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Teaser: We show that passive non-invasive microwave radiometry (MWR) can be successfully used for early diagnostics 

of brain trauma caused by stroke, sport injuries, and cancer, and as a companion diagnostic for drug R&D. 

Brain temperature (BT) is a crucial physiological parameter used to monitor cerebral status. Physical activities and 

traumatic brain injuries (TBI) can affect BT; therefore, non-invasive BT monitoring is an important way to gain insight 

into TBI, stroke, and wellbeing. The effects of BT on physical performance have been studied at length. When humans 

are under extreme conditions, most of the energy consumed is used to maintain the BT. In addition, measuring the BT 

is useful for early brain diagnostics. Passive microwave radiometry (MWR) measures the intrinsic radiation of tissues 

in the 1–4 GHz range. It was shown that non-invasive passive MWR technology can successfully measure BT and 

identify even small TBIs. Here, we review the potential applications of MWR for assessing BT. 

Introduction: monitoring the internal brain temperature of the cerebral cortex. 

Internal BT is an important component of homeostasis in organisms. It reflects the metabolic activity of neurons, 

which determines the nature of metabolic processes and, consequently, affects the functions of the central nervous 

system. Recently, techniques for non-invasive measurements of BT with magnetic resonance spectroscopy (MRI) 

have been developed. Experimental studies have shown a close correlation between BT measured by MRI and BT 

measured using implanted probes. MRI has been used to measure BT in healthy adult human volunteers, during 

head cooling, in children, in patients with brain tumors, and in patients with ischemic stroke.1 Following brain 

injury2 and ischemic3 and haemorrhagic strokes,4 neurogenic fever often develops significantly, worsening the 

prognosis and outcomes of the disease; therefore, continuous BT monitoring would be beneficial if part of the 

intensive care practice.5 

Generally, BT is estimated using the core body temperature (CBT). However, the choice of the area for CBT 

measurements is arbitrary (axial, rectal, oesophageal, and tympanic); therefore, CBT data essentially reflect the 

temperature in the measured areas and do not provide a good estimation of the true BT. The importance of 

measuring the true BT has been highlighted by several experimental and clinical studies showing that, when the 

brain is damaged, BT is almost always higher than the CBT. For example, previous studies found that BT was 

higher than all measures of CBT with mean differences of 0.39–2.5 °C reported [6].6 For example, when rectal CBT 

in patients with TBI reached 38°C, BT was consistently above 39°C.7 In areas of brain damage, foci with extremely 

high heat production are formed, and BT can reach 41°C.8  

An increase in BT accompanies neural activation given that neuron metabolism is primarily aimed at ensuring 

the restoration of the membrane potential after cell depolarization. Neuronal inhibition in most cells is an active 

process and is associated with heat production. Brain epithelial cells in the choroid plexus have high metabolic 

activity and intense heat production.9 Functional activity also causes a focal increase in BT.10 Overheating and 

physical activity can lead to cerebral hyperthermia, given that heat easily accumulates in the brain and is poorly 
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eliminated. This process is most likely associated with mechanisms to maintain the heat balance, which differs 

significantly from those in other parts of the body. TBI dramatically damages blood vessels, and heat outflow 

becomes significantly compromised as the temperature increases. In addition, an increase in BT after a TBI could 

also be associated with protein degradation (albumin).11 

Homeostasis of the human brain 

The adult human brain weighs ~1.5 kg, comprising 2–3% of the total body weight.12 However, the highest level of 

neuronal metabolism ensures the production of 20% of the total body heat at rest. Given that heat is produced in 

the very limited space of the skull, and the spherical shape of the brain, which maximizes the volume:surface area 

ratio, increased heat production is minimally dissipated. Cerebral metabolic activity requires a minimum of 20% 

oxygen and 25% glucose. With the initial average intensity of metabolic processes in the body under comfortable 

resting conditions of ~1500 kcal, the brain consumes ~300 kcal to provide basic activity.13 

Approximately 60% of the energy generated during glucose utilization is released as primary heat, and 40% is 

spent on ATP synthesis, whereas secondary heat is released from the energy supply of transmembrane neuronal 

events.14 BT is determined by neuronal metabolic activity (heat production) and the consistent removal of excess 

heat (heat transfer). 

The primary pathway for heat removal in mammals is provided by a powerful arterial blood flow,15 with the 

presence of a counterflow heat exchange provided by venous blood. Cooled venous blood flowing from the surface of 

the scalp, face, mucous membranes of the upper respiratory tract, and nasopharynx collects in the jugular venous 

vessels, which are in close contact with the internal carotid artery. Colder venous blood cools the arterial blood flow 

to the brain, decreasing BT to 0.2°C lower than in the aorta.  

