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Abstract  

The search for effective treatment facilitating recovery from concussive injury, as well as 

reducing risk for recurrent concussion, is an ongoing challenge. This study aimed to determine: 

a) feasibility of selective brain cooling to facilitate clinical symptoms resolution, and b) 

biological functions of the brain within athletes in acute phase of sports-related concussion. 

Selective brain cooling for 30 minutes using WElkins sideline cooling system (at 5°C) was 

administered to student-athletes suffering concussive injury (n=24) and those without history of 

concussion (n=24).  Magnetic resonance imaging (MRI), such as functional magnetic resonance 

imaging (fMRI) and arterial spin labeling (ASL) sequences, or electroencephalography (EEG) 

and virtual reality (VR) testing was done before and immediately after cooling to better 

understand the mechanism by which cooling affects neurovascular coupling. Concussed subjects 

self-reported temporary release of physical symptoms immediately after the cooling session. 

EEG results revealed no significant differences pre- to post-cooling for either group; however the 

was a significant interaction of cooling on ROI and condition, F(1.083, 23.821) = 12.982, 

p<0.005 in the delta frequency regardless of group. Concussed subjects also showed a 

differential response to cooling compared to the normal controls. For VR, one-third of concussed 

subjects could not tolerate testing due to reoccurrence of symptoms, but those who did complete 

testing had decreased scores post-cooling. There were no differences in the number or strength of 

functional connections within Default Mode Network (DMN) between groups prior to cooling. 

However, we observed a reduction in the strength and number of connections of the DMN with 

other ROIs in both groups after cooling. ASL sequences for the concussed group revealed a 

significant increase (p<0.05) in relative cerebral blood flow (relCBF) in cortical and subcortical 

cortex post-cooling while the normal group had significantly decreased (p<0.05) relCBF post-

cooling. We suggest that compromised neurovascular coupling in acute phase of injury may be 
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temporary restored by cooling to match CBF with surges in the metabolic demands of the brain. 

Upon further validation, selective brain cooling could be a potential clinical tool in the 

identification pathological changes after concussion.   
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Introduction  
 

Overview  

Mild traumatic brain injury (mTBI), commonly referred to as concussion, affects 1.6 to 

3.8 million people a year, which may even be an underestimation due to the lack of recognition 

or reporting (Langlois, Rutland-Brown, & Wald, 2006). These injuries can result in long-term 

effects, including impaired executive, vestibular, and cognitive functioning, which may be 

present in both the acute and chronic phases of injury. Despite the high prevalence of 

concussion, there is little to no consensus on the diagnosis, treatment, and duration of symptoms 

in the subacute, acute, and chronic phases of injury.  

 

Biomechanics of Concussion  

Two types of forces are commonly used to describe the forces associated with mTBI: 

contact and inertial. Contact and inertial forces occur when the head strikes a surface but only 

inertial (acceleration) occurs from impulsive head motions (Meaney & Smith, 2011). Inertial 

forces (acceleration), at the moment of impact are the focus of most studies involving 

concussions, as the common belief is that they are the primary cause of these injuries. Within 

these forces, two components of acceleration occur: linear and rotational.  Linear acceleration is 

thought to result from a transient intracranial pressure gradient and rotational acceleration is 

thought to result from strain response (Rowson & Duma, 2013). These two accelerations, 

although commonly studied separately, combine in force during head impacts (Rowson, 

Brolinson, Goforth, Dietter, & Duma, 2009). A critical factor in understanding concussive 

injuries is understanding how the mechanical energy from accelerations is transferred to the 

brain and vascular tissue. Since the brain is largely water, it is more resistant to changes in its 

shape, but brain tissue deforms very easily with shearing forces (Meaney & Smith, 2011). The 
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internal combination of pressure and shearing are the two critical factors in understanding brain 

changes in response to mechanical forces. However, at this point, there is no commonly used or 

agreed upon way to predict the strain (rotational acceleration) in the brain due to the necessity of 

advanced computational and experimental methods.  

 

Physiological Changes During Concussion  

 During concussion, biomechanical forces cause the brain to undergo various coup-

contrecoup motions within the skull. This induces various physiological and neurologic 

dysfunctions. The forces distort cellular membranes causing transient membrane defects and 

ionic flux in neurons (Giza & Kutcher, 2014). Further neuronal depolarization occurs with an 

efflux of potassium and influx of calcium and sodium due to mechanoporation of lipid 

membranes (Giza & Hovda, 2014) leading to various acute and subacute changes (see Giza & 

Hovda, 2001 for an visual overview). As extracellular [K+] increases, more neuronal 

depolarization occurs causing additional release of excitatory amino acids and additional release 

of K+ (Giza & Hovda, 2001). In an effort to restore ionic balance, more membrane pumps are 

activated, (including the sodium-potassium pump, Na+-K+, which requires additional ATP), 

causing an increase in glucose use and metabolism. Hyperglycolysis occurs leading to increased 

lactate production and oxidative metabolism is impaired.  

Cerebral blood blow (CBF) is normally coupled to neuronal activity and cerebral glucose 

metabolism. Within normal levels of CBF, the brain is able to extract 50% of the oxygen and 

10% of the glucose from arterial blood and high-energy phosphates, like ATP, are the brain’s 

main energy source. These phosphates are produced almost exclusively by the oxidative 

metabolism of glucose (Zauner & Muizelaar, 1997). Normally, these levels remain relatively 

constant in the brain, but if a reduction occurs, it results in the release of chemical mediators.  
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After injury, CBF can be reduced up to 50% of its normal values (Yamakami & 

McIntosh, 1989; Yuan, Prough, Smith, & DeWitt, 1988). The increased demand for energy 

occurring with the increase in glucose metabolism, in combination with reduced cerebral blood 

blow, results in an uncoupling between energy supply and demand – the cellular energy crisis 

(Giza & Hovda, 2001). Functional hyperemia or neurovascular coupling (Roy & Sherrington, 

1890) is a decrease in neuronal activity and, consequently, the cerebral metabolic rate of oxygen, 

that is tightly related to corresponding decreases in regional CBF. Due to post-injury decreases in 

CBF, failure to appropriately match CBF with surges in metabolic demands of the brain can lead 

to temporary or permanent alterations in neurological functioning (Verlade, Fisher, & Hovda, 

1992).  

 More chronically, calcium accumulation in neurons can last for 2 to 4 days post injury 

(Cortez, McIntosh, & Noble, 1989; McIntosh, 1993). Depolarization, along with the K+ efflux, 

triggers the excitatory amino acids that then cause activation of NMDA receptors (Katayama, 

Becker, Tamura, & Hovda, 1990). These NMDA receptors form a pore shape and allow Ca2+ to 

enter the cell. The excess intracellular Ca2+ is appropriated to the mitochondria resulting in 

impaired oxidative metabolism and energy failures (Giza & Hovda, 2001). While the increased 

Ca2+ does not necessarily lead to cell death, it does negatively affect mitochondrial metabolism. 

The short term solution of sequestering calcium in the mitochondria results in mitochondrial 

dysfunction, worsens problems with oxidative metabolism, and worsens the cellular energy crisis 

(Giza & Hovda, 2014). Additionally, cerebral glucose levels remain low for up to 5 to 10 days 

post-injury in animal studies. The cascade of events throughout injury can continue, leading to 

delayed cell death, axonal disconnection, and alterations in neurotransmission (Yoshino, Hovda, 

Kawamata, Katayama, & Becker, 1991).  
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Pathology Meets Concussive Symptoms  

Giza and Hovda (2014) suggested that physiological perturbations after concussion could 

have clinical correlates including: ionic flux and migraine, energy crisis and vulnerability to 

second injury, and axonal injury and impaired cognition and slowed processing. With 

concussion, symptoms can range from the short-term (acute) to the long-term (chronic) 

including, but not limited to: loss of consciousness, nausea/vomiting, feeling of fogginess, 

headache, problems sleeping, behavior changes, problems concentrating and remembering, and 

oculo-motor deficits (Grubenhoff et al., 2014; McCrory et al., 2013). It is generally accepted that 

these symptoms usually resolve within 7 to 10 days post-injury (Lovell, Collins, Iverson, 

Johnston, & Bradley, 2004) and clinical neuroimaging studies are normal in the vast majority of 

concussed individuals at this time point (M. J. Ellis et al., 2015).   

However, there is growing evidence that suggests these effects could be more chronic and 

long-term deficits from concussions may include impaired executive (Montenigro et al., 2017), 

vestibular/balance (Helmich, Berger, & Lausberg, 2016), and cognitive functioning (Alexander, 

Shuttleworth-Edwards, Kidd, & Malcolm, 2015). Recent imaging studies in both high school and 

collegiate athletes (Johnson et al., 2012; Talavage, Nauman, & Leverenz, 2016; K. Zhang et al., 

2010) have shown structural and functional abnormalities present far beyond 10 days. This 

indicates that symptom resolution in both self-reported and clinical assessment tools may not 

indicate physiological brain recovery after concussive injury.  

Since clinical manifestations of this injury are proposed to be mediated by neuronal 

dysfunctions and/or cerebrovascular dysregulation (Giza & Hovda, 2001, 2014) and functional 

hyperemia or neurovascular coupling (Roy & Sherrington, 1890), procedures aimed at reducing 

or restoring an imbalance in cerebral blood flow and neurovascular coupling may offer great 

potential in the treatment of concussion. An examination of neurovascular coupling, upon 
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validation, may be considered as a valuable diagnostic tool for an accurate assessment of 

concussive injury.  Procedures aimed at reducing or restoring an imbalance in CBF and 

neurovascular coupling may offer great potential in the treatment of concussion. 

