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Meningeal and Visual Pathway Magnetic Resonance
Imaging Analysis after Single and Repetitive Closed-Head
Impact Model of Engineered Rotational Acceleration
(CHIMERA)-Induced Disruption in Male and Female Mice
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Abstract
The consequences of forceful rotational acceleration on the central nervous system are not fully under-
stood. While traumatic brain injury (TBI) research primarily has focused on effects related to the brain
parenchyma, reports of traumatic meningeal enhancement in TBI patients may possess clinical signifi-
cance. The objective of this study was to evaluate the meninges and brain for changes in dynamic con-
trast enhancement (DCE) magnetic resonance imaging (MRI) following closed-head impact model of
engineered rotational acceleration (CHIMERA)–induced cerebral insult. Adult male and female mice re-
ceived one (1 · ; n = 19 CHIMERA, n = 19 Sham) or four (4 · one/day; n = 18 CHIMERA, n = 12 Sham) injuries.
Each animal underwent three MRI scans: 1 week before injury, immediately after the final injury, and 1
week post-injury. Compared with baseline readings and measures in sham animals, meningeal DCE in
males was increased after single impact and repetitive injury. In female mice, DCE was elevated relative
to their baseline level after a single impact. One week after CHIMERA, the meningeal enhancement
returned to below baseline for single injured male mice, but compared with uninjured mice remained
elevated in both sexes in the multiple impact groups. Pre-DCE meningeal T2-weighted relaxation time
was increased only after 1 · CHIMERA in injured mice. Since vision is impaired after CHIMERA, visual path-
way regions were analyzed through imaging and glial fibrillary acidic protein (GFAP) histology. Initial DCE
in the lateral geniculate nucleus (LGN) and superior colliculus (SC) and T2 increases in the optic tract (OPT)
and LGN were observed after injury with decreases in DCE and T2 1 week later. Astrogliosis was apparent
in the OPT and SC with increased GFAP staining 7 days post-injury. To our knowledge, this is the first
study to examine meningeal integrity after CHIMERA in both male and female rodents. DCE-MRI may
serve as a useful approach for pre-clinical models of meningeal injury that will enable further evaluation
of the underlying mechanisms.
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Introduction
Traumatic brain injury (TBI), including the more common

milder forms, are a growing long-term economic and medi-

cal burden.1 A recent study found there were approximately

27 million new cases of TBI each year and estimated the

world prevalence to be around 55.5 million cases.2 The

most common causes include falls, motor vehicle accidents,

and similar impact injuries involving acceleration and decel-

eration forces.2,3 TBI is particularly relevant for military

populations and is considered the invisible wound and signa-

ture injury from the conflicts in Iraq and Afghanistan.4

Repetitive closed-head injuries are also a risk factor

for chronic functional impairment and degenerative

brain diseases, including chronic traumatic encephalopa-

thy.5 There is a potential for sex differences related to

higher rates of concussions reported in female collegiate

athletes and biomechanical factors, such as reduced head

stability.6,7 In many species, from invertebrates to mam-

mals, the cranial meninges are a significant structure and

act as a protective tissue with stiff physical properties

compared with the central nervous system tissue that it

encases.8,9 While there has been a focus on brain effects,

the consequences of impact rotational acceleration on

the meninges have received little attention.

Contrast enhancement in magnetic resonance imaging

(MRI) by the administration of agents such as gadoli-

nium permit better visualization of the meninges. Human

cases of traumatic meningeal enhancement (TME) are

only reported in about half of mild TBI patients who

receive an MRI.10,11 However, TME has been observed,

even when other trauma-related imaging changes are not

detected.11–14 Possible blood–brain barrier damage has

also been reported in athletes15 and in patients that man-

ifest TME. Little is known about the long-term impli-

cations of meningeal changes after injury, but the

meninges may be an important site of insult after concus-

sion, a key component in the TBI recovery process, and

a therapeutic target for the prevention of subsequent

parenchymal damage.11,16,17 While the TME mechanism

for contrast agent extravasation and accumulation in the

meninges is unknown, the clinical ramifications and un-

derlying mechanisms of TME both require investigation.

The focus of this study was to determine the effects of

head impact-acceleration upon meningeal integrity as a

possible pre-clinical model of TME. In addition, visual

impairments have been recognized as a frequent sequela

to head impact injuries.18 Male and female rodents were

included in this study since males are the most common

victims of TBI, but more cases of concussion have

been reported in female collegiate athletes and biomech-

anical sex differences have been described in humans.7,19

The Closed-Head Impact Model of Engineered Rota-

tional Acceleration (CHIMERA) was selected for this

study because of the reliable, non-surgical, and free head

rotation design.20,21

To identify meningeal changes from contrast agent perfu-

sion after single (1 · ) or repetitive (4 · , separated 24 h apart)

CHIMERA, we acquired dynamic contrast enhancement

(DCE) magnetic resonance images at Baseline, Day 1 imme-

diately after impact, and 1 week post-injury. Relaxation

times of T2-weighted images also were assessed for alter-

ations in inflammation. Since it is well documented that

the visual pathway becomes impaired after CHIMERA,

the optic tract (OPT), lateral geniculate nucleus (LGN),

and superior colliculus (SC) were included for analysis.22–28

We hypothesized that murine meninges and brain regions

will show increased DCE and T2 immediately after CHI-

MERA injury and will be sustained after repetitive impacts,

indicating meningeal impairment, increased blood–brain

barrier permeability, and inflammation. Demonstrating a

pre-clinical model of TME is critical for further investiga-

tion of this novel marker. Although it has received some

attention, clinical studies indicate a significant portion

of impact acceleration injuries result in contrast enhance-

ment as a reflection of meningeal impairment. These

changes may underlie structural and functional com-

plaints, including edema of the meninges related to head-

ache, and secondary effects from inflammation and

disruption of the meningeal barrier.

Methods
Animals
A total of 68 7- to 8-week-old male and female C57BL/6J

mice (00664) were obtained from the Jackson Labora-

tory (Bar Harbor, ME) and housed in an Association for

Assessment and Accreditation of Laboratory Animal

Care International–accredited animal facility for at least

3 days of acclimation before the experiments were started.

All procedures were approved by the Uniformed Services

University of the Health Sciences Institutional Animal

Care and Use Committee. Animals were group-housed

(4–5/cage), had access to food and water ad libitum, and

were maintained on a standard 12 h:12 h light-dark cycle.

