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Abstract

A key event in the pathophysiology of traumatic brain injury (TBI) is the influx of substantial 

amounts of Ca2+ into neurons, particularly in the thalamus. Detection of this calcium influx in 
vivo would provide a window into the biochemical mechanisms of TBI with potentially significant 

clinical implications. In the present work, our central hypothesis was that the Ca2+ influx could be 

imaged in vivo with the relatively recent MRI technique of quantitative susceptibility mapping 

(QSM). Wistar rats were divided into five groups: naive controls, sham-operated experimental 

controls, single mild TBI, repeated mild TBI, and single severe TBI. We employed the lateral fluid 

percussion injury (FPI) model, which replicates clinical TBI without skull fracture, performed 9.4 

Tesla MRI with a 3D multi-echo gradient-echo sequence at weeks 1 and 4 post-injury, computed 

susceptibility maps using V-SHARP and the QUASAR-HEIDI technique, and performed 

histology. Sham, experimental controls animals, and injured animals did not demonstrate 

calcifications at 1 week after the injury. At week 4, calcifications were found in the ipsilateral 

thalamus of 25-50% of animals after a single TBI and 83% of animals after repeated mild TBI. 
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The location and appearance of calcifications on stained sections was consistent with the 

appearance on the in vivo susceptibility maps (correlation of volumes: r=0.7). Our findings 

suggest that persistent calcium deposits represent a primary pathology of repeated injury and that 

FPI-QSM has the potential to become a sensitive tool for studying pathophysiology related to mild 

TBI in vivo.
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1. Introduction

Traumatic brain injury (TBI) accounts for up to 3.8 million emergency department visits in 

the U.S. each year (Kenzie et al., 2017). Approximately 80% of TBI-related visits to the 

emergency department are classified as mild (mTBI) based on the Glasgow Coma Scale 

(GCS). Increasing awareness of TBI and the potential long-term consequences of even 

mTBI may have contributed to the 47% increase in hospital visits for TBI between 

2007-2013 (Center for Disease Control). Approximately 30% of patients who report to the 

emergency department with a mTBI go on to develop post concussive syndrome (PCS). The 

long-term consequences of single versus repeated mTBI remain to be determined (Fehily 

and Fitzgerald, 2017). However, exposure to repeated mTBI can exacerbate poor outcomes 

(Meconi et al., 2018). The challenge is to define diagnostic criteria that help identifying 

those patients at highest risk for developing PCS.

The standard of care for emergency evaluation of acute TBI is Computed Tomography (CT). 

However, neuroimagining findings are frequently normal following CT or conventional 
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clinical magnetic resonance imaging (MRI) in the non-acute stage, currently preventing an 

assessment of long-term outcome (Wu et al., 2016). While recent advances in MRI 

techniques have revealed subtle tissue alterations on a group level, the limited statistical 

power of most studies leaves the translation to clinical practice on an individual patient level 

unachieved (Shah and Allen, 2017; Wu et al., 2016). Furthermore, the lack of an objective 

radiological biomarker for TBI-related injury represents a critical issue for the development 

and testing of pharmacological agents with the potential to improve neurological outcome 

following injury.

A key event in the pathophysiology of TBI is the dynamic molecular alteration of the N-

methyl-D-aspartate receptor structure and function (Osteen et al., 2004), with the 

concomitant influx of substantial amounts of Ca2+ into the neurons, particularly in the 

thalamus (Osteen et al., 2001). Detection of the neuronal calcium influx and consequent 

calcium deposition in vivo would provide a window into the biochemical mechanisms of 

TBI with potentially significant clinical implications for the objective assessment of injury 

severity and drug development. The relatively recent technique of Quantitative Susceptibility 

Mapping (QSM) (Haacke et al., 2015; Liu et al., 2015; Reichenbach et al., 2015; Wang and 

Liu, 2015) can detect diamagnetic calcium phosphate deposits and distinguish them from 

paramagnetic iron (Chen et al., 2014; Ciraci et al., 2017; Deistung et al., 2013; Schweser et 

al., 2010; Straub et al., 2017) in microbleeds.

In the present work, our central hypothesis was that the Ca2+ influx in mTBI could be 

imaged in vivo with QSM.

2. Materials and Methods

Figure 1 summarizes the study design.

2.1 Animals

A total of 33 adult, male Wistar rats (Charles River Laboratories, Montreal, Canada) were 

divided into five groups: naive controls (no craniotomy, n=3), sham-operated experimental 

controls (craniotomy without impact, n=3), single mild TBI (s-mTBI, n=12), repeated mild 

TBI (r-mTBI, n=7), and single severe TBI (s-sTBI, n=8).

Animals were single-housed in a temperature-controlled room (24°C) maintained on a 12 

hour light/dark cycle. Food and water were available ad libitum. The animal facility was 

fully accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC) International. All procedures involving animals were performed according 

to the guidelines of Institutional Animal Care and Use Committee (IACUC).

