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Abstract

measurements and cytopathology.

properties.

Background: Diffusion tensor imaging (DTI) is a non-invasive MRI technique that has been used to quantify CNS
abnormalities in various pathologic conditions. This study was designed to quantify the anisotropic diffusion
properties in the brain of neonatal rats with hydrocephalus (HCP) and to investigate association between DTI

Methods: DTl data were acquired between postnatal day 7 (P7) and P12 in 12 rats with HCP induced at P2 and in
15 age-matched controls. Animals were euthanized at P11 or P22/P23 and brains were processed with
immunohistochemistry for glial fibrillary acidic protein (GFAP), ionized calcium-binding adaptor molecule (Iba-1),
and luxol fast blue (LFB) to assess astrocytosis, microglial reactivity and degree of myelination, respectively.

Results: Hydrocephalic rats were consistently found to have an abnormally low (at corrected p-level of <0.05)
fractional anisotropy (FA) value and an abnormally high mean diffusivity (MD) value in the cerebral cortex (CX), the
corpus callosum (CC), and the internal capsule (IC). Immunohistochemical analysis demonstrated trends of
increasing astrocyte and microglial reactivity in HCP rats at P11 that reached statistical significance at P22/P23.

A trend toward reduced myelination in the HCP rats was also found at P22/P23. Correlation analysis at P11 for the
CC demonstrated statistically significant correlations (or trends) between the DTl measurement (the decreased FA
and increased MD values) and the GFAP or Iba-1 rankings. The immunohistochemical rankings in the IC at P22/P23
were also significantly correlated or demonstrated a trend with both FA and MD values.

Conclusions: This study demonstrates the feasibility of employing DTl on the brain in experimental hydrocephalus
in neonatal rats and reveals impairments in multiple regions of interest in both grey and white matter. A strong
correlation was found between the immunohistochemical results and the changes in anisotropic diffusion

Background

Hydrocephalus (HCP) is the most common condition
treated in pediatric neurosurgery [1]. The ventricular sys-
tem enlarges in response to abnormal cerebrospinal fluid
(CSF) dynamics. As a consequence of this imbalance,
intra-cranial pressure becomes elevated, ventricles
enlarge, and brain anatomy becomes distorted and
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compressed. If left untreated HCP may be fatal [1]. How-
ever, long before this end-point is reached, injury to grey
matter (GM) and white matter (WM) structures can
cause significant neurologic deficits. Behavioral and cog-
nitive delays typically accompany the brain abnormalities
associated with HCP. The current standard of care is
based on CSF diversion to extra-neural compartments
via shunt surgery or via third ventriculostomy. Even
though this approach has greatly reduced morbidity and
mortality, much of the pathophysiology associated with
this condition is yet to be fully understood.
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Diffusion tensor imaging (DTI) is an advanced mag-
netic resonance imaging technique that measures in vivo
tissue anisotropic diffusion properties [2-9]. DTI pro-
vides information not only about the magnitude, but
also the directionality of water molecule displacement in
tissue [5,10-12]. The effect of water molecules interact-
ing with specific tissue structures is reflected in a diffu-
sion image that can reveal the characteristics of the
architectural organization in a physiological or patholo-
gical environment. In clinical research, DTI has been
proven to be a sensitive and specific non-invasive ima-
ging tool for determining brain damage and recovery in
various neurological and pathological disorders [13-17].
Recently, DTI has also been applied in clinical studies of
HCP to investigate the underlying mechanisms of injury
associated with poor functional outcome [18-21]. How-
ever, the validation of DTI and the association of this
non-invasive, macroscopic imaging biomarker with cel-
lular level mechanisms for WM degeneration in HCP
must be supported with cytopathology. This has yet to
be established. To validate DTI as a biomarker for use
in childhood HCP we have used a rat model [22] in
which obstructive hydrocephalus can be induced reliably
and cytopathology and neurobehavioral outcomes in
normal, untreated, and treated hydrocephalic animals
can be monitored closely and correlated at specific time
points. The animal studies can be translated to the clini-
cal setting by comparing common characteristic changes
in DTI abnormalities in the context of the developing
CNS. Ultimately, a better understanding of the tissue
characteristics and mechanisms underlying DTI data
will lead to more effective use of DTI in treatment deci-
sions for the pediatric patient population.

The present study was designed to quantify the aniso-
tropic diffusion properties in neonatal HCP rat brain
using DTT and to investigate their association with
underlying cytopathological changes. We hypothesized
that the HCP rats will demonstrate abnormal anisotro-
pic diffusion properties as measured by decreased frac-
tional anisotropy (FA) and increased mean diffusivity
(MD) when compared to the control group. We further
hypothesized that these changes will correlate with
underlying microstructural alterations seen in analysis of
fixed tissue. The results of these studies will further our
understanding of the use of DTI in the developing CNS
and associated changes in HCP

Methods

Animals

Two groups of neonatal Sprague-Dawley rat pups were
used in the study (Table 1). The first group included 12
rats with acquired hydrocephalus. The second group of
controls consisted of 15 rats including 12 rats that
received a sham injection of saline into the cisterna
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magna, plus 2 that were cooled in an ice-bath without
injection, and 1 that was intact. None of the control rats
developed hydrocephalus.

