI [8, 14]. For instance,
such changes in time-to-peak have been seen as early as 5 days
after a supratentorial stroke; however, CBV changes were
much more reliably seen in the subacute to chronic phase,
6–120 days after the stroke [4]. Interestingly, the clinical

manifestations of the aforementioned postoperative PFS also
develop a few days after surgical damage to the bilateral
proximal efferent cerebellar pathway (dentate nuclei, superior
cerebellar peduncles). Again, the reason for this short, latent
period is unknown.

The magnitude of cCCD is likely related to the extent of the
supratentorial destructive process. One may also speculate
that the contribution of different cortical areas to the afferent
cerebellar signaling may not be identical either; frontal–pari-
etal regions may have the most significant input because of
their known contribution to the afferent cerebellar pathway.
Therefore, damage to these areas should lead to more robust
diaschisis-related functional changes, but in our series, lesions
primarily involving the temporal lobe produced measurable
diaschisis-related changes in the cerebellum too.

Unfortunately, only limited clinically detectable sequelae
to cCCD have been identified and described; therefore, the
timing of the onset of a possible associated “clinical syn-
drome” is difficult to determine. In supratentorial subcortical
lacunar syndromes, the secondary, more subtle diaschisis-
related cerebellar symptoms may be “unmasked” due to the
lack of direct cortical damage. For example, small “well-
placed” infarcts in the subcortical white matter are associated
with contralateral ataxic hemiparesis, suggesting cerebellar
involvement in the resultant neurologic deficit [15, 16] These
symptoms seemed to improve over time, with the prognosis of
recovery related to the degree of underlying cerebellar dys-
function (i.e., hypoperfusion and hypometabolism) measured
during the subacute phase [17].

We believe that one of the most important proceedings of
our study may be that our data suggests that perfusion changes
in cCCD recover over time. It seems that CBV, but not CBF, in
cGM may normalize to baseline asymmetry (i.e., gross phys-
iological symmetry) after approximately 2 years. Further stud-
ies are needed to determine whether CBF ever truly normal-
izes. If it does not, one explanation may be that fractional
blood volume equilibrates to a new steady state over time, but
the actual flow remains decreased, consistent with the persis-
tently diminished local metabolic demand.

Our data show that changes within cWM do occur, but are
slower than cGM changes and are apparently progressive on
all accounts. Both CBVand CBF in the white matter increase
rapidly after surgery, but subsequently decline and do not
recover again. Loss of FA caused by increased radial diffusiv-
ity in cWM is also delayed, but may also be preceded by a
mild initial increase. Again, one may only speculate about the
underlying histopathologic and pathophysiologic processes
causing this. It is possible that an abrupt drop of cerebral input
and relative inactivity of afferent cerebellar fiber tracts initially
lead to swelling of degenerating myelin sheaths, with resultant
retraction of extracellular space. Hence, FA may increase
transiently, followed by myelin loss and/or tissue rarefaction
that lead to RD increase and FA decrease.
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It is increasingly evident that myelination is driven by both
genetic factors and function in the developing brain [18]. It is
conceivable too that appropriate myelin maintenance is de-
pendent on sustained utilization of the fiber tracts. In
diaschisis, specific neural networks become underutilized,
which may manifest with decreased metabolism and blood
perfusion as well as myelin “degeneration” in the affected
regions. Our DTI data analysis is concordant with this; in that
FA changes in the cerebellar white matter in cerebro-
cerebellar diaschisis are driven by increased radial diffusivity,
which is a known surrogate marker of the “quality” of myelin,
suggesting therefore a slow degradation without complete
breakdown of myelin in response to chronic diminished
utilization.

The reason for the early increase of CBVand CBF in cWM
is unclear. The delay of the onset of negative perfusion chang-
es within cWM versus those of cGMmay reflect the relatively
lower and less dynamic baseline metabolic needs of cWM
compared to cGM. The prolonged and possibly permanent
asymmetry of white matter perfusion may represent the he-
modynamic correlates of the irreversible degenerative chang-
es indicated by declining anisotropy of water diffusion.