2.2 Fluid Percussion Injury (FPI) model

We employed the curved-tip lateral fluid percussion injury (FPI) model (McIntosh et al., 

1989; Rau et al., 2014, 2012), which replicates clinical TBI without skull fracture. Briefly, 

rats were anesthetized with 3% isoflurane to perform a 5 mm craniotomy over the right 

hemisphere, equidistant between the bregma and lambda and adjacent to the lateral ridge. 

Body temperature was maintained with a rectal probe and auto-feedback monitor set at 
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37°C. We modelled s-mTBI by applying a single 1.5-1.7 atm pressure pulse to cause a 20 

msec depression of the dura. Repeated pressure pulses once per week over four weeks 

modeled r-mTBI. Application of a single 2.8-3.0 atm pressure pulse modeled s-sTBI. We 

performed Neurological Severity Score (NSS) assessments to determine motor and sensory 

functional behavior at 24 hours post-injury as previously described (Rau et al., 2014, 2012; 

Smith et al., 2018) to confirm the absence of functional impairment for controls, negligible 

functional impairment (NSS<6) for s-mTBI, and r-mTBI rats, and substantial impairment 

(NSS>10) for s-sTBI rats.

2.3 In vivo MRI

Rats in the s-mTBI (n=7 of 12) and r-mTBI (all n=6) groups were imaged at four weeks 

after the (first) injury (r-mTBI: one week after the final injury). Rats in the sham group, the 

experimental control group, and the s-sTBI group were imaged at five weeks after the 

surgery (controls at an equivalent age-matched time point).

We performed MRI with a 20 cm diameter horizontal-bore 9.4 Tesla magnet (Biospec 94/20 

USR, Bruker Biospin) equipped with a gradient coil supporting 440 mT/m gradient strength 

and 3440 T/m/s maximum linear slew rate (BGA-12S HP; Bruker Biospin) using a multi-

echo gradient echo sequence with 144μm isotropic resolution (TE1=2.31ms, ΔTE=3.10ms, 

TR=100ms, 19° flip angle, 16 echoes, BW=50kHz, FOV=30×30×14mm3, 

matrix=135×208×97). The scanner was operated with ParaVision (version 5.1; Bruker 

Biospin). We employed a cross-coil configuration with a four-channel receiver mouse-brain 

surface coil and a transmitter volume coil. We induced anesthesia with 3-4% isoflurane in 1 

liter per minute of 100% medical-grade oxygen and maintained an anesthetic plane during 

MRI with 1-3% isoflurane. Rat respiration rate, pulse, arterial oxygen saturation, and body 

temperature were monitored continuously with an SpO2-sensor attached to the animal’s tail, 

a respiration pillow, and a rectal temperature probe (SA Instruments, Stony Brook, NY), 

respectively. The isoflurane concentration and the temperature of an integrated warm water 

bath in the animal bed (Thermo Fisher Scientific, Waltham, MA) were regulated to keep the 

respiration rate around 55-70 per minute and the core body temperature between 36.5 and 

37°C. We recorded the raw single-channel time-domain (k-space) data for offline QSM 

reconstruction.

We zero-padded the raw k-space to achieve a nominal isotropic spatial resolution of 96 μm. 

Susceptibility maps were reconstructed from these data with best-path phase unwrapping 

(Abdul-Rahman et al., 2007), multi-echo multi-channel phase combination (Robinson et al., 

2011), R2*-weighted field-mapping (Wu et al., 2012), V-SHARP (Özbay et al., 2017; 

Schweser et al., 2011; Wu et al., 2011), and QUASAR-HEIDI (Schweser and Zivadinov, 

2018). For improved anatomical contrast on magnitude images, we averaged all magnitude 

images across different echo times. The averaging of the echoes substantially reduced 

respiration-related artifacts, which can be visible on individual echo images, and increased 

the contrast-to-noise ratio due to the high readout bandwidth (see above), while maintaining 

T2*-weighted image contrast. All processing and reconstruction steps were performed fully 

automatically and reproducibly with in-house developed software in MATLAB (2013b, The 
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MathWorks, Natick, MA) on a Ubuntu 12.04 high-performance computation server with 48 

cores (Intel Xenon E5-2697v2 at 2.7Ghz) and 396 GB RAM.

2.4 MRI Analysis

Image analysis—Three trained image analysts, blind to the study groups, assessed volume 

and susceptibility of thalamic calcifications, the volume of the lateral ventricles, and 

hemorrhage volumes in each rat using the 3D Slicer software platform. The ventricles were 

identified based on hyperintense contrast on the echo-averaged magnitude images, thalamic 

calcifications were identified as focal hypointense regions on magnetic susceptibility maps, 

and hemorrhages were identified as hypointense regions on the first echo magnitude images. 

Image contrast was adjusted individually for each modality to optimize visibility of 

ventricles and lesions, respectively. All identified regions were manually outlined on all 

slices on which they were present. Segmentations were refined by successively viewing all 

three slice orientations (coronal, horizontal, and sagittal). Calcifications and hemorrhages 

were only considered as “definite” if at least two of the three raters reported its presence. To 

minimize susceptibility blurring artifacts, we segmented hemorrhages based on 

corresponding focal hypointense regions on the magnitude images of the first echo (TE=2.31 

ms).