All animal procedures were performed according to the
guidelines of the Institutional Animal Care and Use Com-
mittees at the Cincinnati Children’s Hospital Research
Foundation’s and the University of Utah. The procedure
to induce obstructive HCP has been described in detail in
previous publications [22]. In brief, at P2, the animals
were anesthetized by hypothermia and underwent injec-
tion of kaolin into the cisterna magna. MRI/DTI scans
were performed between P7 and P12 at Cincinnati
Children’s Hospital Medical Center (CCHMC). At P11
(4 HCP rats, 4 control rats) or P22/23 (4 HCP rats, 9 con-
trol rats), the animals were euthanized and fixed by intra-
cardiac perfusion. For this procedure, animals were first
perfused with 0.9% normal saline followed by 4% (w/v)
paraformaldehyde (PFA) in phosphate buffered saline
through a left intraventricular injection. The brains were
subsequently post-fixed in PFA and sent to the University
of Utah for immunohistochemical evaluation and cytologi-
cal analysis. Six rats (4/12 HCP rats, 2/15 controls) did not
recover from anesthesia after the MRI/DTI scan. Although
the respiration rate remained normal during the scan,
these rats died under the anesthetic shortly after the scan
and were not subjected to immunohistochemistry proce-
dures (Table 1).

Magnetic resonance and diffusion tensor imaging

Prior to scanning, the rats were anesthetized with 4%
Isoflurane, placed in the supine position in the magnet,
and maintained sedated with a mixture of 1-1.5% iso-
flurane and O, for the duration of the experiment. They
were kept warm, at approximately 37°C, with circulating
warmed air. A bite bar was used to stabilize the head.
The respiratory rate was monitored closely and main-
tained at 50 breaths/min (+10 breaths/min).

All MRI/DTI imaging data were acquired on a 7T Bruker
MRI scanner (Bruker Biospec 70/30, Karlsruhe, Germany)
equipped with an actively shielded 400 mT/m gradient set.
The diameter of the gradient set was 20 cm. A custom-
designed single-turn-solenoid (STS) RF coil was used in
this study. The detailed feature of the coil has been pre-
viously reported [23]. The coil measured 25 mm in dia-
meter and 30 mm in length. The B1 field distribution test
showed that the inhomogeneity was modest with percen-
tage deviation of the field strength in the peripheral region
at <3% from the central value (Fig two in [23]).

DTI images were acquired in the coronal plane with a
6-direction diffusion weighted multi-slice spin-echo ima-
ging protocol: TR = 2500 ms, TE = 21 ms, 5 slices, slice
thickness = 1.5 mm, inter-slice gap = 0.25 mm, b-value =
1200 s/mm?, diffusion gradient duration & = 4 ms, gradi-
ent separation A = 12 ms. Twenty-five of the 27 rats
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Table 1 Experimental procedures performed on each animal used in the study
Days of Age

Animal P7 P8 P9 P10 P11 P12 P13 P15 P17 P19 P22 P23
HCP

HCP_01 DTl Dt

HCP_02 DTl IHC*

HCP_03 DTl Dt

HCP_04 DTl IHC*

HCP_05 DTl IHC

HCP_06 DTl Dt

HCP_07 DTI/D

HCP_08 DTl IHC*

HCP_09 DTl IHC*

HCP_10 DTl IHC*

HCP_11 DTl IHC*

HCP_12 DTl IHC
Control
Control_01 DTI IHC*
Control_02 DTl IHC
Control_03 DTI IHC
Control_04 DTl Dt
Control_05 DTl IHC
Control_06 DTl IHC
Control_07 DTl IHC*
Control_08 DTl IHC
Control_09 DTI/D
Control_10 DTl IHC*
Control_11 DTl IHC
Control_12 DTl IHC
Control_13 DTl IHC*
Control_14 DTl IHC
Control_15 DTl IHC*

Note. DTI: diffusion tensor imaging; IHC: Sacrificed by cardiac perfusion and processed for immunohistochemistry; * underwent IHC; D: Died shortly after DTl scan;
Dt: Died shortly after scan, note the imaging data were not used due to severe HCP.

included in the present study were scanned at an in-plane
resolution of 200 x 200 um with four different fields of
view (FOV) between 16 x 16 mm and 25.6 x 25.6 mm. No
statistical significance was found between the hydrocepha-
lic group and the control group in terms of the frequency
of occurrence of these four different FOVs based on the
Freeman-Halton extension of the Fisher exact probability
test [24]. The time for acquisition ranged from 23:20 min
to 37:20 min. The remaining two rats were scanned at
slightly different in-plane resolutions (resolution = 196 x
196 um, TA = 26:50 min., n = 1; resolution = 200 x 225
um, TA = 23:20 min., n = 1) and no significant difference
was identified with DTI measurement.