 

Temperature as a Modulator of Neuronal Activity  

Temperature is a well-known modulator of neuronal activity. Cooling has been 

demonstrated to reduce synaptic transmission efficacy (Aronov & Fee, 2011; Volgushev, 

Vidyasagar, Chistiakova, & Eysel, 2000) at the physiological and structure levels (Micheva & 

Smith, 2005; Taschenberger & von Gersdorff, 2000). The electrical conductivity of tissue is 

proportional to temperature; with decreased tissue temperature, conductivity also decreases. 

Hypothermia is theoretically attractive since it can cause a 7% decrease in the cerebral metabolic 

rate for oxygen per 1°C decrease in temperature without a corresponding decrease in cerebral 

oxygen supply (Rosomoff & Holaday, 1954). It has been shown to decrease brain volume and 

protect against anoxic injury, most likely related to the reduction of cerebral oxygen 

consumption and cerebral blood flow (Williams & Spencer, 1958). Mild hypothermia (a decrease 

in body temperature by 2 – 4°C) ameliorates brain damage caused by transient ischemia 

(Minamisawa, Smith, & Siesjö, 1990). Direct brain cooling has also been shown to reduce scalp, 

ear canal, and oral temperatures in normal populations. Oral temperatures only decreased 0.2 – 

0.6 °C after 30 minutes of selective cooling, while intracranial blood flow significantly decreased 

during the first 10 minutes of cooling (Ku, Montgomery, & Webbon, 1996). Using MRS, with 

one hour of intranasal brain cooling, brain temperature fell significantly by a mean of 1.7°C 

throughout the brain (Covaciu et al., 2011).   
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The Use of Mild Hypothermia in mTBI 

Induced hypothermia has been used for years as a way to treat brain injury, whether by 

whole body cooling or selective head and neck cooling. The influence of hypothermia on TBI 

(Crossley et al., 2014; Gu et al., 2015; B. Harris et al., 2012; J. H. Lee et al., 2014; W. G. Liu et 

al., 2006; Titus, Furones, Atkins, & Dietrich, 2015), stroke (Harris et al., 2012; Titus et al., 

2015), cardiac arrest (Ponz et al., 2016), and perinatal hypoxic-ischemic injury (Smith, 

Rosenkrantz, & Fitch, 2016; Wood et al., 2016) have been previously demonstrated to have 

positive patient outcomes. This offers the promise that hypothermia may be a potential treatment 

modality for concussion as well.  However, selective brain cooling of the head and neck has not 

been well demonstrated in mTBI or concussion.  

Mild therapeutic hypothermia (32°C – 34°C) is a medical treatment that lowers a 

patient’s body temperature in order to help reduce the risk of the ischemic injury following a 

period of insufficient blood flow. It exerts significant neuroprotection and attenuates secondary 

cerebral insult after TBI. Variations in temperature can significantly alter pathological response 

to injury (Chatzipanteli, Alonso, Kraydieh, & Dietrich, 2000; Jia, Mao, Liang, & Jiang, 2009) 

and can reduce the degree of diffuse axonal damage (Koizumi & Povlishock, 1998; Maxwell et 

al., 1999).  

 It is commonly used in the acute (early) phase as a prophylactic neuroprotection and in 

the sub-acute (late) phase to control brain edema (Urbano & Oddo, 2012). However, the use of 

mild hypothermia with TBI has been met with some controversy, especially its role as an early 

neuroprotectant. Animal models have shown benefits (L. Liu & Yenari, 2007), but its translation 

into human studies is difficult and has not been clearly demonstrated (G. L. Clifton et al., 2001; 

Guy L. Clifton et al., 2011; Shiozaki et al., 2001).  
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In the acute phase of injury (minutes to hours), the aim of mild hypothermia is to reduce 

ischemia, excitotoxicity, energy failure, and cellular death cascades (Urbano & Oddo, 2012). 

Due to the damage associated with TBI, mild hypothermia can diminish the cerebral metabolic 

rate of oxygen by approximately 6.5%/°C. These decreases in CBF, and therefore oxygen 

delivery, prevent an energy crisis from occurring as there is a matched reduction in oxygen 

demand (Bacher, Illievich, Fitzgerald, Ihra, & Spiss, 1997; Urbano & Oddo, 2012). Mild 

hypothermia, through its ability to reduce the brains demand for oxygen and glucose, may 

attenuate post-injury ischemia and energy dysfunction and help preserve ATP energy stores 

(Oddo et al., 2009; Soukup et al., 2002). The neuroprotection from mild hypothermia arises from 

its ability to reduce calcium influx into the cells and the accumulation and release of excitatory 

amino acids (Dietrich & Bramlett, 2010). Increases in intracellular calcium can cause 

excitotoxicity and oxidative stress, so by targeting it, hypothermia can mitigate some of the 

damage (Maeda, Katayama, Kawamata, & Yamamoto, 1998; Takata, Nabetani, & Okada, 1997). 

It also can inhibit early molecular cascades that affect secondary cerebral damage, by altering 

early gene expression and suppressing stress responses (Truettner, Alonso, Bramlett, & Dietrich, 

2011). Hypothermia also can affect levels of various amino acids. It has been shown that 

moderate hypothermia can attenuate increases in CSF acetylcholine (Lyeth, Jiang, Robinson, 

Guo, & Jenkins, 1993) and glutamate levels (Marion et al., 1997) and brain interstitial levels of 

glutamate and aspartate (Globus, Alonso, Dietrich, Busto, & Ginsberg, 1995).  

In the subacute phase of injury (24 hours to 7 days), brain edema and swelling and blood-

brain barrier (BBB) disruption are the main targets of mild hypothermia. Vasogenic and cytoxic 

edema cause brain swelling post-injury (Marmarou, 2007), while inflammatory cytokines, such 

as interleukin-1β and macrophages, contribute to inflammatory cascades and secondary cerebral 
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damage and repairs (Scherbel et al., 1999). By applying mild hypothermia, reductions in BBB 

disruptions are seen, indicating a preservation of vascular endothelial functioning (Lotocki et al., 

2009). It also can reduce cerebral blood flow (minimizing brain swelling (Schreckinger & 

Marion, 2009)), decrease inflammatory cell infiltration, and decrease production of damaging 

free radicals (Chatzipanteli et al., 2000). With cerebral inflammation, proinflammatory cytokines 

(such as Interleukin (IL)-6 and IL-10) and nitric oxide are produced by microglia, but research 

has suggested hypothermia will suppress the production of these cytokines (Matsui & Kakeda, 

2008). Free radicals, generally generated from enzymatically catalyzed mechanisms and 

deregulated by electron transporters in the mitochondria (Lewén, Matz, & Chan, 2000), attack 

proteins causing oxidation of the sulfhydryl groups and leading to decreased protein thiol 

concentrations (Bayir et al., 2009). These markers found in the CBF could make it a useful tool 

for monitoring treatment effects on oxidative stress. Hypothermia has also been shown to 

decrease endogenous antioxidant consumption and lipid peroxidation. Therefore, by targeting 

oxidative stress with hypothermia, beneficial effects on the prevention of mitochondrial failure 

and reduction in excitotoxicity could occur.  

Both phases of TBI, with the use of mild hypothermia, offer promising results. Major 

medical societies recommend temperature management as the standard of care therapy for many 

critically ill or surgical patients, including those suffering acute hypoxic-ischemic injuries 

(Clifton et al., 2015). Most current applications use whole body cooling, which has numerous 

potential drawbacks, including coagulation abnormalities and impaired immune function 

(Moore, Nichol, Bernard, & Bellomo, 2011). Existing solutions also may easily miss the 

treatment window because they are not practical in the pre-hospital setting.  
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Making the Case for Selective Brain Cooling 

Selective brain cooling offers a more specific way of inducing mild hypothermia. It is a simpler, 

more direct way of providing mild hypothermia. Brain hypothermia is thought to result in 

different brain temperature gradients based on the mode of cooling used. The cerebrovascular 

response to selective brain cooling is less agreed upon. It is speculated that the response may 

depend on the method of cooling the head, due to temperature gradients within the brain (Walter, 

Bauer, Kuhnen, Fritz, & Zwiener, 2000).  Specifically, Walter et al. (2000) suggest that surface 

cooling could lead to profound drops in peripheral brain temperature so that an increase in 

cortical blood flow occurs. Additionally, many animal models have shown increases in cerebral 

blood flow with selective head cooling in rats (Kuluz et al., 1993) and newborn swine (Laptook, 

Shalak, & Corbett, 2001).  

 Using simple, non-invasive ways of direct brain cooling have proven effective in 

lowering brain temperature. MRS studies have shown that head cooling produced significant 

brain temperature reductions after only 30 minutes (Harris, Andrews, Marshall, Robinson, & 

Murray, 2008). This could be confounded due to the neck’s cooling effect on carotid 

vasodilation. If neck cooling does induce carotid vasodilation, the increase in flow of warmer 

blood from the body could reduce the rate of brain cooling (Harris et al., 2008). Other studies 

have reproduced these effects showing that non-invasive brain cooling lowers brain temperature 

to 33 – 35 °C in less than 2 hours while maintaining normal rectal temperature (37°C), thus 

preventing complications to organs (Liu et al., 2006). One study, using the first version of the 

cooling helmet this study used (see methods for details on the cooling system), showed a mean 

brain temperature decrease of 1.6°C while the core temperature did not drop below 37°C until 4 

– 5 hours after cooling began (Wang et al., 2004). On average, a 1.84°C reduction in brain 

temperature was seen within 1 hour of using the helmet and it took a mean of 3.4 hours to 
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achieve a brain temperature lower than 36°C and 6.67 hours before hypothermia (34°C) (Wang 

et al., 2015). Thus, this system allows rapid and selective brain cooling.  