To improve the visibility of lesions in the publication figures, we calculated minimum 

intensity projections (mIPs) over 580 μm for the echo-averaged magnitude images. For 

susceptibility maps, we calculated both mIPs and maximum IPs (MIPs) to improve the 

visibility of calcifications and hemorrhages, respectively. We calculated the mIP and MIP 

images by selecting for each pixel the minimum and maximum intensity value across 

neighbouring slices, respectively.

Statistical analysis—We used paired (one-tailed) and two-sample (two-tailed) t-test, 

respectively, for comparisons between time points and groups. We used the free-marginal 

kappa to characterize the inter-rater agreement in the identification of thalamic calcification 

and Cohen’s kappa to assess agreement between histology and MRI. Cohen’s d was used to 

quantify effect sizes. We assessed the prevalence of calcifications using Fisher’s Exact Test 

and used a significance threshold of p=0.05 in all tests.

2.5 Histology and MR Microscopy

Processing of tissue—Four weeks after the (first) injury, all rats except the controls were 

deeply anesthetized with isoflurane and perfused with 200 ml of saline for ten minutes and 

200 ml of 10% neutral buffered formalin (NBF) for ten minutes at 1 week and 4 weeks after 

the TBI, respectively. The brains were removed from the skull, post-fixed in 10% NBF 

overnight at 4°C, and placed into cryo-protectant solution [20% glycerol in 0.02M potassium 

phosphate buffered saline (pH 7.4)], and shipped to Finland for histologic processing. We 

perfused the n=5 animals of the s-mTBI group that were not imaged at week 1 to study the 

appearance of calcium with histology shortly after the injury (vs. 4 weeks). We perfused one 

rat from the r-mTBI group that showed calcification on the in vivo scans with 10 mM 

gadobutrol (Gadavist, Bayer) and performed post-mortem MRI (Kim et al., 2009).
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After arrival, the brains were frozen in dry ice and stored at −70°C until further processed. 

Brains were sectioned in the coronal plane (1-in-12 series, 25 μm) with a sliding microtome 

(Leica SM 2000, Leica Microsystems Nussloch GmbH, Nussloch, Germany). The first 

series of sections was stored in 10% formalin in room temperature and later stained with 

thionine (see below). The remaining series of sections were stored in tissue-collecting 

solution (30% ethylene glycol, 25% glycerol in 0.05 M sodium phosphate buffer, pH 7.4) at 

−20°C until processed.

MR Microscopy—Before shipping the tissue to Finland, we performed MR-microscopy of 

the animal perfused with gadobutrol at 36 μm isotropic spatial resolution (3D FLASH pulse 

sequence, TE=4.14 ms, TR=18.6 ms, averages=8) with a dual-channel transmit-receive 

cryogenic surface coil (CryoProbe, Bruker Biospin). To improve the visibility of small 

hypointense structures (calcifications), we up-sampled the resolution to 24 μm isotropic via 

Fourier-based zero-filling, performed a non-parametric non-uniform B-spline-based 

intensity normalization [N4-ITK (Tustison et al., 2010) within the Advanced Normalization 

tools (ANTS) package v2.1 (Tustison et al., 2014)], and calculated mIPs over 480 μm for all 

three spatial directions separately.

Nissl staining—To assess the severity of neuronal damage after s-mTBI, r-mTBI or sTBI, 

the first series of sections were stained with thionine, cleared in xylene and cover-slipped 

using Depex® (BDH Chemical, Poole, UK) as a mounting medium.

Staining for calcifications—Every other section (600 μm apart) from an adjacent series 

of sections was stained with the Alizarin red-method (Makinen et al., 2008) to detect 

calcifications from the thalamus.

3. Results

Impact severity, mortality, apnea, and righting reflex

Injury severity was determined based on multiple parameters. The pressures used for 

inducing severe TBI (2.8-3.0 atm) resulted in average righting reflex times of 35 minutes 

and 45% mortality, resulting in n=4 s-sTBI animals available for MRI. In contrast, the lower 

pressure range used for inducing mild TBI (1.5-1.7 atm) resulted in average righting reflex 

times of 5 minutes and no mortality. Typical apnea times of less than 2 minutes were 

observed after injury. One animal of the r-mTBI group had to be excluded from the study 

because it developed an infection, leaving a total of n=6 animals in this group.

Figure 2 shows the individual NSS trajectories for all animals. Sham-operated controls 

presented with an NSS between 0 and 1 at all time points (Fig. 2a), indicating no functional 

impairment. Animals with r-mTBI showed an average NSS of 3.2±1.7 after the first injury, 

2.2±2.5 after the second, 3.2±1.9 after the third, and 1.8±1.1 after the fourth injury (Fig. 2d). 