T2-weighted images of the whole brain were acquired
using rapid acquisition with relaxation enhancement

(RARE) sequence with the following parameters: TR =
1000 ms; effective TE = 70.56 ms; FOV = 32 x 19.2 x
19.2 mm; acquisition matrix = 256 x 128 x 128; spatial
resolution = 0.125 x 0.150 x 0.150 mm; scanning time =
17:04 min. The T2-weighted RARE anatomical images
were used to assess the ventricular size and also as a
reference for anatomical structures.

Immunohistochemistry

Brain tissue was processed from 2 control and 3 HCP
rats sacrificed at P11 and 3 control and 3 HCP rats
sacrificed at P22 or P23 (Table 1). Ten additional rats
were perfused and fixed but did not undergo immuno-
histochemical analysis. Two control and 2 HCP rats
sacrificed at P21 in previous experiments (not included
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in Table 1) were included for comparison in the present
study. These additional animals underwent the same
surgical procedures that have been described with the
exception of the timing of kaolin injection or sham
injection: the injection occurred at P1. They were not
subjected to MRI/DTI scan thus were not included in
the correlation analysis. Post-fixed brains were cut cor-
onally into 3 blocks containing the frontal, parietal and
occipital cortices. These blocks were embedded in paraf-
fin, and sectioned serially at a thickness of 15 um. Every
10" section was selected in order to collect 12 sets of
adjacent sections. Using established protocols, the fol-
lowing immunohistochemical stains were applied: (1)
luxol fast blue (LFB), a sensitive staining method that
detects mature myelin [25,26]; (2) glial fibrillary acidic
protein (GFAP), a marker for both resting and reactive
astrocytes [27]; and (3) ionized calcium-binding adaptor
molecule (Iba-1), a marker for both resting and reactive
microglia [28].

LFB staining was performed by de-paraffinizing and
rehydrating the tissue. Slides were then incubated in the
LEB stain for 2 h at 60°C. The sections were then rinsed
in 95% ETOH, dH,O and differentiated with 0.05%
lithium carbonate. Once the appropriate intensity of
LFB stain was achieved, the sections were rinsed in dis-
tilled H,O, 70% ETOH, and then counterstained with
cresyl violet.

Tissue sections were processed for GFAP immunohis-
tochemistry according to previously described methods
[29]. In summary, sections were rehydrated and antigen
retrieval was performed. Prior to incubation (90 min)
with the primary GFAP antibody (1:1000 Dako Cytoma-
tion, Glostrup, Denmark), sections were blocked with
H,0,. The tissue was washed with phosphate buffered
saline with 0.1% triton C (PBS-t) and the secondary
antibody (1:200, Vector Laboratories, Burlingame, CA,
USA) was applied for 45 min at room temperature. Fol-
lowing the secondary antibody Avidin Biotinylated
enzyme Complex (ABC) was added for 30 min, washed
with PBS-t and developed with diaminobenzidine
(DAB). Sections were counterstained with cresyl violet.

Immunostaining for Iba-1 followed the same proce-
dures described for GFAP with the exception that anti-
Iba-1 (1: 500 WAKO Chemicals, Richmond, USA) was
the primary antibody.

Stained sections were analyzed using a semi-quantita-
tive scale described in detail in a recent report from our
group [30]. Briefly, the scales pertaining to the GFAP
and Iba-1 stains were based on cellular morphology and
density. A score of O represented a resting state and a
score of 3 represented a severely reactive state. The
scale pertaining to the LFB stains was based on the
intensity of the stained myelin. A score of 0 on the LFB
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scale represented a complete lack of myelin and a score
of 3 indicated full myelination.

DTI data processing and analysis

DTI data processing and analysis methodology details
have been described in our previous publications [31,32].
The procedure is briefly summarized as follows. Image
reconstructions, post-processing, and ROI-based DTI
parameter calculations were performed with the software
DTIStudio 2.4 [33]. On a pixel by pixel basis, the six ele-
ments (Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz) were calcu-
lated and diagonalized to compute the three eigenvalues
(A1, Ao, A3) corresponding to the three eigenvectors in the
diffusion tensor matrix. Mean diffusivity (MD) was calcu-
lated as the mean of the three eigenvalues (MD = (A +
A2 + A3)/3). Fractional anisotropy (FA) was calculated on
a pixel-wise basis, using standard methods [4,12].

