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Abstract 

Structural and functional deficits in the hippocampus are a prominent feature of 

moderate-severe traumatic brain injury (TBI). In this work, we investigated the 

potential of Quantitative Susceptibility Imaging (QSM) to reveal the temporal changes 

in myelin integrity in a mouse model of concussion (mild TBI). We employed a cross-

sectional design wherein we assigned 43 mice to cohorts undergoing either a 

concussive impact or a sham procedure, with QSM imaging at day 2, 7, or 14 post-

injury, followed by Luxol Fast Blue (LFB) myelin staining to assess the structural 

integrity of hippocampal white matter (WM). We assessed spatial learning in the mice 

using the Active Place Avoidance Test (APA), recording their ability to use visual cues 

to locate and avoid zone-dependent mild electrical shocks. QSM and LFB staining 

indicated changes in the stratum lacunosum-molecular layer of the hippocampus in the 

concussion groups, suggesting impairment of this key relay between the entorhinal 

cortex and the CA1 regions. These imaging and histology findings were consistent with 

demyelination, namely increased magnetic susceptibility to MR imaging and decreased 

LFB staining. In the APA test, sham animals showed fewer entries into the shock zone 

compared to the concussed cohort. Thus, we present radiological, histological, and 

behavioral findings that concussion can induce significant and alterations in 

hippocampal integrity and function that evolve over time after the injury.  

Keywords: quantitative susceptibility mapping; multi-compartment modelling; 

concussion 
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Introduction 

Concussion, also known as mild traumatic brain injury (mTBI), is the most common 

form of TBI, with an estimated incidence of 600 cases/100,000 population per year.
1
 While 

considered a mild injury, many individuals suffer post-concussion symptoms
2,3

 that can 

persist  for weeks following the impact, potentially leading to long-term neuroradiological 

defects and cognitive impairments.
4
 Indeed, the outcome of concussion is highly variable 

with respect to the severity and duration of such symptoms, and presents difficulties in 

obtaining objective imaging-based endpoints that might guide individual patient 

management.
5,6

 

Routine structural imaging findings in concussion are often unremarkable, although a number 

of studies have shown subtle changes in the brain.
7
 More advanced imaging methods, such as 

diffusion tensor imaging (DTI) of white matter (WM) integrity have provided more specific 

information on the sequelae of concussion,
8–14

 although results have been contradictory and 

the patterns of changes are time-dependent.
15

 Indeed, previous magnetic resonance imaging 

(MRI) findings in rodent models of TBI have emphasized the compromised WM integrity in 

the aftermath of TBI.
16,17

 In contrast, our previous studies in a mouse model of 

concussion
18,19

 showed the preponderance of imaging findings after a single impact we 

present in the grey matter (GM).
18

 Quantitative susceptibility mapping (QSM) is another 

advanced MRI technique, which takes advantage of the magnetic properties of tissue 

inducing distinct changes in the signal phase, from which the magnetic properties of tissue at 

the voxel-level are inferred.
20

 QSM has been applied in studies of myelin breakdown, myelin 

debris degradation and removal, and iron accumulation in multiple sclerosis,
21

 the 

demyelination and remyelination process in a cuprizone mouse model,
22,23

 and thalamic 

calcium influx in a repeated mild TBI model.
24

 Given the inherent myelin-sensitivity of 

QSM, we aimed to employ it to test for effects of concussion on myelin integrity in mouse 

brain. We also undertook histological assessment of myelin staining and tested spatial 

learning for correlation with the QSM results.  

Experimental procedures 

Details of study design, concussion procedure, animal handling, structural MRI 

acquisitions and image processing are as described in our earlier publication;
18

 relevant 

details are mentioned here for the readers’ convenience. 
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Study design and concussion procedure 

This is a cross-sectional study which included 43 male mice aged 13.2  1.4 weeks at 

the time of sham or verum concussion. Mice were divided into four cohorts: Sham at days 2 

(n = 6), 7 (n = 3) and 14 (n = 5), and post-concussion (CON) days 2 (n = 9), 7 (n = 10), and 

14 (n = 10). On day 0, all CON mice were exposed to a concussive impact using our impactor 

device (see our earlier study
19

 for detailed description). In brief, we anaesthetized the animals 

with 3% isoflurane in 60% air and 40% O2, and then restrained them on their backs with 

Velcro straps across their chest and abdomen, with the rostral restraint just below the axilla. 

We positioned the body on a non-slip pad at a 45 degrees incline, with the head placed over a 

hole through which a brass piston could deliver the impact. The sham animals underwent 

exactly the same procedure, but did not receive an impact. 