CHIMERA
Animals were randomly assigned to the injured or sham

conditions (Table 1). Groups were further divided into
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either single (1 · , n = 19) or repetitive (4 · , 1/day, n = 18)

CHIMERA-related TBI with appropriate sham counter-

parts (1 · n = 19, 4 · n = 12). All mice were anesthetized

with isoflurane (3% Forane, Baxter Healthcare Corpora-

tion, Deerfield, IL, with 100% O2) inside an induction

chamber for approximately 2 min. Respiration was mon-

itored, and when deeply unconscious, the mice were

transferred to the CHIMERA animal bed and placed in

a supine position at a 30� angle with the animal head

laid flat horizontally on the head plate. Instrument cross-

hair markings were used for head alignment for impact of

the region surrounding bregma. Velcro straps secured the

body but also allowed free rotation of the head and upper

torso. During placement, a nose cone on the animal bed

delivered isoflurane (2% isoflurane with 100% O2) for

about 3 min before being removed just prior to impact.

For the injured groups, the CHIMERA device piston

was driven upward to impact the closed mouse head dor-

sally (*0.6 J, 4.9 m/sec velocity). After impact, the mouse

was removed from the holder and positioned in a supine

orientation in a clean cage to assess the time to return of

the righting reflex, a surrogate measurement of return to

consciousness. Once the animals turned upright, they

were placed back into their home cage. Acetaminophen di-

luted in water (3% concentration) was administered after

injury to all animals. Sham animals were handled identi-

cally, including anesthesia treatment of equal duration,

placement on the CHIMERA platform, and acetamino-

phen administration, but were not exposed to the impact.

MRI acquisition
In vivo images were collected with a Bruker 7T MR scan-

ner (Bruker, Billerica, MA) at three time-points. First, a

baseline MRI (Baseline) was conducted 1 week before

CHIMERA injuries or sham treatment. The second

MRI (Day 1) was initiated within 15 min after the last

CHIMERA injury or sham treatment, and the third scan

(Day 7) took place 1 week post-injury (Fig. 1). A transmit

birdcage coil (Bruker) in combination with an actively

decoupled four-channel mouse head receive array coil

(Bruker) was used. Pre-contrast and post-contrast T2-

weighted images were acquired for each scan. All mea-

surements, T2 and DCE, were acquired during each

of the three scans per animal: T2W/PDW/T2 map two-

dimensional rapid imaging with refocused echoes repeti-

tion time (TR) = 4000 msec; echo time (TE) = 10, 30, 50,

70, 90, 110 msec; echo train length = 2; number of angles

(NA) = 2; field of view (FOV) 13.8 · 13.8 mm2; matrix

92 · 92; number of slices (NS) = 25; fat suppression;

band width (BW) 36 kHz; and time 6:08 min. For DCE

Table 1. MRI Cohort Sample Sizes*

Cohort Injury Sham
Resolution

for T2W (lm3)
DCE

Resolution (lm3)

1 4 · n = 12 4 · n = 3 150 · 150 · 1000 150 · 150 · 1000
2 4 · n = 6 4 · n = 9 150 · 150 · 1000 150 · 150 · 1000
3 1 · n = 8 1 · n = 4 150 · 150 · 1000 150 · 150 · 500
4 1 · n = 6 1 · n = 8 150 · 150 · 1000 150 · 150 · 500
5 1 · n = 5 1 · n = 7 150 · 150 · 1000 150 · 150 · 500

*MRI cohort sample sizes.
Pre-contrast and post-contrast T2-weighted images were acquired during

each MRI. ProHance gadolinium-based contrast agent was injected during
every scan and dynamic contrast enhancement values were acquired with a
slightly higher resolution for the single closed-head impact model of engi-
neered rotational acceleration (CHIMERA) experiment versus the repeti-
tive CHIMERA group.

MRI, magnetic resonance imaging.

FIG. 1. Schematic of the experimental procedure timeline for single (purple, top) and repetitive (orange,
bottom) closed-head impact model of engineered rotational acceleration (CHIMERA) experiments. For all
groups, three magnetic resonance imaging (MRI) scans were performed at Baseline (1 week before the final
CHIMERA), on Day 1 (immediately after the single or last CHIMERA), and Day 7 (1 week following the final
injury). The single CHIMERA animals only received one impact immediately before Day 1 scanning, while
repetitive CHIMERA mice underwent three impacts separated 24 h apart on the 3 days before the fourth and
final impact that was performed immediately before Day 1 scanning. Total scan time was approximately
55 min for each MRI. Regions of interest (ROIs) used for magnetic resonance imaging analyses are displayed in
Supplementary Figure S1 and histology ROIs are outlined in Figure 6A. Color image is available online.
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three-dimensional fast low angle shot (FLASH), TR/TE =
13/2 msec; flip angle 13�; NA = 1; number of repetitions

(NR) = 11; FOV 13.8 · 13.8 · 50 (13.8 · 13.8 · 25 initial

cohorts) mm3; matrix 92 · 92 · 50(25); no fat suppres-

sion; BW 85 kHz; and time 11 min.

Prior to each scan, animals were weighed and placed

in an isoflurane anesthesia (4% isoflurane in medical

air) induction chamber. A syringe and catheter containing

the contrast agent ProHance (Bracco Diagnostics Inc,

Milan Italy; 50% Gd in saline) was prepared and the nee-

dle tip was directed to the intraperitoneal cavity, but not

injected. The mouse was then transferred to the MRI bed,

placed in a prone stereotaxic holder for head align-

ment, and positioned on a circulating water warming

pad while maintained under isoflurane through a nose

cone. Each MRI session was approximately 55 min in

duration and animals were monitored by temperature

(maintained 34–37�C) and respiration (maintained 30–

70 breaths/min), with appropriate adjustments made to

the isoflurane anesthesia (maintained between 1.5–2.0%

isoflurane in medical air) while inside the scanner. At the

start of the DCE acquisition, ProHance was intraperitone-

ally injected (0.5 mL 1:1 ProHance:Saline per mouse) with

an 11:00 min DCE acquisition time where the injection

commenced beginning 2 min into the sequence. Experi-

menters were blinded to the animal conditions for MRI ac-

quisition and analysis. Following the third scan, animals

were euthanized and tissue was collected for histology.

To accommodate time constraints on the treatment

sequences, the mice were utilized in cohorts that were

divided by single or repetitive injuries and balanced for

treatment condition. There was a total of five cohorts.