As shown in Figure 1, a color-coded FA map was used
to identify regions of interest (ROI). DTI parameters
were calculated for respective ROIs individually in each
section sampled. The ROIs for each subject were manu-
ally determined by an operator (WY) on color-coded FA
and MD maps and anatomical images under the gui-
dance of a neuroanatomist (JPM) and a pediatric neuro-
surgeon (FTM), (Figures 1 and 2). For each rat, the
following ROIs were defined: corpus callosum (CC),
internal capsule (IC), external capsule (EC), cerebral
cortex (CX), caudate-putamen complex (CPu), hippo-
campus (HC), and fornix (FX). The ROI in the EC in
hydrocephalic rats was found to be very difficult to
delineate reliably, thus it was not included in the data
analysis comparing HCP rats and control rats. EC of
normal controls was still included in the data analysis
when the age correlation of DTI parameters in various
ROIs was studied in order to assess the developmental
impact.

Statistical analyses

Before conducting any statistical analysis, the distribution
of the outcome data was examined for normality and the
outcome variables that exhibit deviation from normality
were transformed using a Box-Cox transformation [34].
For some of the outcome variables a suitable transforma-
tion was not found to satisfy the normality assumption.
For uniformity we ran all statistical analysis using non-
parametric methods. Wilcoxon two-sample test was used
to compare the DTI parameters between HCP rats and
the age matched controls over the period between P7 and
P12. Although age is matched between the two groups, its
potential impact on the outcome variables was examined
using a Spearman rank correlation followed by regression
analysis that contained both the comparison groups and
age in the same model. We also ran a sub-group analysis
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Corpus Callosum

Caudate and Putamen

Figure 1 In vivo diffusion tensor imaging of a control rat at postnatal day 8. In the fractional anisotropy-based color coded axis maps (A
and B), the colors are used to indicate the preferred diffusion direction in a coronal plane. Red, green, and blue represent transverse, dorso-
ventral and rostro-caudal directions, respectively. The brightness is coded by the FA value. On this map, both white matter (corpus callosum,
internal capsule, and external capsule) and grey matter (cortex, caudate and putamen) can be identified. C and D are mean diffusivity maps
showing the same structures.

Figure 2 Mean diffusivity maps of hydrocephalic rats at postnatal day 11. The mid-sagittal image (A) shows the location of the five
coronal slices (B-F) arranged from rostral to caudal. The expansion of the lateral ventricle and the posterior recess of the cerebral aqueduct (CA)
can also be seen. Abbreviations: CC, corpus callosum; CPu, caudate-putamen; CX, cortex; EC, external capsule; FX, fornix; IC, internal capsule; HC,
hippocampus; LV, lateral ventricle; PYWM, periventricular white matter.
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Table 2 Comparison of DTl parameters (fractional

anisotropy, FA and mean diffusivity, MD) between
hydrocephalic (HCP) and control groups between

postnatal days 7 and 12

HCP (n =12) Control (n = 15) Corrected p-value

X

FA 0.17 + 0.03 025 + 0.04 <0.01*

MD 122 + 0.09 112 +£0.10 <0.05*
CPu

FA 0.22 £ 0.05 0.20 £ 0.05 NS

MD 123 £0.10 117 £0.13 NS
CcC

FA 0.29 £ 0.05 047 £ 0.08 <0.01*

MD 225+ 032 1.25 £ 0.15 <0.01*
IC

FA 023 + 0.04 031 + 0.04 <0.01*

MD 239+ 022 1.17 £ 0.09 <0.01*
HC

FA 0.19 + 0.03 0.17 £ 004 NS

MD 119 + 0.10 1.10 +£ 0.26 NS
FX

FA 0.20 £ 0.04 0.24 £ 0.05 NS

MD 1.27 £0.10 1.18 £ 0.11 NS

Note: * significantly different (Wilcoxon two-sample test). Numbers are mean
+ standard deviation. MD is in the unit of 10°mm?/s. NS: not significant, brain
regions as for Figure 2.

using Wilcoxon two-sample test to compare the DTI para-
meters between HCP rats and controls at P9. Immunohis-
tochemical results were also analyzed using Wilcoxon
two-sample test. In addition, the Spearman correlation
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Table 3 Comparison of DTI parameters (fractional
anisotropy, FA and mean diffusivity, MD) between HCP
and control groups at postnatal day 9