 Only one study, by (Miyauchi, Wei, & Povlishock, 2014), was found regarding mild 

hypothermia/selective head cooling and concussion or repetitive mTBI. This study, done in rats, 

examined repetitive brain injury and the minimal level of hypothermia needed to achieve 

protection post-injury. They found impairment of vascular reactivity in the control rats, but 

significant preservation of vascular reactivity in the mild hypothermia (35°C) group. 

Additionally, there was an increase of APP-positive axons in the control group, but no increase 

in the hypothermia group. This held true as well when they administered hypothermia 1 hour 

after injury. This indicates that even mild hypothermia can be protective in repetitive mTBI 

against axonal and vascular damage.  

Currently, there is no research indicating the effect of selective brain cooling on cognitive 

or biological function and symptoms resolution related to the mild spectrum of brain injury or 

concussion. Accordingly, this research aimed to examine the feasibility and effects of selective 

brain cooling on clinical symptoms and biological functions of the brain in the acute phase of 

concussive injury.  

 

Hypotheses  

Cooling the brain may reduce self-reported clinical symptoms in the acute phase of 

concussive injury, as well as produce a reduction of neuronal activity and blood flow assessed 

via advanced magnetic resonance imaging (MRI), electroencephalography (EEG), and virtual 

reality (VR). Here, we aim to examine the effect of selective brain cooling on clinical symptoms 

and biological functions in recently concussed Division 1 athletes. Our global hypothesis was 

that cooling the brain would modulate clinical symptom resolution that would correlate with 
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associated changes in neural and metabolic underpinnings observed via EEG and MRI. We also 

expected to see beneficial effects of cooling in concussed athletes suffering from residual 

cognitive and balance dysfunctions, observed via virtual reality.  

More specifically, we aimed to study if selective brain cooling had an effect on clinical 

symptoms by examining dynamic balance and neurocognitive functions (primarily spatial 

memory) assessed via virtual reality and we expected these functions to improve post-cooling in 

both groups. In addition, EEG measures, which document brain function, would show changes 

post-cooling with increased activation in alpha frequencies decreased activation in the theta 

frequencies that were more pronounced in the concussed group.  

Additionally, by using MRI sequences, such as functional MRI (fMRI) and arterial spin 

labeling (ASL), in conjunction with selective cooling, a better understanding into the mechanism 

by which cooling affects the neurovascular coupling and overall physiological state of the brain 

would be obtained. Ultimately, direct evidence of the effects of selective cooling on a concussed 

brain would provide insight into the physiological changes of injury and how cooling could be 

used as a potential treatment modality in the acute phase of injury. 

Methods 
 

Subjects and Inclusion Criteria 

All subjects (n=48) were college-aged athletes (both club and varsity sport) at the Pennsylvania 

State University. Subjects were separated into two groups based on their previous history of 

concussion: normal controls and concussed. The normal control group (n=12 for MRI; n=12 for 

EEG/VR) was athletes with no history of previous concussions. The concussed group (n=12 for 

MRI; n=12 for EEG/VR) was athletes who were diagnosed with a concussion on the sideline by 

Pennsylvania State University medical personnel and who participated in this study within 5+/-3 
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days post-injury. Then, subjects were randomly placed in one of two groups: MRI (total n=24) or 

EEG/VR (total n=24). Subjects were excluded from the study based on previous diagnosis of: (a) 

spinal cord injury; (b) developmental disorder; (c) psychiatric disorder; (d) neurological disorder 

(including headache/migraine diagnosis); or (e) pregnancy. Subject details regarding background 

information, as well as a list of clinical symptoms prior to all sessions, can be found in Table 1 A 

and B.  

Table 1. (A): Subjects demographic information; (B): Concussion checklist administered prior to initial 

scans and cooling (note: all subjects were still symptomatic at the time of testing).  

(A) 

 

 

 

Normal Subjects Concussed Subjects 

MRI EEG MRI EEG 

n=12 n=12 n=12 n=12 

Gender 7F; 5M 5F; 7M 1F; 11M 4F; 8M 

Age 20.8 ± 1.30 19.7 ± 1.18 20.8 ± 2.44 20.3 ± 1.18 

Sport 

 

 

Track and field 

(n=12) 

 

 

 

 

 

 

Track and Field 

(n=6) 

Football (n=4) 

Volleyball (n=1) 

Soccer (n=1) 

 

 

 

Football (n=5) 

Hockey (n=2) 

Softball (n=1) 

Soccer (n=1) 

Rugby (n=1) 

Fencing (n=1) 

Skiing/Snowboarding 

(n=1) 

Football (n=5) 

Skiing/Snowboarding 

(n=2) 

Ice Hockey (n=2) 

Cheerleading (n=1) 

Track and Field 

(n=1) 

Gymnastics (n=1) 

Previous 

Concussion 

 

 

0 (n=12) 

 

 

 

 

0 (n=12) 

 

 

 

 

0 (n= 0) 0 (n= 0) 

1 (n= 5) 1 (n= 6) 

2 (n= 4) 2 (n= 4) 

3 (n= 2) 3 (n= 2) 

4 (n= 1) 4 (n= 0) 
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(B) 

Concussed Subjects’ Symptom Presence at Time of Testing 

Symptom Number of Subjects who 

reported it (out of 12): 

MRI Group 

Number of Subjects who 

reported it (out of 12):  

EEG Group 

Momentary 

Disorientation 

9 10 

Difficulty Concentrating 11 11 

Memory problems 6 5 

Headache 9 12 

Nausea/Vomiting  4 5 

Blurred Vision 7 5 

Skull Fracture 0 0 

Brief LOC 3 2 

Prolonged LOC 0 0 

Sleep Disturbance  3 5 

Mood Changes 3 4 

Other 2 2 

 

This study followed ethical guidelines set forth by The Pennsylvania State University whose 

Institutional Review Board approved the protocol before testing began. All subjects signed an 

informed consent form before participating in this study.  

 

Overview of Study Design  

 

The study design that all 48 subjects followed is outlined in Figure 3.  
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Figure 1. Outline of the study design. EC = eyes closed; EO = eyes open 

 

Measures and Apparatus  

 

WElkins Sideline Cooling System: The cooling system used in this study was the WElkins 

Sideline Cooling System (Spartan Medical Inc, Silver Spring, MD) which is FDA exempt by 

K121720. The Sideline Cooling System (SCS) provides a way of rapidly and selectively cooling 

the subjects’ temperature (Figure 4).  

EEG: 

1. sitting EC 
2. sitting EO 

3. standing EC 
4. standing EO 

VR:

balance, spatial 
navigation, reaction 

time 

OR

MRI:

ASL 

rs-fMRI

After Cooling 

30 minute 
cooling period

Oral 
Temperature 

taken at: 

0 minutes 
(baseline)

15 minutes 

30 minutes 
(end)

Cooling 
Procedure

EEG: 

1. sitting EC 
2. sitting EO 

3. standing EC 
4. standing EO  

VR:

balance, spatial 
navigation, reaction 

time

OR

MRI:

ASL

rs-fMRI

Before 
Cooling

EEG:

12 normal 
subjects

12 concussed 
subjects

OR

MRI:

12 normal 
subjects

12 concussed 
subjects

Recruitment
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Figure 2. The WElkins Sideline Cooling System used in this study. The conditioning unit contains the top 

housing (control panel and battery tray), center housing (heat exchanger and ice cartridge housing), and 

bottom housing (hydraulic and pneumatic components) sections. 

 

Using a temperature controlled coolant through the umbilical tubing, the coolant (containing 

water, propylene glycol, disinfectant, and surfactant) is delivered to the cooling headliner which 

is directly on the subjects’ head and neck. The coolant is chilled and circulated by the 

conditioning unit and can apply temperatures ranging from -20°C (-4°F) to 54°C (130°F) by 

using the control know in the bottom housing component. The system was used for 30 minutes 

after the subjects’ baseline MRI scans or baseline EEG recordings and VR testing were 

completed. Subjects were fitted with the cooling headliner around the neck and covering the 

head. During cooling, subjects were allowed to relax freely (sitting or supine) as long as the 

cooling headliner remained fitted to their head. It should be noted that previously published 

studies using this cooling system, suggest that a 30-minute cooling period was enough to impact 

brain temperature with mild hypothermia. Specifically, on average, a 1.84°C reduction of brain 
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temperature was observed within 1 hour of helmet application (Wang et al., 2004). Additionally, 

using the cooling cap for a period of 30 minutes reduced brain temperature 1 – 1.5°C (Bagić et 

al., 2008). There were even cases where a 2°C drop of the brain temperature was observed after 

15 minutes of helmet application. Additionally, before the cooling system was turned on, at the 

halfway point (15 minutes) and at the end (30 minutes), an oral temperature was obtained as a 

subject safety precaution, not as a measure of core or brain temperature per say. 

