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Résumé exhaustif en Français 

Le traumatisme crânien (TC) représente un enjeu clinique important (Ouellet M-C, 

2015; Dewan MC, 2018). Au-delà des lésions cérébrales locales et des activations neuro-

inflammatoires (van Vliet EA, 2022), le TC pourrait être associé à des adaptations 

physiopathologiques d'organes périphériques, avec des implications d'inflammation 

systémique et de dérégulation du système nerveux autonome (McDonald SJ, 2020). Les effets 

du TC sur le système cardiovasculaire font leur apparition dans des études cliniques utilisant 

l'examen échocardiographique (Hasanin A, 2016). Le TC s'est avéré associé à un risque plus 

élevé de comorbidités cardiovasculaires chroniques chez les patients adultes (Izzy S, 2022). 

Ces études cliniques se sont concentrées sur les traumatismes crâniens, modérés à sévères, dans 

la population adulte âgée ; cependant, environ 80 % de toutes les visites aux urgences liées à 

un TC sont dues à des cas bénins, avec des données non structurées avec des évolutions 

pathologiques potentielles pour les enfants de moins de 18 ans (Delage C, 2021). Le TC léger 

(TCL), ou la commotion cérébrale telle qu'elle se produit dans les sports de contact (Owens TS, 

2021), est généralement défini comme la conséquence de l’impact de forces biomécaniques 

traumatiques au niveau du cerveau. Celles-ci n'entraînent pas nécessairement une perte de 

conscience et ne montrent que peu ou pas de signes de dommages structurels par imagerie CT-

scan (Lumba-Brown A, 2018). Le manque de connaissances actuelles appelle des études 

précliniques pour étudier systématiquement les évolutions physiopathologiques fonctionnelles 

des TC juvéniles aux niveaux cérébral et cardiaque, et identifier les associations temporelles à 

l'âge adulte (Krishnamoorthy V, 2015). 

Pour résoudre ce problème, nous avons étudié expérimentalement les adaptations 

cardiaques à long terme survenant après un TCL juvénile. Nous avons corrélé 

rétrospectivement une mal-adaptation cardiaque avec une hypo-oxygénation cérébrovasculaire, 

survenant immédiatement après le TCL (Ichkova A, 2020). Nous avons utilisé l'imagerie 
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photoacoustique (PAI), qui combine des impulsions laser et des ultrasons haute résolution (US), 

pour créer des images à contrastes multiples des structures cardiaques et cérébrales (Wang LV, 

2012). Cette approche non invasive permet une surveillance sans précédent des fonctions 

cardiaque et cérébrale chez les mêmes animaux et ceci de manière répétée sur de longues 

périodes. Bien que les modalités d'imagerie telles que l'IRM permettent d’évaluer la fonction 

ventriculaire gauche, l'acquisition est souvent longue et coûteuse (Saeed M, 2015). 

L'émergence de nouvelles technologies basées sur l'échographie permet une évaluation in vivo 

des modifications cérébrovasculaires et cardiaques avec une grande spécificité (Ichkova A, 

2020). De plus, nous avons utilisé l'échographie quadridimensionnelle à haute fréquence 

(4DUS), une technique comparable à ciné-IRM, pour évaluer la progression de la maladie 

cardiaque dans le temps avec une résolution spatio-temporelle élevée (Damen FW, 2017). Nous 

montrons des corrélations quantitatives entre la baisse initiale de l'oxygénation 

cérébrovasculaire et la dysfonction diastolique cardiaque observée à long terme chez le même 

animal et au fil du temps, et s'étendant aux adaptations négatives lors d'un sollicitation 

cardiaque extra-physiologique. Nous rapportons des changements comportementaux à long 

terme, spécifiques à la souris, et en corrélation croisée avec les données de PAI. Collectivement, 

ces données établissent un lien direct entre l'hypoxie cérébrovasculaire précoce après un TCL 

chez les souris juvéniles et les maladaptations cardiaques qui persistent à l'âge adulte. 

Nos données font écho à des études cliniques suggérant une interrelation cerveau-cœur 

chez les sujets TC. Des effets cardiovasculaires, endocriniens et neurologiques chroniques ont 

été rapportés à la suite de lésions cérébrales tant chez des patients et que dans des modèles de 

rongeurs (Bailes JE, 2014). Nos résultats démontrent l'implication de l'axe cœur-cerveau dans 

le TCL et introduisent la surveillance cardiaque comme modalité possible de marqueur non 

invasif dans ce contexte pathologique. 
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Association du TCL à la dysfonction cardiaque à l'âge adulte 

Des symptômes de dysfonctionnement cardiovasculaire ont été rapportés à court terme 

chez des patients adultes présentant un TC léger à sévère, en évaluant les caractéristiques 

cliniques telles que la pression artérielle, la fraction d'éjection et les modifications 

morphologiques sur les électrocardiogrammes (Gregory T, 2012; Izzy S, 2022). En combinant 

expérimentalement le 2DUS et le 4DUS, nous révélons un dysfonctionnement cardiaque 

subclinique persistant à l'âge adulte après un TL juvénile. Aucun changement dans la 

morphométrie cardiaque du ventricule gauche ou de la fonction systolique globale (fraction 

d'éjection) n'a été identifié dans le groupe TCL. Cependant, la fonction systolique diminue dans 

les TC modérés à sévères dans les études cliniques (Krishnamoorthy V, 2015). Fait intéressant, 

nous avons constaté que le groupe TCL présentait des changements du volume de l’oreillette 

gauche, une augmentation du temps de relaxation (IVRT) et une vitesse de déformation 

diastolique diminuée jusqu'à 190 jours après le TCL. Ces résultats indiquent un 

dysfonctionnement diastolique cardiaque (Schnelle M, 2018). Ces résultats sont en accord avec 

ceux de Cuisinier et al., ne montrant pas de modification de la fonction systolique, mais mettant 

en évidence une dysfonction diastolique subclinique avec un allongement significatif de l'IVRT 

chez les patients TC (Cuisinier A, 2016). De plus, les études de cohorte prospectives de 

Krishnamoorthy et al. ont montré une dysfonction cardiaque à court terme après un TBI avec 

un retour à la valeur initiale en une semaine (Krishnamoorthy V, 2020); cependant, notre étude 

indique plutôt que ces effets persistent à long terme. Les tests d'effort à la dobutamine, qui 

augmentent la demande et la consommation d'O2 (Sturgill MG, 2011), ont mis en évidence une 

dysfonction cardiaque sous-jacente en cas d'insuffisance cardiaque à fraction d'éjection (FE) 

préservée (AbouEzzeddine OF, 2019). De même, notre modèle de dysfonctionnement 

diastolique induit par mTBI avec FE préservée a montré qu'une réponse au stress est corrélée 

avec la désaturation initiale en oxygène après le TCL. De plus, l'absence d'une diminution 
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significative de la sO2 cardiaque dans le groupe mTBI suggère une réduction de l'apport 

d'oxygène myocardique qui a été associée à des réponses de stress anormales (van Empel VPM, 

2014). Ainsi, il existe une interrelation potentielle entre le TCL, les réponses au stress cardiaque 

et l'apport d'oxygène au myocarde. En résumé, notre étude élargit la compréhension des effets 

cardiaques du TC où la dysfonction diastolique subclinique et la dysfonction induite par le 

stress sont observées des mois après une blessure légère en utilisant des techniques non 

invasives de pointe, la PAI et 4DUS. La manière dont la dysfonction diastolique avec fraction 

d'éjection préservée peut être liée à la prise en charge clinique à long terme des jeunes patients 

TCL mérite une enquête plus approfondie. 

Imagerie moléculaire et biomarqueurs fonctionnels myocardiques après mTBI 

Les outils de diagnostic utilisés après le TC comprennent la tomodensitométrie et 

l'imagerie par résonance magnétique. Cependant, la plupart des TCL ne montrent aucun 

marqueur d'imagerie (Bigler ED, Abildskov TJ, 2016). Pour cette raison, les patients reçoivent 

fréquemment un traitement inadéquat, en particulier les enfants (Amyot F, 2015; Bigler ED, 

2016). Nos résultats indiquent que l'imagerie PAI et US peut être utilisée pour évaluer les effets 

cérébrovasculaires et cardiovasculaires du TCL, générant des biomarqueurs utilisables sur le 

long terme. La PAI cérébrale montre que l'oxygénation du sang de l'hémisphère gauche dans le 

groupe TCL a été significativement diminuée. Ces résultats concordent avec les travaux 

d'Ichkova et al., dans lesquels une hypoxie cérébrovasculaire immédiate post-TCL a été 

observée (Ichkova A, 2020). De plus, l'hémoglobine totale dans le groupe TCL était plus élevée 

que dans le groupe sham après 4 heures, avec une influence possible du saignement pétéchial 

au site de la lésion (Kurland D, 2012; Jolliffe IT, 2016; Barud M, 2021). 

Ici, une analyse en composantes principales (PCA) a été utilisée comme un outil pour réduire 

la dimensionnalité des ensembles de données multivariées et identifier les modèles sous-jacents 
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(Ljubicic ML, 2021). Nos résultats montrent que la combinaison de treize mesures 

physiologiques de la lésion cérébrale initiale et du test de stress à la dobutamine permet de 

différencier avec succès les animaux sham des animaux TCL. Le taux d’hémoglobine au niveau 

de la lésion était un contributeur important à la différenciation entre les groupes ; cependant, 

les mesures de dysfonctionnement cardiaque ont eu une plus grande influence sur l'analyse que 

la saturation en oxygène. Ces résultats s'alignent sur des travaux antérieurs où le PCA a été 

utilisée pour discriminer entre des groupes cliniquement stratifiés (Andkhoie M, 2018) et ainsi 

identifier les facteurs dpris en compte pour le traitement (Danna-Dos-Santos A, 2018). Ainsi, 

le PCA peut faire la distinction entre les groupes et identifier les variables sous-jacentes qui 

peuvent être importantes dans la prise en charge clinique des patients atteints de TC. 

Les résultats neurologiques sont corrélés à la lésion cérébrale initiale et au 

dysfonctionnement cardiaque à long terme 

Les effets à long terme du TCL sur le cerveau et la fonction cognitive ont été largement 

étudiés dans des études précliniques et cliniques (Dean PJA, 2013). Les déficits cognitifs 

peuvent apparaître des mois ou des années après la lésion initiale (El-Menyar A, 2019). Nos 

résultats montrent que la distance parcourue par les souris et l'indice de discrimination des 

nouveaux objets, qui mesurent respectivement l'activité locomotrice et la mémoire, ont diminué 

dans le groupe TCL. Nous montrons que les mesures neurologiques à long terme sont en 

corrélation avec l'hypoxie et l'hémorragie cérébrovasculaire évaluées quatre heures après le 

TCL. Ainsi, les mesures physiopathologiques de la phase aiguë peuvent offrir des informations 

prédictives sur le comportement à long terme de l’adulte. Ces biomarqueurs d’imagerie (So2 ; 

hemoglobine…) peuvent alors être utilisés pour adapter à la fois le traitement initial et à long 

terme. Une corrélation entre la mauvaise adaptation de la mémoire à long terme et le 

dysfonctionnement cardiaque (r = -0,547, p = 0,043) montre de nouvelles interactions 
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bidirectionnelles potentielles au sein de l'axe cœur-cerveau.  Les résultats de cette étude offrent 

un aperçu des interventions cliniques et thérapeutiques potentielles. Par exemple, l'utilisation 

de la PAI chez les patients pédiatriques TC pourrait permettre aux médecins d'évaluer la 

saturation en oxygène cérébral, de manière non invasive, immédiatement après le traumatisme 

et de déterminer des mesures préventives pour éviter les complications. En phase aiguë, 

l'évaluation des taux de troponine I cardiaque (cTnI) pourrait représenter une stratégie 

complémentaire, car l'augmentation de la cTnI est associée à une altération légère et transitoire 

de la fonction ventriculaire gauche (Nguembu S, 2021). Les agents pharmacologiques tels que 

les bêta-bloquants ont montré des effets cardioprotecteurs et sont utilisés chez les patients 

souffrant de TC modéré à sévère (Bretzin AC, 2018). L'échocardiographie, pourrait alors être 

utilisée comme un outil non invasif post-TC pour évaluer les effets à long terme tels que la 

fonction ventriculaire gauche et la réponse cardiaque à un stress. 

Limites 

La biomécanique sous-jacente au TC humain (civils, sport ou guerre) est hétérogène par 

rapport aux modèles précliniques. Cependant, l’utilisation d’un modèle de TC sans contrainte 

où la tête est libre de ses mouvements lors du choc, peut reproduire certains aspects de 

l'imprévisibilité du TBI chez l'homme. Nous avons signalé une variabilité des niveaux de sO2 

immédiatement après le TCL, ce qui suggère que tous les animaux n'ont pas subi la même 

lésion mécanique. Dans notre étude, cela représente un avantage et une variable que nous avons 

entièrement contrôlée et stratifiée à l'aide de la PAI. Nous avons également inclus une 

population représentative de souris mâles et femelles, car des études cliniques suggèrent que 

les jeunes athlètes féminines subissent un TCL avec une incidence plus élevée que pour les 

hommes (Zhang YP, 2014). Nous notons également que bien que la batterie de tests 

comportementaux ait été assez limitée, les tests inclus sont classiques chez les rongeurs et 
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informatifs (Rodriguez-Grande B, 2018). Enfin, notre étude ne fournit pas d'indices 

mécanistiques ou de voies de signalisation candidates pour déchiffrer les modifications cœur-

cerveau survenant après le TC. Cette question sera étudiée dans le cadre de la progression de 

notre programme de recherche. 

CONCLUSION 

En résumé, nous montrons que les empreintes pathologiques du TCL s'étendent au-delà 

du cerveau pour englober les fonctions cardiaques, avec des corrélations directes se déroulant 

dans le temps et de manière spécifique à l'animal, de l'adolescence à l'âge adulte. L'hypoxie 

cérébrovasculaire post-TBI précoce pourrait représenter un marqueur prédictif pour évaluer le 

risque de maladaptation cœur-cerveau. Nos résultats encouragent l'utilisation de modalités non 

invasives pour identifier et suivre les impacts systémiques du TCL et des interactions cœur-

cerveau, conduisant éventuellement à des améliorations des résultats pour les patients. 
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1. Definition, Prevalence, Incidence and of Traumatic Brain injury 

Traumatic brain injury (TBI) is defined as damage or disruption of brain functions by 

the application of direct or indirect external brutal contacts, such as a fall, sports injury, motor 

vehicle collisions, abuse, acceleration-deceleration, or blast impact (Menon DK, 2010). TBI 

can impair physical and cognitive faculties, and behavior changes, resulting globally in 

temporary or permanent brain dysfunction (Reis C, 2015). Otherwise, the non-TBI can also 

damage the brain, such as tumors, infection, and ischemic conditions (stroke) (Table 1). 

TBI contributes significantly to death or disability. It generates visits of about 70 million 

people worldwide to the emergency department each year, with an incidence rate of 939 per 

100,000 people (Dewan MC, 2018). TBI is a frequent cause of morbidity and mortality in 

people under 45 years old (Taylor CA, 2017; Langlois JA, 2006). TBI is called “silent-

epidemic” due to the high impact on being-life, and the progression of the symptoms is difficult 

to define by appearance (Rusnak M, 2013). To make matters worse, TBI is also affecting more 

than 3 million children worldwide every year (Dewan MC, 2018). Indeed, children have a 

higher risk of TBI than adults for physiological reasons during growth development. These 

reasons include a larger head, flexible skull, weaker supporting neck muscles, brain water 

content, and higher brain activity (Morrison G, 2013). Thus, the previous study reported that 

the adolescents and young adults reflect a high incidence rate of TBI, followed by long-term 

effects such as post-concussion syndrome and even not severe injury (McKinlay A, 2008; 

Barlow KM, 2015). Additionally, these population are at higher risk of TBI than children due 

to their activity and behaviors (Lowry R, 2021). Many cases could not be taken care of and 

were unclear diagnosed  (Emery CA, 2016). These problems could have intensive effects when 

remaining long-term and show up with physiological, psychological, and socioeconomic 

burdens. 
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Table 1. The difference between traumatic brain injury and non-traumatic brain injury 

(Modified from Najem D, 2018) 

Brain injury Traumatic brain injury Non-traumatic brain injury 

Definition Damage to the brain caused by 
external force 

Damage to the brain caused by infection, brain tumors, ischemia or stroke 

Type Penetrating 
head injury 

Closed-head 
injury 

Ischemia Stroke Toxicity Infection Tumors 

 

 

Description 

Open head 
injury that the 
object 
penetrates into 
skull 

Closed-head 
injury that the 
skull no 
significantly 
damaged, but the 
brain is injury 

Anoxic 
injury, 
which the 
brain could 
not receive 
adequate 
oxygen 
supply 

Hypoxic 
injury, 
which the 
blood supply 
is blockaded 

Expose with 
toxic 
substance 
that affect to 
brain 

microbes harm 
to the brain 
(virus, 
bacteria)  

Malignant 
tumor by 
spreading, or 
benign tumor, 
which could 
induce brain 
injury 

 

Examples 

Gunshot, 

Abuse by 
sharp object 

 

Accelerating force 
(vehicle crashes), 
Fall, Blast force, 
Abuse by blunt 
force 

Post-
cardiac 
arrest 

Ischemic 
stroke, 
Hemorrhage 
stroke, 
Emboli  

Leads, 
Arsenic, 

Pesticide 

Meningitis, 
Encephalitis 

Brain cysts, 

Glioma 

 

2. Classification of TBI 

 2.1 Classifying of TBI by severity/symptoms 

It is possible to classify traumatic brain injury from consciousness, and eye, verbal, and 

motor responses using the Glasgow Coma Scale (GCS). The GCS discriminates the severity 

into three categories, following 13-15 scores from the total score. Which represents the 

following mild TBI (mTBI: comprising about 80% of total TBIs), 9-12 scores represent 

moderate TBI (approximately 10% of total TBIs), and ≥8 scores represent severe TBI 

(accounting for about 10% of total TBIs) (Kraus JF, 1988; Gardner AJ, 2016). The Centers for 

Disease Control and Prevention (CDC) proposed a guideline for discriminating the severity of 

traumatic brain injury by using the GCS, the duration of loss of consciousness (LOC), and the 

duration of post-traumatic amnesia (PTA) (CDC, 2003). The Mayo Clinic added the clinical 

symptoms and adapted with CDC criteria to classify the severity of TBI (Table 2) (Fraunberger 
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E, 2019). The mild traumatic injury is accounted chiefly for severity (~80%), the one subset 

called “concussion,” which came from the Latin verb ‘concutere — shake violently’ (Gardner 

AJ, 2016; Kazl C, 2019). However, the term concussion is confused with definition and 

symptoms, suggesting replacement by mild traumatic brain injury (Sharp DJ, 2015).  