To record the arterial blood temperature, a thermocouple can be inserted via an arterial catheter and advanced 

to the aorta, whereas the internal jugular venous blood temperature can be obtained from a temperature sensor in 

the jugular vein. The intra-nasal temperature can be measured by inserting a thin thermocouple into the nostrils.16 

Cerebral blood flow is at least 15% of the total blood circulation in the human body, providing average perfusion of 

~50 ml/min of brain tissue. Under normal and resting conditions, this is sufficient to balance heat supply and 

removal. However, with an increase in CBT, the flow of warm blood worsens the conditions for removing excess 

heat from the brain and, thus, heat begins to accumulate. Decreased perfusion in brain areas during cerebral 

edema and increased intracranial pressure also impair heat dissipation, which emphasizes the vulnerability of this 

mechanism to maintain the heat balance of the brain. 

A convection mechanism for removing excess heat is also formed by cooling the cerebral cortex with venous blood 

flowing from the scalp.17 Venous blood cooled in the external environment reaches the venous sinuses of the dura 

mater as the emissary veins from the scalp penetrate through the perforating openings (perforating veins) of the 

temporal and parietal bones. The blood then enters the sinuses and transfers directly to the brain surface through 

the cerebral veins. This short transit path of cold venous blood to the cerebral cortex is highly effective; however, its 

contribution to the maintenance of cerebral thermal homeostasis is not well understood. Simultaneously, the colder 

the scalp and venous blood flow from the scalp is, the more effective it is at eliminating heat. 

The brain is the only human organ with a blood supply from the surface. Central blood flow through the internal 

carotid arteries, distributed from the circle of Willis to the cerebral arteries, primarily provides cooling of the brain 

surface, in addition to the venous blood of the perforating veins. Thus, the cerebral cortex is 0.5°C cooler than the 

central brain structures.18 Therefore, the mechanisms for maintaining the thermal balance of the brain are 

primarily aimed at cooling the neurons of the cerebral hemispheres. 

The role of the upper respiratory tract is not limited to its role in cooling blood in the internal carotid arteries. It 

has been shown that the temperature of the frontal lobes of the brain decreases with the cooling of the mucous 

membranes in the nasopharynx. The thickness of the bones in this area does not interfere with heat transfer 

between the nasopharynx and anterior cranial fossa.19 Violations of this pathway of heat removal, for example, 

during intubation, leads to an increase in BT, which in turn makes it possible to consider hyperventilation and 

even the act of yawning as compensation for an increase in cerebral temperature.20 

Direct heat transfer from the brain surface through the skull bones and soft tissues of the head is not 

significantly involved in the removal of excess heat from the brain because of the low thermal conductivity of the 

tissues. Nevertheless, this path should be considered in the context of techniques for artificially lowering BT, for 

example, with craniocerebral cooling.21 

The brain is identified as the heat center of the body. BT homeostasis is mainly determined by the level of 

metabolic heat production, the temperature of the inflowing blood, and the consistency of cerebral blood flow. The 

high heat productivity, regulation features, and vulnerability of the mechanisms for removing excess heat 

demonstrate the uniqueness of the heat balance of the brain, which is of particular importance in overheating and 

cerebral trauma. 

Pathogenetic role of cerebral hyperthermia 

High temperatures damage neurons. An increase in temperature as a result of physical exertion or pyretic fever 

leads to severe cerebral circulation disorders, the development of cerebral edema, increased intracranial pressure, 

impaired intraneuronal relations, decreased consciousness, and cognitive impairment.22 

Much attention has been paid to general and cerebral hyperthermia in sports medicine. Significant physical 

activity is inevitably accompanied by general working hyperthermia above 38°C and increased alveolar ventilation, 



leading to severe hypocapnia.23,24 Collectively, these phenomena lead to a significant decrease in cerebral perfusion 

and, consequently, to a deterioration in the conditions for convection heat removal. Warming up of the brain 

against the background of reduced perfusion underlies the central mechanisms of fatigue, impaired speed, strength, 

and coordination functions. 

