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Abstract
Aim: Retrospective studies suggest that mild traumatic brain injury (mTBI) in 
pediatric patients may lead to an increased risk of cardiac events. However, the 
exact functional and temporal dynamics and the associations between heart and 
brain pathophysiological trajectories are not understood.
Methods: A single impact to the left somatosensory cortical area of the intact skull 
was performed on juvenile mice (17 days postnatal). Cerebral 3D photoacoustic 
imaging was used to measure the oxygen saturation (sO2) in the impacted area 4 h 
after mTBI followed by 2D and 4D echocardiography at days 7, 30, 90, and 190 post-
impact. At 8 months, we performed a dobutamine stress test to evaluate cardiac 
function. Lastly, behavioral analyses were conducted 1 year after initial injury.
Results: We report a rapid and transient decrease in cerebrovascular sO2 and 
increased hemoglobin in the impacted left brain cortex. Cardiac analyses showed 
long-term diastolic dysfunction and a diminished systolic strain response under 
stress in the mTBI group. At the molecular level, cardiac T-p38MAPK and 
troponin I expression was pathologic modified post-mTBI. We found linear 
correlations between brain sO2 measured immediately post-mTBI and long-term 
cardiac strain after 8  months. We report that initial cerebrovascular hypoxia 
and chronic cardiac dysfunction correlated with long-term behavioral changes 
hinting at anxiety-like and memory maladaptation.
Conclusion: Experimental juvenile mTBI induces time-dependent cardiac 
dysfunction that corresponds to the initial neurovascular sO2 dip and is associated 
with long-term behavioral modifications. These imaging biomarkers of the heart–
brain axis could be applied to improve clinical pediatric mTBI management.
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1   |   INTRODUCTION

Traumatic brain injury (TBI) represents a significant clin-
ical burden.1,2 Beyond local brain injury and neuroinflam-
matory activations,3 TBI could associate with peripheral 
organ adaptations, with proposed implications of systemic 
inflammation and autonomic dysregulation.4 The effects 
of TBI on the cardiovascular system are emerging in clin-
ical studies employing echocardiographic examination;5 
TBI has been associated with a higher risk of chronic 
cardiovascular comorbidities in adult patients.6 These 
clinical studies focused on moderate–severe TBI in the 
adult-to-elderly population; however, approximately 80% 
of all TBI-related emergency room visits are due to mild 
cases, with unstructured data on the potential patholog-
ical trajectories for children under 18 years of age.7 Mild 
TBI (mTBI), or concussion as it occurs in contact sports,8 
is commonly defined as traumatic biomechanical forces 
to the brain that do not necessarily lead to a loss of con-
sciousness and shows little to no evidence of structural 
damage in the CT scan.9 The existing knowledge gap calls 
for preclinical studies to systematically study the func-
tional pathophysiological trajectories of juvenile mTBI at 
the brain and cardiac levels and pinpoint their temporal 
associations during adulthood.10

To address this issue, we examined the long-term 
cardiac adaptations occurring after experimental juve-
nile mTBI, retrospectively correlating to brain hypo-
oxygenation measures, occurring immediately after mTBI 
in a mouse-specific manner.11 We used photoacoustic 
imaging (PAI), which combines laser pulses and high-
resolution ultrasound (US) to create multicontrast im-
ages of cardiac and brain structures.12 This noninvasive 
approach allows an unprecedented monitoring capa-
bility of essential heart–brain functions in the same an-
imals and can be repeated over long periods. Although 
imaging modalities such as magnetic resonance imaging 
(MRI) can assess left ventricular function, the acquisition 
is often time-consuming and costly.13 The emergence of 
novel technologies based on United States allows for in 
vivo assessment of neurovascular and cardiac changes 
with high specificity.11,14,15 Furthermore, we employed 
high-frequency four-dimensional ultrasound (4DUS), a 
technique comparable to cine MRI, offering high spatio-
temporal resolution to assess cardiac disease progression 
over time.16 Our results suggest a post-mTBI correlation 
between the initial dip in cerebrovascular oxygenation 

and long-term cardiac diastolic dysfunction, with adverse 
long-term adaptations demonstrated in pharmacological 
cardiac stress tests. Our data also suggest specific long-
term behavioral changes post-mTBI that correlate with 
PAI measures. Collectively, these data unveil coordinated 
heart–brain maladaptive responses post-juvenile m-TBI 
that unfolds and persists during adulthood.

2   |   RESULTS

2.1  |  mTBI triggers immediate regional 
cerebrovascular hypoxia and increases 
hemoglobin brain content

We used photoacoustic imaging, repeated over time, to 
stratify and track the average blood oxygen saturation 
(mean sO2 levels) and tissue sO2 levels (total sO2) after 
mTBI in a mouse-specific manner from childhood to 
adulthood (Figure 1). We recently published a pilot study 
demonstrating technical feasibility.11 Representative oxy-
genation maps are shown in Figure 2A. mTBI resulted in 
a rapid decrease of cerebrovascular sO2 in the impacted 
left hemisphere (sham 65.3 ± 6.2, mTBI 57.21 ± 9.52, 
p = 0.012; Figure 2B; image example Figure 2A), returning 
to pre-TBI levels at 7 days and stabilizing long term. Left 
hemisphere tissue sO2 levels showed no significant differ-
ences between groups. (Figure  2C). Mean HbT was sig-
nificantly elevated 4 h post-mTBI (sham 2.01 ± 0.45, mTBI 
2.61 ± 0.59 (×104), p  =  0.001; Figure  2D). HbT returned 
to pre-TBI levels on day 7. ROC analysis of left hemi-
sphere HbT showed statistical significance (AUC = 0.777, 
p = 0.028) in the ability to distinguish between sham and 
mTBI 4 h post-mTBI (Figure  2E). However, left hemi-
sphere blood sO2 (AUC  =  0.744, p  =  0.053) and tissue 
sO2 (AUC  =  0.570, p  =  0.577) did not illustrate statisti-
cally significant results. In the contralateral hemispheres, 
sO2 and HbT measurements showed no significant differ-
ences (Figure S1). Corroborating an immediate pathologi-
cal modification, post-mTBI animals' time to stand was 
significantly longer compared to the sham group (sham 
112.3 ± 107.0, mTBI 311.6 ± 195.1, p  =  0.005). Time to 
explore the environment was significantly increased in 
the mTBI group (sham 41.0 ± 43.0, mTBI 229.8 ± 110.1, 
p  =  <0.001), which correlates with the left hemisphere 
blood hypo-oxygenation levels (r  =  −0.541, p  =  0.006; 
Figure S2). In summary, experimental mTBI delivered on 
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the juvenile brain is sufficient to provoke a transient hy-
poxic condition with quantitative mouse-specific profiles.