Table 2. Classification severity of TBI following Mayo Clinic adapted with CDC guideline 

(Fraunberger E, 2019) 
Severity Clinical Criteria GCS 

 

 

Symptomatic 
(Possible) 

- Blurred vision 
- Confusion 
- Dazed 
- Dizziness 
- Focal neurological symptoms 
- Headache 
- Nausea 

 

 

 

 

 

Mild: 13-15  

 

Mild (Probable) 

- LOC < 30 min 
- Post-traumatic anterograde amnesia < 24h 
- Depressed, Basilar, or Linear skull fracture (dura intact) 

 

Moderate-Severe 
(Definite) 

- LOC > 30 min 
- PTA ≥ 24h 
- GCS < 13 
- One or more of intracranial hemorrhage, subdural/epidural 

hematoma, cerebral contusion, hemorrhagic contusion, 
penetrating TBI, subarachnoid hemorrhage, brain stem injury 

 

 

Moderate: 9-12 

Severe: 3-8 

 
  

2.2 Classify TBI by pathoanatomic changes 

TBI can be classified by the location of the injury, which divides focal and diffuse 

injuries depending on focal lesion evidence. Focal and diffuse injuries contribute to 

characteristic appearance (Mckee AC, 2015). The focal injury is usually caused by impact, and 

diffuse injuries are found in acceleration-deceleration (Mckee AC, 2015). This pathoanatomic 

classification could be summarized in Table 3. 

 

 



25 
 

Focal injury Diffuse injury 

Skull fracture 

Contusion 

Epidural hemorrhage 

Subdural hemorrhage 

Subarachnoid hemorrhage (SAH) 

Intraparenchymal hemorrhage 

Axonal injury 

Hypoxic-ischemic injury 

Microvascular injury 

 

Table 3. Pathoanatomic classification of TBI (Modified from Hawryluk GWJ, 2015) 

3. The differences between adult TBI vs pediatric TBI 

 The effects of pediatric TBI are different from adult TBI because of the processes 

involved in brain development. The main factors are the brain physiological differences in 

children consisting of greater brain water content, lower elastic brain parenchyma, higher 

demand for oxygen consumption, and cerebral blood flow. Furthermore, the anatomical body 

differences such as a larger head compared to body size and lower stability in the center of 

gravity increase vulnerability and severity after TBI (Fraunberger E, 2019) (Figure 1). 

Pediatric TBI has a worse outcome when compared to motor and cognitive function in adults 

(Brickler T, 2017). Moreover, pediatric TBI affects long-term behavioral outcomes and 

interrupts the white matter maturation and development in adolescents (Brickler T, 2017). 

Pediatrics can also affect childhood in the short-term while growth development is processed 

simultaneously, which also impacts persistent injury in the long term of TBI. 
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Figure 1. The graphic demonstrates anatomical and physiological differences between 

children and adults, which could affect outcomes of TBI  (Fraunberger E, 2019) 

 

Neuroimaging is an important step in the management of a patient with predominantly 

severe or moderate TBI. However, different studies have questioned the relevance of 

performing a brain scan for minor head trauma. 

Generally, computed tomography (CT) is performed for scanning on the first day of 

head injury to ensure rapid broad-spectrum detection (Bigler ED, Abildskov TJ, 2016). 

However, the limitation of ionizing radiation needs to be cautious in the pediatric population. 

Magnetic resonance imaging (MRI) has been used to follow up on the chronic phase of TBI. 

CT scanning usually relates to TBI severity, while almost mTBI was found with minor 

abnormalities. The positive-CT images in mTBI typically demonstrated skull fracture, small 

hemorrhages, and contusion (Bigler ED, Abildskov TJ, 2016). Two main factors have been 

considered in CT scanning on the day of head injury in mTBI. Firstly, the abnormalities found 

in mTBI were considered complicated mTBI. Secondary, positive CT images on the day of 

head injury were used as a baseline, which might be transient abnormalities and not detected in 
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MRI follow-up. The frequency of positive-neuroimaging detection in mTBI is low in cohort 

studies of mTBI in sports-related concussions (SRC). The pediatric emergency care applies 

research network (PECARN) study showed that only 130(4%) of 3,289 patients who visited 

the emergency department exhibited positive CT scanning evaluation. The 151 SRC patients 

aged 19 or below were more investigated. Only 36 met the criteria for neuroimaging follow-

up, and only 2 of 36 showed positive results with CT and MRI (Ellis MJ, 2015). Similarly, in 

the study, 23 of 52 pediatric mTBI patients met the criteria, and only one showed abnormality 

with CT and MRI (Morgan CD, 2015). The pediatric mTBI is a prospective study assessed in 

children 8 to 15 years old with criteria GCS ≥ 13 (Lee LK, 2014). The 251 pediatric mTBI 

patients were included by CT imaging and compared with the children who visited ED with 

orthopedic injury as control images (Lee LK, 2014). Then, after six months, this study was a 

follow-up by MRI imaging: only 25 (9.9%) of 251 pediatric mTBI had abnormalities identified 

using neuroimaging (Stanley RM, 2014).  

The mTBI in the pediatric population confronts the difficulty determined with the 

neuroimaging because more than 90% of them could not find significant pathology. Moreover, 

the growth process in pediatrics could affect mTBI, thus resulting in poor outcomes in the 

future. 

4. Pre-clinical TBI model  

 To better understand the molecular physiopathology process involved during and after 

TBI, pre-clinical studies are mandatory. In this way, rodents are the most useful model. (DeWitt 

DS, 2018; Smith DH, 2021) The four methods usually performed in TBI rodent models consist 

of weight drop, fluid percussion injury, controlled cortical impact, and closed head injury 

models (Wiegand TLT, 2021). 
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4.1 Weight-drop injury model (WDI) 

The weight-drop models could create brain injury by using free falling objects onto the 

head of the animal with or without the craniotomy (Morales DM, 2005). The severity could be 

optimized by adjusting the height and mass of the weight; the metal disk was used to prevent 

skull fracture when the weight dropped (Marmarou A, 1994). The unstrained head procedure 

was used to represent the TBI in the human, which affected diffuse axonal injury, skull fracture, 

edema, or hemorrhage (Kane MJ, 2012; Xiong Y, 2013). 

4.2 Fluid percussion injury model (FPI) 

The percussion injury is achieved by the use of a pendulum force to press the fluid 

pressure pulse into the brain with craniotomy (McIntosh TK, 1989). The strength of the 

pressure pulse is the factor that indicates the severity of TBI (McIntosh TK, 1989; Xiong Y, 

2013). However, the inconsistency of the force to create reproducible brain damage remains a 

problem (Xiong Y, 2013; Bruce ED, 2015). The fluid percussion is closer to the realistic brain 

injury in the human without skull fracture, which demonstrated brain swelling, intracranial 

hemorrhage, and loss of gray matter (Borg J, 2004; Koerte IK, 2016). 

4.3 Controlled cortical impact model (CCI) 

The CCI is widely used to generate TBI. The pneumatic or electromatic impactor is 

used directly into cortical tissue with the piston after craniectomy. The CCI model could define 

and control the depth, velocity, dwell time, and specific location of impact (Dixon CE, 1991; 

Romine J, 2014) The location of the injury is about 2-2.5 mm anterior or posterior to the 

bregma, which is the area where the impact could damage the primary motor cortex above the 

hippocampus (Paxinos G, 2019; Chou A, 2016). The repetitive CCI models could be performed 

for mimicking experiences in humans such as military personnel, and athletes (Huang L, 2016; 

Thomsen GM, 2017). However, the damage from CCI models is focal in nature and induces 

almost contusions (non-mild TBI) because of craniectomy (Bruce ED, 2015; Osier ND, 2016). 
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4.4 Closed head injury model (CHI) 

The CHI model is also performed by using pneumatic or electromatic impactors like 

the CCI but without the craniectomy (Yang Z, 2016). This non-invasive model allows free head 

movement and the use of blunt silicon cap-piston gives the possibility to generate the TBI in 

all ranges of severity (mild, moderate, severe), which is similar to humans in case of no skull 

fracture (Namjoshi DR, 2014; Rodriguez-Grande B, 2018). 

The TBI models could brief summarize in the table that described below: 

 

Table 4. The models of TBI (Modified from Siebold L, 2018) 

Model Injury type Strengths Weaknesses Major pathological 
features 

weight drop 
injury (WDI) 

diffuse and 
focal subtypes 

1) injury mechanism closely 
resembles human TBI injury 
biomechanics  
2) low technical skill needed 
for implementation 

1) low reproducibility 
2) high mortality rate 

concussion, 
traumatic axonal 
injury  
(moderate-severe) 

fluid percussion 
injury (FPI) 

mixed 1) highly reproducible 1) requires craniotomy which may 
reduce ICP pathology 
2) high mortality rate 
3) requires surgical skilled technician  
4) no immediate post-injury neuro 
scoring 

contusion 
(moderate-severe) 
*less in mild 

controlled 
cortical impact 
(CCI) 

mainly focal 1) highly reproducible  
2) low mortality rate 

1) requires craniotomy which may 
reduce ICP 
2) requires surgical skilled technician  
3) no immediate post-injury neuro 
scoring 

contusion, 
hemorrhage 
(mild-severe) 

closed head 
injury (CHI) 
*subtype of CCI 

mainly focal 1) high reproducible 
2) low mortality rate 
3) freely head (no stereotaxis 
frame)  
4) mimic human injury with 
no-penetration 
5) immediately brain 
assessment after procedure 

1) might not precise in case focus 
specific part of the brain 

contusion, 
hemorrhage 
(mild-severe) 

Blast Injury 
Models 

diffused 1) average reproducible 
2) Mimics real-world blast 
scenarios 
 

1) Complex and expensive setup 
2) Species differences in brain 
response to blast 
3) Limited representation of 
secondary/tertiary injuries 

Diffuse axonal 
injury  

*ICP = intracranial pressure 
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In humans, we could classify the severity of TBI by using the criteria which consist of GCS, 

PTA period, and imaging techniques. However, pre-clinical studies used different criteria for 

relating severity and symptoms in TBI.  which will describe the next section. 

5. Classifying TBI severity in pre-clinical models: Pediatric vs Adult 

Traumatic brain injury is a significant public health concern, with severe consequences 

for individuals and their families. While the field has made progress in understanding the 

pathophysiology of TBI, there remains a need for robust predictive models to guide clinical 

decision-making and improve patient outcomes (Courville E, 2023). Animal models have 

played a crucial role in advancing our understanding of TBI, providing insights into the 

complex interplay of biomechanical, cellular, and neurophysiological changes that occur 

following injury. 

One key aspect of TBI research is the distinction between pediatric and adult 

populations, as the developing brain may respond differently to traumatic insults. Increased 

awareness of the unique vulnerabilities of the pediatric brain has led to a growing emphasis on 

age-appropriate pre-clinical models to better understand the complex trajectory of recovery and 

long-term sequelae (Blackwell LS, 2016). The diverse array of TBI models, ranging from focal 

to diffuse injury, has been the subject of extensive research and debate. 

Classifying the severity of traumatic brain injury is a significant challenge, particularly 

when comparing pediatric and adult populations. Pediatric brains are more susceptible to 

traumatic insults due to their ongoing development, which can lead to different 

pathophysiological responses compared to mature adult brains (Delage C, 2021) (Figure 2). 

For example, the pediatric brain exhibits higher plasticity and neuroinflammatory responses, 

which can influence the trajectory of recovery and long-term outcomes. Consequently, the 

diverse array of TBI animal model have been instrumental in advancing our understanding of 

TBI, there is an ongoing challenge in accurately recapitulating the complexity and 
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heterogeneity of human TBI. Specifically, the classification of injury severity in pre-clinical 

models, such as "mild" "moderate" or "severe", may not accurately reflect the clinical 

presentation and functional impairments observed in human patients.  

 

Figure 2. The comparison graphic of age between rodents and human. 

(P: post-natal, M: month) (Delage C, 2021) 

In response to this challenge, researchers have emphasized the importance of a 

multifaceted approach to classifying TBI severity in animal models. This may involve 

integrating biomechanical measures, neurological assessments, and advanced neuroimaging 

and biochemical biomarkers. Utilizing a comprehensive set of outcome measures enables 

researchers to gain a more nuanced understanding of the underlying pathophysiology of TBI 

and identify potential therapeutic interventions to help address its consequences. (Xiong Y, 

2013; Petersen A, 2021; Smith DH, 2021) 

5.1 Inducing TBI techniques of pediatric and adult in pre-clinical models 

A variety of techniques have been used to induce traumatic brain injury in animal 

models, including fluid percussion injury, controlled cortical impact, blast-induced TBI, and 
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weight-drop approaches. Selecting the appropriate model is critical, as it must accurately 

recapitulate the specific biomechanical and pathological features observed in human TBI. 

The developing brain in pediatric traumatic brain injury exhibits unique vulnerabilities 

and responses to traumatic insults. To account for these age-specific differences, researchers 

have developed specialized pediatric TBI models, such as using immature animals or models 

that mimic the biomechanical forces and injury patterns observed in pediatric patients. For 

instance, fluid percussion injury models have been adapted for use in juvenile rodents, enabling 

researchers to investigate the impact of TBI on the developing brain and explore the potential 

for neuroplasticity and functional recovery. In contrast, adult TBI models have been more 

extensively studied and utilized, reflecting the larger body of clinical data available for this 

population. These models have been instrumental in elucidating the complex 

pathophysiological processes that contribute to TBI-induced neurodegeneration and impaired 

neurological function. The classification methods for inducing TBI severity in pre-clinical 

models, whether in pediatric or adult populations is shown in Table 5.  
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Table 5. Classifying TBI severity in pre-clinical models 

5.2 Assessment of TBI severities in pre-clinical models 

 Accurately assessing TBI severity in pre-clinical models is crucial for 

translating research findings to the clinical setting. As highlighted in the sources, a key 

challenge is the mismatch between how injury severity is characterized in animal models versus 

the clinical presentation observed in human TBI patients (Smith DH, 2021). To address this, 

researchers have utilized a range of experimental approaches, such as detailed neurological 

assessments, quantitative analysis of lesion volume, and advanced neuroimaging techniques. 

This multifaceted approach enables researchers to gain a more nuanced understanding of the 
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underlying pathophysiology and identify potential therapeutic interventions to address the 

complex consequences of TBI. 

5.2.1 Behavioral assessment of TBI severity 

  To evaluate the functional consequences of TBI in pre-clinical models, 

researchers have developed a comprehensive suite of behavioral tests, including the rotarod, 

Morris’s water maze, and novel object recognition tasks. These assessments provide insights 

into the extent of motor, cognitive, and memory deficits resulting from the injury, allowing for 

a more accurate classification of injury severity. (Smith DH, 2021; Xiong Y, 2013) 

5.2.2 Neuroanatomical assessment of TBI severity 

  Beyond behavioral measures, researchers have leveraged advanced 

neuroimaging techniques, such as magnetic resonance imaging and positron emission 

tomography, to quantify the structural and metabolic changes within the brain following 

traumatic brain injury. MRI allows for the detailed characterization of lesion volume and white 

matter integrity, offering insights into the anatomical consequences of the injury (Smith DH, 

2019; Freeman-Jones E, 2023). PET scanning, on the other hand, can provide information 

about regional changes in neural activity and metabolic function, which can further inform the 

assessment of injury severity (Nencka AS, 2018; Zhao T, 2019). Together, these advanced 

neuroimaging modalities enable a more objective and comprehensive evaluation of the 

pathological changes in the brain following TBI. 

5.2.3 Physiological assessment of TBI severity 

  Physiological measurements to further characterize the pathophysiological 

consequences of traumatic brain injury in pre-clinical models (Gao N, 2020; Lee YL, 2020). 

