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Abstract

Purpose—We investigated whether oscillating gradient diffusion MRI (dMRI) can provide

information on brain microstructural changes after formaldehyde fixation and after hypoxic-

ischemic (HI) injury beyond that provided by conventional dMRI.

Methods—Pulsed gradient spin echo (PGSE) and oscillating gradient spin echo (OGSE) dMRI

of the adult mouse brain was performed in vivo (50-200 Hz, b = 600 mm2/s), and a similar

protocol was applied to neonatal mouse brains at 24 hours after unilateral hypoxia-ischemia.

Animals were perfusion fixed with 4% paraformaldehyde for ex vivo dMRI and histology.

Results—Apparent diffusion coefficients (ADCs) measured in the live adult mouse brain

presented tissue-dependent frequency-dependence. In vivo OGSE-ADC maps at high oscillating

frequencies (>100Hz) showed clear contrast between the molecular layer and granule cell layer in

the adult mouse cerebellum. Formaldehyde fixation significantly altered the temporal diffusion

spectra in several brain regions. In neonatal mouse brains with HI injury, in vivo ADC

measurements from edema regions showed diminished edema contrasts at 200 Hz compared to the

PGSE results. Histology showed severe tissue swelling and necrosis in the edema regions.

Conclusion—The results demonstrate the unique ability of OGSE-dMRI in delineating tissue

microstructures at different spatial scales.
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INTRODUCTION

Diffusion MRI (dMRI) utilizes the diffusion of water molecules to exam brain

microstructure and is an important tool to visualize brain structures and a wide spectrum of

pathologies. Information on the extent of water molecule diffusion in the labyrinth of tissue

microstructures is encoded into dMRI signals by diffusion sensitizing gradients (1). By

varying the orientation, strength, and timing of the diffusion sensitizing gradients, many

aspects of tissue microstructural organization can be extracted from the collected dMRI

signals. Advanced dMRI techniques, e.g., high angular resolution diffusion imaging

(HARDI) (2,3) and diffusion spectrum imaging (DSI) (4), use sophisticated diffusion

encoding schemes with multiple gradient orientations and strengths to reveal the structural

organization and connectivity in the brain.

The timing of the diffusion sensitizing gradients, especially the diffusion time, can also be

used to explore tissue microstructural properties. The concept of diffusion time dependent

dMRI was introduced more than two decades ago (5), and several reports demonstrated

diffusion time dependence of dMRI signals in biological tissues (6-9). In order to overcome

the limited minimum diffusion time (> 5 ms) in conventional pulsed gradient spin echo

(PGSE) methods, oscillating gradient spin echo (OGSE) method was developed to achieve

ultra-short diffusion times using high frequency oscillating gradient waveforms (10-14). In

fact, OGSE dMRI is a unique tool to measure the so-called temporal diffusion spectrum,

which is the Fourier transform of water molecule velocity autocorrelation function (5,15).

The relationship between temporal diffusion spectrum and microstructural properties, such

as cell size and membrane permeability, has been studied using numerical simulation

(16-18) as well as in phantoms (10,19,20) and animals (11,21). Applications of OGSE dMRI

to study tissue microstructure in normal (22-27) and diseased brains (28,29) showed

promising results. Recently, the feasibility of performing OGSE-dMRI experiments on

clinical scanners with limited gradient strengths has been demonstrated, and increased

ADCs with oscillating frequency was reported in several white and gray matter structures in

the human brain (30,31).

In this study, we further investigated whether OGSE dMRI could provide additional

information on brain microstructural changes after formaldehyde fixation and after hypoxic-

ischemic injury in the mouse brain. Previous PGSE-dMRI based studies showed significant

differences between in vivo and ex vivo ADC values in the brain, as death and chemical

fixation can alter tissue microstructural properties, for instance, membrane permeability and

relative sizes of tissue compartments (32,33). Similarly, microstructural changes in the brain

after hypoxia-ischemia, including swelling of cell bodies and processes, have also been

studied (34-36), and such changes may be the underling causes of the dramatic reduction in

ADC after acute HI injury (37-39). Understanding how these microstructural changes affect
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OGSE-dMRI signals and temporal diffusion spectra will extend our knowledge on the

relationships between tissue microstructures and dMRI signals.