 

Electroencephalography (EEG): EEG recordings were acquired with a noninvasive Ag/AgCl 

128-electrode high-density Hydrocel Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, 

OR). Standard electrode net application procedures were followed for net preparation and 

application and impedance was checked at the beginning of the session. Brain activity was 

recorded using Net Station 1.3 software (EGI, Eugene, OR). Subjects were instructed to remain 

completely still while sitting during the set-up process and underwent four segments of testing (2 

minutes each; total time 8 minutes): (1) sitting, eyes closed, (2) sitting, eyes open, (3) standing, 

eyes closed, and (4) standing, eyes open. EEG data were processed offline using Net Station 

4.4.2 software and custom-made Matlab code. Data were first run through a 70Hz low-pass filter, 

0.3 Hz high-pass filter, and 60 Hz notch filter. It was then run through BrainVision Analyzer 2.0 

to remove artifact and eye blinks (ICA and raw data inspection) and custom-made Matlab codes 

to create plots within Delta, Theta, Alpha, and Beta frequency bands, as well as individual region 

of interest (ROI; anterior/frontal and posterior/occipital) absolute signal power. Additionally, for 

each frequency band, the absolute and relative power was calculated (Delta (1-4 Hz), Theta (4-7 

Hz), Alpha (8-15 Hz), Beta (16-31 Hz)). Major ROIs were constructed:  

- frontal (around Fz: 11, 16, 12, 5, 10, 18)  
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- central (around Cz: reference, 31, 55, 80, 7, 106) 

- parietal (around Pz: 62, 61, 78, 72, 77) 

- occipital (around Oz: 75, 70, 71, 76, 83) 

 

These ROIs were chosen to simplify the analyses and increase power to detect regional 

differences. The electrodes are grouped into clusters of 5 – 6 electrodes per the region of interest. 

Statistical analysis was done using SPSS v23 and paired t-tests (significance, p<0.05) were run 

between groups at each frequency and at each ROI and a repeated measures ANOVA 

(significance, p<0.05) was run to examine if there was an interaction between cooling, group, 

and frequency band.  

 

Virtual Reality (VR): HeadRehab’s VR system (www.HeadRehab.com) was used. VR is an 

interactive, computer-generated 3D environment that can simulate real world environments and 

provide a sense of immersion. It can be used as an assessment tool to examine neurocognitive, 

executive, and motor functioning and its sensitivity and specificity have previously been 

validated (Teel, Gay, Arnett, & Slobounov, 2016; Teel & Slobounov, 2015). In this study, 

participants were tested using the Rockwell-Collins Head mount display (Figure 5D) in the 

modules of balance (5A), spatial navigation (5B), and reaction time (5C).  
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Balance Task (Figure 5A): Subjects are asked to stand in the tandem Romberg position, 

with either foot in the front, and hands on their hips. A total of seven trials are performed, with 

the first trial presenting a stationary virtual room to obtain a baseline balance score. The 

remaining 6 trials involve the room moving in the following directions: (a) forward-backwards 

oscillatory translation; (b) roll around heading y-axis between 10 and 30° at 0.2 Hz; (c) pitch 

around interaural x-axis between 10 and 30° at 0.2 Hz; (d) yaw around vertical z-axis between 10 

and 30° at 0.2 Hz; (e) translation along x-axis within 18 cm displacement at 0.2 Hz. In between 

each trial (around 30 seconds), subjects are given a 10 second break and have the option to 

switch the order of their feet.  

Spatial Navigation Task (Figure 5B): This task assesses memory function (specifically 

spatial memory) using a 3D representation of a visual corridor (see Figure 1). The subjects are 

shown a route to and from a door (encoding stage) then immediately following are asked to 

navigate the same route using a joystick. Subjects are able to move in a forward, backward, left 

and right direction. A total of three trials are allowed to successfully complete the pathway.  

A D C B 

Figure 3. The various virtual reality scenes used throughout testing (A: balance; B: spatial navigation; C: 

reaction time) and the headset the subjects wore during testing (D). Inside the googles are two screens 

projecting 3D images at the participant.  
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Reaction Time Task (Figure 5C): In this task, executive functioning specifically, 

reaction time was measured. This module was designed to measure the full body response to 

unpredictable manipulation of optic flow (see Figure 6). The subject was asked to sway forward 

and backward (anterior-posterior) with the movement of the room. At a randomized point during 

each trial, an unpredictable change to the left or right (medial-lateral direction) was introduced. 

The subject was asked to respond to this change of direction with a whole-body motion. The 

system measures both reaction time (in ms) and errors of anticipation (wrong direction of 

response).   

Scoring: Scores are calculated on a scale of 0 (fail) to 10 (perfect) for each module, as 

well as a comprehensive score of all three modules completed. These individual module scores 

were used for analysis. Paired t-test (significance, p<0.05) were run for between subject 

comparisons and two-sample t-test (significance, p<0.05) were run for between group analyses.  

 

Magnetic Resonance Imaging (MRI): All scans were performed in a 3 Tesla Magnetom Prisma 

fit scanner (Siemens Medical Systems, Erlangen, Germany) using a 20-channel phased array 

head coil and high performance gradients (max. gradient strength 80mT/m, 200mT/m/s rise 

time). Subjects were placed in the scanner in a supine position and were secured using a foam 

and headphone to minimize movement. Subjects were asked to lie with their eyes open with their 

arms at their side and were supported by foam padding both at the arms and under the legs. 

Subjects were able to communicate with the MRI technician while in the scanner at all times and 

at various time points during the scan were asked how they were doing.  
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Arterial Spin Labeling (ASL) Acquisition: ASL imaging was performed using a turbo gradient 

spin echo pulsed sequence (3D GRASE, Siemens advanced 3D ASL package), field of view 

192mm, matrix 64x64, slice thickness 3, 40 slices, TE=15.6, bandwidth 2694Hz/pixel and 6 

segments (acquisition time=6:02). For each 3D ASL scan, a relative cerebral blood flow map 

(relCBF) was automatically calculated by using the single TI method in the Siemens advanced 

3D ASL package. Parameters of this method are used with a formula as described in JJ-Wang et 

al. (J. Wang et al., 2003): 

𝒇 = 𝝀𝜟𝑴𝟐𝜶𝑴𝟎𝑻𝑰𝟏𝒆𝒙𝒑(−𝑻𝑰𝟐 𝑻𝟏𝜶⁄ ) 

 

Where 𝑓is relCBF mL/100g/min regional cerebral blood flow, 𝜆 is 0.9 mL/g blood/tissue water 

partition coefficient, 0.9, 𝛼 is 98% inversion efficiency for pASL, 𝑀0 is fully relaxed image 

intensity, Δ𝑀is signal difference (control/label), 𝑇𝐼1/𝑇𝐼2 are 700/1990 ms inversion times, 𝑇𝐼2=𝑇𝐼1 + 𝑤 (transit time), and 𝑇1𝛼 is 1650 ms at 3T, longitudinal relaxation time of blood. 

ASL data were preprocessed and analyzed by using AFNI (Analysis of Functional 

NeuroImages, http://afni.nimh.nih.gov/) and MATLAB (2013b) scripts written in-house. 

Prepossessing procedure included co-registration to the T1-weighted anatomical image, co-

registration between pre- and post- 3D ASL images and spatial normalization to standard space 

(TT_N27+trlc) using a 12 parameter affine registration. For each subject, a difference relCBF 

map was calculated (3Dcalc), 𝒇𝐝𝐢𝐟𝐟 = 𝒇𝐩𝐫𝐞 − 𝒇𝐩𝐨𝐬𝐭. The mean was calculated for pre-cooling and 

difference relCBF by averaging 𝒇𝐩𝐫𝐞, and 𝒇𝐝𝐢𝐟𝐟 of all voxels within the volume of interest 

(1,069,707 voxels). For group analysis, mean maps of pre relCBF, post relCBF and 𝒇𝐝𝐢𝐟𝐟 were 

calculated for the normal controls and concussed groups. A one–way ANOVA followed by 

http://afni.nimh.nih.gov/
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Tukey's Honestly Significant Difference (HSD) method (significance p<0.005) was performed to 

assess the group differences of pre-cooling and difference relCBF. 

 

Resting State-fMRI: Two-dimensional BOLD echo planar rs-fMRI sequence were acquired in 

the axial plane parallel to the anterior and posterior commissure axis covering the entire brain 

(2.0 x 2.0 x 2.0mm resolution, TR=2000ms, TE=35ms, acquisition time=8:04). Three-

dimensional isotropic T1 weighted magnetization prepared rapid gradient echo (MP-RAGE) 

anatomical images were acquired in the sagittal plane parallel with the longitudinal fissure 

covering the entire brain (1mm x 1mm x 1mm resolution, TE= 3.46ms, TR= 2300ms, TI= 

900ms, flip angle= 9, 160 slices, iPAT= none, NSA= 1). 

For data analysis Statistical Parametric Mapping (SPM) version 8 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), in addition to Functional Connectivity 

(CONN) toolbox (http://web.mit.edu/swg/software.htm), software were used. Images were first 

preprocessed, which included realignment, co-registration, segmentation, normalization and band 

filtering. During preprocessing, images were motion-corrected, registered with structural images, 

and normalized to the standard brain template from the Montreal Neurological Institute (MNI). 

White matter, cerebrospinal fluid (CSF), and physiological noise source reduction were taken as 

confounds, following the implemented CompCor strategy (Behzadi, Restom, Liau, & Liu, 2007). 

Whole brain BOLD signal was excluded as a regressor to eliminate erroneous anti-correlations 

(Murphy, Birn, Handwerker, Jones, & Bandettini, 2009). The CONN toolbox performs seed-

based correlation analysis based on the temporal low-frequency fluctuations of BOLD signals. 