A new, powerful technique in advanced MRI, called
resting-state functionalMRI, appears poised to elucidate func-
tional brain connectivity and is a prognostic indicator after
stroke [19]. This technique can identify regions of remote
functional connectivity that, when disrupted or activated after
brain injury, can either highlight remote functional sequelae or
indicate improvement in clinical outcomes, respectively. In
addition, recovering stroke patients had significant variability
in patterns of newly developed neuronal pathways after injury
to connected areas of the brain. These findings suggest that the
brain attempts to reestablish neuronal connections (plasticity)
and that the way in which the brain “heals” may be highly
individualized [20]. This technique would have important
implications for studies of cCCD including allowing addition-
al data collection from the more chronic phase of injury.
Extrapolations of our data would also suggest that immediate
changes in resting-state functional MRI connectivity patterns
after brain injury may correspond to diaschisis, whereas lon-
gitudinal evolution of those may indicate trends and mecha-
nisms similar to those shown by our research.

We recognize that our study has several limitations. Some
of those are inherent to the particularities and requirements
(1.5 T instead of 3 T imaging, the use of a circular polarized
head coil instead of technologically more advanced phase
array coils, sometimes incomplete coverage of the cerebellum
with DSC perfusion MRI, etc.) of the clinical trial our patients
were recruited from, but at the same time, those also assured
consistencies in the ways data were collected throughout the
entire study period, hence “technically” our retrospective
study benefited from many of the merits of a prospectively
design research. Also, since no pre-operative DSC perfusion

MRI and DTI data were available in our patients, it is un-
known if the supratentorial neoplastic processes had already
altered the functional characteristics of the cerebellum prior to
surgery (possibly implying that our first post-operative studies
may not be considered to be true “baselines”) and if yes, to
what extent. To circumvent this problem, we elected to use an
asymmetry index, but also assumed that the other cerebellar
hemisphere was “normal.”

We acknowledge that the relatively small size of our cohort
may be the most significant limitation, and this is certainly the
most likely explanation for the relatively significant standard
errors in Fig. 2. Since the clinical trial from which our patients
were recruited was closed by the time we decided to conduct
our research, it was not possible to increase the number of
patients, without the risk to introduce new potential con-
founders. That said, we believe that the remarkably different
magnitudes and trends of the observed perfusion and DTI
metric changes within cGM and cWM, respectively, validate
the robustness not only of our segmentation technique but also
the appropriateness of the DSC perfusion MRI and DTI
techniques employed in our research and, most importantly,
strongly suggest that cerebro-cerebellar diaschisis induces
profound, distinctly different and temporally evolving struc-
tural and functional changes in cerebellum.

One of the other possible limitations of our study is the age
of the patients (children and young adults). Although young
age may favor brain plasticity, it is unclear whether age has
any effect on the dynamics and prognosis of diaschisis-related
pathophysiological, and ultimately, functional changes in
brain. This may require further prospective studies. Similarly,
we do not know whether or not anti-EGFR therapy, which all
of our patients received during the course of care in our
institution, has any effect on the magnitude and time course
of diaschisis-related hemodynamic changes, because to the
best of our knowledge, no data is available in the literature
about the possible effect of anti-EGFR agents on normal
cerebellar vessels and cerebellar blood circulation. Lastly,
although quite unlikely, it is unknown whether radiation ther-
apy delivered to the primary tumor site in the supratentorial
compartment has any modulating effect on cerebro-cerebellar
functional connectivity and, hence, on the longitudinal evolu-
tion of cCCD-related perfusion or diffusion changes in
cerebellum.

For all of these reasons, we consider our data “preliminary”
to some extent, but hope that our results will trigger further
investigations addressing these and other, yet poorly under-
stood, issues.

Conclusion

We endorse the notion that hemodynamic alterations in cGM
represent the primary diaschisis phenomena and we propose
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that those changes may be reversible. This, however, does not
necessarily indicate total normalization of function, because
myelin changes, which are likely secondary to extended and
persistent underuse, seem to be irreversible. This observation
suggests that effective connectivity along the afferent cerebel-
lar pathway may not be reestablished, at least not within the
first couple of years after the onset of diaschisis. Although the
clinical effect of cCCD is not completely understood, we
believe that it is important to investigate the dynamics of
underlying pathophysiologic processes to improve our under-
standing of this apparently uniform response mechanism to
remote brain injury. These processes would seem to have
implications in other, clinically better-defined, diaschisis-
related syndromes, such as cerebellar mutism in postoperative
posterior fossa syndrome, and in various, possibly under-
recognized “post-injury” functional disorders of the brain.
Given our unique patient population and their postsurgical
rather than ischemic insult, longitudinal improvement in he-
modynamic parameters should be further investigated to en-
sure its reproducibility in the more-investigated adult ischemic
patient population.
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