At days 2, 7, or 14, depending on the cohort, mice underwent behavioral assessment and MRI 

scanning. No animals met our exclusion criteria of obvious brain injuries or structural 

abnormalities on T2-weighted MRI, including areas of obvious hyper- or hypo-intensity and 

tissue loss. All experiments were approved by the Institutional Animal Ethics Committee at 

the University of Queensland (Animal Ethics Committee approval number QBI/260/17). Data 

from this study are available upon reasonable request to the corresponding author. 

Active Placement Avoidance (APA) test 

On the day prior to the MRI scan, the animals were acclimated for two minutes in the 

APA trial room for habituation to experimenter’s handling. Next, we placed the animals in 

the APA rig for a 10-minutes habituation trial without electric shocks. Long-term memory 

paradigm for APA trials commonly involve multiple daily trials extending over several 

days.
25

 In this injury model, the animals would have had to acquire and recall spatial memory 

while undergoing dynamic changes and recovery from the concussion injury, which would 

confound the interpretation of results.  Furthermore, spatial learning is  known to induce 

rsfMRI changes,
26

 such that longitudinal results would entail a mixture of learning/memory 

and injury effects. The APA trial we used in this study is analogous to cognitive/memory 

clinical tests as applied in concussion patients.
27

 

On the day of the MRI scan, some of the mice (n = 7 for the entire sham cohort and n = 5 for 

each of the three CON cohorts) were tested for short-term memory using a single 30-minutes 

APA trial, following a published protocol.
25

 In brief, we placed four different visual cues on 

the room walls and adjusted the ambient illumination to 70 lux. The APA arena (a 77 cm 
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diameter, 32 cm-high transparent circular boundary) rotated counter-clockwise (1 rpm), and 

the area floor delivered a brief foot shock using a constant current source (500 ms, 60 Hz, 0.5 

mA) when the animal was detected to enter a shock zone (60
o
 arc about  the centre of the 

rotating arena). We placed the animals were in the quadrant opposite to the shock zone at the 

start of the trial. The animals were tracked using Tracker software (Bio-Signal Group, NY, 

USA), which recorded the number of entries into the shock zone in intervals of five minutes 

as an index of the APA test performance. After the APA trial, the mice were anesthetized as 

above for MRI scanning. 

MRI experiments 

Animal handling 

Anesthesia was induced using 3% isoflurane in 60% air and 40% O2 delivered at 

1L/min, with maintenance anesthesia at 2–2.5% during the procedure, which took around 30 

min. Each mouse was positioned on an MRI-compatible cradle (Bruker Biospin, Germany) 

with ear bars and bite bars to reduce head motion. We inserted and fixed an intraperitoneal 

(i.p.) catheter for delivery of the α2 adrenergic receptor agonist medetomidine (Domitor, 

Pfizer, USA). For sedation, we administered an i.p. bolus of 0.05 mg/kg medetomidine, with 

maintenance by continuous infusion at a rate of 0.1 mg/kg/h. Once the animal was inside the 

MRI scanner, isoflurane was reduced gradually to approximately 0.25%. The total time under 

anesthesia for each animal was approximately 2.5 hours. At the end of the scanning session, 

1.25 mg/kg atipemazole (Antisedan, Pfizer, USA) was given i.p. for medetomidine reversal. 

The anesthesia protocol was derived from our earlier resting-state functional MRI study in 

mice.
28

 

Structural MRI scans 

MRI scans were performed on a 9.4 T MRI scanner (Bruker Biospin, Germany) 

equipped with a cryogenically cooled transmit and receive coil, controlled by a console 

running Paravision 6.0.1 (Bruker Biospin, Germany). Structural imaging data was acquired 

using a 2D T2-weighted (T2w) turbo rapid acquisition with refocused echoes (TurboRARE) 

sequence with the following parameters: matrix size = 192  192, field of view (FOV) = 19.2 

 19.2 mm
2
, number of contiguous slices = 52, and slice thickness = 0.3 mm; giving an 
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effective spatial resolution of 0.1  0.1  0.3 mm
3
, repetition time (TR) = 7200 ms, echo time 

(TE) = 39 ms, averages = 4, RARE factor = 8, and bandwidth = 54.3478 kHz. 