HCP (n =5) Control (n =6) Corrected p-value

X

FA 0.16 £ 0.01 0.25 + 0.05 <0.05*

MD 1.22 £ 0.07 1.17 £ 0.14 NS
CPu

FA 022 £ 007 0.21 £ 0.06 NS

MD 1.26 £ 0.10 1.21 £ 017 NS
cC

FA 0.28 + 003 044 + 007 <0.05*

MD 244 +0.18 127 £013 <0.05*
IC

FA 024 + 003 0.28 + 0.05 NS

MD 237 £0.17 121 +£0.15 <0.05*
HC

FA 02+ 004 0.17 +£ 0.04 NS

MD 1.25 £ 0.04 094 + 045 NS
FX

FA 0.20 £ 0.05 0.28 + 0.03 <0.05*

MD 1.26 £ 0.05 1.21 £0.10 NS

Note: * significantly different (Wilcoxon two sample test). Numbers are mean
+ standard deviation. MD, is in the unit of 10mm?/s. NS: not significant,
brain regions as for figure 2.

was used in the correlation analysis between DTI para-
meters and the immunochemistry ranking scales. To
account for the expected proportion of incorrectly rejected
null hypotheses (Type I error rate) due to multiple testing,
we made a correction for multiple comparisons using the

" p < 0.01 (corrected)

0.2+

T T
Control HCP

Group

Figure 3 Box-plots comparing the fractional anisotropy (FA) and mean diffusivity (MD, 103mm?/s) values in corpus callosum in
hydrocephalic rats and the control rats. All ages combined, n = 12 for hydrocephalic and n = 15 for control rats. The Wilcoxon two-sample
test showed a significant difference (p < 0.05, corrected for multiple comparison).

3.04
p < 0.01 (corrected)
2.54
2.0+
m]
=
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False Discovery Rate (FDR) method [35] in all the statisti-
cal tests except for the correlation analysis between DTI
and cytopathology. All statistical analyses were done using
SAS v.9.2 (SAS Institute Inc., Carey, NC, USA) or SPSS
v.15 (Chicago, IL, USA).

Results

Abnormal DTl measurements in neonatal rats with
hydrocephalus

DTI data acquired between P7 and P12 were compared
between the control (n = 15) and the HCP group (n = 12).
In the regression analysis, where comparison group and
age were considered in the same model, age did not
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contribute significantly to the change in DTI measure-
ments. Therefore, the two groups were compared with
Wilcoxon independent two-sample test. Significant differ-
ences in DTI parameters were found in both GM and
WM (Table 2, Figure 3). Among the GM ROlIs, the FA of
the HCP group in CX was significantly lower (p < 0.01)
and the MD significantly higher (p < 0.05) than those in
the control group. In the WM ROlIs, statistically significant
decreases in FA values (p < 0.01 for both CC and IC) and
increases in MD values (p < 0.01 for both CC and IC)
were found in the HCP group.

To explore the earliest time at which the impact of
HCP can be reflected in DTI parameters, we compared

Figure 4 Representative photomicrographs of GFAP for astrocytes (A-H) and Iba-1 for microglia (I-P) immunohistochemistry from the
external capsule, internal capsule, corpus callosum, and fornix in P11 saline control animals (A, C, E, G for GFAP; I, K, M, O for Iba-1)
and hydrocephalic animals (B, D, F, H for GFAP; J, L, N, P for lba-1). For GFAP, despite the immaturity of the tissue, the hydrocephalic
animals exhibit the same severe glial reaction observed in the P22/23 animals as evidenced by large intensely stained cell bodies and thick
processes (B, straight arrows). For Iba-1, note the round intensely stained profiles that represent highly phagocytic microglial somata in the white
matter of control animals. These profiles are increased in hydrocephalic animals at this age, but are not found in any 22 or 23-day old animals.

Scale bar = 25 um and cresyl violet counterstain for all panels.
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Control

Hydrocephalic
B N

External Capsule
External Capsule

Internal Capsule
Internal Capsule
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Figure 5 Representative photomicrographs of GFAP (A-F), Iba-1 (G-L), and LFB (M-R) immunohistochemistry of the external capsule,
internal capsule, and the fornix of P22/23 control (A, C, & E for GFAP; G, |, and K for Iba-1; M, O, & Q for LFB) and hydrocephalic
animals (B, D, & F for GFAP; H, J, & L for Iba-1; N, P, & R for LFB). GFAP staining in the hydrocephalic animals reveals severe reactive
astrocytosis when compared to the saline control animals. Panel A shows typical characteristics of resting astrocytes that includes lightly stained
cell bodies with thin processes. Panel B demonstrates distinctive characteristics of reactive astrocytes including a darkly stained cell body with
thick processes (arrow). For Iba-1, control animals (G, |, & K) exhibit resting microglial cells which are characterized by a small unremarkable cell
body with thin processes. The hydrocephalic animals (H, J, & L) display reactive microglia cells which are typified by a darkly stained, enlarged,
distorted cell body with thick processes (arrows, J and L). At the end stages of reactivity they exhibit a “balled up” appearance known to
represent a phagocytic state (arrow, L). LFB staining is dark and uniform in the saline controls which indicates the preservation of myelin (M, O,
& Q). Whereas, the hydrocephalic animals exhibit a more diffuse and variable staining pattern, providing evidence of demyelination most likely
resulting from the mechanical stress that accompanies HCP (N, P, & R). Scale bar = 25 um for all panels except O and P, scale bar = 50 um.