METHODS

Animals and experimental setup

In this study, we used five adult C57BL/6 mice (six-month old, female) and 23 postnatal day

10 (P10) C57BL/6 mouse pups (Jackson Laboratory, Bar Harbor, ME, USA). The P10

mouse pups were subjected to hypoxia-ischemia (HI) using the Vannucci model adapted for

neonatal mice as described previously (unilateral ligation of the right carotid artery followed

by 45 minutes of hypoxia, FiO2=0.08) (40,41). After imaging experiments, mice were

sacrificed via transcardially perfusion and fixation with 4% paraformaldehyde (PFA) in

phosphate buffered saline (PBS) The mouse heads were then removed and immersed in 4%

PFA in PBS for 24 hours to ensure proper fixation. The samples were then washed in PBS

and stored at 4 °C in PBS for one week before ex vivo MRI. All animal procedures were

approved by the Animal Use and Care Committee at the Johns Hopkins University School

of Medicine.

Pulse sequences

A PGSE echo planer imaging (EPI) sequence was used to acquire the baseline PGSE MRI

data. For the OGSE experiments, the gradient pulses in the PGSE-EPI sequence were

replaced by the apodized cosine (11) and cosine-trapezoid (31) oscillating gradient

waveforms. In these waveforms, an oscillating period refers to a full cosine period, and only

integral numbers of periods were used in this study. The effective b-values of the three

sequences were calculated by numerical integration of following equation.

Equation 1

The calculation of effective b-values was validated using an agarose gel (4% by weight)

phantom with a b-value of 600 s/mm2. No statistical difference in ADC measurements was

found among the PGSE, apodized cosine, and cosine-trapezoid OGSE at 50 Hz to 200 Hz.

In vivo MRI of the adult and neonatal mouse brain

In vivo MRI experiments were performed on a horizontal 11.7 Tesla Bruker scanner (Bruker

Biospin, Billerica, MA, USA) with a B-GA 9S gradient system (maximum gradient strength

= 740 mT/m, maximum slew rate = 6,600 T/m/s). During imaging, mice were anesthetized

with isoflurane (1%) together with air and oxygen mixed at 3:1 ratio via a vaporizer. Two

4% agarose gel phantoms were placed on both sides of the brain for calibration. OGSE-

dMRI was acquired using the cosine-trapezoid oscillating gradient waveform and 4-segment

multi-slice EPI readout with a partial Fourier factor of 1.32 and respiration triggering. The

maximum gradient and slew rate used at 200 Hz were 455 mT/m and 3,640 T/m/s per

channel.

OGSE-dMRI of the adult mouse forebrain was performed using a 72 mm volume transmit

coil and a 15 mm planar surface receive coil with the following parameters: echo time (TE)/
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repetition time (TR) = 57.5/5000 ms; four signal average; diffusion gradient length (δ) = 20

ms; number of oscillating periods (N) = 1, 2, 3, 4 for oscillating frequencies of 50Hz,

100Hz, 150Hz and 200Hz, respectively; b-value = 600 s/mm2; two non-diffusion weighted

images (b0 images) and six diffusion weighted images (gradient directions: [1/1/0], [1/0/1],

[0/1/1], [−1/1/0], [1/0/−1], [0/−1/1]); 0.125×0.125 mm2 in-plane resolution with a field of

view (FOV) of 16×16 mm2; eight 0.8 mm thick coronal slices; scan time ≈ 11 minutes for

each oscillating frequency.

OGSE-dMRI of the HI-injured neonatal mouse brain was performed at 24 hours after

hypoxic ischemic injury (P11) using a 72 mm volume transmit coil and a 10 mm planar

surface receive coil with the same parameters as used for the adult mouse forebrain except:

TE/TR = 52/2000 ms; in-plane resolution = 0.17×0.17 mm2; scan time ≈ 5 minutes for each

oscillating frequency.

The mouse cerebellum was imaged using a quadrature surface transmit/receive cryogenic

probe (42) with slightly different parameters: TE/TR = 44/2000 ms; eight signal average; δ =

15 ms; N = 2, 3, 4 for oscillating frequencies of 100Hz, 150Hz, and 200Hz, respectively; b-

value = 600 s/mm2; two b0 images and ten diffusion weighted images (the six directions

listed previously plus [1/1/1], [−1/1/1], [1/−1/1], [1/1/−1]); 0.1×0.1 mm2 in-plane resolution

with a FOV of 12.8×9.6 mm2; six 0.6 mm thick sagittal slices; scan time ≈ 13 minutes for

each oscillating frequency.