Animals with an s-mTBI showed an NSS of 3.2±1.5 after the first injury, similar to the r-

mTBI group (p=1.0), with a rapid recovery to the level of shams (p>0.3) with 0.43±0.49 at 

week 2, 1±1.41 at week 3, and 0.29±0.45 at week 4 (Fig. 2c). With 13.8±2.3 at week 1, the 

s-sTBI animals demonstrated higher NSS compared to both mTBI groups (p<0.001), which 
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gradually recovered to 10.3±3.5 at week 2 (p<0.006), 7.5±2.6 at week 3 (p<0.03), and 

6.5±2.5 at week 4 (p<0.007) (Fig. 2b).

MRI

All animals survived the imaging procedure. Due to technical issues with the imager, 

imaging failed in one animal of the s-mTBI group and one animal of the r-mTBI group at 

week 1. Of the 48 susceptibility maps, one map (s-mTBI at five weeks post-TBI) could not 

be analyzed due to artifacts. The final number of successful imaging experiments is 

summarized in Table 1.

Ventricular volume—Table 1 summarizes the measurements of ventricular volumes. In 

the sham group, volumes were comparable between shams and experimental controls 

(p=0.8) and no interhemispheric differences were found in either group (p≥0.25). In all other 

groups, ipsilateral ventricles were enlarged compared to contralateral ventricles at 1 week 

and 4 weeks time-points (p≥0.041).

r-mTBI vs. s-mTBI.: At 1 week and 4 weeks time-points, the contralateral ventricular 

volumes were similar between the groups (p>0.37). While, at week 4, the ipsilateral volumes 

were also similar between groups (p=0.52), animals with r-mTBI showed 50% smaller 

ipsilateral volumes than rats with s-mTBI at week 1. However, this difference did not reach 

statistical significance (p=0.10). The higher average volume in s-mTBI was driven by two 

animals with particularly large ventricles (16.3 mm3 and 23.3 mm3, respectively). Exclusion 

of these animals rendered the volume in the s-mTBI more similar to that in the r-mTBI 

group (s-mTBI 8.3±1.9 mm3 vs. r-mTBI 6.7±1.3 mm3 at week 1; s-mTBI 13±7 mm3 vs. r-

mTBI 14±6 mm3 at week 2; p≥0.27). We have occasionally observed enlarged ventricles in 

control animals of the strain used (Wistar), suggesting that the particularly large ventricles in 

these animals may not be necessarily related to the injury model. Ventricular volumes were 

higher in both groups and both hemispheres at week 4 compared to week 1, but the 

differences reached statistical significance only in the ipsilateral hemisphere (paired t-test, 

p<0.049).

s-sTBI vs. s-mTBI.: Animals with s-sTBI showed, on average, 100% larger ventricles 

compared to s-mTBI animals, but the difference did not reach statistical significance 

(p>0.12), probably due to the relatively small number of animals per group.

Hemorrhages—In line with previous reports (Grossman and Inglese, 2015) QSM 

visualized FPI-induced hemorrhages at gray-white matter junctions (Fig. 3, MIPs) on the 

ipsilateral side but not at the contralateral side. Table 1 summarizes the quantitative results 

for hemorrhages. None of the sham or experimental control rats demonstrated intracerebral 

hemorrhages. At both weeks 1 and 4, we found definite hemorrhages in all injured rats 

(100%; s-s, s-m, and r-mTBI). At week 4, r-mTBI animals showed a significantly higher 

hemorrhage volume than s-mTBI (2.0±0.8 mm3 vs. 1.0±0.5 mm3, p=0.037) and s-sTBI 

groups (0.94±0.19 mm3, p=0.0075). Hemorrhagic volumes were similar between s-mTBI 

and s-sTBI groups (p=0.12) at week 4. Determination of the volume of hemorrhages at week 

1 was not successful. In five of the injured animals, hemorrhages were invisible on the first 
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echo magnitude image at week 1 but appeared at week 4 (see Figure S.1 in the 

Supplementary Materials). Since we observed this effect also in s-mTBI animals, we 

concluded that the observation was related likely to a change in magnetic susceptibility of 

blood during degradation, as reported previously (Chang et al., 2016), rendering a 

quantitative analysis of the hemorrhagic volume challenging. In particular, a comparison of 

determined volumes between week 1 and week 4 would be compromised by different 

susceptibility blooming artifact levels. We did not perform a statistical analysis of the 

average magnetic susceptibilities of identified hemorrhages because the lesions showed a 

substantial inhomogeneity on the susceptibility maps.

Thalamic calcification—Figure 4a compares the appearance of thalamic calcification on 

different MRI contrasts. The magnitude-based contrasts (top row) showed signal alterations 

at the locations of calcium and blood deposits (red circles) but did not allow differentiating 

between the two types of lesions. The background-corrected phase image (bottom left) 

shows significant phase contrast in the region of the hemorrhage but diffuse contrast at the 

location of the calcification due to the non-local relationship between phase and the 

underlying magnetic susceptibility distribution (Schweser et al., 2016). The susceptibility 

map (bottom right) showed a clearly defined, focal calcification (hypointense) that could be 

unambiguously differentiated from hemorrhages (hyperintense).