For example, monitoring intracranial pressure and cerebral blood flow can provide insights into 

the disruption of normal cerebrovascular regulation following TBI (Smith DH, 2018; Freeman-
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Jones E, 2023). Additionally, analyzing biochemical markers such as neurotransmitters, 

inflammatory mediators, and oxidative stress indicators can shed light on the dysregulated 

neurochemical signaling that occurs in the injured brain (Thompson S, 2021). By incorporating 

these comprehensive physiological evaluations, researchers can gain a more nuanced 

understanding of injury severity and identify potential therapeutic targets to address the 

multifaceted effects of TBI. 

5.2.4 Histological assessment of TBI severity 

  Histological analyses of the injured brain tissue can provide invaluable insights 

into the cellular and molecular pathological changes that occur in response to traumatic brain 

injury (Smith DH, 2021). These detailed histological assessments complement the information 

gained from behavioral, neuroimaging, and physiological evaluations, offering a 

comprehensive understanding of the pathological mechanisms underlying TBI. By examining 

the injured brain tissue at the cellular and molecular level, researchers can identify specific 

pathological hallmarks, such as neuronal death, glial activation, axonal damage, and disruption 

of the blood-brain barrier (Perez G, 2021). Furthermore, histological techniques enable the 

quantification of these pathological changes, allowing for a more objective classification of 

injury severity. Additionally, advanced histological methods, including immunohistochemistry 

and electron microscopy, can reveal the spatial and temporal patterns of these cellular and 

molecular alterations, providing critical insights into the complex, dynamic pathophysiology 

of traumatic brain injury. 

In summary, by employing a multifaceted research approach that integrates behavioral, 

neuroimaging, physiological, and histological evaluations, researchers can achieve a more 

comprehensive characterization of traumatic brain injury severity in pre-clinical models. 
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6. Consequences of TBI severity in pediatric and adult 

 Traumatic brain injury is a critical public health issue, presenting substantial 

challenges and long-lasting impacts for individuals, families, and the broader community. 

While the effects of TBI can manifest across the lifespan, the specific consequences and 

trajectories of recovery often vary between pediatric and adult populations. (Maria NSS, 2019) 

Elucidating the distinct neuropathological mechanisms and neurodevelopmental processes that 

underlie the response to TBI in the immature brain is essential for developing targeted 

interventions and optimizing long-term prognosis (Girgis F, 2016; Maria NSS, 2019; Blackwell 

LS, 2016; Anderson V, 2005). 

Mild TBI, often referred to as concussion, is the most common form of TBI and is 

responsible for the majority of cases. However, even in the absence of overt morphological 

defects, victims of mild TBI frequently suffer lasting cognitive deficits, memory difficulties, 

and behavioral disturbances. Emerging evidence suggests that these persistent symptoms are 

related to subtle physiological changes that occur in the hippocampus and other vulnerable 

brain regions (Girgis F, 2016). The consequences of repeated mild TBIs, as seen in contact 

sports and military service, can be particularly insidious, with potentially lifelong behavioral 

and neuropathological consequences. (Mouzon BC, 2017) 

In contrast, moderate to severe TBIs are associated with more profound and widespread 

structural and functional changes, impacting numerous neurological domains. In the pediatric 

population, the vulnerability of the developing brain confers even greater susceptibility to the 

devastating effects of TBI, with the potential for long-lasting impairments and altered 

developmental trajectories (Maria NSS, 2019). A review of the literature highlights the acute 

and chronic sequelae of pediatric TBI, including deficits in cognitive, behavioral, and 

psychosocial functioning, as well as the impact on health-related quality of life (Blackwell LS, 

2016). 
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The distinct developmental stage at which pediatric TBI occurs requires a 

comprehensive understanding of the processes involved in both the short and long-term 

sequelae. Delineating the complex interplay between the evolving neurobiology of the 

immature brain and the pathophysiological cascades triggered by TBI is crucial for guiding 

clinical management, informing prognostic indicators, and developing targeted interventions 

that leverage the adaptive capacity of the young brain while mitigating the deleterious effects 

of injury.  

6.1 Pre-clinical TBI 

 Advances in neuroimaging and experimental models have shed light on the complex 

pathophysiological processes underlying TBI, including excitotoxicity, oxidative stress, 

neuroinflammation, and axonal injury. These molecular and cellular changes, occurring in the 

acute and chronic phases, can disrupt neural networks and connectivity, leading to lasting 

cognitive, emotional, and behavioral deficits. Importantly, the specific manifestations of these 

neuropathological processes can vary substantially between the developing and mature brain, 

underscoring the need for a developmental perspective. (Maria NSS, 2019) 

 Experimental animal models of mild, moderate, and severe TBI have been invaluable 

for elucidating the distinct neurobiological responses to injury across the severity spectrum. 

6.1.1 Pre-clinical pediatric TBI short-term effects and TBI long-term 

effects 

 Preclinical studies in juvenile animal models have demonstrated the unique 

vulnerability of the developing brain to the deleterious effects of TBI, as well as its potential 

for adaptive plasticity and functional recovery (Freeman-Jones E, 2023; Smith DH, 2021). 

Compared to adults, young animals exhibit more pronounced neuroinflammation, 

excitotoxicity, and cell death in the acute phase following TBI, as well as more profound and 

persistent white matter and connectivity disruptions (Johnson LW, 2022; Miller HA, 2019; 
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Lumba-Brown A, 2018; Williams HC, 2022). These pathological processes can lead to deficits 

in cognitive, motor, and social functioning that may persist into adulthood. 

In contrast, the immature brain also displays greater neuroplastic potential, driven by 

ongoing developmental processes such as synaptogenesis, myelination, and neurogenesis (Park 

MK, 2020; Chen X., 2021). This adaptive capacity may facilitate functional compensation and 

reorganization, offering a potential avenue for therapeutic intervention (Smith DH, 2022; Lee 

YL., 2020). 

6.1.2  Pre-clinical adult TBI short-term effects and TBI long-term effects 

 Preclinical studies in adult animal models have demonstrated that the acute 

response of the mature brain to traumatic brain injury is characterized by a cascade of 

pathological processes, including heightened neuroinflammation, excitotoxicity, and oxidative 

stress (Smith DH, 2021; Freeman-Jones E, 2023). These secondary injury mechanisms 

contribute to extensive neural damage, disruption of neural networks, and impairments in 

cognitive, motor, and emotional functioning (Lumba-Brown A, 2018; Nguyen T, 2023).  

In contrast to the developing brain, however, the adult brain exhibits a more limited 

capacity for structural and functional reorganization following TBI (Park MK, 2020; Wang 

KK, 2018). This reduced neuroplasticity may result in a more linear and predictable recovery 

trajectory, with a clearer distinction between the short-term and long-term consequences of the 

injury (Gao N, 2020). While the cognitive and behavioral deficits observed in adult TBI 

survivors can be severe, the stable nature of the mature brain's response may facilitate more 

reliable prognostic indicators and the development of targeted interventions. 
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6.2 Clinical TBI 

  Clinical studies have elucidated the distinct consequences of traumatic brain injury 

across pediatric and adult populations. These investigations have illuminated both the 

commonalities and divergences in impairment patterns observed across the age spectrum. 

(Xiong Y, 2013; Girgis F, 2016; Anderson V, 2005; Maria NSS, 2019) Understanding the 

unique developmental context and neurobiological determinants shaping the response to TBI 

is essential for informing effective clinical management and intervention strategies. 

6.2.1 Clinical pediatric TBI short-term effects and long-term effects 

 The clinical studies demonstrate that traumatic brain injury is a leading cause of 

mortality and morbidity in pediatric populations, with the severity of the initial insult strongly 

predictive of long-term prognosis. (Maria NSS, 2019; Blackwell LS, 2016) In the acute stage, 

severe pediatric TBI is associated with profound neurological deficits, including compromised 

consciousness, cognitive impairments, and behavioral dysregulation. These impairments may 

persist and evolve as the disruption of critical developmental processes catalyzes cascading 

effects on cognitive, social, and emotional functioning. Furthermore, pediatric TBI has been 

linked to an elevated risk of neurodegenerative disorders later in life, underscoring the need for 

comprehensive long-term monitoring and supportive interventions. 

Conversely, even mild traumatic brain injuries in children, often perceived as less 

severe, can have lasting consequences. The study indicates that seemingly mild injuries can 

disrupt the delicate balance of the developing brain, leading to difficulties in academic, social, 

and behavioral domains. 

6.2.2 Clinical Adult TBI short-term effects and long-term effects 

 Existing clinical literature on adult traumatic brain injury populations has 

consistently documented associations between the severity of the initial injury and the nature 
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and persistence of resulting impairments (Smith DH 2021; Freeman-Jones E, 2023). In the 

acute phase following severe TBI, individuals often exhibit a spectrum of neurological deficits, 

including altered consciousness, cognitive dysfunction, and emotional dysregulation (Miller 

HA, 2019). However, due to the more stabilized developmental trajectories and reduced 

neuroplastic capacity of the mature brain, the recovery process in adult TBI cases tends to be 

more linear and predictable, in contrast to the complex, evolving sequelae observed in pediatric 

TBI (Giza & Difiori, 2011; Wilde EA, 2012).While the long-term consequences of adult TBI 

can be highly debilitating, including persistent cognitive, executive, and psychosocial 

impairments (Thompson WH, 2016; Karr JE., 2014), the recovery trajectory is typically more 

well-defined, allowing for clearer prognostic indicators and greater opportunities for targeted 

intervention (Steyerberg EW, 2019). 

In conclusion, the consequences of traumatic brain injury severity vary significantly 

between pediatric and adult populations, highlighting the critical importance of a 

developmental perspective. Preclinical and clinical studies have revealed distinct patterns in 

the short-term and long-term effects of TBI, reflecting the unique vulnerabilities and adaptive 

capacities of the developing versus mature brain. While both age groups can experience 

profound neurological, cognitive, and behavioral deficits following severe TBI, the evolving 

nature of the pediatric brain's response and its heightened neuroplasticity can lead to more 

complex and unpredictable recovery trajectories. In contrast, adult TBI survivors tend to exhibit 

a more linear and predictable recovery process, facilitating clearer prognostic indicators and 

targeted interventions. Collectively, these findings underscore the need for tailored clinical 

management and rehabilitation strategies that account for the distinct developmental contexts 

shaping the consequences of TBI across the age spectrum. 
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 The TBI consequences not only affect the brain but also implicate other organs. The 

autonomic nervous systems and systemic inflammation via blood circulation are the bridges 

for expanding the injury post-TBI. The next section describes the interaction between the brain 

and peripheral organs in terms of TBI. 

7. The brain-peripheral organ’s interactions after TBI 

The consequences after TBI could prolong processes that affect other organs by two main 

mechanisms, which are autonomic dysregulation and/or systemic inflammatory response. The 

previous studies suggested that TBI could alter physio-pathological trajectories of the heart, 

lung, gut, liver, and musculoskeletal, which could worsen impact outcomes (McDonald SJ, 

2020). 

7.1 Autonomic dysregulation 

 The autonomic nervous system (ANS) regulates homeostasis across peripheral organs 

via sympathetic and parasympathetic pathways, performing a function with the neuroendocrine 

system. TBI disrupts the regulation of ANS by the hypothalamic-pituitary-adrenal axis 

(McDonald SJ, 2020). The Paroxysmal Sympathetic Hyperactivity (PSH) or sympathetic storm 

is the main cause that plays a role in about 80% of TBI, which is dysregulation of the 

sympathetic system and disruption of cortical inhibitory brain areas (Meyfroidt G, 2017; Jafari 

AA, 2022). Even, the pathophysiology of PSH in TBI is not well-defined and still warrants a 

description of the mechanisms involved. 

7.1.1 Excitatory/Inhibitory ratio imbalance 

 This mechanism could simplify the two-stage pathological process. TBI causes 

destruction and interruption in the inhibition centers and failure response of the positive-

feedback loop, which could produce sympathetic overactivity to other organs (Jafari AA, 

2022). 



42 
 

7.1.2 Disconnection of controlled sympathetic brain areas 

 The damage of TBI could interrupt the sympathetic tone in the spinal cord, 

hypothalamus, and brainstem without alteration in cortical structures (Fernandez-Ortega JF, 

2017). These alterations could lead to uncontrolled sympathetic outflow from downstream 

(Jafari AA, 2022). 

7.1.3 Interruption of neuroendocrine regulation 

 PSH causes impaired descending inhibition (unchecking) that could increase 

sympathetic output, stimulating the massive secretion of catecholamines, dopamine, and 

adrenocorticotropic hormone (ACTH) during PSH. The norepinephrine (NE) and dopamine 

decline during intermittent periods because these elevate depend on excitation of the central 

sympathetic nervous system. While epinephrine is almost releases from the adrenal medulla. 

The excessive catecholamines increase about 200-300% from normal levels and about 40% in 

ACTH. These changes during PSH could play an important role in abnormal function in 

peripheral organs (Fernandez-Ortega JF, 2017; Jafari AA, 2022). 

7.2 Systemic inflammatory response   

One of the post-TBI consequences is neuroinflammation. The immune responses after 

TBI lead to pro-inflammatory cytokines release and recruitment of leukocytes. These local 

responses still affect other organs, called the systemic inflammatory response. 

As previously described in the acute phase after TBI, microglia are the local site-

immune cells that respond to neuroinflammation. In the same period, the injured cells and 

adjacent cells such as neurons and astrocytes release pro-inflammatory cytokines (IL-1ß, IL-6, 

IL-12, TNF-α, etc.), chemokines, and ROS (Figure 3). These factors could cross to blood 

circulation due to BBB disruption, which causes increased attraction and proliferation of 

peripheral leukocytes from lymphoid organs (Tobin RP, 2014; Simon DW, 2017). The 
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dysregulated inflammation affects leukocyte interactions in peripheral organs from the acute to 

the chronic phase of TBI. 

 

 

Figure 3. The inflammatory factors release to blood circulation, which induce systemic 

inflammatory response after TBI (Modified from Simon DW, 2017) 

 

Complications after TBI occur from two main mechanisms consisting of autonomic 

dysregulation and systemic inflammatory response. All TBI severity (mild, moderate, and 

severe) can induce pathophysiological effects in peripheral organs such as the heart, lung, guts, 

liver, spleen, kidney, and bone as demonstrated in Figure 4 (McDonald SJ, 2020; Sabet N, 

2021). 
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Figure 4. The linkage between brain and peripheral organs after TBI (McDonald SJ, 2020) 

Based on a previous study, Ichkova et al investigated the juvenile mTBI (jmTBI) in a mice 

model (P17) in the acute phase. They showed brain hypoxia at 6-24 h post-TBI and found 

evidence of cerebrovascular damage but no anatomical changes, with a later modification of 

cortical blood vessels during 1-3 days post-TBI. Then, behavior results showed long-term 

neurological defects at 30 days post-TBI (Ichkova A, 2020). However, the chronic phase of 

jmTBI with systemic complications remains to be investigated. In our work, we focused on the 

systemic complications of the interaction between the brain and heart, which describe in the 

next section. 
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8 Brain-Heart interaction after TBI  

The link, interaction, and communication between the brain and heart have been known for 

centuries. This can be illustrated simply by the control of the heart rhythm exerted by the 

sympathetic and parasympathetic systems (Coote JH, 2007). The homeostasis of the processing 

is related to the autonomic nervous system and endocrine system synchronized with the central 

nervous system (Samuels MA, 2007). Then, some clinical studies and observations 

demonstrated that various neurological disorders could regulate both cardiac morphology and 

physiology (Palma J-A, 2014). 

The cerebrovascular disease or brain injury showed shreds of evidence involving cardiac 

injury (Oppenheimer SM, 1994; Ay H, 2006). The clinical and pre-clinical studies made a great 

effort to understand the underlying relationship between the brain-heart, both normal 

conditions, and disease (Samuels MA, 2007). This ‘invisible’ link which starts in the brain and 

ends with cardiac dysfunction, has been demonstrated in many conditions such as thermal 

injuries, septic shock, subarachnoid hemorrhage, stroke, and TBI (Krishnamoorthy V, 2016).  

8.1 Brain hypoxia, neuroinflammation and implication to cardiac 

 dysfunction in TBI 

Normal brains in adults need oxygen to maintain body function at the normal range for 

oxygen saturation (sO2), i.e between 95-98%, and the normal range of arterial oxygen pressure 

(PaO2) is between 11.0-14.4 kPa (Williams AJ, 1998). The insufficiency of oxygen or 

‘hypoxia’ is when the cells and tissues cannot receive adequate oxygen for metabolic-energetic 

demands. The term hypoxemia is used to define the low concentration of oxygen that transfers 

from air into the blood, and tissue hypoxia is used to define the inadequate concentration of 

oxygen in tissue perfusion (Roffe C, 2008). The brain consumes about 20% of the total oxygen 

of the body, and it has no reserve for oxygen or glucose, which is the source of energy for 

maintaining function (Hoiland RL, 2016). Therefore, the partial blockage of cerebral blood 
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flow or injured vessels causes tissue hypoxia, and it worsens when completely disrupted in 

brain injuries, such as TBI and stroke, resulting in anoxia (no oxygen), hypoglycemic condition, 

and ultimately ending in cell death (Figure 5) (Ferdinand P, 2016). The neurons attempt to 

maintain brain activity during tissue hypoxic conditions and release the excitatory 

neurotransmitter such as glutamate, which leads to activation of multiple receptors (e.g. NMDA 

receptors) and massive calcium (Ca2+) influx into the cells. Hypoxia causes the lacking of ATP 

to eliminate Ca2+ overload, resulting in stimulating the multiple cascades that ultimately lead 

to mitochondria dysfunction and cell death (Guo M-F, 2011; Nathaniel TI, 2015; Simon DW, 

2017). The only possibility to rescue and/or limit neuronal cell death is to restore blood flow in 

the ischemic area. However, the reperfusion phase induces the production of reactive oxygen 

species, which expands the injury (Won SJ, 2015).  
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Figure 5. The illustration of systemic mechanisms in TBI and stroke-induced cardiac 

dysfunction. After brain injuries caused by injured and dead neurons, hypoxia and 

neuroinflammation stimulate the activation of microglia, releasing chemokines and pro-

inflammatory cytokines. The inflammasome activates main pro-inflammatory cytokines such 

as pro-IL-1into IL-1. IL-1 and remote brain area stimulate the sympathetic system in the adrenal 

gland, resulting in catecholamine surges. The bone marrow and spleen respond by releasing the 

leukocytes consisting of neutrophils, macrophages, and pro-inflammatory cytokines. The ANS 

massively secrete catecholamines causing amplifying severity and chronic inflammation. 