2.2  |  mTBI associates with trajectories of 
sustained diastolic dysfunction with a 
preserved ejection fraction

A risk for long-term cardiac adaptations in TBI sub-
jects is clinically suspected.6 Here, we tested the hy-
pothesis that a mild TBI in juvenile mice is sufficient 
to elicit adverse cardiovascular trajectories, focusing 
on cardiac systolic and diastolic function assessed with 

4DUS repeated over time (Figure  3A–G). Global LV 
function metrics such as peak-systolic volume (PSV) 
and end-diastolic volume (EDV) showed no significant 
differences between sham and mTBI groups between 7 
and 190 days post-injury (Figure  3H,I). While ejection 
fraction (EF) showed no significant difference between 
groups from day 7 to 90 post-injury, EF was significantly 
elevated in the mTBI group at day 190 (sham 56.97 ± 8.82, 
mTBI = 63.69 ± 3.65, p = 0.034; Figure 3J). Additionally, 
while both groups showed a gradual increase in left ven-
tricular mass (LVM) from day 7 to 190 post-injury, LVM 
was significantly lower in the mTBI group at both day 
90 (sham 114.44 ± 16.19, mTBI 97.68 ± 13.02, p = 0.015) 

F I G U R E  1   Long-term effect of a single mild TBI in juvenile mice on cardiac function and behavior. (A) Experimental design, (B) study 
timeline. Each dash indicates a time point where we conducted a procedure. Photoacoustic imaging and ultrasound imaging timelines 
can be visualized with the images above and below the timeline, respectively. Dobutamine stress tests and behavior tests were conducted 
360 days post-injury. *Molecular-level pathological signature in the heart was explored by Western blot to assess T-p38 MAPK and cTnI 
expression on a second batch of animals (sham and mTBI) 1-month post-TBI.
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F I G U R E  2   Cerebral sO2 and HbT content altered in the left hemisphere post-traumatic brain injury. (A) Representative photoacoustic 
images of murine brain 4 h and 7 days post-impact. Color scaling used to show regions of high sO2 in red and regions of low sO2 in blue/
black in sham and mTBI mice. The arrow indicates the region of impact and lower sO2. (B) Left hemisphere vascular sO2 over time. (C) 
Left hemisphere tissular sO2 over time. (D) Left hemisphere mean HbT over time. (E) Receiver operating characteristic (ROC) curves of left 
hemisphere blood sO2 (AUC = 0.744, p = 0.053), tissue sO2 (AUC = 0.570, p = 0.577), and mean HbT (AUC = 0.777, p = 0.028) in sham and 
mTBI mice. Sample sizes are sham n = 11 and mTBI n = 11. All results are expressed as mean ± SD.
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      |  5 of 17LEYBA et al.

F I G U R E  3   Global cardiac function shows little differences in the short and long term. (A) Short and (B) long axes and the (C) 3D 
volume of the heart at peak diastole extracted from the 4DUS custom toolbox. (D) Short and (E) long axes and the (F) 3D volume of the 
heart at peak systole extracted from the 4DUS custom toolbox. The manually defined endocardial (blue) and epicardial (green) borders are 
visualized. (G) Longitudinal strain % map over one cardiac cycle, (H) end diastolic volume, (I) peak systolic volume, (J) ejection fraction, (K) 
left ventricular mass, and (L) global longitudinal peak strain extracted from the custom toolbox. Sample sizes are sham n = 11 and mTBI 
n = 11. Results are expressed as mean ± SD.
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and 190 (Sham 125.84 ± 22.05, mTBI 109.90 ± 16.21, 
p = 0.046; Figure 3K).

We tracked global and regional longitudinal strain 
using a 4DUS custom analysis to detect ventricular de-
formation patterns and functional abnormalities. On 
day 90, a significantly larger global peak strain was ob-
served in the mTBI group (sham −15.94 ± 2.59, mTBI 
−19.47 ± 1.84, p = 0.022; Figure 3L). Global systolic and 
late diastolic strain rates were not significantly differ-
ent at any timepoint (Figure S3). Regional strain anal-
ysis showed differences between groups' peak strain in 
nearly all regions 90 days post-injury. The posterior and 
posterior-free wall diastolic strain rates, in particular, 
significantly differed between groups at 90 days post-
injury (Table S1).