In a clinical study, the temperature measurement of the esophagus, auditory canal, arterial blood in the aorta, 

and venous blood in the bulb of the jugular vein of athletes showed that physical exertion caused an increase in 

temperature of the esophagus to 38.8°C, the temperature of blood in the aorta to 39°C, and in the jugular vein to 

39.5°C, whereas the tympanic temperature did not exceed 38.5°C.15 An increase in the temperature of the 

outflowing blood emphasizes the accumulation of heat in the brain during working hyperthermia, with the classical 

method of removing excess heat with blood flowing through the internal carotid arteries becoming ineffective.25,26 

However, it is possible to prevent the development of cerebral hyperthermia after physical exertion using local 

cooling of the scalp and mucous membranes in the nasopharynx.27,28 

The increase in CBT and BT during physical exertion is an important factor in aggravation of the consequences 

of sports TBI. Thus, in sporting professionals, such as boxers, signs of brain damage were revealed in 43.2% of test 

subjects, whereas, in athletes with no history of TBI, signs of brain damage were detected in only 9.9%.29 The 

specificity of sports TBIs, compared with recreational injuries, lies in the causes of their occurrence (hyperthermia 

and decreased cerebral perfusion because of a decreased amount of red blood cells) and the frequency of repetitions, 

contributing to the accumulation of negative effects. 

Cerebral perfusion during significant physical exertion is reduced because of: (i) redistribution of blood flow in 

favour of working muscles; (ii) peripheral redistribution of blood to the skin to enhance heat transfer and sweating; 

and (iii) hyperventilation leading to increased excretion of CO2, causing hypocapnia. This results from control 

signals for autoregulation of cerebral blood flow—with hypocapnia, blood flow in the brain decreases by 50%.22 

It was also found that, after mild sports TBIs, obtained in sparring boxers, focal cerebral hyperthermia 

developed with foci of hyperthermia up to 39–41°C; the degree of temperature increase correlated with the number 

of missed blows to the head, reflecting the severity of the injury.30 

The development of cerebral hyperthermia regardless of the causes (overheating, physical hyperthermia, fever, 

and brain damage) forms a cascade of reactions characteristic of neuronal damage during 

ischemia/hypoxia/reperfusion and neurotrauma. This was demonstrated by the release of glutamate, increasing the 

accumulation of proinflammatory cytokines in healthy and ischemic rats.1 

It is well-known that expansion of the volume of secondary neuronal damage in cerebral lesions results from 

glutamate excitotoxicity, activation of free radical oxidation, and inflammation. The release of excitatory amino 

acid mediators, which act through N-methyl-D-aspartate receptors, leads to the excitation of neurons, development 

of an energy deficit, and an overload of Ca2+.32  

Under conditions of hypoperfusion, the production of reactive oxygen species, which damage the membranes of 

neurons, increases. The focal release of proinflammatory cytokines not only ensures the local development of the 

inflammatory reaction, but also creates conditions for the formation of neurogenic fever because brain cytokines 

provide a shift in the ‘set point’ of neurons in the thermoregulatory center of the hypothalamus. Neurogenic fever, 

in turn, contributes to an increase in cerebral hyperthermia, forming a vicious circle of the pathogenesis of 

neuronal damage. 

The importance of cerebral hyperthermia in the pathogenesis of brain damage has been emphasized by the 

results of large clinical studies. Fevers in patients with ischemic strokes above 38°C lead to a 2.2-fold increase in 

mortality, contributing to an increase in the volume of secondary brain damage and the severity of neurological 

deficits after ischemia.33 On analyzing the effect of fever on the severity of the stroke and TBI in 4295 patients, it 

was observed that, in the groups of patients with a CBT increase 38.5–39°C, the mortality rate was 16.3%; at a 

CBT above 39°C, it was 28.7%; and at CBT below 38.4°C, it was only 7.8%.34 

In another large study that analyzed the outcomes of ischemic and haemorrhagic strokes in 2931 patients, it was 

found that a rise in body temperature above 37°C on the first day had little effect on the outcomes of the disease, 

whereas fever on the second or third day was a predictor of a poor prognosis by 90 days of illness. It is interesting 

that, in febrile patients, the effectiveness of thrombolytic therapy and pharmacological neuroprotection decreased.35 

BT in neurotrauma and strokes is higher than that in CBT, and a minimum of 32% of patients with 

normothermia were found to develop latent cerebral hypothermia.36 This means that the role of hyperthermia in 

the pathogenesis of the course of the disease in a particular patient might not be fully assessed and remains outside 

the therapeutic strategy. In the area of ischemic damage, inflammation develops and foci with extremely high heat 

production (up to 41°C and above) are formed, almost always exceeding the basal temperature. In the first hours 

after focal ischemia, BT heterogeneity increases with the formation of zones of high and low temperatures. 