Cohorts 1-2 included 4 · CHIMERA and sham counter-

parts, while Cohorts 3-5 consisted of 1 · CHIMERA

and sham treatment (Table 1). One male 1 · CHIMERA

mouse died immediately following impact and the base-

line data from this animal was not included in the analy-

sis. One female 4 · CHIMERA mouse displayed hindleg

paralysis following the fourth impact. The scan (Day 1)

indicated intracerebral hemorrhaging and this mouse

was euthanized resulting in no Day 7 scan. Finally, one

male 1 · Sham mouse died just before the Day 7 scan,

possibly due to anesthesia exposure, and the Day 7 data

from this animal was not available.

Data processing
MRI data were processed using Matlab R2020a (The

MathWorks Inc, Natick, MA). T2-relaxation time maps

were computed from the multi-echo T2-weighted images.

For DCE, the area under the curve (AUC) was calcula-

ted to provide a more robust metric for image enhance-

ment.29 Details of the image processing are provided in

the Supplementary Methods.

MRI data were analyzed for changes in enhancement

using a region-of-interest (ROI) approach; which were

selected based on previous CHIMERA literature.21

ROIs were hand drawn on the pre-contrast 30 msec TE

T2-weighted image and on the average of the first three

DCE image frames from each scan session using Vivo-

Quant Software version 3.0 (inviCRO LLC, Boston,

MA) and ITK-SNAP version 3.8 (Yushkevich, P.A. and

Gerig, G., National Institutes of Health [NIH]) software

(Supplementary Fig. S1). A bilateral ROI was drawn in

the muscle to normalize the data. Animal and voxel

exclusion criteria were applied to omit scans with poor

contrast uptake and to remove potential errors in ROI

drawings (see MRI data processing in the Supplementary

Methods). As discussed in the Supplementary Methods,

only T2 pre-contrast data was analyzed because T2 pre-

contrast is a clinically relevant measurement and is com-

parable to T2 post-contrast in this study.

Immunohistochemistry
Immediately following Day 7 MRI scans, mice were

anesthetized with a mixture of ketamine and xylazine

and then transcardially perfused with cold phosphate buf-

fer solution (0.10 M) and 4% paraformaldehyde in phos-

phate buffer. Brains were dissected and further fixed in

paraformaldehyde for an additional 24 h. They were

then transferred to 20% sucrose solution in phosphate

buffer for 72 h before freezing the tissue and stored at

-80�C until sectioning. A Leica microtome was used to

cut 30 lm thick coronal sections. The tissue was stained

at least 1 week after sectioning and were washed in Tris-

buffered saline with 0.05% triton (TBS-T). Sections

were then processed with 0.3% hydrogen peroxide for

30 min and afterwards washed with TBS-T again before

blocking buffer (TBS-T with 0.20% triton, 10% goat

serum, Vector Laboratories, S-100), and 0.02% bovine

serum albumin (BSA; Sigma-Aldrich, A7906) incubation

for 1 h at room temperature.

Glial fibrillary acidic protein (GFAP) antibody (1:500;

Thermofisher Cat: Ab-6 ASTRO06, Lot: 1376P1810J)

was applied to the sections before storage at 4�C over-

night. The next day, sections were washed with TBS-T

and secondary antibody goat-anti-mouse immunoglobu-

lin G (IgG; 1:500 Jackson Immunoresearch Cat: 115-

065-003, Lot: 92050) was applied diluted in blocking

buffer for 1 h at room temperature. Sections were again

washed with TBS-T before incubation in ABC solution

from Vectastain ABC HRP Kit (PK-4000, Vector Labo-

ratories) for 45 min at room temperature. The tissue

was washed a final time with TBS-T prior to DAB devel-

opment with DAB Peroxidase (HRP) Substrate Kit (with

nickel), 3,3¢-diaminobenzidine (SK-4100, Vector Labora-

tories) for 3 min. The free-floating sections were mounted

onto glass slides and left to dry overnight. Lastly, sections

were dehydrated in ethanol gradients (75–100%), cleared

in xylene twice, and cover-slipped with Permount mount-

ing media (Fisher Chemical).
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Visual pathway ROIs. OPT, LGN, and SC were investi-

gated for GFAP staining. Twelve mice (six female and

six male mice) per group where successful MRI scans

were obtained on all three scans were randomly selected

for Carl Zeiss El-Einsatz model #451485 light micro-

scope imaging. Images for the OPT and LGN ROIs

were taken at 10 · magnification, whereas the SC were

captured at 5 · magnification. To quantify GFAP in each

ROI, percent area stained was measured for black/white

GFAP images with the threshold function on Image J

software (NIH). GFAP values were averaged for three

or more sections per animal. Additional regions were

investigated, corpus callosum, anterior commissure, and

hippocampal fimbria (Supplementary Table S3), but no

differences in GFAP were observed.

Statistical analysis
Graphpad Prism version 8.42 (GraphPad Software,

San Diego, CA) was used for figure generation. Data

are reported for means or medians, as appropriate, and

standard error of the mean (SEM) and coefficient of var-

iation (COV). Statistical analyses were performed using

SPSS (IBM, Armonk, NY) and SigmaPlot (Systat Soft-

ware Inc, San Jose, CA). The body weight data for the

1 · CHIMERA and 1 · Sham groups were analyzed as a

two factor (Sex · Day) analysis of variance (ANOVA)

and the 4 · CHIMERA and 4 · Sham groups were assessed

with a three-factor mixed model ANOVA (Injury · Sex ·
Day) with Days as a repeated measure. Righting reflex

data did not meet the assumptions of normality and was

analyzed using separate Kruskal-Wallis ANOVAs for

1 · CHIMERA data and separate analyses each day for

the 4 · CHIMERA experiment.

For MRI meningeal analysis, 1 · and 4 · CHIMERA

data were analyzed separately with a three-factor linear

mixed model analysis (Injury · Sex · Day), with Days

treated as a within subjects variable. Post hoc pairwise

comparisons were made using the Bonferroni correction

method. Brain regions were analyzed with a four-factor

linear mixed model (Brain Region · Injury · Sex ·
Day) for the brainstem, cerebellum, cerebral cortex, cor-

pus callosum, dorsal hippocampus, lateral geniculate

nucleus, and superior colliculus, and multiple compar-

isons were evaluated with the Bonferroni correction

(Supplementary Methods). The optic tract was analyzed

separately for 1 · and 4 · AUC because optic tract mean

AUC values greatly differed compared with other brain

regions. Since different levels of resolution were perfor-

med for 1 · and 4 · cohorts, effect sizes were computed

using the Hedge’s g formula (equation in Supple-

mentary Methods). The Mann Whitney U-test was used

to analyze GFAP histology. GFAP data were also col-

lapsed across sex. A p value of £0.05 was considered

significant.