Diastolic function was assessed using a combination 
of several metrics, including left atrial (LA) volume (i.e., 
capacity for ventricular filling), early diastolic strain rate 
(i.e., passive ventricular relaxation), and Doppler velocities 
(i.e., blood flow through the mitral valve) (Figure 4A–C).  
LA volume could not be assessed on day 1 due to image 
quality. At 30, 90, and 190 days post-impact, LA volume in 
the mTBI group was significantly larger than sham (day 30 
p = 0.034, day 90 p = 0.033, day 190 p = 0.027; Figure 4D).  
The early diastolic strain rate was decreased in the mTBI 
group at day 30 (sham 9.17 ± 2.58, mTBI 6.36 ± 2.06, 
p =  0.006) and day 190 (sham 9.94 ±, mTBI 7.59 ± 1.12, 
p = 0.031; Figure 4E). The mTBI group isovolumic relax-
ation time (IVRT) was lower at day 1 (p = 0.071) but was 
significantly elevated at days 30 (sham 11.60 ± 1.33, mTBI 
13.20 ± 0.99, p = 0.009) and 190 (sham 11.52 ± 1.11, mTBI 
12.84 ± 1.39, p = 0.026; Figure 4F). To explore early cardiac 
molecular changes, we performed a Western blot analysis 
on tissue from sham (n = 6) and mTBI animals (n = 6) 
1 month post-mTBI. We assessed Total p38 mitogen-
activated protein kinases (T-p38 MAPK) and cardiac 
Troponin I (TnI) expression (Figure 4G). Complete Western 
blot analyses are provided in supplemental Figure S4A–C. 
Our results show that mTBI mice exhibit an increase in  
T-p38 MAPK cardiac expression (p = 0.039) and a decrease 
in cardiac TnI (sham  =  1.74 ± 0.32, mTBI  =  1.12 ± 0.28, 
p = 0.005; Figure 4H,I). Collectively, these data show that 
mTBI in juvenile mice induces a diastolic dysfunction with 
a molecular signature persisting into adulthood.

2.3  |  Dobutamine stress test reveals 
global and regional cardiac dysfunction 
following mTBI

From these functional 4DUS/Doppler descriptions, we 
next examined the response of a TBI-heart to stress con-
ditions. To this end, we used an intraperitoneal injection 

of the adrenergic agonist dobutamine,17 a modality that 
allows revealing long-term dysfunction and perfusion 
abnormalities. The difference between baseline and post-
dobutamine injection peak strain significantly differed in 
the sham group (p = 0.000), while the mTBI displayed no 
difference in peak strain. The same trend was found in the 
systolic strain rate where the sham group showed signifi-
cant differences from pre- to post- dobutamine (p = 0.000), 
and the mTBI group did not (Figure 5A,B). The changes in 
early and late diastolic strain rates were lower in the mTBI 
group but not significant (Figure  5C,D). Regional strain 
analysis highlighted significant differences between sham 
and mTBI early diastolic strain rates in the posterior and 
posterior-free wall regions of the heart (Table S2).

The 4DUS strain maps illustrate longitudinal strain 
pre- and post-injection and the differences between time 
points and groups (Figure 5E,F). Individual strain maps 
are provided in Figure S5. Finally, we used photoacoustic 
imaging to assess cardiac perfusion overtime during the 
dobutamine stress test (Figure  5G–J). The sham group 
pre- and post-diastolic sO2 differed (p = 0.011), while no 
statistical significance existed post-mTBI (Figure 5K,L).

2.4  |  Early post-mTBI neurovascular 
oxygenation correlates with long-term 
cardiac dysfunction

Thus far, our results show cerebrovascular and cardiac 
response maladaptations post-mTBI, occurring in a time-
dependent and mouse-specific manner. Here, we asked 
whether direct correlations exist between the examined 
pathophysiological measures to define prognostic criteria. 
To this end, we correlated the dataset: Oxygen saturation 
4 h post-mTBI and long-term (240 days) peak strain, sys-
tolic, early diastolic, and late diastolic strain rate from the 
dobutamine stress test (Figure 6A–D). Left hemisphere tis-
sue sO2 correlated with changes in peak strain (r = −0.548, 
p =  0.028) and with late diastolic strain rate (r =  0.550, 
p = 0.027) (Figure 6A,D). Left hemisphere tissue sO2 was 
correlated with the changes in systolic (p  =  0.105) and 
early diastolic strain rates (p = 0.056) (Figure 6B,C). Left 
hemisphere hemoglobin content and contralateral sO2 
showed no correlation (Table S3).

We tested the hypothesis that long-term cardiac dys-
function observed with dobutamine changes could serve 
as imaging biomarkers to discriminate between sham and 
mTBI groups. Change in peak strain displayed a statisti-
cally significant ROC curve (AUC  =  0.810, p  =  0.039), 
indicating its ability to discriminate between sham 
from mTBI animals. Further ROC analyses of other car-
diac metrics including changes in systolic strain rate 
(AUC = 0.730), early diastolic strain rate (AUC = 0.762), 
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and late diastolic strain rate (AUC 0.746) could be clini-
cally relevant; however, they showed no statistical signifi-
cance (Figure S6A–C).

Using principal component analysis (PCA) to highlight 
the variables showing the most inherent variability in the 
data, the first two principal components (PCs) explain 
62.33% of the variance in the data (Figure 6F). The sham 
animals are contained to the bottom left quadrant, while 
the remaining mTBI points are scattered throughout the 
remaining quadrants. Furthermore, LH mean HbT con-
tributed 9.61% to the weight of the first two PCs. In ad-
dition, the inclusion of the changes in global peak strain, 
end diastolic volume, and diastolic cardiac oxygen satura-
tion increased the cumulative contribution to 38.07% of 
the weighting (Figure S6D).