Thus, BT in patients with cerebral pathology is not accurately reflected by the CBT measured in different parts 

of the human body.37 The use of brain-implanted temperature sensors remains limited and is only available in 

neurosurgical clinics. Additionally, the temperature of the brain at different locations changes significantly; thus, it 

is only possible to evaluate these changes in temperature through the use of an implanted sensor.38 

In recent years, non-invasive brain thermometry using proton MRI spectroscopy has been actively developed.38 

The results of experimental39 and clinical 40 studies have shown a close correlation between experimental data 

obtained and the data recorded by thermal sensors implanted in patients with neurotrauma. However, MRI 



spectroscopy is a complicated and expensive technique and dynamic temperature monitoring has previously been 

unattainable.  

Using MWR for non-invasive BT measurements 

Infrared (IR) thermography allows visualization of skin temperature. Unfortunately, bones of the skull have low 

thermal conductivity and, thus, IR thermography is not effective for imaging BT. Therefore, microwave radiometry 

is used to visualize the temperature of the cerebral cortex. This is based on measuring the intrinsic radiation of 

tissues in the microwave range.41–45 The method is safe and harmless to the patient because the device does not 

send any signals to the brain tissue but only receives its own radiation. The radiation power of tissues in the 

microwave range is proportional to the average temperature of tissues in the volume under the antenna.46 

In the microwave range, the skull tissues are relatively transparent, which opens the possibility to non-

invasively detect thermal anomalies of the cerebral cortex. Currently, research is focusing on measuring the 

radiation from the brain itself in the microwave range47–53 at different frequency ranges. 

To detect thermal anomalies of the cerebral cortex, an Ica-certified microwave radiometer RTM-01-RES was 

used. The device operates in the range 3400–4200 MHz at 10–13 W. It is a unique commercial CE-marked device for 

clinical studies. Previously, it has found use in mammalogy studies,54,55 for the detection of inflamed atherosclerotic 

plaques,56 in neurology for diagnosing back pain,57 for measuring microwave radiation of proteins and enzymes,58,59 

in experimental oncology,60 urology,61 phlebology,62 to detect pneumonia in patients with coronavirus 2019 (Covid-

19),63 in rheumatology,64–66 and other diseases. 

In the specified frequency range, the measurement depth of the device is ~20–30 mm. The contribution of brain 

tissue is 60–65%, with 35–40% is made by the bones of the skull and skin.67 Measurements are taken at 18 points 

on the head, nine points on the left side, nine on the right (Figure 1). 

Unlike IR thermography, measurements of the intrinsic electromagnetic radiation of human tissues in the 

microwave range (MWR) make it possible to detect temperature anomalies at depths of several centimeters.46,47 

The level of intrinsic radiation of tissues in the microwave range is only 10–13 W, which makes the processing of 

such a weak signal difficult. Nevertheless, the use of MWR made it possible to show that, in patients with TBI, 

areas of thermal anomalies formed over the entire surface of the brain, and temperature heterogeneity increased, 

manifesting in the appearance of ‘hot’ and relatively ‘cold’ areas.48 

With the advent of novel antennas and new equipment, this technique has become more accessible for clinical 

use. This method was validated in experiments on animals that were implanted with induction thermal sensors, 

and the recorded parameters were compared. Additionally, in neurosurgical patients with implanted thermal 

sensors, the recorded temperatures were compared with MWR data. A satisfactory agreement of the data (±0.23°C) 

was obtained, which made it possible to conduct a large study of the features of temperature heterogeneity of the 

brain in healthy individuals, athletes with mild TBI, and patients with ischemic stroke.49 

Clinically, it is important to have measurements as close to the traumatic event as possible, which is feasible 

with the use of portable MWR devices. Intensive care unit (ICU) personnel measured BT in patients with stroke 

only upon admission to ICU, that is, no earlier than 3–5 h after the stroke. Measured over several days, all patients 

had different dynamics. On the first day, BT was >38oC before the temperature returned to normal; however, the 

base temperature was different for each patient.49 

BT heterogeneity 

Based on BT measurements in 18 regions in both hemispheres in healthy individuals, the average BT of the left 

(36.74±0.37°C) and right hemispheres (36.64±0.32°C) showed little difference, and the maximum BT difference 

between the areas of the brain did not exceed 1.4 °C (Figure 2). Figure 3a shows the BT field of a healthy man, 

whereas Figure 3b shows the BT field of a patient with ischemic stroke. Measurements were taken by attaching the 

sensor to the skin/hairs on the head (Figure 1). The same tendency was observed in patients with ischemic stroke 

with different localization of the focus (right hemisphere 38.0 ± 0.45°C, left hemisphere 37.94 ± 0.28°C). 