Results
CHIMERA velocity and animal body weight were con-

sistent throughout the experiments

The mean maximum energy and the velocity impact

for the CHIMERA were consistent across cohort trials

and over the days that CHIMERA was performed. The

average energy level and piston exit velocity for the

cohorts after a single CHIMERA impact (n = 19) were

0.60 J (– 0.005 J; COV = 0.15%) and 4.90 m/sec (– 0.02 m/

sec; COV = 1.8%). The repetitive CHIMERA experiment

(n = 18) had average energies and velocities of 0.59 J

(– 0.005 J; COV = 0.14%) and 4.87 m/sec (– 0.02 m/sec;

COV = 1.7%), respectively, across the days that CHIMERA

was performed. Animal body weight across single and

repetitive CHIMERA experiments differed between

males (n = 35) with an average of 24.82 g (– 0.75 g,

SEM) and females (n = 33) with an average of 19.21 g

(– 0.43 g, SEM) as expected. Neither single nor repetitive

treatments affected body weights by injury condition; sex

differences were the only effect on animal body weight

(Supplementary Fig. S2).

Righting reflex duration increased
after CHIMERA and sex differences
appeared in the 4 · CHIMERA groups
Only two brief cases of apnea, about 2 sec, immediately

after a single impact were observed in one female and

one male. Righting reflex was recorded after animals

received anesthesia and sham treatment or anesthesia

and CHIMERA (Fig. 2A). Overall, males and females

that sustained single and repetitive CHIMERA insults

had longer righting reflex times compared with sham ani-

mals, suggesting an increase in the return to conscious-

ness from the impacts. The median time for the sham

mice to exhibit a righting reflex was 18 sec, while the

response in the 1 · CHIMERA-injured animals was sig-

nificantly longer (H3 = 27.042; p < 0.001) with a median

time of 96 sec. There were no sex differences so the

data were combined in Figure 2A.

Ten instances of apnea divided evenly between males

and females were observed across the 72 impact trials in

the 4 · CHIMERA group. Apnea mainly occurred follow-

ing the first impact, but two cases appeared immediately

after the third and fourth injuries. Apnea lasted no more

than 10 sec in duration. We found that 4 · CHIMERA

animals also sustained longer righting times compared

with sham mice, on each day they received a CHIMERA

injury (Fig. 2B). A Kruskal-Wallis ANOVA was per-

formed on the data for each day, and indicated the median

duration of the righting reflex was significantly longer

in both male and female 4 · CHIMERA mice on Day 1

(medians: 90 and 84 sec, respectively, H3 = 23.08; p <
0.001) than the duration in male and female sham ani-

mals (17 and 23 sec, respectively). On later Days 2-4,
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the female 4 · CHIMERA animals continued to have lon-

ger righting reflex durations compared with female sham

animals, while the male 4 · CHIMERA animals exhibited

longer duration reflex responses, but were not different

from levels measured in the 4 · Sham male mice.

Meninges displayed contrast enhancement
at Day 1 following 1 · and 4 · CHIMERA
with no apparent changes in the cortex
Analysis of AUC changes in the meninges from a single

CHIMERA insult indicated there was a significant

Injury · Sex · Day interaction effect (F2, 30.599 = 6.188;

p = 0.006). Male 1 · CHIMERA injured mice consistently

exhibited greater changes in meninges AUC over time.

For the female mice, there was a significant increase in

the AUC on Day 1 compared with Baseline ( p = 0.024)

in injured animals, and a similar increase was observed

in the male animals ( p = 0.014). Injured males also dem-

onstrated a greater mean normalized AUC on Day 1 com-

pared with Day 7 ( p < 0.001). Comparison of between

group effects for the males on Day 1 also indicated the

1 · CHIMERA animals exhibited a greater mean AUC

than the sham males ( p = 0.002), but the females at this

time were not different due to injury ( p = 0.453). By

Day 7, however, the male 1 · CHIMERA mice showed

a significant AUC decrease compared with sham males

( p = 0.022; Fig. 3A).

Comparison of AUC measures in the meninges after re-

petitive CHIMERA impacts found a significant two-way

Injury · Day interaction (F2, 25.681 = 5.613; p = 0.010). No

sex differences were detected, so the data presents find-

ings collapsed across sex (Fig. 3B). Pairwise compari-

sons indicated greater enhancement on Day 1 in the

mice that sustained CHIMERA injury compared with

sham animals ( p = 0.005). This enhancement difference con-

tinued 1 week post-injury, albeit with levels lower than were

seen on Day 1, but the difference persisted ( p < 0.001), and

AUC levels for the 4 · CHIMERA mice meninges con-

tinued to be greater compared with sham mice on Day 7

( p = 0.035). AUC values on Day 1 after CHIMERA injury

were also significantly greater than Baseline ( p <
0.001) and higher than Day 7 ( p < 0.001). AUC results

are summarized in Supplementary Table S1.

Since the meninges is a thin structure, there is a chance

alterations in DCE are associated with inclusion of under-

lying cerebral cortex that is captured as a portion of the

meninges ROIs. An Injury · Sex · Day analysis indicated

the AUC measures of the cerebral cortex directly infe-

rior to the meninges ROIs did not display any significant

differences as a function of the injury, sex, or across days.

(Fig. 4A). Likewise, no significant changes were obser-

ved after 4 · CHIMERA in the cortex over time (Fig. 4B).