2.5  |  Heart–brain pathophysiological 
modifications correlate over time

Subsequently, 1 year after the initial trauma, animals pre-
viously tracked using PAI underwent behavioral testing 
to explore the long-term neurological impact of juvenile 
mTBI and to unveil possible mouse-specific correlations 
between heart–brain physiological modifications and 
behavioral output. Animals were evaluated based on an 
anxiety-like state (time in the center), locomotor coordi-
nation and activity (distance traveled), and memory rec-
ognition (discrimination index) (Figure 7A–C). The time 
in the center was unchanged between groups (p = 0.162), 
suggesting similar basal anxiety levels. However, the mTBI 
group exhibited a 30% lower distance traveled in the open 

F I G U R E  4   Short- and long-term diastolic cardiac function altered after mild traumatic brain injury (A) Representative 4DUS image of 
the murine heart with a 3D segmentation of the left atrium (LA). (B) Representative early diastolic strain rate curve for sham and mTBI. The 
three peaks indicate the peak early diastolic strain rate over three cardiac cycles, where the dotted line shows the average value reported. (C) 
Mitral valve Doppler flow velocity tracing with the isovolumic relaxation time (IVRT) tracing is shown in yellow. The corresponding EKG 
is below. (D) LA volume. (E) Early diastolic strain rate. (F) Isovolumic relaxation time. All sample sizes sham n = 10 and mTBI n = 10. (G) 
Western blot images of cardiac T-p38 MAPK, cardiac TnI, and total protein expression in sham and mTBI 1 month after the insult.  
(H) Relative level of T-p38 MAPK (AU). (I) Relative level of cardiac TnI (AU). Results are expressed as mean ± SD. Sample sizes sham n = 6 
and mTBI n = 6.
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field (sham 32.10  ± 8.35, mTBI 22.10  ± 8.41, p  =  0.033) 
and a significant decrease in discrimination capacity 
when identifying novel versus familiar objects (familiar 
0.93 ± 0.31, novel 0.38 ± 0.06, p  =  0.001; Figure  7D–F). 
Interestingly, we found that the cerebrovascular blood 
sO2 levels, measured 4 h post-mTBI, inversely correlated 

with the time in the center (r  = −0.754, p  =  0.001) and 
positively correlated with the distance traveled (r = 0.513, 
p = 0.042; Figure 7G,H). Moreover, time in the center pos-
itively correlated with hemoglobin content 4 h post-injury 
(p = 0.005; Figure 7I). This result suggests that the severity 
of brain hypoxia and local hemorrhage 4 h after impact 
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      |  9 of 17LEYBA et al.

during juvenile stages may predict the behavioral adap-
tations during adulthood. Finally, peak strain during the 
dobutamine test was inversely correlated with novel ob-
ject discrimination capacity (p = 0.043; Figure 7J). These 
results reveal a predictive value for measuring brain oxy-
genation early post-mTBI to stratify the risk for long-term, 
age-dependent adaptations.

3   |   DISCUSSION

We demonstrate age-dependent, mouse-specific trajec-
tories of cardiac maladaptations after experimental ju-
venile mTBI. We found significant correlations between 
neurovascular hypo-oxygen profiles measured immedi-
ately post-mTBI and adulthood heart–brain maladapta-
tion.6 Our data resonate with clinical studies suggesting 
a brain–heart interrelation in TBI subjects. Chronic car-
diovascular, endocrine, and neurological outcomes have 
been reported following brain injuries in patients and ro-
dent models.6,18 Our results demonstrate the involvement 
of the heart–brain axis in mTBI and indicate utility in car-
diac monitoring as a possible noninvasive biomarker of 
disease progression.

3.1  |  mTBI and cardiac dysfunction: 
from juvenile stages to adulthood

Symptoms of cardiac dysfunction have been reported in 
the short term in adult patients with mild to severe TBI, 
by evaluating clinical features such as arterial pressure, 
ejection fraction, and morphological changes in electro-
cardiograms.6,19 Experimentally combining noninvasive 
2DUS and 4DUS, we reveal subclinical cardiac dysfunc-
tion lingering into adulthood following juvenile mTBI. No 
changes in cardiac LV morphometry or global function 
(ejection fraction) were identified in the mTBI group at 

rest; however, systolic function decreases in moderate to 
severe TBI in clinical studies.10 Interestingly, we found that 
the mTBI group exhibited changes in LA volume, IVRT, 
and early diastolic strain rate up to 190 days post-injury, 
all of which indicate diastolic dysfunction.20 These results 
align with Cuisinier et al. showing no changes in systolic 
function but highlighting subclinical diastolic dysfunc-
tion with a significant elongation of IVRT in patients with 
TBI.21 Furthermore, molecular analysis of cardiac tissue 
of the mTBI group found an increase in p38 expression 
and loss of cardiac TnI (Figure 4H,I). Proteolysis of TnI in 
the heart is one of the important mechanisms associated 
with diastolic dysfunction through impaired calcium-
dependent muscle contraction.22 Overexpression of p38 
MAPK may induce diastolic dysfunction with preserved 
ejection fraction.23 Thus, molecular changes of cardiac 
TnI and T-p38 MAPK further confirm cardiac functional 
adaptations after mTBI and provide a potential mecha-
nism of action. Furthermore, prospective cohort studies 
by Krishnamoorthy et al. showed that cardiac dysfunction 
is present in the short term after TBI and may even revert 
to baseline within a week.24 However, our study indicates 
that those effects persist long term.