(Modified from Sposato LA, 2020.) 
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8.2 Neurogenic Stunned Myocardium  

 The neurogenic stunned myocardium (NSM) is a term to explain neurogenic injury-

induced cardiac dysfunction, which is characterized by left ventricle (LV) dysfunction, ECG 

changes, arrhythmias, and cardiac biomarker elevation (Nguyen H, 2009). Additionally, other 

terms attempt to explain the same phenomenon such as catecholamines, autonomic, and 

sympathetic storms, catecholamines surges, and PSH, all describing the over-function of the 

sympathetic nervous system (SNS) after brain injury (Meyfroidt G, 2017; Sposato LA, 2020). 

The previous studies demonstrated the role of SNS and secretion of catecholamines caused the 

cardiac biomarkers elevation and histological changes in myocardial injury (Masuda T, 2002; 

Lambert E, 2002). The excess of catecholamines plays a major role in the development of 

cardiac pathophysiology within NSM. Krishnamoorthy proposed three key factors involving 

NSM on the brain side: the location of the injury, intracranial pressure elevation, and activation 

of underlying neuroendocrine pathways in the hypothalamus, which are related to the amount 

of released catecholamines (Krishnamoorthy V, 2016). The insular cortex acts to control 

cardiovascular function and regulate the autonomic nervous system see Figure 6 (Oppenheimer 

SM, 1990; Hrishi PA, 2019). The subcortical and insular regions are damaged in subarachnoid 

hemorrhage, stroke, and TBI, which increased sympathoadrenal tone, catecholamine release, 

neuroinflammation, and autonomic dysfunction (Nguyen H, 2009; Sposato LA, 2020; Mele C, 

2021). As previously described, which showed that PSH caused massive secretion of 

catecholamines after TBI that could be affected in NSM. Although the effect of NSM on TBI 

is not fully described, this phenomenon has already been reviewed in the stroke that might be 

explained to TBI. The adrenocorticotropic hormone transient elevation could regulate the 

release of adrenaline and noradrenaline at adrenal glands, ganglionic sympathetic nerves, and 

adrenal medulla by sympathetic activation (Sposato LA, 2020). The splenic nerves consist of 

sympathetic nerve fibers about 98% as well in the inflammatory cells such as monocytes, 
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macrophages, neutrophils, and lymphocytes could respond with sympathetic receptors from 

pro-inflammatory cytokines and catecholamine surges post-stroke (Sanders VM, 2002; 

Scanzano A, 2015). The local SIHI relies on the response of catecholamines at sympathetic 

nerves ending and cardiomyocytes, which is increased by the regulation of ß2-adrenergic 

receptors that express nerve growth factors caused by sympathetic nerves spouting in the 

myocardium (Franzoso M, 2016). Additionally, the activation of cardiac fibroblast into 

myofibroblast and macrophages could release nerve growth factors for stimulating nerve 

sprouting (Franzoso M, 2016). The excess of catecholamines is toxic to the myocardium due 

to over-action of ß-adrenergic receptors following contractile dysfunction, apoptosis, and 

contraction necrosis band (White M, 1995; Nguyen H, 2009; Gregory T, 2012). The 

noradrenaline could cause impairment of endothelium function, which is a risk for plaques in 

acute and chronic phases (van Tassell BW, 2013). The leukocytes amplify injury by releasing 

the pro-inflammatory cytokines and recruiting more immune cells (van Tassell BW, 2013) see 

Figure 7. The points of view in the SIHI mechanisms originate from main two factors, which 

are the role of catecholamines in over-stimulating SNS and the other systemic inflammation 

regulating the release of pro-inflammatory cytokines and leukocytes recruitment. Interestingly, 

most stroke mortality comes from heart disease, and one in three stroke patients is prone to 

coronary stenosis, and about 3% end up with myocardial infarction (Gunnoo T, 2016). The 

consequences after stroke apart from a cardiac injury such as arrhythmias, LV dysfunction, and 

acute coronary events could affect in the long-term by promoting the risk for heart failure by 

about 10-24% (Kim W, 2018). These notices show that the complications in the short term 

between the brain and heart could make it worsen in the long term. The TBI-affected cardiac 

dysfunction and shared events such as systemic inflammation (at heart), arrhythmia, and 

cardiac dysfunction that occurred in stroke, are reviewed in the next section (TBI and cardiac 

dysfunction). 
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Figure 6. Sympathetic and parasympathetic regulation from the brain to the heart 

(Dombrowski K, 2014) 
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Figure 7. The illustration of local mechanisms in SIHI and TBI sharing the heart events. 

The catecholamines surge (Noradrenaline) in the bloodstream and sympathetic nerves cause 

cardiomyocytes prone to contraction band necrosis, risk for subendocardial hemorrhage, and 

activation of fibroblast to myofibroblast. The inflammatory cells and cytokines such as IL-1 

further activate macrophages and fibroblasts causing chronic inflammation, endothelial 

impairment, and fibrosis. The vicious cycle progresses with increased spouting of sympathetic 

nerves. The heart could end up with arrhythmias, LV dysfunction, and acute coronary 

syndromes (Modified from Sposato LA, 2020) 

 

 

 

 

 

The sharing 
between TBI, 
stroke and  
heart 
syndrome? 
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8.3 TBI and cardiac dysfunction  

The previous section described mechanisms that could be at the origin of cardiac 

dysfunction after TBI. Then, in this section, we review and summarize the results from previous 

studies, which are both on the clinical (13 publications) and pre-clinical (9 publications) sides, 

as shown in the tables below (Table 6 & Table 7).  

8.3.1 TBI and cardiac dysfunction in clinical studies 

The clinical studies in TBI focus mainly on the severity at moderate to severe 

stages. The age of patients is mainly adult to elderly (about 16-60 years). Only two works 

focused on the pediatric population with a follow-up for a maximum period of approximately 

two weeks (Krishnamoorthy V, 2015; Lele AV, 2020). The main findings in the short term 

(within 24 to 72 hours after TBI) showed arrhythmogenesis, systolic-diastolic dysfunction with 

defects in the global longitudinal strain (GLS), regional wall motion abnormalities (RWMA), 

and high level of cardiac biomarkers (CK-MB, Troponin I and BNP) (Table 7). On the other 

hand, the long-term finding for 1-2 weeks post-injury remains that cardiac dysfunction and 

biomarkers exist. Interestingly, the moderate-severe TBI met the clinical criteria of systemic 

inflammatory response syndrome (SIRS) (Chaikittisilpa N, 2018). 

8.3.2 TBI and cardiac dysfunction in pre-clinical studies 

Animal models were used in the experimental setting, which consisted of rodents, porcine, and 

canines attempting to mimic human TBI (Table 7). The pre-clinical studies integrate and 

investigate the interaction between TBI and cardiac dysfunction by using the cardiac function 

measurements (echocardiography and ECG recording) combined with cardiac biomarkers, 

gene and protein expression, and myocardium structure. The short-term finding showed 

arrhythmogenesis (Najafipour H, 2014) and systolic-diastolic dysfunction as found in clinical 

studies (Larson BE, 2012; Qian R, 2015; Zhao Q, 2019; Lee YL, 2020; Qian Y, 2020). 

Moreover, evidence for local and systemic inflammation was found with the pro-inflammatory 
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cytokines released in heart tissue and circulation (Lackner I, 2021), increased cardiac 

biomarkers (Armstead WM, 2019; Lee YL, 2020), and structural modification (Ozisik K, 

2004). The long-term finding demonstrated the progression of TBI from week to month with 

the development of cardiac dysfunction, morphology changes, fibrosis, and specific cardiac 

biomarkers (Zhao Q, 2019; Armstead WM, 2019; Lee YL, 2020; Qian Y, 2020). Thus, the 

clinical and pre-clinical studies provided important information that TBI not only affects the 

heart in the short term but also promotes the progression of cardiac dysfunction. Systemic 

inflammation is one of the mechanisms raised to describe the interaction between TBI and 

cardiac dysfunction. 

However, from the point of view that both clinical and pre-clinical studies focus on 

moderate-severe TBI, we pointed out in the first part (Classification of TBI) that more than 

80% of TBI is mTBI, which is careless both in a real-world setting and experimental setting. 

One of the reasons might be that the brain structure, brain imaging, or clinical signs show no 

significance. The studies already showed that TBI could affect cardiac dysfunction in the long 

term. The; mTBI might also be silent-epidemic. The other fact is that the pediatric population 

is in the same situation as mTBI, mainly in adult-elderly studies. The previous section (The 

differences between adult TBI vs pediatric TBI) described that TBI affects neurological defects 

during growth development in children experienced with TBI in the long term. In a scenario of 

jmTBI, which combines two unnoticed factors (pediatric and mild TBI), we hypothesize that 

jmTBI could affect cardiac dysfunction in the long term as well as other TBI severity.
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 Table 6. The brain-heart interaction of TBI and cardiac dysfunction in clinical studies 

Model 
of TBI 

Severity Severity Grading/ 
parameters 

N Species Sex Age Short-term finding Long-term finding Reference 

Clinical studies         

human 
TBI 

 

mild to severe 
(49%/15,5%/35,5%) 

GCS 335 human male/female adult 
(32±10 y) 

(Within 24 hours after TBI) 
electrophysiology abnormal 
depending on severity; ST-T changes, 
sinus tachycardia, QT dispersion 
prolongation 

-  

Fan X, 2012 

mild to severe 
(36,7%/7,2%/56,1%) 

GCS 139 human male/female adult 
(58±20 y) 

- (2 weeks after TBI)  
systolic dysfunction; 
↓LVEF, RWMA and 
↑cardiac enzymes; CK-MB, 
Troponin I, BNP 

 

Prathep S, 2014 

mild to severe 
(39%/8,5%/52,5%) 

GCS 59 human male/female adult  
(63±2 y) 

(Within 24 to 72 hours after TBI) 
electrophysiology abnormal;  
sinus tachycardia, QT prolongation 

- Krishnamoorthy V, 
2014 

severe GCS 32 human male/female  pediatric  

(1-16 y) 

(*1-13 days after TBI) systolic dysfunction; ↓ LVEF, RWMA Krishnamoorthy V, 
2015 

severe GCS 40 human male/female adult  
(~40 y) 

(Within 24 hours after TBI)  
diastolic dysfunction; ↓IVRT,  
apical peak strain and basal rotation 

- Cuisinier A, 2016 

moderate and severe 
(16%/84%) 

GCS 49 human male/female adult  
(16-81 y) 

 
(*8-189 hours after TBI) No evidence of cardiac dysfunction, 

cardiac enzymes; CK-MB, Troponin I 
Serri K, 2016 
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severe GCS 50 human male/female adult 
(30±12 y) 

(Within 24 to 72 hours after TBI) 
electrophysiology abnormal; 
sinus tachycardia and bradycardia, 
QT prolongation, systolic 
dysfunction: ↓GLS, RWMA 

-  

Hasanin A, 2016 

mild, moderate-severe 
(50%/50%) 

GCS 64 human male/female adult  
(~36 y) 

(Within 24 hours after TBI)  
Systolic dysfunction; ↓LVFS, ↑LV 
area, mitral valve velocity(S’) only 
moderate-severe TBI  

(1 week after TBI) 
 Reversible LVFS 

Krishnamoorthy V, 
2017 

moderate and severe 
(19,6%/80,4%) 

GCS 46 human male/female adult  
(~44,7 y) 

(Within 48 hours after TBI)  
systolic dysfunction; ↓ LVEF 

- Venkata C, 2018 

moderate and severe 
(12%/88%) 

GCS 32 human male/female adult  
(~37 y) 

(Within 24 to 48 hours after TBI) 
found SIRS  
systolic dysfunction; ↓LVFS, 
diastolic dysfunction; Mitral in-flow 
(E wave), mitral annular velocity(e') 
only in SIRS 

(1 week after TBI)  
Reversible LVFS, SIRS 

 

Chaikittisilpa N, 2018 

mild to severe 
(50%/10,7%/39,3%) 

GCS 28 human male/female pediatric 
(0-18 y) 

(Within 24 hours after TBI) 
↑cardiac enzymes; Troponin I, 
systolic tachycardia and 
hypotension  

-  

Lele AV, 2020 

moderate and severe GCS 30 human male/female adult 
(43±13,5 y) 

(Within 24 hours after TBI)  
alteration of 
systolic parameter: ↓LV volume(s)  
diastolic parameters:  ↑Mitral in-flow 
(A wave), lateral mitral annular 
velocity (a') 
systolic dysfunction: ↓GLS, RWMA 
(base and mid of LV) 

(1 week after TBI)  
systolic dysfunction: ↓GLS, 
RWMA (base and mid of 
LV) 

 

Krishnamoorthy V, 
2020 
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mild to severe 
(20,54%/17,86%/56,25%) 

GCS 272 human male/female adult  
(46-58 y) 

(Within 24 to 48 hours after TBI) 
cardiac dysfunction, but *no-show 
results, ↑cardiac enzymes; 
Troponin I, BNP 

- Zhang Y, 2021 

Table 7. The brain-heart interaction of TBI and cardiac dysfunction in pre-clinical studies 
Model 
of TBI 

Severity Severity Grading/ 
parameters 

N Species Sex Age Short-term finding Long-term finding Reference 

Pre-clinical studies         

WDI 
TBI 

- weight 140 g,  
height 10 cm 
(craniectomy) 

40 Wistar rat male adult (2 to 24 hours after TBI) 
 ↑Heart ultrastructural score (nucleus, 
mitochondria, sarcoplasmic reticulum 
of myocardium), ↑ oxidative stress 
(TBARS) 

-  

Ozisik K, 2004 

FPI TBI moderate pressure 1 atm, 
duration 19-23 ms 

(craniectomy) 

NA Sprague–
Dawley rat 

male adult (48 hours after TBI) 
 systolic dysfunction; ↓ LVEF,  
↑ oxidative stress (SOD) 

- Larson BE, 2012 

WDI 
TBI 

severe weight 450 g, 
 height 2 m 

32 Wistar rat male adult (24 hours after TBI) 
electrophysiology abnormal; 
↑P duration and PR-interval 

- Najafipour H, 2014 

Blast 
TBI 

- TNT 1g, range 10 mm 20 Mongrel 
dog 

male/female 
 

adult 
(6 to 72 hours after TBI)  
cardiac dysfunction; ↓ S, E and peak 
but *no show abnormal segmental 
strain analysis 

- Qian R, 2015 
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CCI 
TBI 

moderate to severe velocity 6 m/s, depth 
1,5 mm (craniectomy) 

60 C57BL/6J 
mouse 

male adult  
(8-10 

weeks) 

(72 hours after TBI)  
systolic dysfunction; ↓ LVEF, LVFS, 
↑inflammation response by releasing 
chemokines (MCP-1), oxidative stress 
(NOX2) and recruiting immune cells, 
↑apoptosis, splenectomy could 
improve cardiac function 

(1 month after TBI)  
Systolic dysfunction;  
↓ LVEF, LVFS, fibrosis and 
hypertrophy, exist of 
↑inflammation response and 
apoptosis 
*splenectomy improve 
cardiac function but not 
neurological defects 

 

Zhao Q, 2019 

FPI TBI moderate pressure 1,9-2,3 atm, 
duration 19-23 ms 

40 Yorkshire 
pig 

male/female pediatric  
(1-5 days) 

(1-4 hours after TBI) 
↑cardiac enzymes; CK-MB,  
Troponin I 

(1 week after TBI)  
↑cardiac enzymes;  
Troponin I 

Armstead WM, 
2019 

FPI TBI moderate to severe pressure 2,4 atm, 
duration 25 ms 
(craniectomy) 

156 Sprague–
Dawley rat 

male adult (24 to 72 hours after TBI)  
systolic dysfunction; ↓ LVEF, LVFS 

(2 weeks after TBI)  
↑cardiac enzymes; Troponin I 

Lee YL, 2020 

CCI 
TBI 

moderate to severe velocity 6 m/s,  
depth 1,5 mm 
(craniectomy) 

20 C57BL/6J 
mouse 

male adult  
(10-12 
weeks) 

(36 hours after TBI)  
systolic dysfunction; ↓ LVEF, LVFS 

(1 month after TBI) systolic 
dysfunction; ↓ LVEF, LVFS 
and ↑ LV volume (s, d), 
LVID (s, d), ↑apoptosis, 
fibrosis 

 

Qian Y, 2020 

CCI 
TBI 

moderate to severe velocity 4 m/s,  
depth 2 mm 

(craniectomy) 