Analysis of the 1 · CHIMERA T2-relaxation time data

in the meninges (Fig. 3C) found significant two-way

FIG. 2. (A) Righting times after 1 · closed-head impact model of engineered rotational acceleration
(CHIMERA). Injured groups (n = 19) for single impact displayed longer righting times and loss of return to
consciousness compared with sham counterparts (n = 19, H3 = 27.042; p < 0.001). (B) On Day 1 for
4 · CHIMERA, both male CHIMERA (n = 9) and female CHIMERA (n = 9) injured mice sustained increased
righting reflexes compared with sham (H3 = 23.08; p < 0.001). A difference in sex was observed on Days 2-4,
where the female 4 · CHIMERA injured animals continued to have longer righting reflex durations
compared with female 4 · Sham (n = 6). On later days, the male 4 · CHIMERA animals were not different
from levels measured in the 4 · Sham male mice (n = 6). Bars indicate medians. *p £ 0.05; **p £ 0.001. In A,
since no sex differences were identified, the data for male and female were combined in the figure.
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FIG. 3. Meningeal magnetic resonance imaging enhancement observed after injury in 1 · closed-head
impact model of engineered rotational acceleration (CHIMERA) and 4 · CHIMERA conditions. (A) Analysis of
the 1 · CHIMERA meningeal regions of interest showed an interaction of Injury · Sex · Day ( p = 0.006). The
male CHIMERA mice (n = 10) area under the curve (AUC) measures were significantly greater compared with
sham mice (n = 10) on Day 1 ( p = 0.002). CHIMERA animals had elevated AUC values on Day 1 compared
with their Baseline for males ( p = 0.014) and females ( p = 0.024), on Day 7 injured males demonstrated
decreased AUC compared with sham ( p = 0.022), and within-subject comparison for 1 · CHIMERA males
displayed a decrease between Day 1 and Day 7 AUC levels ( p < 0.001). (B) The 4 · CHIMERA experiment
revealed an interaction between Injury · Day ( p = 0.010). On Day 1 after the fourth impact, there was an
effect of injury with greater enhancement in the CHIMERA mice (n = 18) compared with sham animals
(n = 12; p = 0.005). The CHIMERA group enhancement was also sustained 1 week post-injury ( p = 0.035). Day
1 CHIMERA were significantly greater than Baseline CHIMERA ( p < 0.001) and higher than Day 7 CHIMERA
( p < 0.001). (C) T2-relaxation analysis revealed Injury · Day ( p = 0.009) interaction after 1 · CHIMERA. On Day
1, T2 values increased in the CHIMERA group (n = 19) compared with sham mice (n = 19; p = 0.010). CHIMERA
on Day 1 also was greater than CHIMERA at Baseline ( p = 0.004) or on Day 7 ( p = 0.007). (D) Following
4 · CHIMERA, no significant changes were observed. Bars indicate medians. No sex differences were found
after single or repetitive CHIMERA, so male and female results were combined. *p £ 0.05; **p £ 0.01;
***p £ 0.001.
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interactions of Injury · Day (F2, 33.699 = 5.453; p = 0.009)

and Sex · Day (F2, 33.699 = 3.808; p = 0.032). However,

post hoc assessments for differences related to Sex · Day

were not different. The Injury · Day difference indicated

the average T2 value was greater for the 1 · CHIMERA

group than the sham group on Day 1 ( p = 0.010). The

injured and sham groups did not differ at Baseline or

on Day 7 ( p = 0.112). On Day 1, T2 assessment in injured

mice were also significantly greater than at Baseline

( p = 0.004) and Day 7 ( p = 0.007). The three-way ANOVA

of T2 values for the 4 · CHIMERA and sham group indi-

cated no significant meningeal changes (Fig. 3D). T2 results

are summarized in Supplementary Table S2.

Initial enhancement was observed in regions
of the visual pathway after CHIMERA followed
by decreases 1 week post-injury
No AUC changes were detected in the OPT. The four-

factor ANOVA for 1 · CHIMERA AUC levels in the

brain ROIs demonstrated a Brain Region · Injury · Sex ·
Day interaction (F18,822.967 = 1.841; p = 0.018). The LGN

displayed an effect of injury on Day 1 with an initial AUC

increase after injury in males compared with sham mice

( p = 0.023), but then levels of AUC were decreased on

Day 7 ( p = 0.002). Within-subjects comparisons revealed

injured males (Fig. 5A) also had reduced AUC values on

Day 7 than measures at Baseline ( p = 0.007) and Day 1

( p < 0.001). The SC showed a similar pattern. Compared

with sham animals, AUC in 1 · CHIMERA injured males

was increased on Day 1 ( p = 0.024) followed by a de-

crease 1 week post-injury ( p = 0.008). Bonferroni analy-

ses also indicated there was an AUC decrease on Day 7

for CHIMERA males compared with Baseline

( p = 0.002) and Day 1 ( p = 0.003; Fig. 5B). Interestingly,

injured female mice demonstrated a decrease in mean

AUC values compared with sham animals on Day 1

( p = 0.021). No significant differences in AUC measures

were observed after 4 · CHIMERA injuries.

No significant changes in T2-relaxation were seen

after 1 · CHIMERA injury. A four-factor ANOVA of

the T2 relaxation measures for the 4 · CHIMERA data in-

dicated there was a significant Brain Region · Injury ·
Day interaction (F14,592.324 = 3.208; p < 0.001) and Injury ·
Sex · Day interaction (F2,594.253 = 3.432; p = 0.033). The

latter interaction effect suggested there was an overall de-

crease in injured male and female mice across all brain re-

gions on Day 7 compared with sham animals. On Day 1,

the OPT exhibited an initial increase in T2-relaxation in

the 4 · CHIMERA mice compared with sham animals

( p < 0.001), and this level in injured mice was greater on

Day 1 compared with Baseline ( p < 0.001) and Day 7

( p < 0.001). A pattern of decrease in T2 relaxation time

was observed for injured animals compared with sham

on Day 7 for the OPT ( p < 0.001) and LGN ( p = 0.036).,

whereas the sham mice had higher Day 7 within-subject

levels compared with Baseline ( p = 0.001) and Day 1

( p = 0.001; Fig. 5C). Post hoc analyses for the LGN dis-

played higher Day 1 compared with Day 7 values for in-

jured animals ( p = 0.012; Fig. 5D). No T2-relaxation

changes were detected in the SC.