Table 1 and Figs. 3 and 4 summarize the results of the analysis of thalamic calcifications. As 

expected, we did not find calcium deposits in the sham or experimental controls animals. We 

also did not find calcifications in any of the s-mTBI or r-mTBI scans at week 1. At week 4, 

calcifications were found in 50% (3/6) of s-mTBI animals, 83% (5/6) of r-mTBI animals, 

and 25% (1/4) of s-sTBI animals. Figure 3 shows images of exemplary animals with 

identified thalamic calcification for each of the injury groups. The mIPs of the susceptibility 

maps indicated potential calcification also outside the thalamus, particularly in the vicinity 

of the haemorrhages. We did not further confirm this observation as the study hypothesis 

was focused on thalamic calcification. Furthermore, in the direct vicinity to haemorrhages 

on susceptibility maps, the interpretation of hypointense signal is challenging as it may be 

related simply to incomplete inversion of the measured field (Sun et al., 2015).

Inter-rater agreement for the identification of calcifications was adequate (κ>0.7) in 

experimental controls (κ=1.00) and r-mTBI (κ=0.78). A lower agreement was achieved in 

sham (κ=0.35) and s-mTBI rats (κ=0.55), and agreement equal to chance in s-sTBI 

(κ=0.00).

The average magnetic susceptibility of identified definite calcifications was similar between 

groups (p=0.43) with an average of −60±20 parts-per-billion (ppb). Animals of the r-mTBI 

group showed the largest calcifications (0.3±0.3 mm3) and those of the s-mTBI group 

showed the smallest calcifications (0.04±0.04 mm3; see also Fig. 3 for a size-comparison). 

Despite a relatively high effect size of d=0.87, the difference did not reach statistical 

significance (p=0.06) likely because of the low number of calcifications in the s-mTBI 

group. Figure 4c visualizes the volume of definite calcifications over their magnetic 

susceptibility for all animals studied, showing a high correlation between the quantities 

(r=0.92).

Schweser et al. Page 8

Neuroimage. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The prevalence of calcifications was significantly higher in r-mTBI animals compared to 

shams and controls (p=0.015) but not in s-mTBI or s-sTBI compared to shams and controls 

(p>0.4). Differences in prevalence did not reach statistical significance when comparing 

individual injury groups with one another at week 4 (p>0.19). Prevalence of calcification 

was significantly higher at week 4 compared to week 1 in r-mTBI (p=0.015), but not in s-

mTBI (p=0.45).

We investigated the association between neurological disability and calcium deposition by 

splitting the r-mTBI group into a high- and a low-NSS group and assessing the difference in 

the group-average calcification volumes. First, we performed the splitting based on the 

maximum NSS score of each animal, representing the maximum neurological disability at 

any time point. To study the effect of repeated injuries (second-hit hypothesis) we repeated 

the analysis excluding the first NSS score. Figure 4b shows the effect sizes of the group 

differences in calcification volumes for both analyses. The maximum disability at the second 

or later hits predicted calcification volume with Cohen’s effect size of d=1.94 (p=0.037) 

when groups were split at maximum NSS scores between 4 and 5. Average NSS across 

second and later injuries was a less robust predictor for calcification volume and NSS at the 

first time point did not exceed an absolute effect size of d=∣1.06∣.

Figure 5 shows the MR microscopy of a r-mTBI animal with calcification along with 

corresponding sections of mIPs of the in vivo susceptibility maps (red boxes). The 

calcifications were granular in shape and located in both thalamic gray and adjacent white 

matter tracts. We observed a high agreement of geometrical features and location between in 
vivo susceptibility maps and postmortem MR microscopy. We observed in some cases that 

the hypointense calcification was surrounded by a bright rim (Fig. 6, arrows), potentially 

related to iron-laden astrocytes (Meguro et al., 2008) as reported previously (Lehto et al., 

2012).

Histology

Table 2 and Fig. 7 summarize the histological results.

Nissl.—No neurodegeneration was observed in any of the sham-operated controls. 

However, TBI-related cortical damage was located laterally to the impact site covering 

mainly auditory and somatosensory cortex. The center of the cortical lesion was −3.80 mm 

posterior to bregma covering ±12 sections (total coverage 6900 μm). In s-mTBI, the lesion 

extended throughout layers 3-5 when in r-mTBI and s-sTBI cases the injury covered all the 

layers of the cortex. Typically, minimal cortical cell loss, white matter damage and gliosis 

was seen following s-mTBI. In one case, also thalamic damage was observed after s-mTBI. 