PGSE data were acquired with the same parameters (including TE and TR) as the

corresponding OGSE data, except δ/diffusion separation (Δ) = 4/20 ms. Co-registered T2-

weighted images were acquired using a fast spin echo sequence with TE/TR = 50/3000 ms,

two signal averages, and echo train length = 8. The signal-to-noise ratios (SNRs), calculated

as the ratio between the mean signal intensity of the specified region and standard deviation

of the background noise in the b0 images, were greater than 50 in the cortex for both OGSE

and PGSE experiments.

Ex vivo MRI

Ex vivo dMRI of the same adult and P11 mouse brains was performed on a vertical 17.6

Tesla NMR spectrometer (Bruker Biospin, Billerica, MA, USA) with a Micro2.5 gradient

system (maximum gradient strength = 1500 mT/m) and a 15 mm diameter transceiver

volume coil. During MRI, the specimens were immersed in fomblin (Fomblin

Perfluoropolyether, Solvay Solexis, Thorofare, NJ, USA) for susceptibility matching and to

prevent dehydration. The temperature of the specimens was maintained at 37 °C via the

spectrometer’s temperature control system. The same imaging protocol as the in vivo MRI

was used, except that a higher b-value (800 s/mm2) was used to compensate for the reduced

ADC in the ex vivo brains. The SNR measured in the cortex were greater than 70 for both

OGSE and PGSE experiments.

Data analysis

The ADC maps were calculated by averaging the diffusion coefficients from the all

diffusion directions with ADC = −ln(S/S0)/(b-b0). ADC values from in vivo experiments
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were corrected based on the ADCs of the agarose gel phantoms. The rate of ADC increase

with oscillating frequency (ΔfADC) was calculated by the linear fitting in Matlab

(www.mathworks.com). The regions of interest (ROIs) were manually defined using

ROIEditor (www.mristudio.org) for quantitative analysis. In the HI-injured neonatal mouse

brains, ROIs were placed in the core of cortical and hippocampal edema defined by reduced

PGSE-ADC values and matching locations on the contralateral side, based on which the

group mean and inter-subject standard deviation were determined. Paired two-tailed

Student’s t-tests were performed between the in vivo and ex vivo measurements from the

adult mouse brains (n=5), and between the ipsilateral and contralateral regions in the

neonatal HI mouse brains (n=6) using Microsoft Excel.

Tissue processing and histopathology

Perfusion fixed mouse brains were removed from skulls and cryo-protected in 30% sucrose.

The brains were cut serially on a sliding microtome at a thickness of 80 microns. Every 10th

section was stained with cresyl-violet and adjacent sections were stained with hematoxylin

and eosin (H&E). Near-adjacent sections were stained immunohistochemically for glial

fibrillary and acidic protein (GFAP). An immunoperoxidase method was used with a

polyclonal rabbit antibody (Dako, Carpinteria, CA) to GFAP at a dilution of 1:2000.

Immunoreactivity was visualized using affinity purified goat anti-rabbit secondary antibody,

rabbit peroxidase-antiperoxidase, and diaminobenzedine as chromogen. The histological

slides were imaged with a Nikon microscope (Nikon Instruments Inc., Melville, NY, USA)

and a ProgRes C14 Plus digital camera (Jenoptik, Rochester, NY).

RESULTS

Formaldehyde fixation altered the temporal diffusion spectra in the adult mouse brain

Both in vivo and ex vivo OGSE-dMRI of the adult mouse brain showed frequency-

dependent ADC changes (Fig. 1). In the cortex and hippocampus, the rates at which the in

vivo ADC values increased with frequencies (ΔfADC) were 0.33 ± 0.05 μm2 and 0.38 ±

0.05 μm2, respectively (Table 1). In comparison, ex vivo PGSE-ADC values measured in the

same regions were significantly reduced. With increasing frequency, the ex vivo OGSE-

ADC values in the cortex and hippocampus increased more rapidly than the in vivo

measurements, and the corresponding ΔfADC values (Table 1) were significantly higher

than the in vivo estimates (p = 8.85 ×10−7 and p = 2.57 ×10−6). As a result, the differences

between in vivo and ex vivo OGSE-ADC values gradually decreased in the cortex (Fig. 1B)

and hippocampus (Fig. 1C) with increasing frequency.