GFAP increases in the visual pathway
Representative images of GFAP staining are shown in

Figure 6A. The OPT exhibited significant changes in

FIG. 4. No significant cortical differences in dynamic contrast enhancement, as measured by area under
the curve, were observed after (A) single or (B) repetitive closed-head impact model of engineered
rotational acceleration (CHIMERA). No sex differences were observed in the cortex after single or repetitive
CHIMERA, so male and female results were combined. AUC, area under the curve.
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FIG. 5. (A) The lateral geniculate nucleus (LGN) displayed an effect of injury on Day 1 with an initial
increase in area under the curve (AUC) measures after injury in males compared with sham males
( p = 0.023), but then there was a decrease in AUC on Day 7 ( p = 0.002). Within-subjects comparison revealed
injured males had higher Baseline ( p = 0.007) and Day 1 ( p < 0.001) levels compared with Day 7. (B) The
superior colliculus (SC) showed a similar pattern with an increase in AUC values on Day 1 in 1 · closed-head
impact model of engineered rotational acceleration (CHIMERA) males compared with sham ( p = 0.024)
followed by a decrease 1 week post-injury ( p = 0.008). Injured female mice demonstrated a decrease in AUC
measures in the SC on Day 1 compared with sham females ( p = 0.021). Bonferroni analyses also indicated
there was a decrease in AUC on Day 7 for the CHIMERA males compared with measures at Baseline
( p = 0.002) and Day 1 ( p = 0.003). (C) A pattern of decreased T2 values was observed for injured animals
compared with sham on Day 7 for the optic tract (OPT; p < 0.001) and LGN ( p = 0.036). The OPT showed an
acute increase in T2 relaxation time on Day 1 for the 4 · CHIMERA mice compared with sham mice
( p < 0.001). The 4 · CHIMERA animals had higher Day 1 within-group levels compared with Baseline
( p < 0.001) and Day 7 ( p < 0.001), whereas the Sham had higher Day 7 within-subject levels compared with
Baseline ( p = 0.001) and Day 1 ( p = 0.001). (D) Post hoc analyses for the LGN displayed higher Day 1
compared with Day 7 values for injured animals ( p = 0.012). Bars indicate medians. *p £ 0.05; **p £ 0.01;
***p £ 0.001. For (C) and (D), no sex differences were identified. The data for male and female were
combined.
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astrogliosis following injury. Percent area stained analy-

sis for GFAP in the OPT displayed a significant increase

in astrogliosis of injured animals after 1 · CHIMERA

(n = 12; median value 28.10; U = 28; p = 0.0100) compa-

red with sham (median value 22.04; Fig. 6B). Likewise,

mice subjected to repetitive impacts had increased GFAP

in the OPT (n = 12; median value 24.55; U = 34; p =
0.0284) compared with 4 · sham mice (median value

20.27; Fig. 6C). GFAP ROIs for the LGN and SC did

not display significant differences between 1 · CHIMERA

and sham conditions (Fig. 6D, 6F). However, repetitive

injury was associated with changes in the SC. Animals

that received 4 · CHIMERA impacts (median value =
18.53), compared with sham mice (median value = 11.56)

had increased GFAP staining in the SC region (U = 11;

p = 0.0001; Fig. 6G). Similar to findings after a single

injury, no significant changes were observed in the LGN

after 4 · CHIMERA (Fig. 6E).

With potential relevance to the meninges, the glial

limitans were visually examined at 40 · for qualitative

astrocytic changes, but no observable differences between

groups were found (data not shown).

Discussion
1 · CHIMERA and 4 · CHIMERA induced a loss
of consciousness and sex differences occurred
during repetitive impacts
The rationale for the impact sequence was selected

to match previous experiments.21 The repetitive 4 ·

FIG. 6. Glial fibrillary acidic protein (GFAP) analyses of the visual pathway. (A) Representative GFAP
images from the optic tract (OPT), lateral geniculate nucleus (LGN), and superior colliculus (SC; regions are
circled with a dashed line). (B) Percent area stained analysis for GFAP in the OPT displayed a significant
increase in astrogliosis after 1 · closed-head impact model of engineered rotational acceleration (CHIMERA).
Following 1 · CHIMERA, there was an increase in GFAP in injured animals (n = 12; median value 28.10; U = 28;
p = 0.0100) compared with sham animals (n = 12; median value 22.04). (C) After 4 · CHIMERA OPT astrogliosis
was also observed in injured mice (n = 12; median value 24.55; U = 34; p = 0.0284) compared with 4 · Sham
mice (median value 20.27). (D, E) No significant changes in the LGN after 1 · CHIMERA (sham median = 17.50,
1 · CHIMERA median = 20.15) or 4 · CHIMERA (sham median = 19.71; 4 · CHIMERA median = 18.29). (F) GFAP in
the SC after 1 · CHIMERA (median = 17.83) was not significantly different than sham (median = 22.87).
(G) GFAP analysis in the SC showed a significant difference (U = 11; p = 0.0001) between 4 · CHIMERA (n = 12;
median value = 18.53) and sham (n = 12; median value = 11.56) with elevated GFAP staining in injured animals
1 week after the fourth impact. *p £ 0.05; **p £ 0.01; ***p £ 0.001. Since no sex differences were identified, the
data for male and female were combined in the figures. Color image is available online.
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CHIMERA design selected chiefly corresponds with

other studies in terms of using repeated impacts 24 h

apart,21 repetitive injuries with similar energy parameters

known to result in no or few fatalities,30,31 and an energy

level (0.6 J) below the threshold of skull fracture, but that

still induced changes.20

CHIMERA-injured animals exhibited greater durations

of loss of consciousness after a single impact compared

with the sham mice, but no sex differences were observed.

The 4 · CHIMERA group also experienced longer periods

of unconsciousness following each impact they received,

compared with uninjured matched animals, and a sex differ-

ence was observed. Possible reasons for the observed sex

difference may be related to CHIMERA biomechanics

and body weight. Males were heavier than females, which

may pose different injury mechanics or decreased rotational

acceleration movement after impact. In a recent repetitive

CHIMERA study that used a higher impact level (0.7 J),

longer righting reflexes were seen for both injured males

and females compared with sham counterparts.23 This

study may also have relevance for observed body effects

with repeated injuries. We did not observe a reduction in

body weight in males, in contrast to this previous repetitive

TBI study that used the CHIMERA device at 0.7 J, and

found a change in males.23

Significant meningeal enhancement occurred
after 1 · CHIMERA and 4 · CHIMERA
Meningeal enhancement after injury was observed after both

the 1 · and 4 · CHIMERA injury. However, while single

and repetitive CHIMERA-exposed groups demonstrated in-

creased AUC values for the meningeal ROI compared with

sham counterparts on Day 1, the single CHIMERA mice

appeared to return to below AUC Baseline levels 1 week

post-injury. This suggests that barrier impairment was re-

solved a week following single impact, whereas the repeti-

tive CHIMERA mice continued to exhibit elevated

enhancement on Day 7, indicating a persistent effect of in-

jury for animals that underwent multiple impacts. Since

the slice thickness for the DCE imaging was different for

the 4 · (1000 microns) compared with the 1 · (500 microns)