Internal Capsule  External Capsule

Fornix
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FA and MD values between the two groups for each
individual postnatal day. Only the difference at P9
reached statistical significance (Table 3). The Wilcoxon
two-sample tests were performed for all DTI values in
each ROI as described in the Methods section. The FA
values of the CX in the HCP group were significantly
lower compared to the controls (p < 0.05). In the WM,
specifically the CC, the FA in HCP rats was significantly
lower than that in the controls (p < 0.05) and the MD
was significantly increased (p < 0.05). In the IC, the MD
value was abnormally high in the HCP rats (p < 0.05),
but their FA values were within normal range. In the
FX, the FA values of the HCP rats were abnormally
high (p < 0.05) with the MD value within normal range.
No statistically significant difference was identified for
the other two ROIs (CPu, HC, Table 3).

Immunohistochemical results

Opverall, hydrocephalic animals at both P11 (Figure 4)
and P22/23 (Figure 5) displayed increases in astrocyte
and microglial responses and a decrease in myelination
in all WM regions studied. Numerous GFAP- and Iba-

1-positive cells were found, and many of these astrocytes
and microglia exhibited the large soma and thickened
processes characteristic of reactive glia.

Quantitative rankings (Table 4) confirmed a trend of
increased astrocyte reactivity (GFAP staining) at P11 in IC,
EC, FX, and CC. At P22/P23 the same regions reached
statistical significance (p < 0.05), with the exception of the
corpus callosum which could not be analyzed as it was too
thin or missing altogether.

Microglial reactivity followed the same trend of
increases in the IC, EC, FX, and CC (Table 4). At P22/
P23, microglial reactivity also reached statistical signifi-
cance (p < 0.05) with the exception of the CC which
could not be analyzed.

Myelination, as visualized with LFB staining, was
undetectable in both the control and hydrocephalic ani-
mals at P11. At P22/P23 myelination had matured to
the point where it could be detected histologically, and
although there was a consistent trend toward less stain-
ing in the IC, EC, and FX of hydrocephalic animals
these changes were only statistically significant in the
IC, p < 0.05 (Figure 5 and Table 4).
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Table 4 Cytological rankings in hydrocephalic and control rats at P11 and P22/P23 as determined from

immunohistochemical analysis

P11 P22/P23
HCP (n = 3) Control (n = 2) Corrected p-value HCP (n = 5) Control (n = 5) Corrected p-value

IC

GFAP 267 £ 058 0.5 + 0.00 NS 280 + 0.28 025+ 030 <0.05%

Iba-1 267 +0.29 2.0 £ 0.00 NS 290 £ 0.22 090 + 0.58 <0.05*

LFB n/d n/d n/d 1.69 £ 0.51 280 £ 0.21 <0.05*
EC

GFAP 3.00 + 0.00 069 + 0.27 NS 3.00 + 0.00 018 £ 0.14 <0.05%

Iba-1 3.00 = 0.00 1.5 £ 0.00 NS 3.00 £ 0.00 0.40 + 0.39 <0.05*

LFB n/d n/d n/d 1.60 + 1.04 215 £ 0.73 NS
FX

GFAP 3.00 + 0.00 0.88 + 0.53 NS 275+ 035 020 + 033 <0.05*

Iba-1 3.00 = 0.00 0.5 £ 0.00 NS 285 £ 034 015+ 0.14 <0.05*

LFB n/d n/d n/d 135 + 0.60 220 £ 045 NS
cC

GFAP 3.00 + 0.00 0.75 £ 0.35 NS n/d n/d n/d

Iba-1 3.00 + 0.00 0.75 £ 0.35 NS n/d n/d n/d

LFB n/d n/d n/d n/d n/d n/d

GFAP: glial fibrillary acidic protein for astrocytes, Iba-1: ionized calcium-binding adaptor molecule for microglia, LFB: luxol fast blue for myelin. Note. * significantly
different (Wilcoxon two sample test); NS: not significant; n/d: not detectable; LFB stain too weak at P11 and CC too thin or missing at P22/P23. Brain regions as

for figure 2.

Correlation between immunohistochemical rankings and DTI
The immunohistochemical semi-quantitative scale [30]
was used to correlate cytology to imaging findings
(Table 5). In the IC and FX, no significant differences
were identified between the DTI measurement and any
of the 3 ranked immunohistochemical parameters at
P11. The FA in the CC was negatively correlated with
the P11 GFAP ranking (R = -0.89; p < 0.05) and

moderately correlated with the P11 Iba-1 ranking but
without statistical significance (R = -0.78). Also at P11,
the MD in the CC was moderately correlated with
GFAP but without statistical significance (R = 0.78)
and was significantly correlated with Iba-1 ranking
scale (R = 0.89, p < 0.05, Table 5).