48 C57BL/6J 
mouse 

male adult  
(10-12 
weeks) 

(6 and 24 hours after TBI) 
↑inflammatory cytokine (G-CSF) and 
↓Troponin I, HFABP expression in 
plasma, ↑CSaR1, GLUT4 in heart 
tissue 

-  

Lackner I, 2021 

 

Abbreviations; LVEF: left ventricular ejection fraction, LVFS: left ventricular fraction shortening, RWMA: regional wall motion abnormalities, CK-MB: creatine kinase-myoglobin binding, GLS: global longitudinal 
strain, BNP: Brain Natriuretic Peptide, TNT: Trinitrotoluene, SOD: super oxide dismutase, TBARS: thiobarbituric acid reactive substance, SIRS: systemic inflammation response syndrome, MCP-1: monocyte 
chemoattractant protein-1, NOX2: NADPH oxidase 2, LVID: left ventricular internal diameter, G-CSF: granulocyte colony-stimulating factor, HFABP: heart-fatty acid binding protein, C5aR1: complement 
component C5a Receptor1, GLUT4: glucose transporter type 4 
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8.3.3 Takotsubo cardiomyopathy and TBI 

The well-known heart consequence of severe stress in the brain is called broken heart 

syndrome or Takotsubo cardiomyopathy (TTC). Sato et al first described that emotional or 

physical stress can induce or mimic the consequences of the acute coronary syndrome and 

changes the appearance of heart morphology like an octopus trap pot (Akashi YJ, 2008). The 

catecholamine surge and sympathetic activation can induce temporary and reversible regional 

wall motion abnormalities, decreased LVEF or changes of ECG, and/or elevation of cardiac 

biomarkers without evidence of previous heart problems (Prasad A, 2008). TTC is commonly 

found in the elderly (about ±50 years) population especially in post-menopausal women, 

suggesting that the cardioprotective effect of estrogen was reduced, when against 

catecholamines (Schneider B, 2014; Matta A, 2022). Amid controversy, the patterns of TTC 

are various abnormal heart appearances from apex to basal, but mainly basal hyperkinesis, 

apical ballooning, and hypokinesis of the apical and mid ventricle (Matta A, 2022). The 

pathophysiology of TTC results from the massive catecholamine response in cardiomyocytes 

via a ß-adrenergic receptor (ßAR), which promotes intracellular calcium overload and 

increases the expression of genes causing myocardial hypercontractility. Additionally, the 

catecholamines stimulate multi-vessels epicardial spasms and induce microcirculatory 

dysfunction (Matta A, 2022). TTC stimulates ßAR by increasing the expression of G protein-

coupled receptor kinase 2 (GRK2) and ß-arestin2, which cause increased ROS production and 

altered contractility (Nakano T, 2018). However, excessive catecholamines could increase the 

expression of ßAR genes (b1AR&b2AR), but not found variants that are specific in TTC (Onrat 

ST, 2021). The cardiac dysfunction in TTC can be reversed by two mechanisms. The first is 

feedback from catecholamine stimulation, which works via switching G-coupling protein from 

Gs to Gi for restricting contractility. The second is the activation of the AKT survival pathway 

(Matta A, 2022). A recent review study about TBI and TTC showed that it is the most severe 
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TBI (GCS: 3-11) with various age periods (pediatric to elderly), which found both preserved 

and decreased LVEF and various patterns of TTC characteristics (Gruhl SL, 2022). This 

confirmed that severe TBI is a short-term cause of autonomic dysregulation in the brain 

involving massive catecholamine release and originating from TTC in the heart. However, the 

correlation between TBI and TTC still needs more investigation due to other mechanisms 

occurring in TBI. 

 Based on the information available at this point, TBI and cardiac dysfunction 

demonstrate the key role of brain-heart interactions during disease progression. Current 

diagnostic and monitoring tools are imaging techniques used separately in the brain and heart. 

The following section describes imaging modalities used to assess brain and heart function that 

could be the tools to understand the likelihood of disease better. 

 

9 Imaging techniques for assessing brain and cardiac function 

9.1 Magnetic resonance imaging (MRI) 

The general principle of MRI is the detection of protons or neutrons (hydrogen mainly 

from water and fat molecules), which are positive charges moving (spin) around the nucleus of 

atoms and using the static dipolar magnetic field to increase the spinning (Stoffey RD, 2012). 

Then the increased energy level causes radio frequency energy in the magnetic field, which is 

amplified into free-induction decay and apply to the Fourier transformation process (Stoffey 

RD, 2012). The spinning physical principle could provide biochemical information (Figure 8). 

The MRI with horizontal and high magnetic fields has been performed on the small animals at 

4.7, 7, 9.4 11.7, or 21.1 Tesla depending on the categories of the studies (Leftin A, 2015). 
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Figure 8. The schematic diagram constructs the image from free induction decay and Fourier 

transformation (Leftin A, 2015) 

9.1.1 MRI in neurological study 

The brain MRI could be accessed by the properties of the water 

molecules (hydrogen) in the brain and the difference between the signal and the brain structure 

(Aggarwal M, 2012).  The goal of the brain MRI is to achieve the evaluation or monitoring of 

anatomical and physiological changes from brain disorders (Aggarwal M, 2012). A recent 

study showed that MRI with diffusion-weighted imaging could monitor and detect (ex vivo) 

the changes in white matter structures that close injury sites in the 6-month pediatric TBI model 

(Zamani A, 2021). A previous study showed the T2-weighted MRI assessed and monitored 

brain injury volume in the long-term severe TBI in the mouse model. The scanning of the whole 

brain was performed using more than 40 minutes per animal (Tatara Y, 2021). 

9.1.2 MRI in cardiovascular study 

Cardiac measurement by using MRI or Cardiac magnetic resonance 

imaging (CMR) was proven to be the gold standard with high accuracy in clinics (Dewey M, 

2006). The properties of CMR are high contrast for dividing between myocardium and blood, 

high temporal and spatial resolution, and freely slice orientation (Zuo Z, 2017). These might 
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be covering the limitations of 2D ultrasound in the geometric and volumetric calculation. The 

previous study showed the IntraGate cinematographic (CINE) in CMR technique, which could 

access to measure cardiac function such as EF, EDV, ESV, SV, and LV mass in the healthy 

mouse model by using a total scan time of about 30 minutes per animal (Zuo Z, 2017). The 

CINE CMR was used to evaluate both morphology and function during dobutamine stress in 

muscular dystrophy mouse models (Stuckey DJ, 2012). ). Interestingly, the tagged CINE CMR 

could assess the STE and morphology which illustrated changes in the myocardial infarction 

model by taking time to scan 15 minutes (Karthikeyan B, 2020). 

9.2 Computed tomography scan (CT-scan) 

The CT scan was developed in the 1970s. It comes from two words, ‘computed’ which 

means processing through the computer, and ‘tomography’ which means cutting an image into 

slices (Caldemeyer KS, 1999; Das BK, 2015). Briefly, the principle of CT-scan is the use of 

ionizing radiation or X-rays rotated 360° around the organs coupled with a detector. The images 

are scanned slice to slice and reconstructed into 3D images with computer processing (Das BK, 

2015). The X-rays can pass through the organs and then are attenuated. The difference in 

attenuated radiation depends on the type of tissue. The high attenuation is brighter in the image 

(bone, metal, dense organs) and the low attenuation is darker in the images (air, fat, water) 

(Caldemeyer KS, 1999). CT-Scan of the brain may be performed to assess the brain for tumors, 

after TBI, intracranial bleeding, and structural anomalies (e.g., hydrocephalus, infections,...), 

particularly when another type of examination (e.g., X-rays or a physical exam) are 

inconclusive. 
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9.2.1 CT-scan in neurological study 

Because some organs or pre-clinical studies need higher spatial 

resolution, the micro-CT or µCT was developed for serving this purpose (Boerckel JD, 2014). 

The µCT-scan was addressed in the brain for anatomical and structural studies with or without 

the contrast agents to increase the resolution of the images. The previous study showed the 

µCT-scan coupled with iodine contrast medium could define the middle cerebral artery 

occlusion in vivo mouse model (Hayasaka N, 2012). The study showed the development of 

last-longer iodine contrast with micro-CT to study brain structure and blood vessel formation 

(Starosolski Z, 2015). 

9.2.2 CT-scan in cardiovascular study 

Interestingly, the µCT-scan could apply to measure the cardiac function 

and synchronization with the heart rate, previously study showed the combine between µCT-

scan and ECG recording (respiratory gating) could generate 4D micro-CT that achieved to 

evaluation LV diastolic-systolic volume, EF, CO, SV couple with heart rate in the healthy 

mouse model (Christian TF, 2005)(Kojonazarov B, 2018).  

9.3 Positron emission tomography (PET)  

PET is the nuclear medicine imaging technique, which contains possibly to quantify 

cellular and molecular processes (metabolism quantification) in humans. The detection of PET 

determines pairs of γ-rays, which are emitted indirectly by radioisotopes administered into the 

body. The radiopharmaceuticals are indicators for detecting receptor binding capacity, 

molecular metabolism, and cerebral blood flow (Mishina M, 2008). Due to the lack of quality 

in anatomical structure imaging of PET, PET/MRI or PET/CT was combined to improve the 

resolution (Tarkin JM, 2020). 
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  9.3.1 PET in neurological study 

 The brain oxygen saturation is the parameter that indicates oxygen 

condition, which can be measured by radiopharmaceuticals. The [18 F]-FMISO tracer 

demonstrated extensive properties to detect the Fraction of Inspired Oxygen (FiO2) and 

construct mapping for discriminating between the healthy and tumoral murine brain (Valable 

S, 2017). The specific molecule to neuroinflammation is like 18 -kDa translocator protein 

(TSPO), which indicates activation of microglia. The [ 18 F] DPA-714, the radiotracer for 

targeting TSPO, enabled quantification of radioactivity uptake and constructed mapping in 

mTBI and moderate-severe TBI murine model (Israel I, 2016). 

  9.3.2 PET in cardiovascular study 

 In pre-clinical studies, PET could assess various strategies. The 18F-

FDG radionuclide tracer showed efficient cardiac function and histology evaluation in the 

myocardial infarction murine model, consisting of LV metabolic volume, EDV, ESV, SV, and 

EF (Fischer M, 2021). The specific molecule in the heart could also be detected by 

radiopharmaceuticals such as 68Ga-NODAGA-RGD, which could attach the αvβ3 integrin for 

investigating angiogenesis in the myocardium (Lang CI, 2020). The other strategy for detecting 

ROS production using 18F-DHMT showed possibly measuring ROS in the doxorubicin-

cardiac toxicity murine model (Boutagy NE, 2018). 

9.4 Ultrasound imaging  

Ultrasound (US) is a non-invasive diagnostic medical imaging technique performed 

to view a patient’s internal soft tissues and organs (heart, bladder, etc.) and to assess blood flow 

through various vessels. Unlike other imaging techniques, the US do not use radiation, but 

instead, rely on sound waves and echoes that can recreate images. Therefore, patients are not 
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exposed to ionizing radiation, making the procedure safer than diagnostic techniques such as 

X-rays and CT scans.  

The frequency of the transducer is an important parameter for the resulting image as 

the high-frequency (25-55 MHz) transducer gives a higher resolution (less than 100 µm) of the 

image but reduces the scope of the image depth (4 to 1cm). On the opposite, the low-frequency 

transducer (2-15 MHz) gives a more depth scope (up to 40 cm) of the image but a lower 

resolution image (mm-cm). For preclinical imaging, frequencies between 15-55 MHz are 

generally used for rats and mice.  

9.4.1 US in neurological study  

The emergence of new ultrasound technologies is to flip the hand from 

conventional ultrasound to ultra-fast ultrasound. The plane-wave compounding with multiple 

angles pushes the limit of ultrasound imaging resolution to more than 1,000 frames per second, 

which gives the possibility of brain assessment of blood flow (motion), contrast agents, and 

neurovascular brain activity (Tanter M, 2014). 

9.4.1.1 Power Doppler for determining change of blood flow 

The functional ultrasound (fUS) technique was developed to evaluate 

the whole-brain microvasculature dynamics, increasing sensitivity and spatial-temporal 

resolution by compound plane-wave emission and multiple angles (Macé E, 2011). This fUS 

scans the main arteries in the whole brain with a short acquisition time (200 ms) (Figure 9). 

The power Doppler was selected for determining the change of blood volume in microvascular 

in the brain by detecting and calculating the red cells with the axial velocity >4mm s-1 (Macé 

E, 2011). Although the fUS is highly capable, it was limited with the ultrasound emission 

frequency 15 MHz that could not cover the blood velocity in capillaries < 1mm s-1 (Macé E, 

2011). 
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Figure 9. The comparison resolution between conventional-functional ultrasound and 

measurement of blood volume. (A) fUS revealed the high resolution of small vessels when 

compared to the conventional US. (B) Power Doppler assessment changes blood volume by 

axial velocity (Modified from (Macé E, 2011) 

9.4.1.2 Micro bubble tracking 

The CBV changes by using a non-linear contrast (NLC) ultrasound 

imaging mode, which employs an ultrasound pulse sequence designed to receive only 

backscattered ultrasound from nonlinear scatterers of microbubbles and reject signals from 

linear scatterers like tissue or red blood cells (Goertz DE, 2005; Needles A, 2010). For the low 

concentrations of bubbles, the signal intensity in this imaging mode depends linearly on bubble 

concentration, effectively making the signal a relative measure of local blood plasma volume 

(Lampaskis M, 2010). Since the hematocrit is largely unaffected by functional activation (van 

Raaij ME, 2011), the measured plasma volume changes provide an estimate of total blood 

volume change. The previous studies showed that the ultrafast ultrasound could detect the 

microbubbles in the mouse brain with a high spatial resolution in B-mode and then allows the 

construction of the vessels images by tracking the microbubbles (Figure 10) which acts as 

enhanced-contrast ultrasound (Errico C, 2015).  

 

A  B
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Figure 10. Tracked-micro bubbles for constructing vessels from ultrasound imaging  

(Errico C, 2015) 

Even ultrasound imaging techniques such as functional or ultrafast-ultra could 

determine the functions of the brain but the limitations in terms of blood flow velocity still 

need to improve. The other technique that could provide the assessment of brain functions in 

more detail will be mentioned in the next topic. 

9.4.1.3 Photoacoustic imaging for detecting oxygen saturation 

Photoacoustic imaging (PAI) combines a laser light source and 

ultrasounds to detect endogenous molecular information (e.g., collagen, melatonin, 

hemoglobin, and lipid) from the tissues. The PAI still applies with the contrast to expand the 

resolution of detecting exogenous contrast imaging agents to detect specific molecule 

(Zackrisson S, 2014). Moreover, the PAI gives a high spatial resolution of molecular, 

functional, and anatomical imaging. PAI is a non-invasive and non-ionizing imaging 

technology (Zackrisson S, 2014). The principle of PAI, first described by Bell in 1880, was 

defined as ‘sound by light’ (Bell AG, 1880). Remarkably, the pulse of the laser beam is emitted 

in a nano-second to the target tissues that could transfer, diffuse, and accumulate the photons 

in the tissues. The photons absorption in the tissues is caused by a slight increase in the 
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temperature inside. The phenomenon is called “the thermoelastic expansion”, which shortly 

remains in the tissues and could generate a pressure wave or ultrasound. The signals could be 

detected by the transducer of ultrasound and construct the images. 

 Blood oxygen saturation is a useful biomedical index that 

indicates oxygen and metabolism in the whole body (Toffaletti J, 2007). The gold standard of 

measurement of blood oxygen saturation is arterial blood-gas analysis, which is an invasive 

technique that potentially causes complications during the intervention and non-specific 

regions (Scheer B, 2002). However, the concept of assessing oxygen saturation can be applied 

to the evaluation of the specific location of oxygen and activity using the PAI. The endogenous 

contrast or intrinsic chromophore is hemoglobin, which carries the oxygen for serving the body 

that could be essential to detecting oxygen saturation in regional areas or organs (Figure 11) 

(Weber J, 2016). The hemoglobin's ability to carry oxygen can divide into 2 types, i.e. oxy-

hemoglobin and deoxy-hemoglobin, which distinguish wavelengths for PAI measuring 

oxygenation (Figure 12) (Needles A, 2013). The PAI demonstrated capability to determine 

brain oxygen saturation in various pathophysiological of ischemic preclinical models (Sun Y-

Y, 2015; David H, 2020). 
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Figure 11. The intrinsic chromophores in the body in optical light wavelength  

(Weber J, 2016). 

 

Figure 12. The brain oxygen saturation measurement with PAI. A) B-mode showed the head 

structure of the mouse and the brain (located in the green area). B) PA-mode showed the 

colorimetric map of the brain. the red represents oxy-hemoglobin and the blue represents 

deoxyhemoglobin. C) Merged images between B-mode and PA-mode for quantifying oxygen 

saturation D) The 3D computational reconstructing image of the brain
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The cardiac function (right and/or left ventricle (LV)) assessment by US imaging, also 

called an echocardiogram, accurately defines the condition of the heart during the entire cardiac 

cycle. The LV systolic function and LV diastolic function provide valuable pieces of 

information about the heart status and the prognosis of the diseases. 

9.4.2 US in cardiovascular study 

9.4.2.1 LV systolic function 

The assessment of systolic function indicates the performance of the 

heart in systole, which is the contraction period of the heart that pumps blood out from the left 

ventricle to the arteries to support the body with oxygenated blood (Lang RM, 2015). The 

systolic function could be measured by using the image of 2-dimensional (2D) echocardiogram 

in B-mode and M-mode (Figure 13) (Lang RM, 2015). 