Region of interest (ROI) evaluations include those structures identified by Raichle et al. (2015) 

to make up the Default Mode Network (DMN). Specifically, four ROIs were evaluated: right 
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lateral parietal (RLP), precuneus (PCC), medial pre-frontal cortex (MPFC), and left lateral 

parietal (LLP). Bi-variate correlations were then calculated between each pair of ROIs as 

reflections of connections. Fisher transformed Z-scores are introduced to validate multiple 

comparisons and SPM functions are called by the CONN toolbox for spatial statistical tests. ROI 

based analysis was then performed for all subjects’ data with a general linear model (GLM) test 

to determine significant resting state DMN connections. An unpaired t-test with a threshold set at 

P-value <0.05 was used to determine significant DMN connections. 

 

Results 

Oral Temperature Data 

Oral Temperature decreases ranged, on an individual level, from 0.0 – 1.1 °F after 30 minutes of 

selective cooling (Table 2), which is consistent with previous studies (Ku et al., 1996). Paired t-

test revealed no significant changes (p>0.05) in body temperature via oral thermometer from pre- 

to post-cooling in both normal controls and concussed subjects (Table 3). 

 

Table 2. Mean Temperatures during 3 time points for all subjects.  

 
Before Cooling  15 minutes of Cooling 30 minutes of Cooling 

(end of session) 
 

Mean  Standard 

Deviation 

Mean  Standard 

Deviation 

Mean  Standard 

Deviation 

All subjects  98.79 0.71 98.92 0.56 98.78 0.64 

Normal 

Group 

98.98 0.65 99.08 0.49 98.85 0.55 

Concussed 

Group  

98.61 0.71 98.74 0.56 98.70 0.70 
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Table 3. Individual changes (increase, decrease, no change) in oral temperature for concussed subjects 

versus normal subjects at varying time points.  

 Normal (n=24) Concussed (n=24) 

 After 15 min After 30 

min 

Overall 

Change 

After 15 

min 

After 30 

min 

Overall 

No change 2 2 1 2 3 1 

Increase 15 8 9 12 11 11 

Decrease 7 14 14 10 9 11 

N/A     1 1 

 

Subjects Self-Reports of Clinical Symptoms   

It should be noted that all concussed subjects were still symptomatic, as indicated by the 

symptoms reported in Table 1B, and were not cleared by Penn State medical staff for sports 

participation at the time of participation in this study. Common symptoms reported include: 

headache, sleep problems, fatigue, inability to concentrate, dizziness and balance problems, light 

sensitivity, feeling of mentally “foggy” and slowed down. The vast majority of concussed 

subjects (n=8) reported, verbally to investigators, reduced clinical symptom presentation during 

and immediately after cooling, including headache and dizziness. However, it should be noted 

that immediately after the post-cooling scanning session, concussed subjects reported re-

occurrence of primarily physical symptoms, mainly headache and dizziness.  

 

MRI Data 

ASL Group Results  

ASL finding suggest that concussed subjects prior to brain cooling had lower relCBF (mean of 𝒇𝐩𝐫𝐞  = 49.9 mL/100g/min, SD = 6.9 shown in Figure 6B) compared to normal controls (mean of 𝒇𝐩𝐫𝐞 = 𝟓𝟖. 𝟑 mL/100g/min, SD = 12.8 shown in Figure 6B). ANOVA revealed a main effect of 

group, 𝒑 = 𝟎. 𝟎𝟎𝟔, in support of this observation.   
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Figure 4. Differences of the pre-cooling relCBF maps of normal and concussed groups. (A) difference of 

mean of pre-relCBF of normal vs. concussed, warm color: normal (mean of pre-relCBF) > concussed 

(mean of pre-relCBF), Cold color: normal < concussed, and cluster size = 20. (B) Mean of pre-relCBF of 

normal (Nor) and concussed (Con) groups, all mean values were calculated by using a volume of interest 

(1069707 voxels), relCBF: ml/100g/min, black bar: group mean, one–way ANOVA followed by Tukey's 

Honestly Significant Difference (HSD) method, p = 0.006. 

 

Unexpectedly, ASL findings suggest that concussed subjects showed a global increase of the 

relCBF after brain cooling (mean of 𝒇𝐝𝐢𝐟𝐟 = −𝟒. 𝟔𝟕 mL/100g/min, SD = 6.63 shown in Figure 

7D). In contrast to concussed subjects, normal controls group showed a global decrease of the 

relCBF after brain cooling in similar cortical and sub-cortical regions after brain cooling (mean 

of 𝒇𝐝𝐢𝐟𝐟 = 𝟐. 𝟗𝟗 mL/100g/min, SD = 3.9 shown in Figure 7D). One-way ANOVA revealed main 
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effect of time (pre-post-cooling, p<0.001). We observed differential effect of 30 minutes brain 

cooling on CBF. ANOVA revealed the main effect of groups, 𝒑 = 𝟎. 𝟎𝟎𝟑. 

 

  

Figure 5. Differences of the pre- and post-relCBF maps of normal and concussed groups. (A) mean of diff-

relCBF of normal controls group, (B) the mean of diff-relCBF of concussed group, diff-relCBF = pre-

relCBF - post-relCBF, warm color: pre-relCBF > post-relCBF, Cold color: pre-relCBF < post-relCBF, 

and cluster size = 20. (C) normal controls vs. concussed group, warm color: normal (mean of diff-relCBF) 

> concussed (mean of diff-relCBF), cold color: normal < concussed, and cluster size = 20. (D) Mean of 

diff-relCBF of normal (Nor) and concussed (Con) groups, all mean values were calculated by using a 

volume of interest (1069707 voxels), relCBF: ml/100g/min, black bar: group mean, one–way ANOVA 

followed by Tukey's Honestly Significant Difference (HSD) method, p = 0.003. 
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rs_fMI Group Results  

No significant differences in the number and strength of functional connections within the 

Default Mode Network between groups were observed prior to cooling (Figure 8; p>0.05). For 

each group, no significant differences were observed between pre and post cooling within the 

Default Mode Network when corrected for false discovery rate (p>0.05).  Both groups showed 

similar trends in terms of reducing the number and strength of functional connections between 

DMN and other ROIs after cooling. Also, visually, the reduction of number and strength of 

functional connections between DMN and other ROIs was more pronounced in concussed group 

in the post cooling scans compared to pre cooling.  

 

Figure 6. (A) Represents results from Normal volunteers (NV) and (B) from mTBI group.  Top row reflects 

connectome maps based on anatomical ROIs for functional connectivity pre and post cooling.  Bottom rows 

represents anatomical representation of connectome maps, with pre cooling on top and post cooling 

functional connectivity on the bottom.  Black spheres represent seed ROIs of the DMN, and red spheres 
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represent functional connections. Visualization of rs-fMRI results show decreased number of connections 

in the mTBI group before cooling compared to NV, and both groups showing less functional connectivity 

after cooling. Images created and exported from CONN Functional Connectivity Toolbox.    

 

VR Data 

Virtual Reality findings showed increases in scores post-cooling for normal controls in all 

modules except balance (Table 4). The increases in spatial navigation post-cooling were 

significant (p<0.05). In the concussed group, virtual reality scores for all modules decreased 

post-cooling (Table 5), but none of the difference in scores for any of the modules or the 

comprehensive score reached significance (p>0.05). However, it is important to note that only 8 

of the 12 subjects in the concussion group were able to successfully finish VR testing due to the 

presence of concussive symptoms. Therefore, only 8 subjects were included in statistical 

analyses of VR data for the concussed group.  

Table 4. Normal Subjects (n=12) and Concussed Subjects (n=8) Average VR Scores Pre- and Post-

Cooling for All Modules and Comprehensive Score.  

 Normal Subjects Concussed Subjects 

 
Before 

Cooling 

After 

Cooling 

Before 

Cooling 

After 

Cooling 

Before 

Cooling 

After 

Cooling 

Before 

Cooling 

After 

Cooling 
 

Average Standard 

Deviation 

Average Standard 

Deviation 

Compre-

hensive 

7.09 7.98 1.30 1.16 7.70 7.05 1.49 2.05 

Spatial 

Navigation 

6.78 8.68 2.90 1.67 7.44 7.24 2.87 3.13 

Balance 9.37 9.12 0.66 0.92 8.05 7.92 2.72 1.82 

Reaction 

Time 

5.20 5.92 2.44 1.86 7.24 5.92 2.25 2.21 
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EEG Data 

Grand-averaged 2D EEG plots were obtained for all subjects across the same time scale pre- and 

post-cooling, presented in Figures 9, 10, 11, and 12. Visually, there were changes both in terms 

of topology and spectral power in each frequency band.   

Figure 7. 2D plots of EEG overall Alpha power during the four different recording conditions: (1) sitting 

eyes closed, (2) sitting eyes open, (3) standing eyes closed, (4) standing eyes open. Both concussed and 

control group averages were graphed. 
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Figure 8. 2D plots of EEG overall Beta power during the four different recording conditions: (1) sitting 

eyes closed, (2) sitting eyes open, (3) standing eyes closed, (4) standing eyes open. Both concussed and 

control group averages were graphed.  
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Figure 9. 2D plots of EEG overall Delta power during the four different recording conditions: (1) sitting 

eyes closed, (2) sitting eyes open, (3) standing eyes closed, (4) standing eyes open. Both concussed and 

control group averages were graphed. 
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Figure 10. 2D plots of EEG overall Theta power during the four different recording conditions: (1) 

sitting eyes closed, (2) sitting eyes open, (3) standing eyes closed, (4) standing eyes open. Both concussed 

and control group averages were graphed. 
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Using raw fast Fourier transform (FFT) values, obtained from the ROIs selected, group averages 

were calculated across the same time scale and for each frequency band. These FFT values 

represent an average value across the 6 electrodes in each ROI. Table 6 describes group average 

FFT values for alpha (A), delta (B), and theta (C) frequencies. Beta frequency was not analyzed 

due to its minimal visual changes seen in Figure 10.  