Multi-echo GRE-MRI scans 

Multi-echo GRE-MRI (mGRE-MRI) data were acquired using a 3D multi-echo 

spoiled gradient recalled echo (GRE) sequence with fat saturation, flow saturation, and FOV 

saturation (FOV saturation boxes covering the head and neck tissues outside the imaging 

FOV), monopolar readout, and the following parameters: matrix size = 160  160  160, 

FOV size = 16  16  16 mm
3
, effectively resulting in a 0.1 mm

3
 isotropic spatial resolution, 

TR = 50 ms, 8 echoes with minTE/ΔTE/maxTE = 2.654/3.247/25.382 ms, flip angle = 13.5, 

bandwidth 400.641 Hz/px.  

Diffusion MRI scans 

Diffusion MRI data were acquired using a diffusion-weighted imaging (DWI) spin-

echo echo planar imaging (DWI SE-EPI) sequence with the following parameters: matrix 

size = 96 × 96, FOV = 19.2 × 19.2 mm, 32 slices of 0.25 mm thickness and 0.05 mm slice 

gap (giving output spatial resolution of 0.2 × 0.2 × 0.3 mm), TR = 4500 ms, TE = 25 ms, 

averages = 4, 3 b-value shells with b = 600, 1500, and 2000 s/mm2, 33 diffusion weighted 

directions for each shell, and 2 b = 0 images. A pair of reference b = 0 SE-EPI scans were 

acquired with opposite phase-encoding directions for EPI distortion correction. 

Tissue collection, histology, and microscopy imaging and analysis 

Luxol Fast Blue staining and microscopy imaging 

After the scan, the mice were sacrificed by transcardial perfusion-fixation with 0.1 M 

phosphate-buffered saline (PBS) pre-wash followed by 4% formaldehyde in 0.1 M PBS as 

fixative. The brains were harvested and post-fixed in 4% formaldehyde in 0.1 M PBS for 16 

hours at 4 
o
C. The brains were then rinsed with 0.1 M PBS and stored in 0.05% sodium azide 

in PBS 4 
o
C until further processing. Approximately three brains from each of four groups 

(CON day 2, CON day 7, CON day 14 and sham) were selected randomly for further 

processing. The selected brains were embedded in paraffin and cut into 10 μm-thick coronal 

sections on a microtome (Leica semi-automated RM2245 rotary microtome). Every 30
th

 

section was dewaxed, washed, and stained using the Luxol fast blue (LFP) stain. The stained 
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sections were coversliped with DPX mounting media and imaged using a brightfield slide 

scanner (Metafer Vslide Scanner by MetaSystems, Germany, driven by Zeiss Axio Imager 

Z2) at 20× magnification. Microscopy images were exported as 32-bit RGB OME-TIFF 

images for further analysis. 

Histology image processing and analysis 

Further image processing and analysis were performed using the FIJI software
29

 

(ImageJ2 v. 1.53c). Slide scanner images were cropped to individual sections and the LFP 

RGB images were converted to CIELAB color space
30

 L*a*b* stacks, and the a* images 

were selected for providing the clearest contrast between myelin-rich and myelin-poor 

regions (Figure 1A). The a* images were median filtered using an 8 µm radius kernel. 
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Figure 1. Histology of myelination of the hippocampus and the associated susceptibility and 

functional imaging. 

(A) Examples of quantification of myelination in the lacunosum-moleculare (slm) layer 

(yellow bounding box). LFB RGB microscopy images were converted to CIELAB 

colour space L*a*b stack and the LFB (a*) images were chosen for the highest contrast 

for myelin. Myelination level of the slm layer was quantified by dividing the a* value 

quantified from the low myelin stratum radiatum (sr) area (red bounding box, light LFB 

stain, and light appearance on LFB [a*] image) by the a* value quantified from the high 

myelin slm area (yellow bounding box, darker LFB stain, and dark appearance on LFB 

[a*] image). Demyelination in TBI animals is indicated when the slm and sr areas have 

similar LFB staining and low sr/slm intensity ratio. 

(B) Stratum lacunosum-moleculare (slm) layer myelination quantified from the LFB 

intensity ratio by dividing the a* values of the low myelin sr area by that of the high 

myelin slm area. Lower values indicate less myelination and more demyelination. P 
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value < 0.05, ** P value < 0.01, uncorrected Dunn’s post-hoc test of Kruskal-Wallis one-

way ANOVA. 

(C) Cumulative number of shocks received by animals in different cohorts during the 20–30 

minute interval of the 30-minutes single active placement avoidance (APA) trial. * P < 

0.05, uncorrected Dunn’s post-hoc test of Kruskal-Wallis one-way ANOVA. 