Dobutamine stress tests, which increase O2 demand 
and consumption,25 have revealed underlying cardiac 
dysfunction in cases of heart failure with preserved ejec-
tion fraction.26 Similarly, our model of mTBI-induced 
diastolic dysfunction with preserved EF showed that a 
limited stress response correlates with initial oxygen de-
saturation after injury. Furthermore, the lack of a signif-
icant decrease in cardiac sO2 in the mTBI group suggests 
impaired myocardial oxygen availability which has been 
associated with abnormal stress responses.27 Thus, there 
is a potential interrelation between mTBI, cardiac stress 
responses, and myocardial oxygen delivery. In summary, 
our study extends the understanding of the cardiac effects 
of TBI where subclinical diastolic dysfunction and stress-
induced dysfunction are seen months after a mild injury 

F I G U R E  5   Traumatic brain injury affects cardiac strain in dobutamine stress test 8 months after the initial injury. (A) Global 
longitudinal peak strain, (B) systolic strain rate, (C) early diastolic strain rate, and (D) late diastolic strain rate pre- and post-injection of 
dobutamine and change between the two. All change metrics were obtained by subtracting post-injection strain from pre-injection strain. 
Subpanels B–D represent metrics extracted from a custom toolbox with strain rates normalized to one cardiac cycle, thus unitless.  
(E) Cardiac strain mapping of longitudinal strain over the course of a representative cardiac cycle. The first row of maps depicts sham strain 
maps pre- and post-injection and blue/red heat map of the change in strain between pre- and post-injection. The second row illustrates 
similar plots for the mTBI group. The third row depicts the differences between the two maps directly above. Differences were obtained by 
subtracting mTBI from sham strains. (F) Strain map interpretation key. The vertical axis highlights how regions of the heart are unwrapped 
on a vertical axis. The horizontal axis represents time in a single cardiac cycle. (G) Sham and (H) mTBI group cardiac ultrasound images.  
(I) Sham and (J) mTBI cardiac photoacoustic overlaid on the ultrasound image. Photoacoustic color scaling used to show regions of high sO2 
in red and regions of low sO2 in blue/black. All ultrasound and photoacoustic images are representative images that reflect general trends. 
(K) Diastolic and (L) systolic myocardial oxygen saturation pre- and post-injection, and the change between the two. All sample sizes are 
sham n = 9, mTBI n = 7. Results are expressed as mean ± SD. We used a two-way ANOVA with Bonferroni post hoc multiple comparisons 
test for pre- and post-dobutamine comparisons. A studentized t-test was used to compare the change sham versus MTBI.
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10 of 17  |      LEYBA et al.

using state-of-the-art noninvasive techniques, including 
PAI and 4DUS, as well as Western blots. How diastolic 
dysfunction with preserved ejection fraction may relate to 
long-term clinical management of young mTBI patients 
warrants further investigation.

3.2  |  Molecular imaging and myocardial 
functional biomarkers after mTBI

Diagnostic tools used post-TBI include computed tomog-
raphy and magnetic resonance imaging. However, most 
mTBI show no imaging markers.28 For this reason, pa-
tients frequently receive inadequate treatment, particu-
larly children.29,30 Our results indicate that PAI and US 
imaging can be used to evaluate both neurovascular and 
cardiovascular effects of mTBI, generating noninvasive 
imaging biomarkers that can be followed longitudinally. 

Cerebral PAI shows that the left hemisphere blood oxy-
genation in the mTBI group was significantly decreased 
with correlations to sudden behavioral changes. These re-
sults align with Ichkova et al.'s work, in which immediate 
cerebrovascular hypoxia post-TBI was observed.11 Total 
hemoglobin in the mTBI group was higher than the sham 
group after 4 h, although this may be influenced by pete-
chial bleeding at the injury site.31–33 Furthermore, ROC 
analyses of acute and long-term neurovascular and car-
diac parameters including cerebral sO2, HbT, and cardiac 
strain may offer utility in discriminating between the two 
groups.

Here, a principal component analysis was executed 
to reduce the dimensionality of multivariate datasets 
and identify underlying patterns.34 Our results show that 
combining 13 physiologic measurements from the initial 
injury and the dobutamine stress test successfully dif-
ferentiates between sham and mTBI. Hemoglobin was 

F I G U R E  6   Dobutamine stress test cardiac strains correlated with sO2 4 h post-injury. Pearson correlation between the dobutamine 
stress test change in (A) peak strain, (B) systolic strain rate, (C) early diastolic strain rate, (D) late diastolic strain rate and cerebral left 
hemisphere tissular sO2 (n = 16). All correlation coefficients and the corresponding p-values displayed. (E) ROC analysis of change in peak 
strain (AUC = 0.810, p = 0.039). (F) Principal component analysis results.
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      |  11 of 17LEYBA et al.

F I G U R E  7   Behavior changes in mTBI correlated with initial injury and cardiac outcomes. Experimental design of (A) time in center, 
(B) distance traveled, and (C) discrimination index behavioral tests. (D) Time in center, (E) distance traveled, and (F) familiar and novel 
discrimination indices comparisons. (G) Time in center, and (H) distance traveled correlated with left hemisphere blood sO2 4 h post-injury. 
Correlation between (I) time in center with left hemisphere mean HbT 4 h post-injury. Correlation between (J) discrimination index and 
change in global peak strain from the dobutamine stress test. All Pearson correlation coefficients and the corresponding p-values displayed. 
Sample sizes are sham n = 9, mTBI n = 7. We used a studentized t-test in subpanels D–E and a two-way ANOVA with Bonferroni post hoc 
multiple comparisons test in subpanel F.
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12 of 17  |      LEYBA et al.

an important contributor to the differentiation between 
groups; however, measures of cardiac dysfunction had a 
larger influence on the analysis than oxygen saturation. 
These results align with previous work where PCA has 
been used to discriminate between clinically stratified 
groups and identify treatment approach factors.35,36 Thus, 
PCA can distinguish between groups and identify under-
lying variables that may be important in the clinical man-
agement of patients with TBI.