Contrary, clear tissue and cell loss was detected after r-mTBI and s-sTBI in the cortex and 

prominent gliosis and was seen in the cortex, thalamus, and hippocampus. Furthermore, 

white matter damage, mainly in the corpus callosum, was more prominent in r-mTBI and s-

sTBI than in s-mTBI. Thalamic damage was the most obvious after r-mTBI. Furthermore, 

neurodegeneration such as hilar cell loss, thinning of the CA1 subfield and granule cell 

dispersion was also seen in different hippocampal subfields after r-mTBI and s-sTBI. In all 

cases, no clear damage was seen on the contralateral side.
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Calcium.—Histology did not report thalamic calcifications in shams or s-mTBI rats at 1-

week post-TBI. However, histology reported thalamic calcification in 43% (3/7) of s-mTBI 

rats at 4 weeks post-TBI in 1, 2, and 4 consecutive slides, covering distances of 25 μm, 300 

μm, and 1200 μm (1-in-12 series), respectively.

In the r-mTBI group, all except one calcification found on QSM were confirmed by 

histology. The volume of the missed calcification was 0.017 mm3 on MRI, corresponding to 

an equivalent spherical radius of 160 μm (one voxel) and suggesting that histology missed 

the calcification identified on the susceptibility maps (see Fig. S.2 in the Supplementary 

Materials).

Histology confirmed the calcification that was found with QSM in one of the s-sTBI rats. 

Also, histology revealed calcification in one section of another animal with s-sTBI (found on 

QSM by only one of the three raters), resulting in a total occurrence of thalamic calcification 

in 50% (2/4) of rats with s-sTBI. Considering all calcifications seen with histology or MRI 

(including cases with absence on either of both modalities) r-mTBI showed calcifications in 

67% of the animals, followed by s-sTBI with 50%, and s-mTBI with 43% of the animals. 

Findings with histology and MRI are summarized for the different groups in Fig. 7a

The location and appearance of calcifications on Alizarin red stained sections were highly 

similar to the appearance on the susceptibility maps (Fig. 6). Agreement between MRI and 

histology (Fig. 7b) was the highest in the s-mTBI group at 4 weeks (κ=1. 0), followed by r-

mTBI (κ=0.57) and s-sTBI (κ=0.5). The correlation coefficient between calcification 

volume on MRI and the number of histological sections in all animals with calcification was 

r=0.70 (Fig. 7c).

4. Discussion

The present study is the first study that uses the ability of QSM to identify calcium deposits 

following TBI. Previous applications of QSM in a rodent model of TBI by Li et al. (Li et al., 

2016) focused entirely on the investigation of the white matter. Another study by Liu et al. 

(Liu et al., 2016) applied QSM in patients with TBI to quantify micro-bleed burden. The 

present study has confirmed that QSM can detect and quantify thalamic calcium influx 

associated with TBI reliably in rodents. Thalamic calcifications appeared as clearly 

delineated, focal hypointense lesions on susceptibility maps. The focal appearance of the 

lesions allows assessing this pathology-related marker on an individual-subject level and, if 

confirmed in humans, could represent an important step toward the clinical assessment of 

TBI-related pathology.

Only one of the MRI-detected calcifications could not be confirmed by histology. The small 

volume of the lesion on MRI suggests that histology, which analyzed 25 μm thick slices with 

a gap of 300 μm compared to the continuous 3D coverage with MRI, missed the lesion. Our 

results highlight the benefit of the employed tomographic imaging technique.

Using 45Ca-autoradiography in brain specimens, Osteen et al. (Osteen et al., 2001) reported 

a delayed focal accumulation of Ca2+ in the thalamus beginning two to four days post-injury 

and progressing for up to two weeks. In the present work, we demonstrated that the recently 
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developed advanced MRI technique of QSM can detect this clinically relevant pathology in 
vivo. The conventional MRI techniques to image susceptibility variations in biological 

tissues, T2* weighted imaging and phase contrast, were not able to differentiate between 

calcium and hemorrhages (Fig. 4a). Furthermore, the absence of calcifications in the s-mTBI 

group at week 1 and presence of calcifications in about 50% of the s-mTBI animals at week 

4 confirmed the delayed nature of the calcium influx observed by Osteen.

Using the controlled cortical impact (CCI) mouse model, Onyszchuk et al. (Onyszchuk et 

al., 2009) found an accumulation of abnormal iron deposits, degenerating oligodendrocytes, 

and increased astrocyte and microglia staining in the ipsilateral thalamus at one and two 

months post-injury. At the same anatomical locations, the authors observed hypointensity on 

T2-weighted MRI, which they interpreted as being causally related to the increased iron 

concentration. Our results using a more advanced MRI technique presented here suggest that 

the observed MRI hypointensity in that study was caused by calcium instead of iron 

accumulation. As Onyszchuk et al. discuss, heme-bound iron, which is generally not thought 

to be stained by the Perls procedure, may be released from degenerating thalamic neurons 

and be converted into free, more readily stainable iron. Previous research has shown that 

TBI causes elevated expression of heme oxygenase in the thalamus (Yi and Hazell, 2005). In 

the presence of imbalanced antioxidant defense, as it may be present after TBI, free iron is 

an essential catalyst of the Fenton chemistry, which results in hydroxyl radicals further 

promoting neuronal damage.