9.4.2.1.1 2D B-mode in US imaging 

The Brightness mode (B-mode) is usually used to access 2D cross-

sectional images. The real-time images in the display are acquired by using the transducer that 

emits the ultrasound waves through the skin until impact and scatters organ boundaries and 

tissue, and then the ultrasound waves reflect the feedback signal to the transducer (Jan MF, 

2017). The received signal is constructed to the gray-scale image. The whiter scale represents 

the organ boundaries, and the darker scale represents the scatter area lower echoes, e.g., blood, 

out-of-focus areas, and the shadow of bones. The 2D B-mode is the most general and standard 

approach for echocardiography, enabling cardiac anatomical structures and function 

measurements in a real-time cross-sectional view (Jan MF, 2017) (Figure 13A).  

9.4.2.1.2 2D M-mode ultrasound imaging 

Motion-mode (M-mode) is applied to study rapidly moving 

structures such as valvular movement or heart-wall movement. A single section area is selected 

in the B-mode image across the valves or chamber walls of interest and the ultrasound image 



 
 

70 
 

is obtained only from the selected area shown in the M-mode (Feigenbaum H, 2010)The image 

with a high temporal resolution of the M-mode corresponds with the B-mode image. M-mode 

imaging is a mode that captures high-speed images along a single line or axis. This mode is 

most suitable for heart-wall anatomical and functional evaluation during the entire cardiac 

cycle (systole, diastole). The M-mode can provide a momentary resolution of up to 1,000 

frames/sec according to the movement of the heart wall (Feigenbaum H, 2010). The resulting 

images reflect the contractile pattern, which can then be used to assess cardiac function (Figure 

13B).  

 
 
Figure 13. The images of systolic function evaluation in mice. (A) LV B-mode in parasternal 

long-axis view, allows for assessment of systolic function by LV. (B) LV M-mode, allow for 

assessment of systolic function by IVS, LVID and PW. 
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9.4.2.1.3 Cardiac parameters in systolic function 

Based on the B-Mode and M-mode images, we can measure and 

calculate key cardiac anatomical and functional parameters.  

a) The left ventricular ejection fraction (LVEF)  

LVEF is the index indicating the percentage change of LV volume from end-diastolic 

volume (EDV) and end-systolic volume (ESV) (Wong ND, 1995; Tsujita Y, 2005; Bamira D, 

2018). The formula for calculating EF: 

𝐸𝐹 ൌ  
𝐸𝐷𝑉 െ 𝐸𝑆𝑉

𝐸𝐷𝑉
 ൈ 100 

b) Stroke Volume (SV) 

SV is the ejected volume of the blood in the LV during systole. SV is equal to the 

difference between EDV and ESV, which is an index LV function (Bruss ZS, 2022).  

𝑆𝑉 ൌ  𝐸𝐷𝑉 െ 𝐸𝑆𝑉  

c) Cardiac Output (CO) 

CO is the volume of the blood ejected from the LV to the aorta per minute, which is the 

index of the LV pumping function (Bruss ZS, 2022). 

𝐶𝑂 ൌ 𝑆𝑉 ൈ 𝐻𝑅 

*Note: HR - heart rate per minute 
 

d) Left Ventricular Fractional Shortening (LVFS) 

LVFS is the index that indicates percentage change of LV chamber size during systole 

and diastole, which represents LV myocardial contraction. This is obtained by evaluating the 

LV end-diastolic dimension (LVDd) and LV end-systolic dimension (LVDs) (Wong ND, 1995; 

Tsujita Y, 2005). The formula for calculating FS:  

𝐹𝑆 ൌ  
𝐿𝑉𝐷𝑑 െ 𝐿𝑉𝐷𝑠

𝐿𝑉𝐷𝑑
 ൈ 100 
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e) Left Ventricular Mass (LV mass) 

LV mass is an anatomical index. LV mass could be obtained from the M-mode 

echocardiogram (Tsujita Y, 2005). The formula for calculating LV mass: 

𝐿𝑉 𝑚𝑎𝑠𝑠 ൌ 1.05 ൈ ሾሺ𝐿𝑉𝐼𝐷𝑑 ൅ 𝐿𝑉𝑃𝑊𝑑 ൅ 𝐿𝑉𝐼𝑉𝑆𝑑ሻ െ 𝐿𝑉𝐼𝐷𝑑ଷሿ 

*Note: LVIDd – LV internal dimensions at diastole 

   LVPWd – LV posterior wall thickness at diastole 

   IVSd – LV interventricular septal thickness at diastole 

 

9.4.2.2 LV diastolic function 

The diastolic function indicates the cardiac performance of the heart 

during the “resting” period, which results tightly from the LV relaxation phase that keeps 

normal cardiac blood filling. Diastole is divided into 4 phases: Isovolumic relaxation, early 

rapid filling, diastasis, and atrial contraction (Nishimura RA, 1997). Due to several properties 

that could affect the diastole in each phase, the two main determinants play a role in the 

diastolic function. Firstly, ventricular relaxation is the period of decreasing pressure after 

systole or LV contraction, which is a negative peak of LV pressure over timing (-dP/dt) 

(Rakowski H, 1996). Secondly, chamber compliance, which correlates with the change of 

volume over changing of pressure in LV (dV/dP) depends on the passive abilities of LV during 

blood flowing via the mitral valve from the left atrium to LV (Grossman W, 1976). 

The evaluation of diastolic function in mice models is well 

documented. Recently, Schnelle et al developed a specific algorithm to monitor diastolic 

dysfunction in mice. (Figure 14) (Schnelle M, 2018). 
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Figure 14. The algorithm for evaluation of diastolic dysfunction in mice (Schnelle M, 2018). 

 

Using high-resolution ultrasound, the diastolic function parameters could be assessed using 

PW Doppler-mode, Tissue Doppler imaging, and B-mode imaging (Figure 15). 

 

Figure 15. The images of diastolic function evaluation in mice. (A) LV PW Doppler-mode 

combine Color Doppler mode in apical four-chamber view, allows for assessment of mitral 

flow profile. (B) LV PW Doppler-mode, allow for assessment of Tissue Doppler imaging. 
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9.4.2.2.1 Doppler mode ultrasound imaging 

The Doppler mode is used to assess blood flow direction and velocity 

of the myocardium. This mode could measure the systolic ventricular function and mitral 

annulus (Gulati VK, 1996; Pellerin D, 2003; Tassan-Mangina S, 2006). The Doppler mode 

imaging utilizes the Doppler shift principle reflected by moving targets such as blood cells. 

The changes in the Doppler shift correlate with the blood flow velocity. The Doppler shift 

depends on the alignment of the blood flow and ultrasound waves. The more parallel the waves, 

the more attenuation of the Doppler switch is. Clinically, this mode is employed to assess 

vascular and cardiac functions. It relates to diastolic function; pressures in the pulmonary 

artery, left and right atria; left ventricular stroke volume; and quantification of a regurgitant 

valve, if present. Assessment of the filling patterns of the left ventricle, in addition to the 

diastolic function of the heart, has been shown to have clinical implications as it relates to 

morbidity and prognostic evaluations (Jan MF, 2017). Tissue Doppler Imaging (TDI) is a mode 

that can detect lower-velocity and higher amplitude signals arising from heart muscle 

contraction (Rohde LE, 2007). The pulse-wave TDI is suitable for long-axis or apical four-

chamber view monitoring of heart function because the position of the myocardium is parallel 

to the emitted ultrasound waves, especially when viewed through the apical view (Isaaz K, 

1993). TDI is tissue motion velocity, which is obtained by assessing the mitral annulus 

(interventricular septum, lateral wall, and LV posterior wall). TDI usually consists of three 

waveforms: the peak of early diastolic velocity wave (E'), the peak of late diastolic velocity 

wave (A'), and the peak of systole (s) (Schmidt AG, 2002). This makes it possible to predict 

the filling pressure from E/E' ratio (Ommen SR, 2000). 
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a) Trans mitral inflow velocity pattern (Mitral flow profile) 

The mitral flow profile is obtained by the mitral velocity waveforms that flow through 

the mitral valve from LA into LV during diastole, which is the practical index indicating 

diastolic function because the waveforms could reflect LV filling characteristics and 

compliance (Schumacher A, 2008). The mitral velocity waveforms are assessed by Pulsed-

wave (PW) Doppler with a parasternal long-axis view or apical four-chamber view. They 

include the early filling wave (E wave) and late atrial filling wave (A wave) representing the 

LV filling dynamics (Schmidt AG, 2002). The E wave represents the velocity of blood flow 

via the mitral valve in the early filling phase, which can be affected by compliance and the rate 

of relaxation of the LV. The A wave represents the velocity of blood flow via the mitral valve 

in the atrial contraction phase, which could reflect alteration by compliance and contractility 

(Lester SJ, 2007). The mitral flow profile indexes include the parameters as follows: 

ai) The ratio of peak velocity of early to late filing of mitral inflow (E/A) 

aii) The deceleration time (DT) of early filling of mitral inflow is the time of pressure 

equilibration between LA and LV, which is measured from the peak of E wave to the baseline. 

aiii) The isovolumetric relaxation time (IVRT) is the time from the aortic valve until 

the opening of the mitral valve, if high IVRT means prolonged relaxation during diastole. 

b) Left Atrium (LA) Size 

LA size can be used to assess the chronic elevation of LV filling pressure in diastolic 

dysfunction. The LA size is measured by B-mode or 3D-mode (more accurate) in parasternal 

long-axis view (Basu R, 2009; Jorge AJL, 2012). 

c) Myocardial Performance Index (MPI) 

The MPI is the index that combines both systolic and diastolic functions, involving 

IVRT, isovolumetric contraction time (IVCT), and ejection time (ET).  
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The formula for calculating MPI:  

𝑀𝑃𝐼 ൌ  
𝐼𝑉𝑅𝑇 ൅ 𝐼𝑉𝐶𝑇

𝐸𝑇
  

The increase in MPI could indicate diastolic dysfunction when corresponding with the other 

parameters for diastolic function assessment  (Broberg CS, 2003). 

9.4.2.3 LV Strain analysis 

The strain analysis assesses the myocardial LV regional functions. 

The strain or deformation has been defined with 3 principles: circumferential, longitudinal, and 

radial which are the movement or contraction directions of the heart muscle (Figure 16) 

(Gorcsan J, 2011). The term strain was defined to describe lengthening, shortening, or 

thickening (regional deformation) in the echocardiography assessment (D'hooge J, 2000). It 

can simplify the explanation of when the heart contracts and changes its structure shapes called 

"deformation". The strain needs to define how much it changes (extent of deformation) in the 

regional myocardium. 

The strain could calculate by the formula (D'hooge J, 2000): 

Strain, 𝜀 ൌ  ∆௅

௅బ
 

*Note: where  𝜀 = strain, ∆𝐿 = change in length (end-systolic length – end-diastolic length), 

and 𝐿଴= original length (end-diastolic length) 

The strain rate is the rate described as strain or deformation per time unit. The strain rate unit 

is s-1 and calculate by the formula (Dandel M, 2009): 

Strain rate, 𝜀 ൌ ∆ఌ

∆௧
ൌ ሺ∆௅/௅బሻ

∆௧
ൌ ∆௅/ሺ∆௧ሻ

௅బ
ൌ ∆௏

௅బ
 

*Note: where  𝜀 = strain, t = time, ∆𝑉 = the difference in velocities between two points of 
myocardial wall 
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Figure 16. LV myocardium lining orientation and principal directions of strain. (A) The 

alignments of myocardial fibers like helical pattern. (B) A cross-sectional view of the LV 

myocardium demonstrates the layers of the myocardial fiber, longitudinal, circumferential, and 

oblique, respectively. (C) the directions or vectors of the LV strain. (D) The graphic that 

described strain assessment. Modified from (Abraham TP, 2007; Gorcsan J, 2011; Luis SA, 

2019)  

9.4.2.3.1 2D strain analysis (speckle-tracking echocardiography) 

The 2D strain analysis or speckle-tracking echocardiography (STE) was 

introduced in the 2000s (Leitman M, 2004; Reisner SA, 2004; Ingul CB, 2005). STE is used to 

assess cardiac functions.  STE was initiated with the recorded digital images from ultrasound 

in the B-mode and ECG into cine loops. The speckles occur from the scattering of the 

ultrasound wave with the structure, with the noise filtered out from the image maintaining the 

small features left which are speckles. The cine loops of the cardiac cycle could create specific 

speckle patterns from the myocardium movement. Specific software is used to track the 

speckles pattern frame to frame. The algorithm used quantifies some cardiac parameters such 

as strain, strain rate, displacement, and velocity directly from 2D ultrasound imaging  

(Figure 17). The STE is acquired from 2D images. The suggested resolution and quality are 
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approximately 40-80 frames per second (fps) for a normal heart in patients. However, the pre-

clinical studies for the STE in animals such as rodents exhibiting a normal heart rate between 

400-500 beats per minute need higher temporal resolution ultrasound to record cine loops 300-

400 fps (Bauer M, 2011). The distinctive points of STE are global and segmental myocardial 

functions for giving informative data in the same analysis (Figure 18). The assessment of STE 

for cardiac function parameters (Leitman M, 2004; Mor-Avi V, 2011; Voigt J-U, 2015) as 

following: 

Displacement 

Displacement is the shortest traveled distance, which is observed in myocardium 

regions between epicardium and endocardium during the cardiac cycle. This displacement unit 

is presented in cm or mm. 

Velocity 

Velocity is the speed of monitored speckles moving during the cardiac cycle, presenting 

units in cm/s. 

Strain 

Strain is previously described, the change of deformation in displacement at myocardial 

segments.  The strain is presented in percentage or fraction. 

Strain rate 

Strain rate as previously described; the strain dynamics change the length of 

myocardium per time unit. The strain rate unit is presented in s-1. 
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Figure 17. The figure shows the speckles-tracking selection of parasternal long-axis view – 

mice. (Left) The tracking of speckles between epicardium and endocardium during diastole. 

(Right) The tracking of speckles between epicardium and endocardium during diastole. 

 

Figure 18. The Vevo strain software (VisualSonics) analysis of STE in parasternal long-axis 

view – mice. (Left) The global STE analysis provides the overview information for both basic 

cardiac functions and strain analysis during 3 cardiac cycles. (Right) The segmental STE 

analysis provides the data of myocardial movement in each segment, which could represent 

velocity, displacement, strain, and strain rate during 3 cardiac cycles. 

 

 

Diastole  Systole 
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a) The pitfalls of 2D STE 

The insufficient tracking analysis at the border of the endocardium may be the problem 

with STE. The other major limitation is the sensitivity to shadows or artifacts that occur during 

the image recording, which could affect the deformation (strain) measurement (Mor-Avi V, 

2011). The STE algorithm's limitation in defining the “normal” when the analysis unclearly 

indicated the border area between normal and dysfunctional regions will affect the segmental 

analysis. Moreover, the restriction of short-axis images could be an encounter with signal 

problems related to the dimension in systole. The LV movement is a rotation forward to the 

apex in systole that causes out-of-plane motion. The error in many regions in segmental strain 

analysis could directly introduce inaccurate global strain analysis (Mor-Avi V, 2011). 

b) The pros and cons of 2D STE 

The STE has the advantage to assess the motion in any plane or any direction of images. 

This point of STE allows measurement of radial and circumferential directions, which are 

disregarding the ultrasound wave direction. However, the STE is not free from all angles 

because the best resolution of the ultrasound image is better when in the same direction as the 

beam (Mor-Avi V, 2011). The 2D STE depends on the 2D ultrasound images recording which 

means that the quality of the images directly affects when analysis frame by frame, the out-of-

plane motion could decrease the accuracy of the analysis (Mor-Avi V, 2011). The other 

limitation is the difference between commercial platforms and vendor software, which may be 

a problem with the cross-platform analysis. This issue was addressed by the American Society 

of Echocardiography and the European Association of Echocardiography. 
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9.4.3.2.2 4D strain analysis (4D STE) 

Although 2D STE is widely used for evaluation of the LV function, 

limitations of the 2D STE are accuracy of quantification and plain of speckles tracking because 

of volumetric complexity motion of the heart contraction. The gated volumetric ultrasound 

overcomes the obstacles in geometric assumptions from the 2D STE (Hoole SP, 2008). The 4D 

image can generate more than 3,000 vectors/volume and the temporal resolution of real-time 

data sets is approximately 20-30 volumes/sec (Pérez de Isla L, 2009). The 4D imaging was 

developed pre-clinically for covering the restrictions introduced by the scanning-tracking 

motion of speckles in irrespective directions from ultrasound waves and constructing the heart 

in volume for measuring (Soepriatna AH, 2018; Damen FW, 2021). These important 

advantages might allow more potential and more accurate analysis of cardiac assessment 

(Figure 19). 

a) The pitfalls of 4D STE 

The main problems of analysis are related to consuming the time for acquisition of the 

image and stable collection of the ECG signal for gating with the corresponding image 

(Soepriatna AH, 2018). 

b) The pros of 4D STE 

The outstanding benefits of 4D STE cover the movement motion in geometric volume 

and a more accurate assessment of segmental analysis of Soepriatna with high spatiotemporal 

resolution (Soepriatna AH, 2018). 
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Figure 19. A schematic of the construct 4D imaging for speckles analysis in the mouse heart. 