(D) Voxelwise statistical analysis results of quantitative susceptibility mapping (QSM) at 

CON days 2 (n = 7), 7 (n = 8), and 14 (n = 10) vs. sham (n = 12) in the hippocampal 

area. Statistical map thresholded at P value < 0.05 (two-tailed), unpaired two samples t-

test with a nuisance covariate, implemented as permutation tested for the general linear 

model, corrected for multiple comparisons with mass-based FSL’s threshold-free cluster 

enhancement (TFCE). 

 

We quantified myelin density of the stratum lacunosum-moleculare (slm) layer of the 

hippocampus by dividing the a* values of the low myelin stratum radiatum (sr) area (light 

LFB stain, higher a* value, and “lighter” on a* image) by that of the high myelin slm area 

(darker LFB stain, lower a* value, and “darker” on a* image) (see Figure 1B for details); a 

demyelinated slm layer would have a lower ratio. Similarly, myelin density was quantified by 

dividing the a* value of low myelin tissue by that of the highly myelinated WM tracts. 

MRI data processing 

All MRI data were exported in DICOM format using Paravision 6.0.1, after which 

data were converted to the NIFTI format using the dcm2nii tool in MRIcron.
31

 

QSM reconstruction 

Brain masking was performed on the signal inhomogeneity-corrected mGRE-MRI 

structural representation image using 3D pulsed-couple neural networks (3D PCNN)
32

 

followed by manual editing. Masked phase data from mGRE-MRI scans were used to 

reconstruct QSM images via STI Suite (v.3.0).
33

 Raw phase data were unwrapped using a 

Laplacian-based phase unwrapping method.
34

 Background phase removal was performed 

using the V-SHARP method
35

 with filter size of 6. The inverse QSM problem was solved 

from local tissue phase values using the iLSQR method.
33,36

 This QSM pipeline has been 

demonstrated to be robust.
37

 Given the previously reported temporal dependence of QSM,
38

 

instead of using all echo QSM, only echo images corresponding to echoes 4 to 7 (TEs = 
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12.395 – 22.136 ms) were averaged to improve image quality. This led to a new averaged 

QSM image across 4 TEs for analysis.  

Six datasets were excluded from the final analysis due to excessive motion artefacts on the 

reconstructed QSM images, such that final numbers of animals in each cohort were: Sham (n 

= 12; days 2 (n = 5), 7 (n = 3) and 14 (n = 4) day 14), CON days 2 (n = 7), 7 (n = 8), and 14 

(n = 10). 

Diffusion MRI processing and data fitting 

Opposite phase-encoding direction EPI images for the DWI data were used to 

calculate the warping field required for EPI distortion correction using FSL’s TOPUP tool.
39

 

The obtained warping fields were applied on the DWI data and eddy current and head-

movement induced apparent motions were corrected for using FSL’s eddy_correct. This 

motion and eddy current corrected data were fitted through the diffusion tensor model using 

DWI of b-values = 0 and 1500 s/mm
2
 by FSL’s DTIFIT tool. All b-value shells data were 

fitted through the neurite orientation dispersion and density imaging (NODDI) model using 

the NODDI MATLAB Toolbox (https://www.nitrc.org/projects/noddi_toolbox).
40,41

 With 

regards to specific NODDI model parameters, neurites were modelled as impermeable sticks 

(cylinders with zero radius) in a homogeneous background, neurite orientation distribution 

were modelled as Watson’s distribution, and the tortuosity model of Szafer for randomly 

packed cylinders was used to estimate hindered diffusivity, free diffusivity, and neurite 

packing density.
42

 

Structural image processing and multi-modal image registration 

During image registration, images were given a header file with voxel size 20 times 

larger than the original voxel size, to match the size of the human brain template.
43

 Structural 

images were co-registered using the procedure described in our earlier publication.
18

 The TE 

= 9.148 ms mGRE-MRI magnitude image was used as a structural representation image for 

the mGRE-MRI data; the magnitude image at this echo was determined to have the best 

balance of GM-WM contrast versus signal drop-off in brain-air interface regions. This 

mGRE-MRI structural representation image was corrected for signal inhomogeneity using 

the N4ITK bias field correction
44

 as implemented in Advanced Normalization Tool (ANTs 

v.2.3.4).
45

 Each subject’s signal inhomogeneity-corrected magnitude image was rigidly 

registered to the corresponding subject’s signal inhomogeneity-corrected T2w structural 
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image, and the resulting transformation matrix was combined with the structural image non-

linear warp fields into a unified mGRE-MRI-to-common space warping field. QSM images 

were Gaussian filtered using an isotropic 0.3 mm
3
 kernel; the brain masks and Gaussian 

filtered images were spatially normalized to the common space using the unified warping 

fields described above. All subjects’ normalized brain masks were used to define a common 

space brain mask covering voxels overlapping for all subjects. 