The amount of calcium deposited was the highest in the r-mTBI group, and substantially less 

calcium was observed in s-mTBI, suggesting that repeated injury is the primary driver of 

calcium deposition. Our observations also suggest an association between neurological 

disability and calcification volume (Fig. 4b). The observation that neurological disability 

after the second, third and fourth hits were more strongly associated with calcium deposition 

(Fig. 4b, red line) than the NSS at the first time point (Fig. 4b, blue line) suggests a link of 

thalamic calcification with the second impact syndrome.

The evidence is increasing for the involvement of thalamic damage in the pathophysiology 

of TBI and clinical impairment (Grossman and Inglese, 2015). The literature suggests that 

TBI exposes the thalamus to both primary and secondary injury (Grossman and Inglese, 

2015) and future studies will have to elucidate to which of these mechanisms the observed 

calcium accumulation is related. The potential of monitoring thalamic tissue damage non-

invasively via the appearance of calcification on MRI may represent an attractive means for 

the early prediction of long-term brain damage and cognitive outcome if thalamic 

calcification can be correlated with clinical deficits and confirmed in the clinical setting.

Limitations of our study primarily relate to the limited number of animals studied, which, 

combined with the inherent variability in the experimental procedure of the injury group, 

resulted in insufficient statistical power to elucidate associations between injury model type 

and calcification prevalence. Future studies should include more animals and perform 

imaging more often to better understand the temporal dynamics and dose dependency of 

tissue calcifications. Histological analyses may reveal if the appearance of MR-visible 
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calcification precedes or follows neuronal damage. A long-term follow-up will reveal if the 

calcium deposits are transient or permanent.

Conclusion

The unique ability of QSM to differentiate between calcium phosphate (diamagnetic) and 

heme-iron (paramagnetic) unambiguously revealed thalamic calcium influx concomitant to 

mTBI. Hence, the technique has the potential to become a sensitive tool for studying mTBI 

pathophysiology and in drug development. In particular, our finding of significant 

concentrations of calcium in the r-mTBI model, but not in s-mTBI, suggests that persistent 

calcium deposits represent a primary pathology of repeated injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ppb parts per billion

QSM quantitative susceptibility mapping
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Figure 1. 
Overall experimental design. Days are identified as yellow squares broken up into five 

periods of one week. Single severe TBI (s-sTBI; orange squares), single mild TBI (s-mTBI; 

gray squares) and repeated mild TBI (r-mTBI; blue squares) are shown on the days of the 

respective injuries. Neurological severity scores (NSS; red squares) were recorded on the 

second day of each week following the respective injuries. MRI (green squares) was 

collected at the end of the first week and at the end of the fourth week, respectively. Post 

mortem MRIs (black squares) were conducted during week 5 following perfusion (white 

squares).

Schweser et al. Page 16

Neuroimage. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Behavioral assessment with NSS at the different time points. Dashed and straight lines are 

used for improved visibility of individual trajectories. Panel (a) shows data of all three 

animals, but the data of two animals overlaps (line with lower NSS).
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Figure 3. 
Overview of in vivo imaging findings in the three injury groups. The top row shows the 

animal with r-mTBI that had the highest calcification volume (0.79 mm3) at week 4. The 

middle row shows one of the three s-mTBI animals in which a calcification was identified at 

week 4 (0.0098 mm3; confirmed by histology). The bottom row shows images of the only s-

sTBI animal that showed a calcification on MRI (0.12 mm3; confirmed by histology. Images 

in the left column are minimum intensity projections (mIPs) of the T2*w magnitude images, 

those in the middle are mIPs of the susceptibility maps (delineating calcium deposits), and 

the images on the right show maximum intensity projects (MIPs) of susceptibility maps 

(delineating iron deposits). All projections were calculated over 580 μm.
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Figure 4. 
Thalamic calcifications on MRI. (a) MR images of a representative r-mTBI animal. The top 

row shows the magnitude-based images: the echo-averaged magnitude image, and the R2*-

map (black to white: 0…100/s). The bottom row shows the phase-based images: the 

background-corrected phase image (the input to QSM) and the computed susceptibility map 

(− 80…+150ppb). (b) The effect size of the difference in calcified volumes between two r-

mTBI animal subgroups that were defined based on their NSS scores (abscissa). The blue 

line considered only the NSS at the first week for group splitting the black line considered 

the average of NSS across weeks 2-4 and the red line considered only the maximum NSS of 

the animals across weeks 2-4. (c) Volume of thalamic calcifications over their magnetic 

susceptibility. Values of each animal were averaged across all three raters. Error bars 

indicate the standard deviation between raters.
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Figure 5. 
Minimum intensity projections (mIPs) over 480 μm of MR-microscopy (MRM) images of 

an r-mTBI animal. The yellow inserts are magnifications of the MRM-mIPs showing the 

calcifications (arrows). The red inserts are mIPs over 1.16 mm of the in vivo susceptibility 

map of the same animal at a similar anatomical location.
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Figure 6. 
Comparison of MRI-based findings with histology in an r-mTBI animal with 0.38 mm3 

thalamic calcification volume. (a) Low magnification picture of the thionine stained 

(neuronal damage) injured right hemisphere. (b) Higher magnification pictures of thionine 

stained the thalamus in two consecutive slides spaced 300 μm apart, showing thalamic 

damage and hyper intense calcifications. (c) Thalamic calcifications stained with Alizarin 

red (calcium). Note the similar location of the calcifications with thionine stained sections. 