In the mouse cerebellum, we also found considerable differences between the in vivo and ex

vivo temporal diffusion spectra. The in vivo ADC values in the cerebellar granule cell layer

(CBGr) and cerebellar molecular layer (CBML) were significantly higher (1.5-2 times) than

the ex vivo ADC values in PGSE and OGSE up to 200 Hz (Fig. 2A-B). The in vivo ΔfADC

of the CBGr (3.46 ± 0.21 μm2) was significantly higher than the ex vivo values (2.21 ± 0.20

μm2, p = 1.11×10−5, Fig. 2C). No significant difference was found between the in vivo and

ex vivo ΔfADC values in the CBML (p = 0.32, Fig. 2C). These differences resulted in
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different contrasts between CBGr and CBML in the in vivo and ex vivo ADC maps over the

0-200 Hz frequency range (Fig. 2A).

Pseudo-normalization of OGSE-ADC values observed in severe edema regions after
neonatal HI injury

Among the twenty-three neonatal mice that underwent right carotid artery ligation and

hypoxia, six mice (three males and three females) developed extensive cortical and

hippocampal edema on the ligated side at 24 hours after injury. The other mice either

exhibited no MRI-visible injury or mild injury in regions other than the cortex and

hippocampus. The extensive edema in the six mice was marked by reduced PGSE-ADC and

hyper-intense T2 signals (Fig. 3). The PGSE-ADCs in the ipsilateral cortex and

hippocampus were reduced by 51.9 ± 5.4% and 42.3 ± 8.7% with respect to the contralateral

side, respectively (Fig. 4B-C, Table 2). As frequency increases, the contrast between the

edema regions and neighboring regions gradually decreased in the OGSE-ADC maps

compared to the PGSE results. The pseudo-normalization of OGSE-ADC values in the

edema region was the result of rapid increase in OGSE-ADC values with increasing

frequency (Fig. 4). For example, the ΔfADC values were elevated by 4.5 times in the

ipsilateral cortex compared to its contralateral counterpart, and 3.7 times in hippocampus

(Table 2). At 200 Hz, the ipsilateral ADC values became statistically undistinguishable from

the contralateral side (Fig. 4B-C). Within the hippocampus, two layer structures (Region 1

and 2 (R1/R2) as defined in Fig. 3) were enhanced in the OGSE-ADC maps at 100-200 Hz

and in the ΔfADC map.

Ex vivo dMRI on the same neonatal mouse brains after 4% PFA fixation disclosed large

variations in ADC values in the ipsilateral cortex and hippocampus, as indicated by the blue

and orange arrows in Fig. 3. Despite the large variability in ex vivo ADC values, the ΔfADC

values measured in the ipsilateral cortical and hippocampal lesions remained fairly

consistent (1.35 ± 0.08 μm2), which were significantly higher than those in the contralateral

cortex and hippocampus (1.02 ± 0.13 μm2, p = 0.002, more details can be found in

supplemental table 1). Ex vivo ADC measurements in the contralateral brain were

consistent, which also had elevated ΔfADC values but at a lesser degree compared to that in

the edema regions (Fig. 4A-C).

A histological survey of H&E-stained sections revealed severe tissue swelling in the

hippocampus (Fig. 5A-B) and cerebral cortex (Fig. 5C-D) at 24hrs of recovery in the P11

mouse brains. In the hippocampus, the CA1 region in HI mice showed discrete expansion of

several layers, including the stratum oriens (so), stratum radiatum (sr), and stratum

lacunosum-moleculare (slm) (Fig. 5A-B). The slm appeared to have the most severe injury

in hippocampus at 24hrs after HI (compare the length of the identified arrows, Fig. 5A-B).

Edema was also present in the somatosensory cortex. The damaged zone showed a clear

pallor of staining compared to the nearby normal appearing cortical parenchyma (Fig. 5C-

D). Cortical swelling was evident by comparing the width between the pial surface and the

subcortical white matter (marked by black lines in Fig. 5C-D). GFAP immunostaining

revealed activation of astrocytes in hippocampus at 24hrs after HI compared to controls
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(Fig. 5E-H). Injured astrocytic processes in HI hippocampus were swollen and appeared

fragmented in some instances.