The steps include 1) and 2) collecting the images by scanning from apex forward to the base 

and recording the ECG 3) combining the extracted frames from each cine loop, dependent on 

their timing within the cardiac cycles, to create 3D volumes at each respective time-point, and 

4) temporally concatenating said volumes to create 4D datasets (Soepriatna AH, 2018). 

 

The advantages and disadvantages of imaging techniques described above to assess 

the brain and the heart in clinical and/or preclinical studies are summarized in Table 

8. However, US imaging has numerous advantages compared to other techniques. High 

resolution US is non ionizing, reproducible, fast, cost effective and reliable for cardiac 

measurement. Interestingly, the combination between US and PAI gives us the possibility to 

assess molecular imaging in the heart and the brain. These promising tools could provide more 

understanding of TBI and cardiac dysfunction.
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Table 8. Comparison table of imaging techniques for accessing the heart and brain 

 

 ultrasound and photoacoustic imaging techniques could perform in the same machine platform.  

Imaging technique Model Heart Brain Time Cost Ironizing 

radiation  

 Ultrasound imaging compatible with 
small animal 

model 

1) fully accessible cardiac 
measurement both LV systolic 
and diastolic function 
2) 4D cine loop 
 
  

1) brain vessels structure 
2) brain blood volume 
changes 
 
 

low operations 
5-15 mins/animal 

 
 

1) low to medium purchase costs 
2) low maintenance costs 
 

- 

 Photoacoustic imaging compatible with 
small animal 

model 

1) heart tissue oxygen saturation 
2) contrast agents or nanoparticle 
approaches 

1) brain oxygen saturation 
2) contrast agents or 
nanoparticle 
approaches 

low operations 
5-10 mins/animal 

 
 

1) medium purchase costs 
2) low maintenance costs 
 

- 

MRI compatible with 
small animal 

model 

1) morphology and LV function 
2) strain analysis 
 
*limit in do both analysis in the 
same time 

1) quality image for brain 
structure 
2) contrast agents 
approach  
 

medium operations 
20 – 30 mins/animal 

1) high purchase costs 
2) medium maintenance costs 

- 

(µ)CT-SCAN compatible with 
small animal 

model 

1) morphology and LV function 
 

1) quality image for brain 
structure 
2) contrast agents 
approach  

high operations 
20 – 30 mins/animal 

1) high purchase costs 
2) medium maintenance costs 

yes 

PET, PET/MRI, PET/CT compatible with 
small animal 

model 

1) high biogenic sensitivity 
2) measure cardiac function if 
combined with MRI or CT 

 high operations 
30-60 mins/animal 

1) high purchase costs 
2) medium maintenance costs 

yes 



 
 

84 
 

 
 
 
 
 
 
 
 
 
 
 
 

Objective 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

85 
 

Objective  

My thesis project was to emphasize three research contents: 

Firstly, we investigated the interaction between mTBI and cardiac dysfunction in the 

pediatric population via closed-head injury with long-term disorders (CHILD) in the juvenile 

mouse model. We have introduced the novel imaging techniques, 4D echocardiography, from 

our collaboration with Purdue University to evaluate the progression of mTBI and cardiac 

function. We intensively assess cardiac function in stress conditions by dobutamine stress 

which provides more information about the heart contractility. Finally, we are interested in the 

correlation between PAI brain imaging after mTBI affects the long-term cardiac dysfunction. 

To determine correlation between jmTBI and cardiac dysfunction by ultrasound 

techniques in juvenile mice 

We want to monitor in longitudinal study of jmTBI model which affect to cardiac 

dysfunction via echocardiography, PAI, and 4D-US. 

We hypothesized that the TBI in the juvenile mice could be alteration the cardiac 

dysfunction during the growth development to adult. 

The first, we performed the experiment setting to confirm the outcome of mTBI that affect 

cardiac dysfunction from the CHILD protocol (Rodriguez-Grande B, 2018; Ichkova A, 2020). 

The varies of impact parameters including velocity and depth were determined in juvenile mice 

and monitored the changes by photoacoustic imaging and echocardiography. Then, the jmTBI 

model was established for longitudinal study. The PAI was used to monitor the brain oxygen 

saturation post impact, meanwhile the echocardiography was used to assess the cardiac 

function, these measurements were simultaneously performed for evaluating the brain and 

heart changes. Additionally, the 4D-US was performed to assess the strain analysis, which will 

give the intensive results in cardiac function. 
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 The monitoring of longitudinal study in jmTBI could be give the information about the 

changes of brain tissue oxygen level and reflect patterns of cardiac dysfunction, which might 

tell us about the linkages between brain and heart in this model. 
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Materials and Methodology 

1. Experimental animal  

According to the European Directive (2010/63/EU), we conducted experiments and 

the French laws governing laboratory animal use. Local Ethics Committees approved the 

experiments (authorization #17133-2018101615211943 v3) and followed ARRIVE guidelines 

for animal reporting.  

We obtained Swiss breeder mice from Janvier Labs (Le Genest-Saint-Isle, France) 

and bred pups in-house. All animals were maintained under an environmental control condition 

(21 ± 1 °C with 55± 1% humidity, and 12 h light/12 h dark cycle) and provided food-water at 

all times at animal house of Physiologie et médecine expérimentale du cœur et des muscle 

(PhyMedExp, Inserm1046, Montpellier, France). Only pup mice greater than 6 grams were 

used in this protocol.  

All experiments were performed under anesthesia as described in the respective 

method parts, and all efforts were to reduce the animal's pain, suffering, and distress. The 

animals consisted of enrichment materials and standard bedding. 

2. Juvenile mTBI model 

The closed-head juvenile mild traumatic brain injury (jmTBI), we modified from the 

closed-head injury with long-term disorders (CHILD) model as previously described 

(Rodriguez-Grande B, 2018). Briefly, the perinatal (P) 17 pup mice were anesthetized using 

2.5-3% isoflurane and 1.5 L/min air for 5 min and then placed on the aluminum foil sheet under 

the cortical controlled impactor (CCI) without head restraint. The lack of head restraint allowed 

for head rotation and limited the accumulation of focal damage. The aluminum foil supported 

the weight of the animal, and its free-form stereotactic frame also allowed a greater degree of 

rotation. We applied depilatory cream on the cranial area. We did not make a skin incision or 

perform a craniotomy to avoid surgical artifacts and limit severity of the TBI. The impact was 
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directly to the intact head of the mice. We performed the mTBI with a CCI (Leica Impact One 

Stereotaxic impactor, Leica Biosystems, Richmond, IL) with a 3 mm diameter round impactor 

tip. The various impact velocity was 2,3, and 6 m/s with a depth of 1,3, and 3 mm into the head, 

respectively. The tip impacted the left somatosensory parietal cortex 1.7 mm from bregma and 

1.5 mm from midline. We anesthetized sham mice and performed an identical procedure 

without an impact. After that, we placed the mice in an empty cage for recovery, then returned 

them to housing cages. We record the time from anesthetization, preparation, time to stand, 

and time to explore for comparing the effect of mTBI (Figure 20). 

 
 

Figure 20. The schematic establishment TBI on the mouse under CCI impactor  
(red circle: area of impact) 

 

 

 

 

 

 

 

 

 



 
 

90 
 

These schematic timelines show the experimental designs of thesis:  

Figure 21. jmTBI 1- establishment jmTBI with varies grade of impact 

 

Figure 22. jmTBI 2- the longitudinal study  

(selected grade of impact at 6 m/s, depth 3 mm) 
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3. Photoacoustic imaging 

3.1 Photoacoustic imaging for brain oxygen saturation 

The level of cerebrovascular oxygenation for monitoring the animals after mTBI was 

measured by PAI. PAI is a combination of ultrasound and optical imaging for constructing 

functional and anatomical imaging. PAI has the possibility to detect optical absorption from 

endogenous contrasts consist of oxygenated and deo-oxygenated hemoglobin. Brain oxygen 

saturation imaging was monitored on the mice following above protocols. The PAI was 

performed by using a Vevo3100 LAZR-X imaging system and laser optical source Nd:YAG 

680-2000 nm (FUJIFILM VisualSonics INC., Toronto, ON, Canada) and using a 15-30 MHz 

MX250D probe to assess brain tissue oxygenation. The mice were depilated hair on cranium 

surface before performed PAI. The animals were anesthetized with 2.5-3% isoflurane and 

placed on the heated platform in the prone position and maintained body temperature at 37°C.  

We centrifuged ultrasound gel to eliminate bubble artifacts and applied it to the cranium. The 

transducer probe combined two lines of 4 channels laser optic fiber were put on the gel and we 

performed scanning by slice steps in the horizontal axis from the occipital region to the frontal 

region of the brain (Figure 23). The PAI was used to measure parametric maps of oxygen 

saturation (sO2) by dual-wavelength at 750/850 nm. We adjusted the parameters toa PA gain 

of 40 dB, a 2D gain of 18 dB, an image depth of 22 mm, and an image width of 21 mm. The 

PAI recoding was setting acquisition motor and adjusted range of scanning 10 mm, step size 

0.15 mm and adjusted depth of image 19 mm, width of image 16 mm, then recorded 4-5 

min/session for creating 3D PAI approximately 70 frames. The 3D PAI image was composed 

of b-mode and optical images. The area of impact or region of interest (ROI) was manually 

defined based on the anatomic ultrasound images. We achieved offline quantitative image 

analysis in Vevo LAB (v5.5.1, FUJIFILM VisualSonics) to get measurements of mean and 

total oxygen saturation (sO2) and hemoglobin (HbT). The Mean sO2 indicates average blood 
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oxygenation within tissue factoring out measures of 0% sO2, while total sO2represents tissue 

oxygenation, including 0% sO2 measurements. 

 

Figure 23. The schematic diagram PAI for monitoring brain oxygen saturation 

(Modified from FUJIFILM VisualSonics and (Weber J, 2016) 

4. The cardiac measurement 

We obtained high-resolution 2D and 4DUS data with the Vevo 3100 high-frequency 

ultrasound system (FUJIFILM VisualSonics) using a 40 MHz center frequency MX550D 

probe to assess left ventricular function. We anesthetized mice 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 depilated. The ECG and respiratory rate 

were monitored throughout the imaging process. 

4.1 2D Ultrasound imaging 

We assessed cardiac functions measurement for monitoring the animals after mTBI 

model. We performed following the American Physiological Society guidelines for cardiac 

measuring in mice (Lindsey ML, 2018). We obtained multiple views of parasternal short (PSAX) 

and long axis (PSLAX) were used to assess Left Ventricle (LV) wall thickness at the intraventricular 

septum and posterior wall, LV volume calculated from Simpson’s method of disks and the LV 

ejection fraction calculated by (LV end diastolic – end systolic volume) /LV end diastolic volume 
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both b-mode and m-mode. We performed longitudinal strain under long axis view and 

circumferential strain under short axis. We obtained a four-chamber in b-mode view was used to 

assess at mitral valve (MV) leaflet for MV flow and MV tissular doppler which measured Isovolumic 

Relaxation Time (IVRT), peak early filling (E wave), late diastolic filling (A wave), E/A ratio and 

peak early filling to early diastolic mitral annular velocity (E') as E/E' ratio (Schnelle M, 2018). The 

offline image analysis was conducted in Vevo Lab Software 5.5.1. (FUJIFILM VisualSonics). 

4.2 4D Ultrasound imaging 

We assessed 4US by using attached probe with a linear step motor scanning in the 

parasternal short axis (PSAX) view from below the apex to above the aortic arch. We adjusted 

acquisition parameters as following gain 48 dB, 3D ranges 12 mm, 3D steps size 0.08 mm, and 

approximately 300 frames/sec, which used total recording time 10-15 min to create a 4D image 

that corresponded with the cardiac cycle from base to apex. The 4DUS dataset was submitted 

to the customized and developed interactive toolbox in MATLAB 2021a (MathWorks Inc., 

Natick, MA, USA) (Figure 24). 

 

Figure 24. The 4D imaging assessment: 4DUS image dataset and Interface of 
customized and developed MATLAB software  
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5. 4D ultrasound and photoacoustic imaging for cardiac oxygen saturation in 

dobutamine stress test 

We performed the assessment of heart functions and structures under the mimic effect 

of exercise on the heart by dobutamine stress. At day 250 post-impact, we anesthetized the 

animals as previously described and performed 4DUS to record baseline cardiac function. 

Then, we performed an intraperitoneal injection (IP) of dobutamine (4.5 μg/g body weight) on 

each animal. We conducted 4DUS 15 min after IP once the animal reached the plateau phase 

of induced stress (Salami CO, 2020). 

For the level of cardiac tissue oxygenation was measured as previous described in PAI 

in the brain tissue. We used PAI to record cardiac perfusion of the heart at baseline and 15 min 

after administration of dobutamine. 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. We recorded 4-5 min/session for creating PAI image approximately 150 

frames. The anterior myocardial wall was manually defined based on the anatomic ultrasound 

images. The offline image analysis was conducted in Vevo Lab Software 5.5.1. 

6. 4D Ultrasound data strain analysis 

We conducted the strain analysis using a 4D Strain Toolbox (Figure 24). This custom 

software enables the visualization and quantification of 4DUS data to produce a 3D strain map 

over an entire cardiac cycle (Damen FW, 2021; Dann MM, 2022). 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 

adjusted 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 
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cardiac function (e.g., ejection fraction, stroke volume) and regional function (strain, volume) 

can be extracted. 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 region and then averaged into 

global strain metrics. 

7. Statistical analysis 

All values were expressed as Mean ± SD. All comparisons involving more than one 

group were assessed for significance using one-way analysis of variance (ANOVA), followed 

when appropriate by the Bonferroni test. The statistical tests were performed using 

commercially available software Prism version 9.3(GraphPad Software, San Diego, CA, USA. 

A p-value less than 0.05 was considered statistically significant and levels of significance were 

depicted as *p < 0.05, **p < 0.01, and ***p < 0.001.  
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Results 

The longitudinal study for monitoring and evaluating brain tissue oxygen saturation and 

cardiac function after mTBI in a juvenile mouse model 

Context 

TBI causes brain tissue injury and hypoxia following secondary injury, which could 

affect peripheral organs such as the heart. Significantly, the mTBI in the pediatric population 

was taken less care of when the clinical appearance was not found, which could be an unnoticed 

problem in the future. The CT scan, clinical questionnaires, and observations might be 

inadequate (Lumba-Brown A, 2018). The PAI and US are potent tools and promise to assess 

both brain and heart complications in jmTBI. However, these tools are not routinely used in 

clinical approaches. However, convenient and efficient tools are to be desired.  

This study aimed to test the combination techniques in ultrasound platforms to monitor 

jmTBI over time, which are PAI for assessing brain oxygen saturation in the brain and the 2D 

and the 4D US for evaluating cardiac function in the heart for the long term. We hypothesized 

that mTBI induces localized brain hypoxia that influences the trajectories of cardiac function.  

To summarize, we show quantitative correlations between the initial decline in 

cerebrovascular oxygenation and cardiac diastolic dysfunction observed long-term in the same 

animal and, over time, extending to negative adaptations during an extra-physiological cardiac 

challenge. We report specific long-term behavioral adaptations that are mouse-specific and 

cross-correlate with PAI read-outs. Collectively, this data establishes a direct link between 

early cerebrovascular hypoxia occurring after mTBI in juvenile mice and cardiac maladaptation 

that persist into adulthood. 
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Discussion 

mTBI in pediatrics followed by cardiac dysfunction in adulthood 

         In this work, we have demonstrated that cerebrovascular hypoxia after juvenile mild 

traumatic brain injury correlates with chronic cardiac and cognitive dysfunctions. Our research 

highlights that mTBI induces diastolic dysfunction characterized by preserved ejection fraction 

in juvenile mice.  The response of a TBI heart to stress conditions revealed global and regional 

LV dysfunction. More importantly, our data suggest that the short-term hypoxic brain tissue 

after mTBI correlates with long-term cardiac dysfunction. Our data also show the efficacy of a 

combination between PAI and 4D-US high-resolution ultrasound in evaluating both brain and 

heart during post-TBI disease progression. 

        Previous studies showed the involvement of TBI and cardiac dysfunction both in the 

short and long term, focusing on moderate to severe TBI both in pre-clinical and clinical models 

as we summarized (Tables 6 & 7). Although the clinical studies included approximately 30-

40% of mTBI, a lack of evidence suggests that mTBI individually affects cardiac dysfunction. 

Recently, Izzy et al. reported that mTBI, from moderate to severe forms, is associated with a 

risk to promote cardiovascular disease, in addition to endocrine, neurological and psychotic 

disorders (Izzy S, 2022). A study of the European pediatric population reported a year of loss 

of about 184.4 per 100000 due to TBI, demonstrating the burden problems of TBI (Majdan M, 

2022). Clinical studies have shown that severe TBI in pediatric patients also affects cardiac 

dysfunction such as decreased LVEF, RWMA (Krishnamoorthy V, 2015) and increased cTnI 

(Lele AV, 2020). Here, we showed the consequences of mTBI with acute brain tissue hypoxia 

in a juvenile mouse model after several months. The major cardiac consequence is diastolic 

dysfunction with preserved EF by altering LV mass, LA volume, IRVT, and early diastolic 

strain rate. 
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Takotsubo cardiomyopathy is known as the ‘stress heart disease’ that occurs from 

catecholamine surge following acute emotional or physical stress, thereby causing reversible 

LV wall motion abnormality with specific heart morphology changes. Gruhl et al. reported that 

post-moderate to severe TBI patients exhibited RWMA with reduced EF of less than 55%, 

systolic dysfunction, and morphology abnormality (Gruhl SL, 2022). However, in contrast, our 

results showed no change in cardiac morphometry when comparing PSV, EDV, and LV mass 

in the jmTBI group. Moreover, the cardiac systolic function is preserved in this model. 