Diffusion MRI data were registered together using an iterative image registration and 

template building based on the b0 image as described in our earlier manuscript.
46

 Briefly, the 

processed diffusion data had the b0 images extracted, averaged, and corrected with N4ITK 

biasfield correction,
44

 and the b0 images were used for an iterative image registration and 

template creation using antsMultivarateTemplateConstruction2.sh. The obtained warping 

fields were then used to warp the diffusion metrics to a common space. 

Statistical analysis 

Active Placement Avoidance analysis 

 The number of entries into the shock zone for each animal during the 30 minutes 

APA trial was binned into 5-minute intervals, and this data was used for further analysis of 

each cohort’s performance. Statistical analysis of APA performance was done in Prism 9 

(GraphPad Software, CA, USA). Comparison across cohorts was performed using repeated 

measures ANOVA with Geisser–Greenhouse correction, with cohorts and time intervals as 

the two factors. Post-hoc statistical tests on the number of entries into the shock zone 

between the TBI cohorts and the sham cohort were conducted and corrected for multiple 

comparisons using the two-stage linear step-up procedure of the Benjamini, Krieger, and 

Yekutieli false discovery rate correction.
47

 APA performance within each cohort was 

analysed using the repeated measures one-way ANOVA with Geisser-–Greenhouse 

correction and post-hoc statistical tests were conducted with uncorrected Fisher’s least 

squared difference test. 

Histology analysis 

Myelin quantification values were plotted and analysed using Prism 9 (GraphPad 

Software, CA, USA); group differences were analysed using the Kruskal-Wallis one-way 

analysis of variance (ANOVA) test and uncorrected Dunn’s test comparing each TBI group 
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against the sham group. Susceptibility values of the WM and slm layer quantified from the 

subjects selected for histology were plotted and analysed similarly as above, except that the 

one-way ANOVA step was an ordinary parametric one-way ANOVA. 

Two-samples statistical inference of CON cohorts vs. sham cohort 

Voxel-wise two-samples t-tests comparing CON day 2 vs. sham, CON day 7 vs. 

sham, and CON day 14 vs. sham were performed on spatially normalized susceptibility maps 

and hippocampal functional connectivity maps using permutation inference for the General 

Linear model
48

 as implemented in FSL’s randomise;
49

 the number of permutation was set to 

20,000 or exhaustive, whichever number was smaller. The resulting QSM statistical maps 

were corrected for multiple comparisons with mass-based FSL’s threshold-free cluster 

enhancement (TFCE) 
50

 and thresholded at P value < 0.05 (two-tailed). The signal 

compartment statistical maps were thresholded at voxel-wise P value < 0.05 (two-tailed). 

Correlation between QSM and histology or diffusion MRI 

Quantified myelin values and susceptibility values quantified from the corresponding 

regions were correlated using Spearman correlation. Regions of interest (ROIs) were used to 

quantify susceptibility from the hippocampal area and white matter area (Supplementary data 

1). The structural template that served as the common space for mGRE-MRI data was 

registered to the generated diffusion b0 template and the ROIs in mGRE-MRI template space 

were transformed to diffusion MRI template space; the ROIs were used to quantify the 

Fractional Anisotropy (FA), Neurite Density Index (NDI), and Orientation Dispersion Index 

(ODI) and the correspondence of diffusion metrics and susceptibility values were analysed 

using Spearman’s correlation in Prism 9 (GraphPad Software, CA, USA). 

Results 

(A) ANOVA table SS DF MS F (DFn, DFd) P value 

  time x cohort 84.95 15 5.66 F (15, 95) = 2.116 P=0.02 

  time 43.75 5 8.75 F (3.415, 64.88) = 3.268 P=0.02 

  cohort 115.70 3 38.58 F (3, 19) = 1.441 P=0.26 

  subjects 508.90 19 26.78 F (19, 95) = 10.00 P<0.0001 

  Residual 254.30 95 2.68 

 

  

  

     

  

(B) Two-stage linear step-up procedure of Benjamini, Krieger and 

Yekutieli  

  

  Mean difference Q value 

  0-5 interval           

  sham vs. CON day 2 

  

0.8 0.93 
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  sham vs. CON day 7 

  

-0.3 0.93 

  sham vs. CON day 14 

  

-0.7 0.93 

  
     