3.3  |  Neurologic outcomes and long-term  
cardiac dysfunction associate with 
initial injury

The long-term effects of mild TBI on the brain and cog-
nitive function have been widely investigated in preclini-
cal and clinical studies.37 Cognitive deficits can appear 
months or years after the initial injury.38 The long-term 
effects of mTBI on the brain and cognitive function have 
been described using our study's model.39,40 In agree-
ment with previous works, we show that distance traveled 
(p = 0.033) and discrimination index (p = 0.064) were de-
creased in the mTBI group, which measures locomotor ac-
tivity and memory recognition, respectively. These results 
demonstrate the long-term consequences of the mTBI 
model. We show that long-term neurologic measures 
correlate with cerebrovascular hypoxia and hemorrhage 
assessed 4 h after initial mTBI. Thus, acute phase physi-
ologic measurements may offer predictive insights into 
chronic adulthood and cognitive outcomes that can be 
used to inform both initial and long-term treatment and 
biomarkers. A correlation between long-term memory 
deficits and cardiac dysfunction (r = −0.547, p = 0.043) 
shows new potential bidirectional interactions within the 
heart–brain axis.

The results of this study offer valuable insight into 
potential clinical and therapeutic interventions. For ex-
ample, using PAI in mTBI pediatric patients could allow 
physicians to evaluate neurovascular sO2 noninvasively 
immediately post-injury and determine preventive mea-
sures to avoid complications. In the acute phase, assessing 
cardiac TnI levels in the blood could represent a comple-
mentary strategy, as increased cardiac TnI is associated 
with mild and transient impairment of left ventricular 
function.41 Pharmacological agents such as beta-blockers 
have been shown to have cardioprotective effects. They 
are used in patients suffering from moderate to severe 
TBI.42 Ultrasound, specifically echocardiography, could be 
used as a noninvasive tool post-TBI to evaluate long-term 
effects such as left ventricular strain in both relaxed and 
stressed physiological states.

3.4  |  Limitations

The biomechanics underlying human TBI (civilians, 
sport, or warfare) are heterogeneous as compared to pre-
clinical models. However, our methods without a head re-
straint may replicate some aspects of the unpredictability 
of TBI in humans. We reported variability in sO2 levels 
immediately post-mTBI, suggesting that not all animals 
experienced a similar mechanism of injury. In our study, 
this represents an advantage and a variable we fully con-
trolled and stratified using PAI. We also included a repre-
sentative population of male and female mice, as clinical 
studies suggest susceptibility for young female athletes ex-
perience TBI.43,44 We also note that the battery of behav-
ioral testing was fairly limited, but the included tests are 
standard in rodent studies.39 Finally, our study does not 
provide long-term structural changes or transcriptional 
clues to decipher heart–brain modifications occurring 
post-mTBI; this matter will be investigated as a progres-
sion of our research program.

4   |   CONCLUSION

In summary, we show that the pathophysiological im-
prints of mTBI extend beyond the brain to encompass 
heart functions, with direct correlations unfolding in a 
time and animal-specific fashion, from juvenile stages to 
adulthood. Early neurovascular hypoxia seen after mTBI 
induction could represent a predictive biomarker to assess 
the risk for long-term maladaptations of the heart–brain 
axis. These findings support the use of noninvasive mo-
dalities to identify and track systemic impacts of mTBI 
and heart–brain interactions, providing potential avenues 
to improve patient outcomes.

5   |   MATERIALS AND METHODS

5.1  |  Animal model

We conducted experiments according to European Directive 
(2010/63/EU) and the French laws governing laboratory 
animal use. Local Ethics Committees approved the inves-
tigation (authorizations #30489-2021031816059372v2 and 
#19296-201902191637994v4), and we followed ARRIVE 
guidelines for animal reporting.45 We obtained Swiss 
breeder mice through Janvier Labs (Le Genest-Saint-Isle, 
France) and bred mouse pups in-house. The animal envi-
ronment remained a consistent 21°C ± 1°C, with 55% ± 1% 
humidity. Animals had access to food and water at all 
times. Twenty-four mice (n = 11 females; n = 13 males), 
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      |  13 of 17LEYBA et al.

weighing greater than 6 g by post-natal day 17 (P17), were 
randomly assigned to either a sham (n  =  12) or mTBI 
(n  =  12) experimental group. At P17, the mTBI group 
underwent a closed head injury procedure, as previously 
described.11 Photoacoustic brain imaging was acquired 
4 h post-injury, and as 7, 30, 90, and 240 days post-injury 
(Figure 1A,B). Corresponding assessments of cardiac func-
tion were made at 1, 30, 90, and 190 days post-injury using 
two-dimensional ultrasound. Additionally, 4DUS data 
were acquired at days 7, 30, 90, and 190 post-injury to as-
sess spatially specific cardiac function (Figure 1B). During 
the dobutamine stress test on day 240 post-injury, both 
4DUS and photoacoustic imaging was performed to assess 
cardiac function and oxygenation, respectively. One-year 
post-injury, a behavioral evaluation was performed as de-
scribed below. Of note, one mouse in each group deceased 
before day 30 and was excluded from the analysis. During 
the dobutamine stress test, dosing and experimental opti-
mization, reduced sample sizes to sham n = 9 and mTBI 
n = 7 for the remaining time points. Analysis of data was 
blinded to avoid bias.

5.2  |  Juvenile mTBI model

We employed a modified closed-head juvenile mTBI model 
from that previously described.39 Briefly, we anesthetized 
P17 mice pups with 2.5%–3% isoflurane at 1.5  L/min  
air for 5  min and subsequently placed them on an alu-
minum foil sheet under a controlled cortical impactor 
without a head restraint (Figure 1B). The lack of head re-
straint allowed for the head rotation observed in concus-
sions, limiting the accumulation of focal damage. Before 
injury induction, depilatory cream was applied to the 
cranial area. We performed the mTBI with a controlled 
cortical impactor (Leica Impact One Stereotaxic impac-
tor, Leica Biosystems, Richmond, IL) with a 3 mm round 
impactor tip covered with rubber. The impact velocity 
was 6  m/s with a depth of 3 mm into the head. The tip 
impacted the left somatosensory parietal cortex 1.7 mm 
from the bregma and 1.5 mm from the midline. All steps 
excluding impact were replicated for mice in the sham 
group. Afterwards, all mice were placed in an empty cage 
for recovery, the time to ambulate post-anesthesia was 
recorded.