DISCUSSION

An appealing feature of OGSE-dMRI is its potential to filter dMRI signals based on the

sizes of underlying microstructural barriers and thereby provide an additional perspective on

tissue microstructural organization and integrity. To better understand the capability of

OGSE-dMRI, it is important to examine perturbations in temporal diffusion spectra in

response to tissue microstructural changes, especially under pathological conditions. In this

study, a relatively small portion of the temporal diffusion spectrum was measured in the

mouse brain, from 0 Hz (PGSE) to 200 Hz with a spectral resolution of 50 Hz. We measured

changes in temporal diffusion spectra using absolute ADC values and ΔfADC, which was

simply the slope of ADC increase as the frequency increased from 0 Hz to 200 Hz. The

effective diffusion times in this study ranged from 20 ms (PGSE) down to 1.25 ms (OGSE at

200 Hz), during which the mean square distances of water molecule diffusion fell from 11

μm to 2.7 μm (calculated based on the free water diffusion constant of 3 × 10−3 mm2/s at

body temperature (43)). These distances approximate those at the cellular and subcellular

level, e.g., the nucleus, and in pathological settings where mitochondrial diameter can

approach 5 μm (44,45). Based on the results of previous phantom experiments (10) and

simulations (17), this limited frequency span and resolution will only allow us to examine

microstructures within a certain range of spatial scales, with reduced sensitivity for

microstructures outside this range. The observed temporal diffusion spectra of CBGr and

CBML exemplify this property (Fig. 2). The CBML consists of a large number of parallel

fibers with diameters approximately 0.2-0.3 μm (46), which is an order of magnitude smaller

than the mean square distance of free water diffusion at 200 Hz. This may explain why ADC

values in the CBML showed little change from 0 to 200 Hz and little change in ΔfADC

values after fixation. In comparison, the CBGr contains densely packed granule cells (5-10

μm in diameter) (47), and there were moderate increases of ADC with increasing frequency

and significant differences between its ΔfADC values measured in vivo and ex vivo (Fig.

2B-C).

Comparisons between in vivo and ex vivo OGSE dMRI data demonstrated that

formaldehyde fixation significantly alters the temporal diffusion spectra in biological

tissues. The slightly higher b-value used in the ex vivo experiments (800 s/mm2) than the in

vivo experiments (600 s/mm2) should not introduce significant biases in ADC estimates as

the signal decays at these b-values were mostly mono-exponential in both PGSE and OGSE

experiments (25). The reductions in PGSE-ADCs in formaldehyde fixed mouse cortex and

hippocampus are consistent with previous reports (32,33). Narrowing of the gaps between in

vivo and ex vivo ADCs as frequency increased and increases in ΔfADCs in cortex and

hippocampus (Fig. 1 and Table 1) are also similar to findings by Does et al. (11) in rat brains

after global ischemia in the frequency range of 0-500 Hz.

Structural changes that potentially contribute to these changes are multifold, including

changes in surface-to-volume ratio, compartment size and diffusivity, cell membrane

permeability, and nuclear-to-cell ratio (16,19,20). A previous report on the effects of tissue
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fixation on diffusion properties of rat brain slices (32) showed increased intracellular

apparent restriction size, likely due to cell swelling (48), after fixation with 4%

formaldehyde. According to numerical simulations based on a tissue model of densely

packed cells (16), an increase in cell size will lead to increased ΔfADC, which agrees with

our observations in the cortex and hippocampus (Fig. 1 and Table 1). As the differences

between in vivo and ex vivo OGSE-ADC values remained significant at 200 Hz, additional

microstructural changes may exist at the subcellular or lower levels. Previously, we showed

that, in ex vivo mouse brains, the CBGr and several other regions with densely populated

neuronal cell bodies had significantly higher ΔfADC than other regions (22). In this study,

high-resolution in vivo images of the mouse cerebellum also showed a frequency dependent

contrast between CBML and CBGr (Fig. 2). It is not clear what caused the drop in ΔfADC

by 36% in the CBGr after death and tissue fixation.