Table 5. Frequency Band Mean and Standard Deviations for Concussed and Control Groups for the 4 

Main ROIs.  

(A). Alpha Frequency: FFT values for each individual in either the concussed or control group were 

averaged together for each segment and their mean and standard deviation values for 4 main ROIs 

(frontal, central, parietal, occipital) are presented. 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open) 

Alpha Frequency FFT Values 

 Concussed 

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.0249 0.0156 0.0093 0.0073 0.0313 0.0209 0.0701 0.0691 

B2 0.0065 0.0035 0.0030 0.0018 0.0068 0.0038 0.0098 0.0069 

B3 0.0249 0.0108 0.0100 0.0065 0.0329 0.0181 0.0784 0.0609 

B4 0.0070 0.0043 0.0030 0.0024 0.0076 0.0054 0.0143 0.0150 

A1 0.0265 0.0189 0.0093 0.0060 0.0356 0.0426 0.0736 0.1000 

A2 0.0078 0.0075 0.0044 0.0035 0.0087 0.0117 0.0217 0.0511 

A3 0.0295 0.0183 0.0112 0.0089 0.0380 0.0382 0.0898 0.1156 

A4 0.0087 0.0073 0.0050 0.0059 0.0090 0.0110 0.0227 0.0374 

                  

Control 

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.0345 0.0254 0.0167 0.0135 0.0429 0.0454 0.0479 0.0429 

B2 0.0067 0.0061 0.0048 0.0059 0.0093 0.0126 0.0080 0.0094 

B3 0.0314 0.0241 0.0178 0.0151 0.0569 0.0585 0.0529 0.0427 

B4 0.0088 0.0096 0.0038 0.0044 0.0109 0.0141 0.0120 0.0139 

A1 0.0275 0.0237 0.0138 0.0139 0.0377 0.0414 0.0572 0.0583 

A2 0.0053 0.0060 0.0045 0.0050 0.0071 0.0089 0.0078 0.0103 

A3 0.0247 0.0223 0.0164 0.0188 0.0391 0.0462 0.0531 0.0589 

A4 0.0103 0.0146 0.0062 0.0078 0.0199 0.0298 0.0180 0.0214 
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(B). Delta Frequency: FFT values for each individual in either concussed or control group were 

averaged together for each segment and their mean and standard deviation values for 4 main ROIs 

(frontal, central, parietal, occipital) are presented. 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open) 

 

Delta Frequency FFT Values 

 Concussed 

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.00182 0.00103 0.00076 0.00029 0.00176 0.00066 0.00273 0.00091 

B2 0.00156 0.00101 0.00058 0.00028 0.00121 0.00074 0.00187 0.00087 

B3 0.00195 0.00108 0.00089 0.00040 0.00226 0.00164 0.00326 0.00096 

B4 0.00145 0.00065 0.00063 0.00026 0.00149 0.00095 0.00200 0.00082 

A1 0.00221 0.00148 0.00102 0.00059 0.00383 0.00747 0.00300 0.00208 

A2 0.00171 0.00135 0.00082 0.00058 0.00115 0.00058 0.00172 0.00144 

A3 0.00214 0.00142 0.00098 0.00056 0.00189 0.00071 0.00312 0.00175 

A4 0.00210 0.00215 0.00089 0.00042 0.00150 0.00107 0.00215 0.00105 

                  

Control 

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.00198 0.00093 0.00093 0.00046 0.00163 0.00116 0.00231 0.00175 

B2 0.00134 0.00067 0.00059 0.00033 0.00088 0.00059 0.00119 0.00071 

B3 0.00204 0.00080 0.00178 0.00265 0.00482 0.00946 0.00431 0.00381 

B4 0.00130 0.00081 0.00058 0.00028 0.00115 0.00077 0.00223 0.00245 

A1 0.00160 0.00075 0.00085 0.00053 0.00142 0.00104 0.00246 0.00191 

A2 0.00107 0.00056 0.00055 0.00038 0.00086 0.00066 0.00142 0.00125 

A3 0.00154 0.00067 0.00083 0.00053 0.00150 0.00122 0.00279 0.00243 

A4 0.00120 0.00069 0.00058 0.00037 0.00115 0.00098 0.00251 0.00388 
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(C). Theta Frequency: FFT values for each individual in either concussed or control group were 

averaged together for each segment and their mean and standard deviation values for 4 main ROIs 

(frontal, central, parietal, occipital) are presented. 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open) 

 

Theta Frequency FFT Values 

  Concussed 

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.01026 0.00444 0.00706 0.00449 0.01824 0.02014 0.01418 0.01096 

B2 0.00677 0.00564 0.00465 0.00520 0.00888 0.01427 0.00739 0.00475 

B3 0.01113 0.00440 0.00653 0.00353 0.01745 0.01798 0.01535 0.00911 

B4 0.00932 0.01182 0.00365 0.00236 0.00699 0.00536 0.00735 0.00495 

A1 0.01120 0.00544 0.01010 0.00883 0.01931 0.01892 0.01589 0.01564 

A2 0.00723 0.00599 0.01073 0.01583 0.00903 0.01062 0.00731 0.00672 

A3 0.01272 0.00629 0.01082 0.01065 0.02183 0.02489 0.01985 0.02165 

A4 0.00713 0.00531 0.00737 0.01183 0.00738 0.00611 0.00812 0.00758 

                  

  Control  

  Frontal Central Parietal Occipital 

  Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev 

B1 0.01566 0.01722 0.00923 0.01252 0.01414 0.02288 0.01533 0.02086 

B2 0.00538 0.00264 0.00334 0.00308 0.00363 0.00311 0.00408 0.00242 

B3 0.01509 0.01589 0.01514 0.02630 0.03973 0.09028 0.02321 0.02794 

B4 0.00604 0.00306 0.00301 0.00177 0.00479 0.00305 0.00642 0.00447 

A1 0.01225 0.01251 0.00901 0.01251 0.01358 0.02015 0.02119 0.03983 

A2 0.00538 0.00217 0.00365 0.00203 0.00434 0.00285 0.00507 0.00354 

A3 0.01408 0.01808 0.00857 0.01249 0.01204 0.01798 0.01962 0.04085 

A4 0.00676 0.00375 0.00443 0.00356 0.00690 0.00554 0.00759 0.00576 
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Paired t-tests were run for each group (concussed or control) and ROI (frontal, central, 

parietal, occipital) to examine if any relation existed pre- and post-cooling for each segment (1 – 

4).  

In the alpha frequency (see Figures 13 – 16), for the concussed group, there were no 

significant changes from pre- to post-cooling for all segments in the frontal (p>0.05), central 

(p>0.05), parietal (p>0.05), and occipital (p>0.05) ROIs. In the alpha frequency, for the control 

group, there were no significant changes from pre- to post-cooling for any segment in the central 

(p>0.05), parietal (p>0.05), and occipital (p>0.05) ROIs. There was a significant change in 

average FFT value post-cooling in the frontal B2-A2 (sitting eyes open) paired t-test (p<0.05).  

In the delta frequency (see Figures 13 – 16), for the concussed group, there were no 

significant changes from pre- to post-cooling for any segment in frontal (p>0.05), parietal 

(p>0.05), and occipital (p>0.05) ROIs. In the central ROI, the B4-A4 (standing eyes open) 

condition approached significance (p=0.054). In the delta frequency, for the control group, there 

were no significant changes from pre- to post-cooling for any segment in central (p>0.05), 

parietal (p>0.05), and occipital (p>0.05) ROIs. In the frontal ROI, the B3-A3 (standing eyes 

closed) condition approached significance (p=0.057).  

In the theta frequency (see Figures 13 – 16), for the concussed group, there were no 

significant changes from pre- to post-cooling for any segment in frontal (p>0.05), central 

(p>0.05), parietal (p>0.05), and occipital (p>0.05) ROIs. In the theta frequency, for the control 

group, there were no significant changes from pre- to post-cooling for any segment in frontal 

(p>0.05), central (p>0.05), parietal (p>0.05), and occipital (p>0.05) ROIs.  
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Figure 11. The Frontal ROI average FFT values for each frequency (alpha, theta, and delta) and each 

group (control and concussed). There are obvious increases post-cooling in the alpha frequency in the 

concussed group and decreases in alpha frequency in the control group (except B4-A4, which increases). 

In theta concussed group, there are increases in the eyes closed conditions (B1-A1 and B3-A3) and 

decreases in the eyes open conditions (B2-A2 and B4-A4). In the control group, theta frequency, there are 

decreases across all conditions. For delta, concussed group, there are increases in the eyes open 

conditions (B1-A1 and B3-A3) and decreases in the eyes open conditions (B2-A2 and B4-A4). For the 

control group, there are decreases in the eyes closed conditions (B1-A1 and B3-A3) and increases in the 

eyes open conditions (B2-A2 and B4-A4). 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open). 

 

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

Concussed Control Concussed Control Concussed Control

Alpha Theta Delta

R
aw

 F
F

T
 V

al
u
es

Frontal ROI: Average FFT Values for Each Frequency and Group

B1 A1 B2 A2 B3 A3 B4 A4



37 

 

Figure 12. The Central ROI average FFT values for each frequency (alpha, theta, and delta) and each 

group (control and concussed). There are increases post-cooling in the alpha frequency in the concussed 

group and decreases in alpha frequency in the control group (except B4-A4, which increases). In theta, 

concussed group, there are increases in all conditions. In the control group, theta frequency, there is no 

consistency: there are increases, decreases, or it remains the same. For delta, concussed group, there are 

large increases in all conditions. For the control group, there are increases in the sitting conditions (B1-

A1 and B2-A2) and decreases in the standing conditions (B3-A3 and B4-A4). 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open). 