The ventricular enlargement in the third week and
thereafter was too severe to allow for reliable imaging,

Table 5 Correlation analysis between DTl metrics and immunohistochemical ranking scores

IC Fornix cc
P11 P22/P23 P11 P22/P23 P11 P22/P23
R p R p R p R p R p R p

GFAP

FA -047 NS -0.88 <0.05* -048 NS -0.52 NS -0.89 <0.05* n/d n/d

MD 063 NS 0.79 NS -0.18 NS 0.52 NS 078 NS n/d n/d
Iba-1

FA -0.26 NS -0.88 <0.05* -045 NS -0.62 NS -0.78 NS n/d n/d

MD 0.79 NS 0.76 NS -0.24 NS 049 NS 0.89 <0.05* n/d n/d

LFB
FA n/d n/d 0.74 NS n/d n/d -0.03 NS n/d n/d n/d n/d
MD n/d n/d -0.74 NS n/d n/d -040 NS n/d n/d n/d n/d

GFAP: glial fibrillary acidic protein for astrocytes, Iba-1: ionized calcium-binding adaptor molecule for microglia, LFB: luxol fast blue for myelin. Note: * significant
correlation between DTl and immunohistochemical grading (Spearman test); 3 HCP and 2 control rats were used at P11; 3 HCP and 3 control rats were used at

P22/P23; n/d: not detectable.
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hence the histology results acquired at P22/P23 were
correlated to the DTI metrics measured between P7-
P10. The FA values in the IC were found to be signifi-
cantly correlated with GFAP and Iba-1 (p < 0.05, for
both) suggesting perhaps that radiographic evidence of
injury in this anatomic location may occur early in the
process. The correlation between FA in the IC and LFB
staining of the same area was moderate but it did not
reach statistical significance. MD values measured from
the IC were found to be moderately correlated with the
rankings of all three stains but without reaching statisti-
cal significance (Table 5).

Discussion

The goal of the present study was twofold: (1). to show
proof-of-principle for adopting DTI methods to study the
impact of obstructive HCP on the brain in a rodent
model; and (2) to evaluate the tissue integrity in the
hydrocephalic brain using DTI and correlate it with cyto-
pathology. Our results demonstrate that DTI can suc-
cessfully be used to quantify the underlying structural
abnormality as reflected in the changes of the regional
anisotropic diffusion properties in both GM and WM;
even on a sub-millimeter scale in rat brain. In addition,
these results show that the DTI findings have a positive
correlation to the histopathological changes in HCP rats.
Thus we establish that DTI parameters may be used as a
surrogate marker to evaluate cerebral tissue integrity dur-
ing the development of HCP, further supporting its use
in translational research studies in the clinical setting.

As summarized by Beaulieu et al. [6], anisotropic diffu-
sion properties are strongly influenced by the micro-
structural components within the brain. The deviation of
diffusion indices based on DTI from the normal range is
believed to be an indication of the integrity, or the lack
thereof, in various structural components, such as the
myelin sheath or axonal membrane. Neuronal degenera-
tion is often reported to be a reflection of decreased FA
accompanied by an increased MD [36,37]. Conversely,
increased FA accompanied by decreased radial diffusivity
and increased axial diffusivity is often regarded as an
indication of compression of tissue, as seen in space-
occupying lesions, such as non-invasive tumors [38]. In
clinical DTT studies of pediatric hydrocephalus, different
patterns of change in DTI indices have been described in
specific WM regions [18-21]. For example, infants with
HCP have been reported to demonstrate abnormally low
FA in the corpus callosum and abnormally high FA in
the internal capsule [20]. Similarly, older patients (>7 yrs)
also showed analogous patterns of diffusion [18]. We
speculate that multiple injury mechanisms may coexist in
the HCP patient. The clinical manifestation of injury in
HCP may depend on various factors such as the location
of the structure under study, and the intrinsic tissue
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resistance, as well as the timing and duration of HCP
during critical time points of CNS development. Among
the four WM regions of interest examined in the present
study (Tables 2 and 3), the EC in most HCP rats was
unidentifiable using DTI maps. This can be considered
an indication of severe tissue damage. Even though ana-
tomically identifiable during the preparation for immu-
nohistochemical staining, partial volume effect prevented
us from making meaningful measurements in this region
in any of the HCP rats. In the CC and the IC, significant
decreases in FA and increases in MD values were found
in rats with HCP. The FX showed similar DTI trends
even though the difference did not reach statistical signif-
icance. These group differences based on data averaged
over time (between P7 and P12) can be found as early as
P9 when the comparison was made for individual post
natal days. This may serve as preliminary evidence of the
early impact of HCP as reflected from the DTI measure-
ment. As described earlier, a decrease in FA usually indi-
cates degenerative damage in the myelin or axonal
membrane [6], a change that is regarded as less reversible
than a mere physical compression which often presents
as an increase in FA [38,39]. Combining the early timing
and the potential nature of the changes, our results
support early management in the treatment of HCP. In
the clinical setting it would translate to having a pre-
operative MRI demonstrating a significant reduction in
FA values from our standard ROIs [20,21].