5.3  |  Photoacoustic imaging

PAI was performed with a LAZR-X (Nd:YAG 680–
2000 nm) concurrently with the Vevo 3100 (FUJIFILM 
VisualSonics Inc.) using a 15–30 MHz MX250D probe to 

assess brain tissue oxygenation. A depilatory cream was 
applied on the cranium surface and mice were anesthe-
tized in the supine position with 2.5%–3% isoflurane at 
2.0 L/min for the duration of imaging. In preparation for 
imaging, a heating pad was used to maintain body tem-
perature at 37°C, and ultrasound gel was centrifuged to 
eliminate bubble artifacts. 3D PAI scan was realized using 
80 μm stacks from the occipital to the frontal brain at 750 
and 850 nm (Oxy/De-oxy hemoglobin) excitation wave-
lengths combined with ultrasound imaging in B-mode. We 
adjusted the parameters to a PA gain of 40 dB, a 2D gain 
of 18 dB, an image depth of 22 mm, and an image width of 
21 mm. Image acquisition required 4–5 min to obtain ap-
proximately 150 frames of PAI data. Neurovascular blood 
and tissue oxygenation (sO2) levels (respectively, mean 
and total oxygen saturation) and mean hemoglobin (HbT) 
were analyzed offline using VevoLAB (v5.5.1, FUJIFILM 
VisualSonics).14

5.4  |  Ultrasound imaging

High-resolution 2D and 4DUS data were obtained using the 
Vevo 3100 high-frequency ultrasound system (FUJIFILM 
VisualSonics) with a 40-MHz center frequency MX550D 
probe to assess left ventricular function. Mice were anes-
thetized with 2.5%–3% isoflurane at 2.0 ml/min, and the 
body temperature was controlled with a heating pad. We 
secured the mice to a stage for imaging, and the ventral 
thorax hair was removed. The ECG and respiratory rate 
were monitored throughout the imaging process.

We performed 2D echocardiography following the 
American Physiological Society guidelines for cardiac 
measurements in mice.46 The longitudinal strain was 
analyzed in the parasternal long-axis (PLAX) view. We 
obtained a four-chamber view in B-mode to evaluate di-
astolic dysfunction using IVRT and SrE (2D strain rate at 
early diastole) in conjunction with LA volume based on 
4D data.20 All three measurements give insights into the 
filling and relaxation of the heart. Offline image analysis 
was conducted in Vevo Lab Software 5.5.1. (FUJIFILM 
VisualSonics).

For 4DUS, the probe was attached to a linear step 
motor scanning in the parasternal short-axis (PSAX) 
view from below the apex to above the aortic arch. 
Acquisition parameters were set to a gain of 48 dB, 3D 
range of 12 mm, 3D step size of 0.08 mm, and frame rate 
of 300 frames/sec. Each image acquisition required 10–
15 min to create 4D data throughout one representative 
cardiac cycle from base to apex. We analyzed the 4D 
datasets in a custom, interactive toolbox in MATLAB 
2021a (MathWorks, Inc.).
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5.5  |  Dobutamine stress test

To assess cardiac function under stressed conditions, each 
mouse had a dose of dobutamine (4.5 μg/g body weight) 
injected intraperitoneally at day 250 post-impact. 4DUS 
and PAI data were acquired immediately before dobu-
tamine administration (intraperitoneal injection, 4.5 μg/g 
body weight) on each animal and 15 min after, which has 
been indicated to be the plateau phase of the induced 
stress response.47 PAI acquisition was combined with 
ECG-gated kilohertz visualization (EKV). We adjusted 
imaging parameters to PA gain of 40 dB, 2D gain of 18 dB, 
image depth of 22 mm, image width of 21 mm, high PAI 
sensitivity, and standard acquisition with EKV 250 Hz.

5.6  |  Four-dimensional ultrasound data 
strain analysis

We conducted the strain analysis using a 4D Strain 
Toolbox. This custom software enables the visualization 
and quantification of 4DUS data to produce a 3D strain 
map over an entire cardiac cycle.48,49 We first oriented the 
4D images and centered them to PLAX, SAX, and coronal 
views of the left ventricle. Endocardial boundaries were 
set at peak systole and diastole for the apex and base. 
Then, we added automated endo- and epicardial contours 
to the images based on initial estimates. We manually ad-
justed the contours over the cardiac cycle using four SAX 
planes and three PLAX planes. Next, the software created 
a 4D mesh of the contours from which measurements 
of global cardiac function (e.g., ejection fraction, stroke 
volume) and regional function (strain, volume) can be 
extracted.48,49 Custom toolbox cardiac wall motion with 
border tracings can be visualized in Video S1. The cardiac 
regions included the anterior free wall, anterior septum, 
posterior septum, posterior, and posterior free wall. The 
peak strain, systolic strain rate, early diastolic strain rate, 
and late diastolic strain rate were calculated for each re-
gion and then averaged into global strain metrics.