 

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Concussed Control Concussed Control Concussed Control

Alpha Theta Delta

R
aw

 F
F

T
 V

al
u
es

Central ROI: Average FFT Values for Each Frequency and Group

B1 A1 B2 A2 B3 A3 B4 A4



38 

 

Figure 13. The Parietal ROI average FFT values for each frequency (alpha, theta, and delta) and each 

group (control and concussed). There are increases post-cooling in the alpha frequency in the concussed 

group and decreases in alpha frequency in the control group (except B4-A4, which increases). In theta, 

concussed group, there are relatively no changes in all conditions, except B3-A3 which increases post-

cooling. In the control group, theta frequency, there is no consistency: there are increases, decreases, or 

it remains the same. For delta, concussed group, there are large decreases in the sitting conditions (B1-

A1 and B2-A2) and increases in the standing conditions (B3-A3 and B4-A4). For the control group, there 

are increases in the sitting conditions (B1-A1 and B2-A2) and decreases in the standing conditions (B3-

A3 and B4-A4). 

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open). 
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Figure 14. The Occipital ROI average FFT values for each frequency (alpha, theta, and delta) and each 

group (control and concussed). There are increases post-cooling in all alpha frequency conditions in the 

concussed group and control group. In theta, concussed group, there are slight or no increases in all 

conditions. In the control group, theta frequency, there are increases in the sitting conditions (B1-A1 and 

B2-A2) and decreases in the standing conditions (B3-A3 and B4-A4). For delta, concussed group, there 

are large increases in all conditions, except B2-A2 which decreases. For the control group, there are 

increases in all conditions, except B3-A3.  

B1= before cooling segment 1 (sitting eyes closed); B2= before cooling segment 2 (sitting eyes open); 

B3= before cooling segment 3 (standing eyes closed); B4= before cooling segment 4 (standing eyes 

open); A1= after cooling segment 1 (sitting eyes closed); A2= after cooling segment 2 (sitting eyes open); 

A3= after cooling segment 3 (standing eyes closed); A4= after cooling segment 4 (standing eyes open).  

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Concussed Control Concussed Control Concussed Control

Alpha Theta Delta

R
aw

 F
F

T
 V

al
u
es

Occipital ROI: Average FFT Values for Each Frequency and Group

B1 A1 B2 A2 B3 A3 B4 A4



40 

 

Since the majority of the changes were non-significant, the overall patterns of change were 

examined (Table 6). There is a distinctly differential pattern of response between the groups at 

each frequency in response to cooling. 

Table 6. The change from pre to post cooling within each group was examined for each frequency and 

ROI. Arrows indicated the change in raw FFT power (pre – post) and are indicated as an increase (up 

arrow) or decrease (down arrow).   

  
Concussed Control 

  
Sit 

EC 

Sit 

EO 

Stand 

EC 

Stand 

EO 

Sit 

EC 

Sit 

EO 

Stand 

EC 

Stand 

EO 

Alpha Frontal ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↑ 

Central ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↑ 

Parietal ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↑ 

Occipital ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ 

Theta Frontal ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↑ 

Central ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↑ 

Parietal ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↑ 

Occipital ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 

Delta Frontal ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↑ 

Central ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ 

Parietal ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 

Occipital ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 

 

A repeated measures ANOVA was run for each frequency band with the between-subject 

factor of injury (concussion or control) and the within-subject factors of cooling (before and 

after), ROI (frontal, central, parietal, occipital), and condition (1, 2, 3, 4). Mauchly’s Test of 

Sphericity indicated that the assumption of sphericity had been violated, χ2(44) = 915.485, 

p<0.005, and therefore, a Greenhouse-Geisser correction was used. The delta frequency was the 
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only frequency that revealed significant findings, regardless of injury group. Cooling alone was 

significant, F(1, 22) = 11.303, p<0.005, as was region (F(1.009, 22.192)= 14.8, p<0.005) and 

segment (F(1.093, 24.035)= 15.675, p<0.005). The interaction of ROI and condition was 

significant, F(1.088, 23.928) = 13.471, p<0.005. Additionally, there was a significant effect of 

cooling on ROI, F(1.007, 22.154) = 12.890, p<0.005 and of cooling on condition F(1.078, 

23.717) = 12.119, p<0.005. There also was a significant effect of cooling on ROI and condition, 

F(1.083, 23.821) = 12.982, p<0.005. No other interactions were statistically significant.  

Discussion  

Presently, there is no accepted treatment for concussion, with current best practices 

recommending rest and sleep to manage injuries. The search for effective treatment facilitating 

recovery from concussive injury, as well as reducing the risk for recurrent concussions is 

ongoing. Accordingly, this study aimed to determine if selective brain cooling has an effect on 

clinical symptoms resolution and biological functions of the brain win athletes in the acute phase 

of sports-related concussion. Using advanced neuroimaging tools and physiological measures 

(EEG and VR), the potential feasibility of selective brain cooling on brain functions was 

investigated in cohort of student-athletes suffering from concussion in acute phase of injury.  

There are several findings of interest. First, all concussed subjects were clinically 

symptomatic at the time of this study and were not cleared for sport participation. Immediately 

following administration of 30 minutes of selective neck and head cooling, the vast majority of 

concussed subjects (MRI: 67%; EEG: 83%) under study reported a partial resolution of 

symptoms, predominantly physical symptoms including headache and dizziness. However, the 

effects from the selective cooling seem to be short lived as symptoms returned shortly after 

intervention was stopped. We cannot rule out that this could be due to the subjects being placed 
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back in the scanner for 30 minutes or completing VR testing again, re-triggering their previous 

clinical symptoms or it may be a placebo effect. 

Virtual Reality Discussion    

We did not see any significant differences in virtual reality scores from pre- to post-

cooling. On average, the control group’s scores increased post-cooling, indicating improvements 

in scores. The concussed individuals however had decreases in scores post-cooling. The effect of 

hypothermia on cognition is greatly debated. Some studies have shown cognitive impairment 

after hypothermia, specifically affecting attention (Sun et al., 2012), memory (Racinais, Gaoua, 

& Grantham, 2008), information processing (Sun, Li, Li, & Jiang, 2011), and attention 

processing (Gaoua, Racinais, Grantham, & El Massioui, 2011). However, other hypothermia and 

cold exposure studies contradict these findings and suggest that moderate cold exposure can 

improve task performance (Doll et al., 2009; Mäkinen, 2007) or has no effect on performance 

(Lilja et al., 2015). One theory is that general arousal levels are increased by mild to moderate 

cold exposure, which initially leads to improved performance (Mäkinen, 2007). However, with 

with longer or more severe cooling, arousal can increase to a point where performance becomes 

degraded (H. D. Ellis, 1982; Van Orden, Ahlers, Thomas, House, & Schrot, 1990). These 

improvements could suggest that shorter evoked potential latencies could lead to faster CNS 

processing (Van Orden et al., 1990). This theory supports the findings in our control group, as 

the average scores increased for reaction time and spatial memory. The findings in the concussed 

group are more difficult to decipher as only 8 of the 12 subjects were able to complete the 

testing. This could suggest a possible release of symptoms in some subjects post-cooling that 

allowed them to successfully complete the VR modules or that some subjects were not as 

symptomatic as others were; however, this needs to be explored further. Even though they were 

able to complete testing, their scores still decreased. This finding is more consistent with the 
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current mTBI and hypothermia research that suggests impaired cognitive performance post-

cooling at hypothermic levels (Titus et al., 2015). 

EEG Discussion  

The EEG data did not reveal many statistically significant findings in regards to the effect 

of cooling in both groups. Visually, the 2D plots of overall power showed changes from pre- to 

post-cooling, however many of these changes did not reach significance. We believe this is most 

likely due to the factor of time. Since the subjects were cooled for 30 minutes and then had to be 

set up again in the EEG protocol, we believe the time in between finishing cooling and beginning 

EEG procedures (around 10 – 15 minutes) was long enough to mitigate some of the effects of 

cooling. Nevertheless, in the following text, I will discuss major findings of interest.  

In concussed individuals, EEG results have shown lower power in the alpha frequency 

(Tebano et al., 1988) and reduced theta power (Montgomery, Fenton, McClelland, MacFlynn, & 

Rutherford, 1991) after injury. A comprehensive EEG study revealed increased coherence in the 

frontal-temporal regions, decreased power differences between anterior and posterior cortical 

regions, and reduced alpha power in the posterior regions (Thatcher, Walker, Gerson, & Geisler, 

1989). As I hypothesized, power with the alpha frequency band increased, however non-

significantly, post-cooling in the concussed group. This could suggest that selective brain cooling 

may potentially have a positive effect by mediating some of the damaging effects of a concussive 

injury, as seen through the alpha frequency power changes.  