cohorts, direct comparisons of the relative change after im-

pact(s) cannot be considered. However, changes relative to

the respective sham group AUC levels on Day 1 suggested

similar large effect sizes for 1 · CHIMERA male mice and

their respective sham group (Hedge’s g = 1.64) and for the

4 · CHIMERA mice compared with their sham counter-

parts (Hedge’s g = 1.10). A similar effect of repeated

injury has been seen in a compression injury model in the

meninges. After a single injury, meningeal reconstitution

was demonstrated with observed revascularization follow-

ing a week after injury. When a second compression injury

was introduced within 1 day of the initial injury, however,

meningeal revascularization was impaired.12

Resolution of TME suggests meningeal repair and

decreased inflammation.12 Clinical studies indicate

the duration of meningeal enhancement in humans can

vary,17,32,33 but most TME cases resolve 1 week to

1 month post-injury.12 Neuroimaging in the current

study after a single injury is consistent with meningeal

recovery, but longer time-points post-injury should be

included in future studies to better understand the time

course of the observed meningeal enhancement, the rela-

tionship to injury severity, as well as possible profile dif-

ferences in responses in male and female animals. In

clinical populations, sex differences with respect to

TME are also presently unknown. However, the current

results with persistent AUC enhancement in injured

male mice 7 days after 1 · CHIMERA suggest male me-

ninges may be more sensitive to an impact.34,35

The potential sex differences observed in the current

pre-clinical data differs from most clinical data suggest

that female patients have higher concussion risk and

poorer outcomes than males. Female student athletes

appear to be particularly susceptible to post-traumatic

migraines as well as migraines in general, which could

be directly related to meningeal damage. There may

also be overall sex differences in the type of symptoms

reported after TBI.34,35 Additional reports, however,

argue that diffusion tensor imaging (DTI) showed more

damage and longer recovery in male patients, and that

possible baseline sex differences in imaging might be

present with hypointense susceptibility weighted images

in males compared with females.36,37 Further investiga-

tion of TBI-related sex differences is needed, as clinical

neuroimaging reports consist of small sample sizes and

results remain unclear in relation to injury severity.

Elevated T2 relaxation times in the meninges
after impact in the 1 · CHIMERA injured animals
T2-weighted images can inform about robust structural

changes. Increased signal related to water content may

be indicative of edema and inflammation, whereas hypo-

intensity is associated with hemorrhage.36,38 The 1 ·
CHIMERA injured animals displayed higher T2 values

compared with sham mice on Day 1, suggesting edema

and inflammation in the meninges after impact, which

has been reported to rapidly occur in the minutes and

hours after cerebral insult.39 By Day 7, however, T2

relaxation times were not significantly different from

baseline, suggesting meningeal inflammation had sub-

sided within 1 week post-injury. The lack of T2 change

in the meninges after 4 · CHIMERA on Day 1 was sur-

prising, but possibly a result of the longer passage of

time (3 days) from initial injury or from the neuroprotec-

tive effects of repeated isoflurane exposure during the

MRI scans (approximately 1 h) on the days preceding

injuries on Days 2-4.40 The 4 · CHIMERA animals

received 4 consecutive days of isoflurane; therefore,
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the increased repetitive amount of neuroprotective expo-

sure may have had anti-inflammatory outcomes. Human

TME is primarily assessed using T2–fluid-attenuated

inversion recovery sequences and only one study has

reported some concurrent brain parenchymal T2*-

weighted imaging differences in mild TBI patients, but

no meningeal T2 relaxation time changes, as used in the

current study, have been previously discussed.10

No MR cortical changes were observed
Subsequent to the observed meningeal damage, brain

ROIs were also analyzed for indicators of injury and

astrogliosis (see Supplementary Methods). Unlike previ-

ously described open-head models of TBI, the cortex in

this closed-head study did not show MRI contrast agent

enhancement.38,41 Imaging studies with controlled corti-

cal impact in rats at similar time-points showed T2 and

DCE enhancement in the cortex. Corresponding cortical

GFAP levels were also increased in one study, but only

male rats were examined.41 Other closed-head designs,

such as lateral impact and weight-drop models, displayed

greater damage than the CHIMERA and reported blood–

brain barrier damage with contrast agent extravasation

into the brain parenchyma. These TBI models appear to

mimic severe injury and advanced pathology, whereas

the CHIMERA may capture subtle changes.42,43

The lack of change in the cortex could be due to the

nature of CHIMERA-induced injuries, where here, alter-

ations to the brain parenchymal surface were not appar-

ent in vivo. The absence of observable cortical damage

in vivo is consistent with repetitive CHIMERA studies,

which also did not show gross pathology in the cortical

tissue near the site of impact.23 Likewise, no parenchy-

mal gadolinium extravasation was detected in a clinical

study of TME.17 The parameters used in this experi-

ment may induce a milder degree of injury relative to

MRI visible contusions reported in the clinical scenario.

Finally, coronal measures of DCE in the meninges

were obtained at 2 mm caudal to bregma. In addition to

assessing the response in this region, the cortex ROI

in this study played an additional role as a control for

the meningeal ROI. Because of partial volume effects,

it was not possible to draw the meningeal ROI at the

level of bregma, directly underneath the CHIMERA site

of impact. The cortex ROI, however, expanded from

bregma to 2 mm caudal to bregma, and did not show

any changes, suggesting that the differences observed

in the meningeal ROI in corresponding posterior bregma

sections reflected changes to the meninges. Edema has

been observed through T2 imaging after a pre-clinical

model of controlled cortical impact TBI in rats.38,41 Con-

sistent with previous CHIMERA imaging studies, how-

ever, no T2 changes were reported in the cortex.31,44

The absence of T2 enhancement in the cortex, as well

as an absence of histological damage, implies that the

CHIMERA injury was mild in nature and did not cause

significant contusion to the brain parenchymal surface.

Magnetic resonance alterations
in the visual pathway
Differences in magnetic resonance imaging measures

were observed as a function of single and multiple insults.

The observed pattern of 1 · CHIMERA AUC and 4 ·
CHIMERA T2-relaxation decreases on Day 7 in these

brain regions are consistent with reported susceptibility-

weighted imaging hypointensities after concussion.36 Pre-

vious neuroimaging studies following CHIMERA

focused on ex vivo DTI, with only one in vivo DTI

study, and these mainly reported decreases in fractional

anisotropy and diffusivity increased in white matter tracts

post-injury,28,44-46 but no reports of T2 changes were

noted.31,44 The decreased T2-relaxation observed by

Day 7 may indicate a robust anti-inflammatory response

or potential hemorrhage 1 week after injury.38 In the

OPT, Day 7 sham displayed greater T2 intensity than

Baseline sham where no change over time was expected.