DTI is seldom used to quantify the anisotropy in GM
structures. However, relatively high anisotropy has been
reported previously in the neonatal brain of both experi-
mental models and clinical studies [39-41]. In the nor-
mal individual, the elevated FA is followed by a rapid
decrease until a plateau is reached in adulthood. This
change in anisotropy is attributed to the developmental
change in neuronal proliferation/migration, apoptosis
and axonal pruning, and synaptogenesis occurring dur-
ing the postnatal period [39]. In the present study, DTI
was used to determine the anisotropic diffusion proper-
ties in three GM structures: the CX, CPu, and HC.
When comparing our data to the FA values at a corre-
sponding age reported by Bockhorst et al [39], our FA
measurements in normal rats were similar in the CX
but higher than previously reported in the HC and CPu.
In the present study, HCP rats had a significantly
reduced FA (from 0.25 to 0.17) in the CX, indicating
that the impact of HCP not only affects the adjacent
periventricular WM and the subcortical WM, but also
the GM structures that are further peripherally located
within the cranial vault.

It should be stressed that the DTI measurement is an
objective but indirect reflection of the underlying micro-
structural integrity or pathological condition under
study. As a non-invasive imaging biomarker, DTI results
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need to be examined and correlated to the histopatholo-
gical data which is regarded as the gold standard for
studying the injury mechanisms at the cellular level. In
this study, we examined GFAP immunoreactivity to
characterize the temporal-spatial changes of reactive
gliosis following HCP. Our results from GFAP stains
showed that a strong glial reaction was seen in the HCP
rats in the IC, EC, and FX at both P11 and P22/P23.
Astrocytosis was also present at P11 in the CC. The cor-
relation analysis of DTI with our GFAP ranking showed
a moderate to strong correlation in the CC at P11. Like-
wise, the microglial reaction (Iba-1) also demonstrated a
moderate to strong correlation with the DTI measure-
ments in the CC at P11. LFB staining was very weak at
P11 in control animals; this result is expected given that
these observations occurred only three days after the
initiation of myelin maturation (P7) [39,42,43]. Conse-
quently, the paucity of LFB staining in hydrocephalic
brains at P11 was difficult to interpret. At P22/P23,
even though the reduction of myelination was, as
expected, statistically significant in IC in HCP rats
(Table 4), only a moderate correlation (without statisti-
cal significance) was found between the LFB staining in
IC at P22/P23 and the DTI measurement at P7-P9
(Table 5).

In the present study, astrocytes and microglial cells
demonstrated an early and continuous response to CNS
injury in untreated HCP. The correlations between DTI
and those cellular changes reveal initial evidence for the
potential of DTI to serve as an imaging biomarker in
studying the progression of HCP.

The results presented in this study add new important
value to the field of advanced imaging in experimental
HCP. However, caution should be exercised in the inter-
pretation of the results due to the overall small sample
size. Our data do not allow for a more comprehensive ana-
lysis to evaluate the causal effect or the predicting power
of DTI1. Moreover, it is possible that partial volume effects
may have artificially increased the differences in diffusivity
measurements between the groups. Within a 1.5 mm
thick slice as used in the study, the structures examined
may have changed diffusion direction. The impact of this
potential confounding factor will be reduced by increasing
the imaging resolution using 3 D fast DTI imaging
sequence, e.g., EPI or RARE based DTI sequence. With
regard to the animal model, the current study will benefit
if the progression of ventricular enlargement can be con-
trolled and managed both in time and in the degree of
severity. We have begun experiments to address these
shortcomings. In addition, monitoring the longitudinal
changes between the pre- and post-shunting conditions
will further increase our understanding of the underlying
injury mechanisms as well as the course for recovery.
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Conclusion

The current study demonstrates that DTI is a sensitive
tool in the investigation of brain structural integrity of
the neonatal rat with hydrocephalus. Significant changes
of diffusion properties (increased diffusivity and
decreased anisotropy) occurred in the HCP rats in both
GM and WM. DTI alterations significantly correlate
with changes in astrocytosis, microgliosis, and myelina-
tion. These findings indicate that DTI is a useful ima-
ging biomarker for non-invasive investigation of tissue
injury and recovery in hydrocephalus.
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