In many EEG studies, increases in delta and theta rhythms have been commonly 

associated with drowsiness and fatigue build up, especially in the frontal and central areas (De 

Gennaro et al., 2007; Makeig & Jung, 1995; Tinguely, Finelli, Landolt, Borbély, & Achermann, 

2006). During task related activities, theta tends to increase, as there is a heightened focus on 

arousal and performance, and it has also been involved with spontaneous resting state. However, 
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during resting state, increases in theta are associated with generalized slowing and are indicative 

of injury or damage (Slobounov, Teel, & Newell, 2013). Power within theta frequency band 

increased, however non-significantly, post-cooling for the concussed group and decreased post-

cooling for the controls. The control group showed positive tendencies as they had decreases in 

theta post-cooling, indicating no slowing and the activation of excitatory mechanisms. However, 

the concussed groups’ increases in theta post-cooling are somewhat contradictory. One 

hypothesis is that the concussed subjects could be compensating for their injury by requiring 

more brain resource allocation to complete the same task (Slobounov et al., 2010). This could 

make a simple standing or sitting task more difficult and could require the requirement of more 

resources. Therefore, these increases in theta could indicate that the concussed subjects had to 

recruit more resources to successfully complete this task. Theta power has also been related to 

postural control (Slobounov, Cao, Jaiswal, & Newell, 2009) and increases in theta could be 

related to unpredictable conditions and the need to recruit additional brain resources to meet the 

demands of a postural task (Slobounov, Teel, & Newell, 2013). Therefore, these increases in 

power post-cooling might indicate a slightly positive effect, as resource allocation and attentional 

processes may be increasing.  

Slowing of delta frequency (increased power values) in concussion is often indicative of 

injury. Prominent delta power in a concussed individual has even been identified as a biomarker 

of the injury as MEG studies have shown that injured brain tissues in mTBI show abnormal delta 

activity: a way to measure, localize, and diagnose concussions (Lee & Huang, 2014). This 

reduction can persist for months post-injury (Haneef, Levin, Frost, & Mizrahi, 2013) and could 

be explained by a mechanism that subjects are compensating for cognitive deficits (Balkan, 

Virji-Babul, Miyakoshi, Makeig, & Garudadri, 2015). MEG has also shown differences in 
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executive functioning and processing speed as well as a significant correlation between delta 

activity and these patterns of cognitive function (Robb Swan et al., 2015).  

Cooling, if it has a beneficial effect, should theoretically reduce delta values. EEG results 

revealed that certain frequency bands had decreases in power post-cooling; however, it was not 

consistent. This reveals a partial support of my hypothesis that brain cooling would reduce power 

in the delta region post-cooling. There were some decreases in delta, but only in specific regions. 

The effect of cooling was dependent on the specific ROI chosen, as well as the injury status. The 

concussed and control subjects responded differently to cooling within delta frequency and ROI.  

MRI Discussion  

Prior to brain cooling, we observed reduced CBF in our concussed subjects compared to 

normal controls.  This finding is consistent with Maugans et al. (2012), that documented 

impaired mean resting CBF in the acute phase of pediatric sports-related concussion that 

persisted at 1 month, despite normalization of neurocognitive testing scores. Also, Bartnik-Olson 

et al. (2014) observed reductions in CBF and cerebral blood volume in the thalamus of pediatric 

concussed patients compared to normal controls. Moreover, Meier et al. (2015) detected regional 

abnormal decreases in resting CBF among collegiate concussed patients during the acute injury 

phase that were normalized 1 month later, as well as, regional CBF within two regions of interest 

that correlated with scores on a clinical symptom inventory. Finally, Wang et al. (2016) detected 

regional reductions in CBF within 24 hours of injury in collegiate athletes that persisted at day 8 

post-injury despite normalization of clinical and neurocognitive testing scores. Collectively, 

these empirical findings support of the notion that failure to appropriately match CBF (due to its 

reduction) with surges in the metabolic demands of the brain can lead to at least temporary 

alterations in neurological functioning following concussion  (Ellis et al., 2015). If this is true, it 

may explain why return-to-play too early can be problematic and put an injured athlete at a 
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higher risk for recurrent concussion. Although, contradictory to our initial hypothesis, we saw a 

significant increase in CBF assessed by ASL after selective cooling in the concussed subjects 

compared to the normal controls.   

As we expected, we did not observe any differences in number and strength of functional 

connections within DMN between groups prior to cooling. This is consistent with our previous 

neuroimaging studies demonstrating the resilience of DMN in concussed athletes in the acute 

phase of injury (Zhang et al., 2012).  Similarly, resilience of DMN in concussed athletes in the 

acute phase of injury but reduced functional connectivity between different networks was 

previously reported in the literature (Zhu et al., 2015). However, we observed a reduction in the 

strength and number of connections of the DMN with other ROIs in both groups, but more 

obvious, visually, in concussed group after selective cooling.   

This reduction in rs-fMRI connectivity, along with reduced CBF in the normal controls, 

shows a predictable response to hypothermia treatment, and implies a strong relationship 

between neuronal activity and cerebrovascular response or neurovascular coupling.  However, 

this tight neurovascular coupling was not seen in the concussed group. In contrast to normal 

controls, concussed subjects showed reduced rs-fMRI functional connectivity along with 

increased CBF. This relationship between functional connectivity and cerebral blood flow has 

been previously observed, suggesting that high functional connectivity reflects tighter 

neurovascular connections (Tak, Polimeni, Wang, Yan, & Chen, 2015). This coupling is 

reflected in our results, although unlike normal controls, the concussed subjects had a disrupted 

link. The disruption of connectivity and cerebral blood flow could guide future studies.  

Overall Discussion 

Observed temporary partial resolution of clinical symptoms despite presence of altered 

neurophysiology raises major concerns with current clinical management of concussion.  
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Resolution of clinical symptoms does not adequately represent the presence of a healed injury or 

brain (Johnson et al., 2012; Johnson, Hallett, & Slobounov, 2015; S. M. Slobounov et al., 2010; 

Talavage et al., 2014; Zhu et al., 2015). This also points out that other tests, like neuroimaging 

and brain cooling, may better be suited in return-to-play decisions.  If concussion is indeed a 

complex pathophysiological process affecting the brain, proper diagnostic (physiological, brain 

imaging in isolation and/or in conjunction with other advanced methods) tools have to be 

clinically validated and implemented in clinical practice (Slobounov et al., 2014). Without the 

inclusion of diagnostic tools designed to directly evaluate the underlying complex 

pathophysiology affecting the brain, our true understanding of recovery from concussion will 

continue to remain incomplete at best.  Selective cooling or other stressors/tests may be better at 

challenging the neurophysiology/metabolic response and therefore, more sensitive to detecting 

and predicting the presence of injury long-term.   

Considering the fact that concussed subjects reported temporary release of physical post-

concussion symptoms, we suggest that compromised neurovascular coupling may be temporary 

restored to match CBF with surges in the metabolic demands of the brain. Our ongoing research 

attempts to identify specific brain regions that are most affected by cooling both in terms of 

alteration of CBF and functional connections (ASL data) and reduced connectivity (fMRI data). 

This study has limitations. First, we must acknowledge the limited sample size (and its 

bias towards certain sports) and the need for the replication of these results. Second, longevity of 

clinical symptoms resolution after cooling may be partially influenced by the MRI environment, 

mainly acoustic noise, although all subjects were given proper noise protection. Additionally, 

consistent symptom reporting should be implemented in future studies. Finally, we are aware of 

potential problems regarding overcoming the protective effect of warm blood perfusion. When 
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the warm blood reaches the brain via the uncooled carotid arterial supply it may block the 

external cooling wave from advancing to the core of the brain (Dennis, Eberhart, Dulikravich, & 

Radons, 2003). However, more recent studies have documented the feasibility of WElkins 

Cooling System, used in this study to successfully reduce brain temperature after 30 minutes of 

helmet application (Bagić et al., 2008; Wang et al., 2016). Additionally, CBF could be affected 

by various postural positions. Studies in healthy subjects have found greater CBF during 

standing than sitting or supine (Ouchi, Okada, Yoshikawa, Futatsubashi, & Nobezawa, 2001); 

however, these changes in postures do not appear to have a large functional consequence of CBF 

(Garrett, Pearson, & Subudhi, 2017).  

Our ongoing research aimed at: a) directly assessing brain temperature decreases while 

cooling using MRS thermometry; and b) further exploring the phenomenon of neurovascular 

coupling and decoupling in concussed subjects via cooling while scanning. If proven, selective 

brain cooling could be an important clinical tool in the minimization of symptoms and 

pathological changes.    

As observed in this study, the majority of concussed subjects reported temporary release 

of physical post-concussion symptoms, such as headache and dizziness.  One explanation is that 

the paradoxical increase in CBF was adequate to meet the metabolic demands of the brain and 

therefore alleviate clinical symptoms. Dosing and duration of selective cooling needs to be 

studied further. The combined results of MRI, EEG, and VR suggest that the concussed brain 

responds differently to cooling than the normal controls. This suggests that the selective cooling 

system could be a diagnosis tool to help clinicians recognize the presence of injury and the 

presence of neurovascular decoupling.     
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Conclusion  

Considering the existing evidence of “metabolic crisis” after concussive injury (e.g., 

reduced blood flow and increased demands for glucose etc., metabolism) (Giza & Hovda, 2001) 

and the observed increase of blood flow (ASL data) in concussed individuals after 30 minutes of 

brain cooling administration, we can conclude that brain cooling may potentially be implemented 

as a diagnostic tool in the acute phase of injury. After analysis, the combination of the three 

modalities suggest that selective brain cooling reveals differential responses between the 

concussed and control subjects. The overall decreases in VR scores, the increase of CBF, and the 

increases in delta frequency post-cooling in the concussed subjects could be indicators of 

concussive injury, re-emphasizing or exaggerating deficits that exist. Specifics, duration, 

frequency, time since injury (acute, sub-acute, chronic phases) as well as underlying 

mechanisms, surely should be explored in future studies. 
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