  

  5-10 interval           

  sham vs. CON day 2 

  

-0.5 0.87 

  sham vs. CON day 7 

  

-1.0 0.85 

  sham vs. CON day 14 
  

-2.6 0.28 
  

     

  

  10-15 interval           

  sham vs. CON day 2 

  

1.4 0.23 

  sham vs. CON day 7 

  

-1.3 0.34 

  sham vs. CON day 14 
  

-2.5 0.02 
  

     

  

  15-20 interval           

  sham vs. CON day 2 

  

0.3 >0.9999 

  sham vs. CON day 7 

  

0.0 >0.9999 

  sham vs. CON day 14 
  

-1.6 0.89 
  

     

  

  20-25 interval           

  sham vs. CON day 2 

  

-2.3 0.15 

  sham vs. CON day 7 

  

-3.6 0.09 

  sham vs. CON day 14 
  

-4.2 0.00 
  

     

  

  25-30 interval           

  sham vs. CON day 2 

  

-3.0 0.13 

  sham vs. CON day 7 

  

-3.9 0.17 

  sham vs. CON day 14 
  

-2.5 0.16 

              

Table 1: (A) Two-way repeated measure ANOVA results analysing the the number of shocks 

received within each of the 5 minute interval during the 30-minute Active Placement Avoidance trial 

for the sham (n = 7), CON day 2 (n = 5), CON day 7 (n = 5) and CON day 14 (n = 5) cohorts. (B) 

Post-hoc tests comparing the CON cohorts to the sham cohort at each of the 5-minute test intervals. 

APA performance differences 

Two-way repeated measures ANOVA analysis showed there was significant effect of 

cohort (P value = 0.022) and interaction effect of time x cohort (P value = 0.015) on the 

difference of the number of shock zone entries (Table 1, Figure 2). Post-hoc testing showed 

that during the 10–15 minute interval, sham animals made fewer entries into the shock zone 

than CON day 14 animals (Q value = 0.019) and that CON day 2 animals made fewer entries 

than CON day 14 animals (Q value – 0.015). During the 20–25 minutes interval, sham 

animals also made fewer entries into the shock zone than CON day 14 animals (Figure 1C). 
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Figure 2: Number of shocks 

received by animals in the sham 

(n = 7), CON day 2 (n = 5), CON 

day 7 (n = 5) and CON day 14 (n 

= 5) cohorts at each of the 5-

minute intervals of a 30-minute 

single Active Placement 

Avoidance trial. Data are plotted 

as mean and standard error of the 

mean. 

Demyelination of the stratum lacunosum-moleculare (slm) layer of the hippocampus 

Relative quantification of myelin density in the slm layer showed CON day 7 and 

CON day 14 groups had significant a lower sr to slm a* ratio compared the sham group 

(Dunn’s test, P value < 0.05, Figure 1B), indicating that these groups had demyelination in 

the slm layer of the hippocampus compared. At CON days 7 and 14, QSM detected 

significantly increased susceptibility in the hippocampal area, with relatively lower 

susceptibility in the surrounding tissue, indicating that this MRI layer corresponds to the 

myelin-rich slm layer of the hippocampus (Figure 1D). 

Absence of evidence for demyelination of the major white matter tracts 

LFB staining showed no discernible difference in myelin staining in the CON group 

of the major WM tracts, namely the corpus callosum and the fimbriae (Figure 3 and 4A). 

Similarly, QSM detected no significant difference in the susceptibility of the major WM 

tracts in CON groups at any timepoint compared to the sham group (Figure 4B). 
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Figure 3. Examples of LFB staining of the major WM tracts, namely the corpus callosum and the 

fimbriae, and the corresponding a* image of the CIELAB L*a*b stack conversion of the light 

microscopy LFB staining image. 
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Correlation of susceptibility measurements with histology or diffusion measurements 

Correlation between susceptibility and myelin quantification showed that there was 

no significant correlation between susceptibility and myelin quantification in the 

hippocampus (r = 0.35, P value = 0.286) or the white matter areas (r = -0.464, P value = 

0.155). Correlation analysis of susceptibility and diffusion MRI metrics (FA, NDI, and ODI) 

also showed no significant correlation (Figure 5). 

 

Figure 4. Myelination quantification and susceptibility imaging of the WM tracts in the mouse 

concussion model 

(A) Stratum lacunosum-moleculare (slm) layer myelination was quantified from the LFB 

intensity ratio by dividing the a* values of the low myelin stratum radiatum (sr) area 

by that of the high myelin slm area. Lower values indicated less myelination and 

more demyelination. P value < 0.05, ** P value < 0.01, uncorrected Dunn’s post-hoc 

test of Kruskal-Wallis one-way ANOVA. 