Simultaneously, with light sports TBI, the difference in BT between ‘hot/cold’ areas increased by 2.0–2.5°C, which 

was associated with the severity of the injury.29 

In patients with ischemic stroke, BT was higher than in healthy individuals and higher than the CBT. On the 

first or second day in patients with stroke, areas of thermal anomalies were identified, the localization of which in 

85% of cases coincided with projections of the area of brain damage according to objective neuroimaging data. The 

difference between ‘hot’ and ‘cold’ areas reached 2.0–4.5°C, demonstrating the pronounced temperature 

heterogeneity of the brain. Simultaneously, all patients with a difference of more than 3°C died within 7–10 days.50 

Clinically, it is more important to have measurements close to the occurrence traumatic events, which could be 

possible with the use of portable MWR devices currently under development. 

When sustaining light sports cephalic-cerebral injuries, BT increases with the formation of areas of temperature 

anomalies of 38–40°C; the thermal heterogeneity of the brain increases in response to the severity of the sports 

head injury received (e.g., the number of blows to the head). An increase in ∆t hot/cold areas of the brain >2.5°C is 

evidence of the development of TBI, even in the absence of neurological manifestations and complaints (antigravity) 

(Figure 4a–d). Craniocerebral cooling for 60–120 min causes the cessation of focal and general cerebral 

hyperthermia without changes in basal temperature. 

BT monitoring using MWR makes it possible to assess the disturbances in the thermal balance of the brain over 

its entire surface. Given that the depth of location is limited to 4–6 cm from the skin surface, the data only reflect 



the temperature of the surface of the cerebral cortex. However, the data obtained are of interest for predicting the 

outcomes of brain lesions. Thus, MWR has established itself as an easy-to-use, informative diagnostic technique 

that allows consideration of the importance of cerebral hyperthermia as therapy for cerebral lesions. 

Concluding remarks 

Numerous experimental and clinical studies have convincingly proven that a decrease in the temperature of 

neurons simultaneously limits the development of approximately all known typical mechanisms of secondary brain 

damage after ischemia/hypoxia-reperfusion and neurotrauma (glutamate excitotoxicity, activation of free radical 

oxidation, inflammatory response, apoptosis, edema, energy deficits, and oxygen and substrate consumption).45–47 

MWR could help with the choice of appropriate therapy and monitor the results of interventions. 

MWR of the brain enables the non-invasive detection of foci of thermal anomalies of the brain and is a promising 

diagnostic technique. It would allow assessment of the severity of the course of cerebral catastrophes, and assist in 

developing therapeutic strategies and predicting disease outcomes. MWR is passive and does not harm patients. 

Direct measurements are invasive and require fixing the subjects using anesthetic and surgical interventions, such 

as inserting tubes into the aorta, veins and the brain. MWR is cheaper to perform than MRI and could be used 

regularly for dynamic BT monitoring. In the future, wearable MWR devices68 would enable MWR to be widely used 

not only in clinics, but at GP surgeries, in homes, during field operations, and sports. 

To further advance MWR research, we propose dynamic observations of patients with various types of stroke or 

TBI. MWR could also be used in research and development to evaluate drug efficacy in cytoprotection, neurogenic 

inflammation, reduction of excitotoxicity, and brain tumours. 

The other important area of such research is the dynamic BT mapping of a healthy brain depending on the time 

of day (circadian rhythm), age, gender, size of the brain and body mass index. It is also necessary to 

morphologically link MWR data to specific formations of the brain tissue, and depth of measurement. This will 

allow the unification and comparison of data from different laboratories. However, the use of MWR is not limited to 

brain pathology. It is also possible to study the functional asymmetry of the brain, its correlation with EEG data, 

and the effect of glucose load as the main source of energy. 

The regulation of BT could also influence performance and decision-making. Thus, it is important to monitor BT 

during professional activities associated with wearing helmets, such as sports professionals, emergency services, 

military, and firefighters. Given that MWR data are cheap to collect, it could be possible to train brain deep neural 

networks to improve the sensitivity and specificity of MWR brain diagnostics, as seen in breast cancer studies.54,55 
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Figure 1. Measurement points used for microwave radiometry (MWR) of the brain. 

Figure 2. Measurement of brain temperature (BT) using microwave radiometry (MWR). 

Figure 3. Microwave radiometry (MWR) temperature fields in (a) a healthy brain and (b) in a stroke-afflicted brain. 

Figure 4. Microwave radiometry (MWR) brain temperature field of a healthy boxer (a) before a fight; (b) before a fight after a 20-min warm-up; (c) after sparring (seven 

punches to the head were missed); and (d) an hour after sparring. 

 

 




