Microstructural changes under pathological conditions can provide additional insights into

the sensitivity of OGSE-dMRI to tissue microstructures. Previous studies in cat brains after

middle cerebral artery occlusion showed no diffusion time dependence in ADC for diffusion

times from 20 ms to 2 s (49). In the neonatal mouse model of unilateral hypoxic-ischemia

(29,40), we found significant diffusion time dependence at diffusion times from 1.25 ms to

20 ms. The pseudo-normalization of OGSE-ADC values in the edema region agree with a

recent human acute stroke study by Baron et al (50), in which the authors related their

findings to white matter beading and swelling. The phenomenon suggests that the

microstructural changes associated with the decrease in PGSE-ADC are mostly at the

cellular or subcellular level (> 2 μm), e.g., swelling of cells, as suggested by previous reports

(37) and consistent with our histological assessments.

As discussed above, multiple microstructural changes can lead to the change in temporal

diffusion spectra in the edema regions. It is known that, in cytotoxic edema shortly after

hypoxic-ischemia, energy failure of the ion channels causes an influx of water from

extracellular space to the intracellular space (54). The expansion of the affected cortex and

hippocampal layers, which resulted from tissue swelling as shown in our histological data,

was likely an important factor accounting for the drop in PGSE-ADC and increases in

ΔfADC. We also found severe necrosis in the ipsilateral cortex and hippocampus, including

break down of the nuclei and cellular organelles, which may also explain the elevated

ΔfADC values as the intracellular environment became less restrictive. The locations of the

two layer structures in the hippocampus highlighted in the 200 Hz OGSE-ADC maps

(R1/R2 in Fig. 3) correlated with the hippocampal pyramidal cell layer, the granule cell

layer in the dentate gyrus, and their extended dendritic arborization in neighboring regions.

The fact that the two regions showed higher OGSE-ADC values than the contralateral side

at 200 Hz suggests there were microstructural changes at subcellular or finer levels.

CONCLUSION

In summary, we found that formaldehyde fixation can significantly alter the temporal

diffusion spectra in the mouse brain. The tissue contrast between CBGr and CBML in post-

mortem mouse cerebellum could be reproduced in live animals. In the neonatal mouse brain

with hypoxic ischemic injury, pseudo-normalization of OGSE-ADCs in the edema regions
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suggest that the microstructural changes associated with the decrease in PGSE-ADC are

mostly at the cellular or subcellular level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Comparisons of in vivo and ex vivo ADC maps of the adult mouse brain acquired using

pulsed gradient spin echo (PGSE) and oscillating gradient spin echo (OGSE) methods. A:

Axial T2-weighted, PGSE-ADC, and OGSE-ADC (at 100 and 200 Hz) images of a

representative adult mouse brain. The blue and red shadings indicate the regions of interest

that are manually placed to obtain ADC values in the cortex and hippocampus, respectively.

B-C: Plots of in vivo ADC (solid lines) and ex vivo ADC (dashed lines) values measured in

the cortex and hippocampus at different frequencies (n = 5). Error bars indicate the inter-

subject standard deviation. * and ** denote that a two-tailed t-test between the in vivo and

ex vivo measurements produced a p-value less than 0.01 and 0.001, respectively.
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Fig. 2.
Frequency-dependent tissue contrast in the adult mouse cerebellum. A: Para-sagittal (0.6

mm off the midline) T2-weighted, PGSE-ADC, OGSE-ADC, and fitted ΔfADC images of

the in vivo and ex vivo mouse cerebellum. The orange lines indicate the location of the

cerebellar molecular layer (CBML), and the blue lines indicate the location of the cerebellar

granule cell layer (CBGr). B: Plots of in vivo and ex vivo ADC values measured in the

CBGr and CBML at different frequencies (n = 5). C: Comparison of the in vivo and ex vivo

ΔfADC values in the CBGr and CBML (n = 5). Error bars indicate the inter-subject standard

deviation. * and ** denote that a two-tailed t-test between the in vivo and ex vivo

measurements produced a p-value less than 0.05 and 0.001, respectively.
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Fig. 3.
Representative MR images of three (out of six) P11 mice with severe edema in the cortex

and hippocampus. Axial T2-weighted, PGSE-ADC, OGSE-ADC (at 100 and 200 Hz), and

ΔfADC maps were shown. Both in vivo and ex vivo MR images were displayed. The blue

and orange arrows indicate high signal variations in the ipsilateral cortical and hippocampal

regions of ex vivo specimens, respectively. The yellow arrows indicate two layers (R1/R2)

in the ipsilateral hippocampus that were enhanced at 200 Hz. Definitions of the cortical,

