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Target audience: Investigators who are interested in neonatal hypoxic ischemic brain injury and oscillating gradient diffusion MRI.  

Purpose: The unique ability of oscillating gradient spin-echo (OGSE) diffusion MRI (dMRI) to examine tissue microstructure at different spatial 
scales has been increasingly recognized [1-5]. While applications of the technique to neurological diseases, e.g., stroke and tumor [6-7], are emerging, 
the benefit of the additional multi-scale information remains not well understood. In this study, we used OGSE and PGSE dMRI to study brain 
injuries in a mouse model of neonatal hypoxia ischemia (HI) and traced the injury progression from 3hrs to 24hrs after the HI insult. 

Methods: In vivo OGSE experiments were performed on an 
11.7 T horizontal spectrometer with a 15 mm receive-only 
planner surface coil and 72 mm quadrature transmitter coil, 
using cosine-trapezoid oscillating gradient waveforms [4] and a 
four-segment EPI readout. Neonatal C57BL/6 mice (n=15) at 
postnatal day 10 (P10) were subjected to unilateral HI using the 
Vannucci model [8], and scanned at 3hrs and 24hrs after the 
injury. Sham mice (n=7) were scanned at the same time points. 
Pulsed gradient spin echo (PGSE, δ/∆ = 4/20 ms) and OGSE (up 
to 200 Hz) data were acquired TE/TR = 52/2000 ms, NA=4, 6 
diffusion directions, b = 600 s/mm2, resolution = 0.17 mm x 0.17 
mm x 0.80 mm. The ADC values were calibrated using a gel 
phantom placed beside the mouse brains. ∆fADC was calculated 
by linear fitting of the ADC values with gradient frequency. 
Multi-way ANOVA was performed to analyze the effects of 
gradient frequency, ipsilateral/contralateral /sham, and 3/24hr 
groups, followed by post-hoc t-tests. 

Results: The degree of brain injury was evaluated based on T2-
weighted images. Majority of the mice (n=12) showed mild 
injury in the external capsule (EC) and hippocampus at 3hrs and 
24hrs; and the others (n=3) showed severe edema in the cortex 
and hippocampus at 3hrs, which further progressed at 24hrs (Fig. 
1). The diffusion-time dependent characteristics of ADC in the 
severe injury case at 24 hrs was previously reported in [7]. In the 
mild injury group, the EC showed elevated ADC at 24hrs in both 
PGSE and OGSE results. At 3hrs, the difference between the 
ipsilateral and contralateral ADC in EC was enhanced at high 
oscillating frequencies (Fig. 2B, orange and blue solid lines). 
More interestingly, OGSE-ADC map at 200Hz revealed 
expanded hyperintense region along the external capsule (yellow 
arrows in Fig. 1), which matched the hyperintense regions in T2-
weighted images more closely than the PGSE-ADC map. This 
expanded region (green shadings in Fig. 2A, approximately lies 
in CA1 stratum oriens (CA1-so)) showed increased ∆fADC at 
3hrs and 24hrs (Fig. 2C), resulting in the enhanced lesion 
contrast at 200Hz. The ADC increased further at 24hrs and the 
∆fADC was significantly higher than that at 3hrs. Multi-way 
ANOVA showed significances across oscillating frequency and 
lateralization in both EC and CA1-so (p ≈ 0), and significance in 
post-HI time in CA1-so (p=0.004) but not in EC. ∆fADC 
increased significantly from 3hrs to 24hrs in CA1-so (p=0.008), 
but not in EC.  

Discussions and conclusions: We demonstrated that OGSE 
dMRI was able to reveal more extensive injures in mild HI injury 
than PGSE dMRI. Potential microstructural changes that could 
cause this include reactive astrogliosis with hypotrophy in astrocytes and their processes and can be observed in GFAP stained sections (Fig. 2B).  
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Fig. 2 PGSE and OGSE ADCs of the ipsilateral and contralateral EC (B) and CA1-so 
(C) ROIs (as defined in A). Red and black stars indicate significant differences 
(p<0.01) between ipsilateral and contralateral sides at 3hrs and 24hrs, respectively. 
Blue and red stars indicate significant differences (p<0.01) between 3hrs and 24hrs 
ADC in the ipsilateral and contralateral sides, respectively. (D) GFAP staining of one 
mild injury mouse showing astrocytes hypotrophy. 

Fig. 1 Two types of neonatal brain injury at 3hrs and 24hrs post-HI, as revealed 
from the T2-weighted images, PGSE and OGSE ADC maps, and the ∆fADC maps. 
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