(d) Magnifications of similar regions on the susceptibility maps with a nominal slice 

thickness of 90 μm. A high agreement of the appearance of calcium deposits was observed 

between MRI and histology. Red arrows point at the hyperintense rim observed around 

calcifications. (e) Overview slices of mean-intensity projections and mIPs of the 

susceptibility map and magnitude images, respectively, across the 600 μm covered by the 

shown histological stains.
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Figure 7. 
Results of the histological analysis of calcium and comparison with MRI. (a) Percentage of 

animals with calcification identified on MRI (gray) and histology (white), respectively. (b) 

Agreement between MRI and histology for different groups. (c) Comparison of the size of 

calcifications on susceptibility maps (volume) and histology (number of sections). The 

correlation coefficient for all lesions was r=0.70. The regression line describes the 

relationship for the r-mTBI group (0.093 mm3 · n + 0.026 mm3; n: number of sections).
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Table 1.

Summary of the results of the MR image analysis.

Control Sham s-mTBI r-mTBI s-sTBI

Animals/group week 1 3 3 6 5 -

week 4 - - 7 (6)* 6 4

Ventricles volume/mm3 week 1 no MRI no MRI C: 6.8±0.4
I: 12±6
(p=0.036)

C: 6.0±1.2
I: 6.7±1.3
(p=0.041)

no MRI

week 4 C: 7.78±0.11
I: 8.0±0.6
(p=0.35)

C: 10±3
I: 7.8±0.9
(p=0.25)

C: 10±4
I: 17±8
(p=0.025)

C: 10±3
I: 14±6
(p=0.012)

C: 20±7
I: 34±15
(p=0.022)

paired t-test - - C: p=0.064
I: p=0.049

C: p=0.12
I: p=0.030

-

Hemorrhages, # of animals week 1 no MRI no MRI C: 0
I: 6 (100%)

C: 0
I: 6 (100%)

-

week 4 C: 0
I: 0

C: 0
I: 0

C: 0
I: 7 (100%)

C: 0
I: 6 (100%)

C: 0
I: 4 (100%)

Hemorrhages, volume/mm3 week 1 no MRI no MRI - - no MRI

week 4 - - 1.0±0.5 2.0±0.8 0.94±1.9

Calcifications, # of animals week 1 no MRI no MRI 0 0 no MRI

week 4 0 0 3 (50%) 5 (83%) 1 (25%)

Calcifications, volume/mm3 week 1 no MRI no MRI - - -

week 4 - - 0.04±0.04 0.3±0.3 0.12±0.00

paired t-test - - p=0.13 p=0.041 -

calcifications, susceptibility/ppb week 1 no MRI no MRI - - -

week 4 - - −56±30 −56±19 −60.4±0.0

Values are reported as mean ± standard deviation. “I” and “C” denote ipsilateral (right) and contralateral (left) hemisphere, respectively. “# of 
animals” is the number of animals in which hemorrhage/calcification was observed. Group averages of calcification volume were calculated using 
only animals in which calcification was found. This implies that the stated values represent the average volume of identified lesions. The paired t-

test used on a volume of 0 mm3 if no lesion was found at week 1.

*
The susceptibility map of one of the s-mTBI animals at week five could not be analyzed due to motion artifacts.
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Table 2.

Histological results

Sham s-mTBI r-mTBI s-sTBI

Time post
-injury

1 week 4 weeks 4 weeks 4 weeks

Animals / group 3 5 7 6 4

Calcification,# of animals 0 0 3 (43%) 4 (67%) 2 (50%)

Histology+ # sections 0 0 2±2 4±2 2±1

MRI+ 0 0 3 (50%) 4 (67%) 1 (25%)

MRI− 0 0 0 0 1 (25%)

MRI+/− 0 0 3 (50%) 4 (67%) 2 (50%)

Histology− MRI+ 0 2 (40%) 0 1 (17%) 0

MRI− 3 (100%) 3 (60%) 4 (67%) 1 (17%) 2 (100%)

Histology+ and histology− indicate finding or absence of calcium deposits on Alizarin red sections. MRI+ and MRI− indicate finding or absence of 
calcium deposits on susceptibility maps. “# sections” lists average and standard deviation of the number of sections on which calcium was 
observed. Stated percentages indicated the fraction with respect to analyzable susceptibility maps (cf. Table 1) except for the total number of 
animals (# of animals) where it refers to all brains analyzed histologically.
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