5.7  |  Behavioral evaluation

All behavioral tests were conducted at the beginning of the 
light phase of the cycle. Before testing, the experimenter 
manipulated the animals for at least a week, which re-
mained blind to the groups throughout the behavioral 
evaluation. A behavioral assessment was performed over 
2 weeks, 1 year after the head trauma. Open field and novel 
object recognition tests were performed in a custom-made 
arena with a uniform, smooth black floor (45 × 45 cm) 
and gray walls (30 cm tall). The procedure spanned five 

consecutive days, and all sessions were recorded and ana-
lyzed using Any-Maze (version 7.3, Stoelting Europe). On 
the first day, animals were habituated to the empty open 
field for 10 min and constituted the “open field” test with 
a neutral area. Analyzed parameters were distance trave-
led, time spent in the center (limited to the center area 
at least 10 cm away from each wall), and the number of 
entries into the center area. On days 2–5, novel objection 
recognition tests lasted 5 min. On days 2–4, two identical 
objects were positioned in opposite corners, 15 cm away 
from two consecutive walls. These objects were standard 
50 ml transparent culture flasks (4 cm wide, 11 cm tall, and 
2.5 cm wide) with a blue cap filled with red-stained sand. 
The animal is exposed to two identical objects that are, at 
this point novel, on day 2. Nonetheless, at this timepoint, 
it is not possible to discriminate non-spatial object mem-
ory from pure spatial memory or novelty stimulation. The 
exposition of the object is repeated twice, on days 3 and 4, 
such that these objects (as well as the arena) become fa-
miliar. On day 5, one of the objects was changed to a novel 
object consisting of two large white building blocks (8 cm 
wide, 2 cm tall, and 2.5 cm width) with a smaller light blue 
building block (6 cm wide, 2 cm tall and 2.5 cm width) 
in between. The object used on days 2–4 is considered fa-
miliar while the object introduced on day 5 is considered 
novel. An area of 5  cm around each object was defined 
as the area of interest. The number of entries represented 
the number of interactions with the object, and the time 
spent in the area represented the time spent interacting 
with the object. This allows us to evaluate the capacity of 
the animal to form nonspatial object memory through the 
discrimination index.

5.8  |  Western blot analysis

To assess early cardiac biochemistry changes, we used 
a Simple Western™ Automated Western Blot Systems 
as previously described50 to detect total p38 MAPK and 
cardiac TnI expression level in both sham (n  =  6) and 
mTBI (n = 6) mice 30 days after mTBI. Based on capillary 
electrophoresis, a Simple Western is a reinvention of the 
Western blot technique allowing for the complete auto-
mation of steps from protein loading to quantitative data 
analysis.51 Briefly, 1-month post-mTBI, animals were eu-
thanized. Cardiac tissue samples were collected and pre-
pared for Western blot. Cardiac protein lysate was mixed 
with a fluorescent mix before heating at 95°C for 5 min. 
Total protein normalization agent, blocking reagent, 3 μl 
of protein mix, wash buffer, primary antibody, secondary 
HRP (ready to use “detection module,” DM-001), and a 
chemiluminescent substrate were added into designated 
wells in a microplate. We used T-p38 MAPK antibody 
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      |  15 of 17LEYBA et al.

(cst#9218; Cell Signaling Technology) and TnI (cst#4002; 
Cell Signaling Technology). Once loaded into the instru-
ment, the protein mix was drawn into individual capillar-
ies on a manufacturer 25 capillary cassette (12–230 kDA or 
66–440 kDA). Quantification of chemiluminescence was 
based on peak height after correction for a baseline sig-
nal. Raw data were generated and analyzed by Compass 
software.

5.9  |  Statistical analysis

We conducted a two-way ANOVA with a Bonferroni 
post hoc multiple comparisons test to investigate differ-
ences between groups at multiple time points. For com-
parisons between groups without repeat measurement 
comparisons, we checked for normality with a Shapiro–
Wilk test. Normally distributed data were compared 
with two-tailed unpaired Student's t-tests. We set the 
threshold for statistical significance at p < 0.05, and lev-
els of significance were depicted as p < 0.05*, p < 0.01†, 
and p < 0.001‡. Correlation between quantified metrics 
was described using Pearson correlation coefficients if a 
Shapiro–Wilk test indicated data normality; otherwise, 
a Spearman's correlation coefficient was calculated. 
Only animals with data for all metrics of interest were 
included in the correlation analyses. All data are shown 
as mean ± standard deviation (SD). All statistical analy-
sis was performed using Prism 9.3 (GraphPad Software). 
The correlation coefficients, r, and corresponding  
p-values are displayed.

A receiver operating characteristic (ROC) analy-
sis was performed to evaluate acute photoacoustic and 
long-term echocardiographic biomarkers to discrimi-
nate between sham and mTBI animals. Acute photo-
acoustic biomarkers include left hemisphere blood sO2, 
tissue sO2, and mean HbT in sham (n = 11) and mTBI 
(n = 11) mice 4 h post-TBI. Long-term echocardiography 
markers include the changes in strain and strain rates 
from the dobutamine stress test 250 days post-mTBI. A 
95% confidence interval with a hybrid Wilson/Brown 
method were employed during this analysis and the area 
under the curve (AUC) was computed to determine the 
model's ability to distinguish between the groups at var-
ious thresholds.

Principal component analysis (PCA) was run to deter-
mine new meaningful underlying variables, and included 
all dobutamine stress test 4DUS derived strain metrics, 
cardiac perfusion, left hemisphere brain oxygenation, 
and hemoglobin at 4  h post-injury. The analysis did not 
include behavioral outcomes. We used a standardized 
PCA method due to the different measurement scales of 
the variables included. Principal components (PCs) were 

selected based on parallel analysis with 1000 simula-
tions and a 95% percentile level. We plotted the first two 
PCs against one another to distinguish between the two 
groups. The contributions of a variable to PC1 and PC2 
were averaged to evaluate the overall importance. All ma-
terial submitted conforms to good publishing practice in 
physiology.52
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