Although the observed MRI differences in the reported

brain regions reached significance, the changes were sub-

tle and warrant further investigation to better elucidate the

underlying mechanisms.

In parallel with observed differences in the visual sys-

tem, functional impairment is a frequently reported con-

sequence of CHIMERA injury. The immediate Day 1

MRI changes in areas related to the visual pathway are

consistent with previous CHIMERA studies that repor-

ted functional impairments on visual tasks, such as the

visual cliff test and Morris water maze, as well as decrea-

sed visual evoked potentials after single and multiple

impacts.22,26,27 Visual deficits, however, were observed

at later time-points than the current study’s reported

Day 7 recovery.22,26

GFAP changes in the visual pathway
Increased GFAP staining has been reported at both acute

and longer-term time-points after CHIMERA. Although

other CHIMERA studies described elevated GFAP

changes up to 1 week post-injury in several regions,

such as the OPT, corpus callosum, hippocampus, cortex,

and SC,23,30,44,47 the current study only observed GFAP

changes in the OPT and SC (Supplementary Table S3).

The LGN is a primary termination for OPT axons and

an absence of GFAP staining changes was not expected.

This may imply that the astrogliosis in the SC is not the

results of optic nerve trauma, but a consequence of the

anatomical position of this structure. CHIMERA injury

to the parenchyma may affect superficial locations such

as OPT and SC that are more prone to injury from dis-

placement. A weight drop study reported increased GFAP

in the OPT, LGN, and SC 7 days after injury, but also
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noted that these regions may have different time lines of

inflammation presentation.48

A post hoc assessment was performed to determine if

GFAP staining was associated with AUC or T2 MRI re-

sults in corresponding regions. Imaging and histology in

this study were not well correlated, with Pearson correla-

tions of 0.01-0.51. Strong imaging and pathology cross-

correlates were reported, however, by a different study.

Post mortem tissue from TBI patients was imaged

using ex vivo multidimensional MRI and displayed a

strong positive correlation in the corpus callosum with

higher multidimensional intensity and increased diffuse

axonal injury severity indicated by amyloid precursor

protein histology.49 Although GFAP in the current study

could potentially appear as T2 enhancement because of

the inflammation associated with astrogliosis, perhaps

the imaging constraints described earlier or the degree

of inflammation and lack of edema by Day 7 were factors

lending to a difference for what was reported in this clin-

ical report.

Limitations and future directions
Across the study, the CHIMERA device was found to

deliver consistent impacts. There may be a degree of

imprecision for the impact location across animals and

injuries since the positioning of the scalp above the piston

relies on investigator judgement. Nevertheless, the 5 mm

piston diameter relative to the dimensions of the mouse

scalp suggest head placement on the device is repeatable

by an experienced operator. The CHIMERA device is an

ideal pre-clinical model. It is a non-surgical procedure

allowing a brief exposure to anesthesia at the time of

injury, which was essential to the avoidance of meningeal

enhancement due to lengthy operative procedures. How-

ever, the MRI scanning required prolonged isoflurane

use. Although no direct link between isoflurane’s effects

on contrast agent is evident and the effect of repetitive

scans is unclear, anesthetics can alter MRI results by

changing animal body temperature and metabolism.

Many variables can affect imaging and hypothermia

due to anesthetics is a primary concern.50 A recent study

showed that isoflurane exposure during MRI reduced

histological blood–brain barrier damage compared with

animals that did not undergo prolonged sedation.51 The

MRI differences observed in some sham animals could

be related to these biological variable responses to iso-

flurane since individual differences in anesthetic stabi-

lization were observed despite standardized imaging

procedures/setup. Future studies could include the use

of alternative sedation agents as a substitute for isoflurane

during imaging.

MRI analysis was restricted by image resolution. No

initial whole–brain analyses was conducted because of

the slice thickness, so that voxel-based analysis was not

optimal. Acquisition resolution resulted in deeper and

more medial ROIs being more susceptible to partial vol-

ume effects during MRI analysis. A surface coil was

utilized throughout the current study; therefore signal-

to-noise was decreased further from the coil. Like the

brain, the skull and underlying meninges are heteroge-

neous with variability in thickness depending on the loca-

tion and species measured. Studies of murine meninges

report inter-subject and tissue preparation variability,

adding to the complexity in measuring meningeal

thickness.9,52-54 While composition is fairly consistent

across species, dural thickness has been reported to be

about 50lm in rats compared with approximately 564 lm

in humans, but variability in tissue preservation methods

can greatly alter this measurement.52,55

There may also be differences among rodent menin-

geal structure with well characterized subarachnoid

space reported in rats, whereas mice may not possess

such space or arachnoid trabeculae.54,56 This variability

in meningeal thickness and its size relative to the MRI

resolution means that the meninges ROI contains some

other structures; however, the cortex ROI provided a con-

trol to differentiate between the meninges and underlying

brain parenchyma. A rodent meningeal model is ideal in

terms of logistics, but future TME study should include

larger animal models that more closely resemble human

meningeal properties.57 The current study employed an

intraperitoneal route for contrast agent injection. The

intraperitoneal route has been employed previously in

rodent blast studies,58 and has been seen as the better

alternative when the study requires multiple injection

events.59,60 While intravenous administration is more

clinically relevant, tail vein access is challenging and

repetitive local access is an effective alternative with

lessened local vessel damage

While the resolution of MRI was at the limits for

exclusive capture of voxels that were circumscribed to

the meningeal layer, the results suggest that a pre-clinical

model of TME can be achieved using the CHIMERA

device, which can allow for further study to determine

the mechanism of action. To understand the mecha-

nisms relevant to TME and potential protective menin-

geal properties, ex vivo analysis of the meninges could

provide detailed structural data to show anatomical

changes in the meninges after injury.11,17,32,52,61–65 Addi-

tional approaches, such as meningeal two-photon micros-

copy, has been successfully employed and could assist

in studying the pathway for neuroimmune exchange in

the meninges that contribute to the observed meningeal

enhancement.8,11,12,66 Lastly, determining comparable

differences between single and repetitive injury and

potential behavioral deficits related to meningeal dam-

age is critical to defining functional impairments. TME in

humans may provide a sensitive imaging biomarker for

mild TBI and could present a therapeutic target to prevent

additional inflammatory damage to the parenchyma.
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