(B) Voxel-by-voxel statistical analysis results of quantitative susceptibility mapping 

(QSM) and CON day 2 (n = 7), CON day 7 (n = 8), and CON day 14 (n = 10) vs. 

sham (n = 12) in the major white matter tracts areas. Statistical map thresholded at P 

value < 0.05 (two-tailed), unpaired two samples t-test with a nuisance covariate, 

implemented as permutation tested for the General Linear Model, corrected for 

multiple comparisons with mass-based FSL’s Threshold-free Cluster enhancement 

(TFCE). Jo
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Figure 5: Correlation between DTI and NODDI metrics: Fractional Anisotropy (FA: A, D), Neurite Dispersion Index (NDI: B, E), or Orientation 

Dispersion Index (ODI: C, F) against susceptibility values quantified from the hippocampal (HP: A – C) and the white matter (WM: D – F) regions of 

interest. Solid and dotted lines represent the mean and 95% confidence intervals of the linear regression lines. 
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Discussion 

Here we provided preliminary evidence that mice subjected to concussive injury 

showed demyelination evident on histological analysis of hippocampus and increased 

susceptibility on QSM scans, which was associated with poorer performance on a measure of 

spatial memory.  These results suggest that subtly altered WM integrity in hippocampal 

projections manifest in behavioral deficits in our concussion model. 

Hippocampal-related spatial learning deficits and axonal injury in concussion  

The hippocampus is particularly vulnerable to moderate-to-severe TBI in humans, 

with demonstrable neuronal degeneration.
51–53

 The hippocampus also has drawn widespread 

attention due to its selective vulnerability and changes in excitability after perturbations and 

injury in rodent models of TBI.
54–59

 Previous work showed that demyelination in the 

hippocampus and spatial learning impairments peaked between 1 and 2 weeks after blast-

induced mild TBI.
60

 In a male rat drop-weight model of mTBI, hippocampal long-term 

potentiation were significantly reduced at 7 day post-injury, but gradually normalized at later  

timepoints.
61

 Others showed that repetitive piston-driven closed-head injuries resulted in 

significant spatial learning deficits, axonal damage, and microglial reactivity in the 

hippocampus, in addition to other WM tracts.
62

 In this work, LFB staining confirmed the 

occurrence of demyelination in the slm layer of the hippocampus, which plausibly contributes 

to the spatial learning deficits seen between 7 and 14 days post-injury; the slm is a relay 

between the entorhinal cortex and the CA1 of the hippocampus.
63

 These findings are 

consistent with the temporal and spatial patterns of WM changes in other rodent TBI studies 

discussed above. The same slm area showed increased susceptibility on QSM in the 

concussion animals, which has been previously associated with demyelination.
23

 On the other 

hand,  QSM did not detect significant changes in the major WM tracts of the concussion 

groups, a finding which was also confirmed by LFB staining. This demonstrates a particular 

vulnerability of the hippocampal neurites for demyelination injury in this concussion model 

corresponding to a mild TBI. This result refines the abundance of evidence that hippocampus 

is particularly vulnerable in human TBI
51–53

 and in animal models.
54–59

  

Neuroimaging findings in concussion  

Human QSM concussion studies have reported unchanged,
64–66

 and increased 

susceptibility in WM post-injury.
67,68

 Increased susceptibility in WM tracts of concussed 
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athletes, which could be attributable to demyelination and/or oedema; the increase peaked at 

approximately 8 days post-injury.
67

 Our imaging and histological staining support the 

proposition that QSM reveals demyelination only in the myelin-rich layer of the 

hippocampus, not necessarily extending to the major WM tracts, indicating the higher 

relative sensitivity of the slm region 
53,59

 towards traumatic demyelination. This structure is a 

key substrate in the communication between the entorhinal cortex and the CA1 of the 

hippocampus, such that its demyelination could contribute to spatial learning deficits. Our 

earlier diffusion MRI results in the same model showed no diffusion MRI metric changes in 

the hippocampus.
18

 The present  QSM results showing increased susceptibility are consistent 

with susceptibility changes tracking histologically confirmed demyelination
23

, and the spatial 

patterns of increased susceptibility match the patterns of demyelination and axonal damage 

post-mTBI in rodent models. 
60,62

 The accord between results indicates that QSM may furnish 

better sensitivity and specificity for the detection of axonal damage in the hippocampal area 

following mild TBI.  