Interestingly, relying on the algorithm used for evaluation of the diastolic dysfunction 

in the murine model (Figure 14; also, (Schnelle M, 2018), we interpret our results as reflecting 

usual chronic diastolic dysfunction with increased LA area and abnormal chronic diastolic 

function (prolonged IVRT and decreased rLSR). Our results match those of Cuisinier et al. 

who showed no changes in systolic function but genuine diastolic function alteration in clinical 

adult patients by IVRT elongation and RWMA (Cuisinier A, 2016). Additionally, 

Chaikittisilpa et al. and Krishnamoorthy et al. reported both systolic and diastolic dysfunction 

with RWMA occurring within hours and reverting to baseline in a week after moderate to 

severe TBI in the adult population (Chaikittisilpa N, 2018; Krishnamoorthy V, 2020). In our 

preclinical work, our results suggest the development of chronic diastolic dysfunction after 

mTBI in juvenile mice. Further, clinical investigation in the pediatric population is needed to 

validate or not our preclinical data.  

         The shreds of evidence of non-neurologic organ failure were found in the patients with 

severe TBI, which includes cardiovascular dysfunction and failure (Ramtinfar S, 2016). 

Interestingly, myocardial O2 consumption (MVO2) is increased in heart failure with preserved 

ejection fraction (HFpEF) (AbouEzzeddine OF, 2019). We investigated this possibility by 

using dobutamine stress tests to increase heart rate and O2 consumption from the heart. In our 

conditions, compared to sham animals, the mTBI mice failed to respond correctly to the 
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dobutamine challenge. Consistently, Nomad et al. work showed an impaired contractile 

function of the myocardium when stimulated with dobutamine in HFpEF patients (Norman 

HS, 2011). Additionally, Van Empel et al. and Houstis et al. demonstrated that HFpEF 

encounters oxygen transport and utilization pathway defects in the myocardium during stress 

conditions with exercise (van Empel VPM, 2014; Houstis NE, 2018). Our data support the idea 

that mTBI in pediatrics contributes to contractility impairment and increase oxygen 

consumption when responding to stress conditions in adulthood. 

         The interaction between brain and heart in TBI is currently under investigation, 

especially focusing on the mechanisms that could affect the non-injury peripheral organs. One 

of the theories is that neuroinflammation after TBI could induce low-grade chronic and 

systemic inflammation. This low-grade systemic inflammation may affect both the brain and 

heart from the organ level to the cellular level (Chang JJJ, 2009; McDonald SJ, 2020). Zhao et 

al.’s work supported the view that splenectomy after moderate-severe TBI for one month 

improves cardiac function, reduces fibrosis, and decreases the number of invasive immune cells 

in the heart (Zhao Q, 2019). In this direction, MAPKs could play a major role in neuro-

cardiovascular communication. MAPKs are known to regulate various cellular functions 

including inflammation, immunity response, cell death/survival, proliferation, and 

differentiation (Otani N, 2011; Bourgeois-Tardif S, 2021). The p38α MAPK activation has an 

important noxious role in cardiac function (Jacquet S, 2008; Sicard P, 2010; Kumphune S, 

2010; DeNicola GF, 2013; Lucas A, 2015) and for microglia (brain macrophage) by releasing 

pro-inflammatory cytokines after TBI (Bachstetter AD, 2013; Morganti JM, 2019). Chu et al.’s 

work showed evidence of systemic inflammation after splenectomy in the severe TBI model, 

down-regulated MAPK (p-p38 MPAK and p-ERK), and NF-κB-mediated decrease if pro-

inflammatory cytokines levels (Chu W, 2013). Future extensive work is warranted to evaluate 

the communication role of MAPK between the brain and the heart after injury.  
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Apart from the physical injury and consequences that affect peripheral organs, mTBI is 

the major cause of post-concussive symptoms after injury for several months followed by long-

term behavior problems such as social and learning problems (Keightley ML, 2014). Recently, 

Ledoux et al. ‘s work supported the notion that the pediatric mTBI population is associated 

with a higher risk of mental health issues, psychiatric hospitalization, and self-harm (Ledoux 

AA, 2022). In the pre-clinical setting, Griffiths et al. ‘s work showed that mTBI correlates with 

the impairment of cognitive function and cerebrovascular function after 6 months in the FPI 

rat model (Griffiths DR, 2022). Previously, Rodriguez-Grande et al. ‘s work reported that long-

term behavioral deficits consisting of cognitive features, motor and exploration/anxiety are 

observed with a protocol similar to ours (Rodriguez-Grande B, 2018).   

 

Biomarkers imaging for assessment of TBI and cardiac dysfunction 

         Neuroimaging is the first diagnostic tool to assess TBI after injury consisting of CT 

scanning and MRI. However, most mTBI patients have not found significant anatomical 

modification in neuroimaging (Bigler ED, Abildskov TJ, 2016). For this reason, mTBI may 

receive inappropriate medical care, especially in the pediatric population (Lumba-Brown A, 

2018). In this study, we showed that PAI and US could evaluate the brain tissue hypoxia in 

mTBI by using the sO2 and hemoglobin intensity, which could be assessed and monitored 

hours after injury for several months. These results corresponded to those of Ichokova et al. 

showing decreased cerebrovascular oxygen saturation in mTBI six hours after impact by using 

PAI imaging (Ichkova A, 2020). The potential of PAI imaging to detect the sO2 in the brain is 

widely used in pre-clinical studies (Guevara E, 2013; Lv J, 2020; Qiu T, 2021). Moreover, 

hemodynamic and vascularization can be performed in real-time (Yao J, 2022). Beyond the 

pre-clinical setting, photoacoustic computed tomography (PACT) and ultrafast ultrasound 

imaging demonstrate high efficiency, which allows for constructing the vascularization, 
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hemodynamics patterns, and measuring sO2 in the human brain (Demené C, 2021; Na S, 2022). 

The other non-invasive technique, near-infrared spectroscopy (NIRS) can also measure 

regional brain oxygen saturation, but limit the area of detection (Barud M, 2021). The PAI 

imaging shows great promise to be a novel technique for brain sO2 measurement, 

hemodynamics, and vessel structure, which is greater than other techniques (Table 8), 

especially the gold standard as the cerebral metabolic rate of oxygen (CMRO2) in PET (Ssali 

T, 2018), because non-radiation ionizing, less time-consuming, and more accessible. However, 

the challenge for PAI imaging is the ability to penetrate the human skull, due to the thickness 

(>7mm) and the complexity of skull structure could block both light and sound signals from 

transcranial brain imaging (Manwar R, 2020). Additionally, Zhao et al used the PAI systems 

with nanosecond laser power sources, the penetration of light also struggles at a few 

centimeters of depth through the human skin in the clinical setting (Zhao T, 2019). The 

development of the US probe and higher energy of the laser still need more investigation to 

reach the capacity for TBI clinical usage. Interestingly, the combination of PAI and US was 

approved to perform in the clinical application in breast cancer, which offers a promising 

alternative to other strategies in the future (Kratkiewicz K, 2022). 

To enhance the performance of US/PAI, researchers have developed several exogenous 

contrast agents such as carbon-based nanomaterial. Recently, Jiang et al. ‘s work showed that 

the use of nanoparticle-based photoacoustic nano-transducers (PANs) with NIR-II dyes could 

stimulate neuronal modulation at both the cellular level and the murine model (Jiang Y, 2021). 

For cell targeting purposes, Liu et al. reported that the construction of Croconaine-based NPs 

coupled with CR780 dyes (CR780RGD-NPs) could specifically detect brain tumors in a murine 

model  (Liu N, 2021). Additionally, the NPS has been used to increase sensitivity and precision 

for sO2 in the stroke murine model by generating biodegradable MnCO3@BSA-ICG NPs as 

an exogenous contrast (Song G, 2022). The multi-usage of NPs to improve the capability of 
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PAI could be the alternative approach to adapting to TBI. In our collaboration with the 

University of Toulouse, we attempt to develop various NPs for increasing the power of the  

detection of PAI (Figure 27). On our hand, NPs showed the capacity for improving the signal 

of both PAI and US. The next interesting experiment could be investigated and developed to 

detect NPs in the phantom and pre-clinical models, revealing intensive information rather than 

in-vitro study. 

Figure 25. PAI and US luminescence imaging one of NPs (Gd0.8Nd1.2O2S NPs). Plot of PA 

(A) and US (B) intensities as detection of NPs concentration from 0-30 mg/mL. (C) 

Comparison images obtained under PA, US, and merge channels for NPs of concentrations 

 0 and 30 mg/mL. (In-preparation for publication) 

 

 The other challenge is the possibility to use brain oxygenation for discriminating TBI 

alignment as a GCS score. Here, we showed a decrease of 8% of brain sO2, in line with 

Ichokova et al’s work showing a 15% decrease after mTBI (Ichkova A, 2020) at 3m/sec. 

Combine together, these results support the idea that the high-resolution ultrasound coupled 

with PAI could be used to evaluate cerebrovascular oxygen saturation and molecular changes 

in mTBI in pre-clinical settings. 

PAI and the US could also be used to study the heart. David et al.’ showed decreased 

sO2 in multi-organs (brain, heart, kidney, liver) by using PAI after myocardial infarction, 
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which correlated with cardiac dysfunction with reduced LVEF and GLS (David H, 2020). This 

evidence enlightens that PAI assessment for sO2 in the brain-heart and US imaging for cardiac 

function might be a powerful tool to evaluate during brain-heart interaction. Generally, US 

imaging is used to assess cardiac function by measuring LV performance with various 

parameters during systole and diastole (Thomas JD, 2006).  For the last decades, strain analysis 

or STE from 2D US imaging has emerged as a valuable method to quantify regional myocardial 

function and improve understanding of systolic and diastolic function (Gorcsan J, 2011). 

However, the conventional 2D STE requires geometric assumptions for accurate LV function 

calculation since the disease's asymmetric heart morphology could affect the measurement 

(Dawson D, 2004; Yuan L-J, 2011). Here, we established a collaboration with Dr. Craig 

GOERGEN’s team at Purdue University (USA) to use the 4D STE for assessing cardiac 

dysfunction after long-term mTBI. The 4D (3-Dimensional + Time) could be performed to 

measure cardiac function with improved accuracy and precision in high-spatiotemporal 

resolution, especially acquisition time for constructing images when compared to the gold 

standard method of MRI (Damen FW, 2017). Recently, Dann et al ‘s work showed that the 

advantages of 4D STE are greater than 2D with histological analysis and corrected strain 

analysis in MI murine model (Dann MM, 2022). 

The perspective of PAI and US imaging could determine the brain and heart function 

in one platform by non-invasive, non-ionizing, and less time-consuming approaches, which 

might give promise to biomarker imaging of TBI, especially in pediatric mTBI. However, the 

properties of biomarker imaging still need more investigation further both in pre-clinical and 

clinical settings. 

Even so, the PAI and US imaging show the capabilities to detect endogenous contrast 

agents like deoxyhemoglobin and oxy-hemoglobin for assessing the sO2, which demonstrate 
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in this study. These agents are poorly detected if they are at a depth of more than 10 mm (Jiang 

Y, 2017). The NPs could be a novel approach, increasing the capabilities of PAI. 

Limitations 

Even though our results show that diastolic dysfunction is the consequence of mTBI in 

the juvenile mouse model, our results cannot be directly extrapolated to the pediatric 

population. Additionally, humans and murine have differences in terms of size, metabolic rate, 

life history, and microenvironment which might affect the responses to the injury (Perlman 

RL, 2016). The other factor is sex matter. In our study, we performed experiments on both 

male and female mice. The heart-brain interaction depends on complex multisystem 

interactions consisting of the vascular system, neurohormonal system, immune system, and 

inflammation, which are differently affected by sex (Rossi A, 2022). This could be one reason 

impacting various results of cardiac dysfunction after mTBI. We use the closed-head TBI 

model with restraint to introduce a greater degree of variability that could reflect the real 

clinical setting of TBI in humans (Rodriguez-Grande B, 2018). However, it might be the cause 

of variation in decreased sO2 even if performed in a similar protocol. Over these conflicts, the 

usage murine TBI model contains advantages such as convenience and reproducibility 

(Wiegand TLT, 2021). As mentioned, we support long-term diastolic dysfunction after mTBI 

which is brain-heart interaction in disease conditions. The underlying mechanisms are still 

inadequately investigated, which are two main streams autonomic dysregulation and systemic 

inflammation (McDonald SJ, 2020). 

 

Conclusion 

         In conclusion, this study reveals that mTBI contributes to brain hypoxia in the short 

term and promotes diastolic dysfunction with preserved ejection fraction in the long term, 

which was detected by high-resolution 2D-4D US and PAI in the juvenile mouse model. 
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Additionally, the dobutamine stress unraveled systolic cardiac dysfunction and impaired LV 

myocardium oxygen consumption after several months. Lastly, initial hypoxia correlated with 

cardiac alteration, and multivariate analyses elucidate comprehension in this interaction, which 

might be helpful in the clinical decision. In perspectivity, we encourage the future development 

of US and PAI imaging into biomarkers imaging for the cerebrovascular and cardiovascular in 

clinical approaches. 
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Résumé 
Les traumatismes craniens légers (TCL) sont associés à un risque de développement de 

troubles neurologiques, mais aussi cardiovasculaires. L'évaluation diagnostique actuelle du 
TCL en imagerie (CT-scan, IRM) n’est pas systématique. Elle est réalisée uniquement après 
un examen neurologique perturbé et ne recherche que les conséquences anatomiques du TCL. 
La combinaison des rayonnements non invasifs et non ionisants de l'imagerie photoacoustique 
(PAI) et l'échographie haute résolution (US) permet d’obtenir des données anatomiques, 
moléculaires et fonctionnelles du cerveau et des organes périphériques. L'objectif de notre 
travail a été de s'appuyer sur cette modalité d’imagerie pour évaluer les interactions 
cerveau-cœur dans un modèle préclinique de TCL juvénile sur le long terme. Le TCL a 
été induit par un seul impact non invasif au 17ème jour après la naissance. Nous avons utilisé la 
PAI pour caractériser une hypoxie cérébrale transitoire 4h après le TCL. Le suivi pendant 6 
mois, par échographie 2D et 4D, a permis de documenter le dévelopement d’une insuffisance 
cardiaque diastolique à fraction d’éjection préservée. Une épreuve d'effort à la dobutamine a 
révélé un dysfonctionnement cardiaque systolique associé à une diminution de la 
consommation d'oxygène du myocarde. Une corrélation entre l'hypoxie cérébrale aigue 
(pédiatrique) et différents index de dysfonction cardiaque chronique (au stade adulte) a été 
documentée. De plus, le niveau d’hypoxie 4h après le TCL est corrélé avec les changements 
de comportement de l’animal, notamment au niveau de l'apprentissage et des défauts de 
performance motrice à long terme. En conclusion, les techniques d'imagerie PAI en 2D et 4D 
ont révélé les conséquences délétères à long-terme au niveau comportemental et au niveau de 
la fonction cardiaque après TCL au stade pédiatrique. Notre étude permet d’envisager une 
amelioration de l'évaluation précoce du TCCm, avec un rayonnement non invasif et non 
ionisant, et une approche rapide. 

Abstract 
 Mild traumatic brain injury (mTBI) is a silent epidemic worldwide that causes suffering 
from the long-term effects on behavior changes and the peripheral organs system, especially in 
the pediatric population. The current diagnostic assessment for mTBI has not covered those 
traces of the disease that do not appear when using CT-scan and MRI imaging 
techniques. Moreover, shades of evidence showed that TBI is associated with cardiac 
dysfunction, but the pathophysiology is still unclear. The combination of photoacoustic 
imaging (PAI) and high-resolution ultrasound (US) makes it possible to assess the oxygen 
saturation (sO2) of organs and to measure cardiac function accurately. The objective of our 
work was to longitudinal assess and monitor brain-to-heart interactions with PAI and US 
imaging for measuring sO2 and cardiac function in a juvenile mTBI model. The mTBI 
was induced by a single impact of closed-head injury. We introduced PAI to assess transient 
brain hypoxia. The two-and four-dimensional ultrasound (2DUS and 4DUS) detected 
progressively cardiac diastolic dysfunction with preserved ejection fraction. During 
dobutamine stress test the animals exhibited cardiac systolic dysfunction and impaired oxygen 
consumption of the myocardium. The correlations between brain hypoxia and cardiac 
dysfunction enlightened brain-heart interactions after mTBI. Moreover, animal status post-
mTBI correlated with behavior changes in learning and motor performance defects in the long 
term. In conclusion, PAI, 2D, and 4D imaging techniques revealed that mTBI in the juvenile 
model leads to transient brain hypoxia, eliciting cardiac dysfunction and behavior alterations 
in the long term. This study gives a new promise to improve early assessment for mTBI with 
non-invasive, non-ionizing radiation and a rapid approach. 
 
Keywords: Mild traumatic brain injury, pediatric, juvenile, hypoxia, cardiac dysfunction, 
photoacoustic imaging, and ultrasound. 