hippocampal and R1/R2 ROIs were superimposed on the enlarged ΔfADC map of the

injured hemisphere.
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Fig. 4.
Changes in ADC with frequency in the cortex, hippocampus, and the joint regions of the R1

and R2 (R1/R2). The ΔfADC values in the edema regions were significantly higher than

both in vivo and ex vivo ΔfADC values measured in the contralateral regions. Error bars

indicate the inter-subject standard deviation. The ex vivo ADC values from the ipsilateral

side were not included due to large variations (supplemental table 1). * and ** denote that a

two-tailed t-test between the ipsilateral and contralateral measurements produced a p-value

less than 0.01 and 0.001, respectively.
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Fig. 5.
H&E and GFAP stained histological sections of the contralateral (control) and ipsilateral

(HI) sides of a representative HI injured P11 mouse brain. A-B): In the HI hemisphere (B),

severe tissue swelling was found in the hippocampus, with increases in the thickness of the

stratum oriens (so), stratum radiatum (sr), and stratum lacunosum/moleculare (slm). Scale

bar (in A) = 77 μm (same for B). C-D): Tissue swelling was evident in the cerebral cortex

after HI. The dashed arrows indicate the boundary of necrotic region, and the black lines in

the pial surface and subcortical white matter indicate the width of cortex. Scale bar (in C) =

77 μm (same for D). E-F: Astrocytic GFAP immunoreactivity (brown staining) was

diminished in the HI hippocampus (F) compared to control hippocampus (E). Scale bars (E,

F) = 117 μm. G-H: Higher magnification images show normal astrocytes in control

hippocampus (G) and fragmented astrocytes in the hippocampus of HI brain (H). Scale bars

= 50 μm.

Wu et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Wu et al. Page 17

Table 1

In vivo and ex vivo ADC measurements (n=5) of the adult mouse cortex and hippocampus. Data are presented

as group mean ± inter-subject standard deviation.

ADC(μm2/ms)
Cortex Hippocampus

In vivo Ex vivo In vivo Ex vivo

PGSE 0.62±0.02** 0.50±0.01 0.64±0.01** 0.53±0.02

50Hz 0.64±0.02** 0.57±0.02 0.65±0.01** 0.56±0.03

100Hz 0.65±0.02 0.62±0.01 0.67±0.01** 0.60±0.02

150Hz 0.66±0.02 0.65±0.01 0.69±0.01* 0.63±0.02

200Hz 0.69±0.02 0.68±0.02 0.72±0.02* 0.66±0.03

ΔfADC(μm2) 0.33±0.05** 0.87±0.08 0.38±0.05** 0.66±0.06

Note: * and ** denote that a two-tailed paired t-test between the in vivo and ex vivo measurements produced a p-value less than 0.01 and 0.001,
respectively.
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Table 2

In vivo ADC measurements measured from five P11 mice at 24 hours after hypoxia-ischemia in the cortex,

hippocampus, and the two layers of the hippocampus (R1 / R2 as indicated in Fig. C) of the ipsilateral and

contralateral hemispheres. Data are shown as group mean ± inter-subject standard deviation.

ADC
(μm2/ms)

Cortex Hippocampus R1/R2

Ipsilateral Contralater
al Ipsilateral Contralater

al Ipsilateral Contralate
ral

PGSE 0.33±0.04** 0.68±0.03 0.39±0.06** 0.68±0.07 0.50±0.07** 0.67±0.06

50Hz 0.41±0.07** 0.68±0.09 0.46±0.06** 0.68±0.06 0.63±0.10 0.70±0.09

100Hz 0.50±0.10** 0.71±0.10 0.54±0.08* 0.70±0.09 0.76±0.12 0.72±0.12

150Hz 0.60±0.11* 0.74±0.10 0.63±0.10 0.73±0.07 0.84±0.10* 0.77±0.10

200Hz 0.72±0.08 0.76±0.06 0.68±0.04 0.76±0.05 0.90±0.11** 0.75±0.09

ΔfADC(μm2) 1.93±0.36** 0.43±0.24 1.51±0.23** 0.41±0.32 2.05±0.43** 0.44±0.22

Note: * and ** denote that a two-tailed paired t-test between the ipsilateral and contralateral values produced a p-value less than 0.01 and 0.001,
respectively.
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