Other human studies reported no susceptibility changes, with
66

 or without diffusion MRI 

changes
64,65

 (Wright et al. reported reduced myelin water fraction
65

) and increased 

susceptibility in WM  and a positive correlation between  susceptibility changes and the time 

off required prior to return to play.
67

 On the other hand, decreased susceptibility in human 

cortical GM  was also associated with worse post-concussion symptoms.
68

 QSM has also 

been demonstrated to detect post-concussion changes in the cerebral venous oxygen 

saturation, which can be relatively easily measured from major cerebral veins. 
69,70

 This 

further strengthen the case for the utility of QSM for detecting functionally relevant brain 

changes that are inconspicuous to conventional imaging procedures.  

Limited correlation of QSM and histology or diffusion imaging 

The results in this study showed that quantified susceptibility, even from ROIs that 

showed significant difference between groups and had significant confirmed difference in 

LFB, had limited correlation with quantified myelin levels. Furthermore, susceptibility values 

and diffusion metrics (FA, ODI, and NDI) quantified from the same ROIs also did not 

correlate. This can represent a limitation for neuroimaging modalities whereas controlled and 

isolated experimental manipulations, for example, cuprizone treatment to induce 

demyelination,
23

 may demonstrate a specific correlation between underlying biological 

phenomena and neuroimaging measures, for example, increased susceptibility reflecting 
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demyelination,
23

 their performance can be limited in complex real world pathologies. This 

limitation may be especially noticeable when in milder severities as compared to more severe 

ones: both diffusion MRI and QSM demonstrated significant findings and correlations in 

another mouse model of moderate-severe TBI where tissue losses and injuries were readily 

visible.
71

 Nevertheless, neuroimaging methods can still have functional and working values 

in these conditions, e.g., diffusion MRI being able to differentiate varying injury severities 

even within the mild classification,
19

 or diffusion MRI metrics correlated with an index of 

anxiety-related behaviors post-TBI.
18

 The results of this study showed that while QSM and 

demyelination quantification did not correlated on an individual basis, QSM comparing TBI 

and control groups showed significant changes at post-TBI timepoints where significant 

demyelination were found on histology. 

Limitations  

We note certain limitations of our study. We did not perform histological analysis in 

all samples. We note that the LFB histology may have captured only the more severe 

demyelination, without having sufficient sensitivity to more subtle and varied axonal injuries, 

especially in the major WM tracts. The study exclusively used male animals. Currently, there 

is an ongoing debate about how sex may influence the outcome of traumatic brain injury 

(TBI), ,
72

 which may potentially be related to differences in sex and hormones. The decision 

to use only male animals were made to limit one potential confounding factor and to have 

methodological consistency with the earlier manuscripts that the injury model used in this 

study was based on.
73,74

 

Conclusion 

This work is the first to combine evidence from a histological marker of 

demyelination, QSM neuroimaging, and spatial learning deficit in a mouse model of 

concussion, thus providing an integrated view of the biological underpinnings of brain 

dysfunction following concussion. The results also highlights the potential of QSM as an 

MRI modality with sensitivity and specificity for detection of hippocampal demyelination. 

Increased susceptibility was confirmed to be associated with demyelination in a myelin-rich 

area of the hippocampus in this mouse model of concussion. Present results provide a 

platform for conducting larger interventional studies aimed at improving outcome following 

concussion.  
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Supplementary materials 

Supplementary material 1: (Top row) Regions of interest (ROIs) used to quantify susceptibility from 

the hippocampal area (red) and white matter area (blue) overlaid on the susceptibility map averaged 

across all subjects’ registered data. (Bottom row) susceptibility map averaged across all subjects’ 

registered data without the ROI overlays. 

Supplementary material 2: 4D NIFTI image of fitted and registered susceptibility maps of all subjects 

used in the analysis, stacked in the time dimension. Volumes (starts from 0) 0 – 6: CON day 2, 7 – 14: 

CON day 7, 15 – 24: CON day 14, 25 – 37: sham. This material is available on the University of 

Queensland Research Data Management system at this DOI: https://doi.org/10.48610/98780e7 
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Highlights 

 This study combines behaviour, histopathology, and Quantitative Susceptibility Imaging 

(QSM) to identify the underlying hippocampal changes triggered following concussion. 

 Increased susceptibility detected by QSM and demyelination in the hippocampus 

occurred concurrently post-concussion. 

 Spatial learning deficits and demyelination in the hippocampus occurred concurrently 

post-concussion. 
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