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Abstract 

Hyperventilation (HV) therapy uses vasoconstriction to reduce intracranial 

pressure (ICP) by reducing cerebral blood volume. However, as HV also 

lowers cerebral blood flow (CBF), it may provoke misery perfusion (MP) 

where the decrease in CBF is coupled with increased oxygen extraction 

fraction (OEF). MP may rapidly lead to the exhaustion of brain energy 

metabolites, making it vulnerable to ischemia.  MP is difficult to detect at 

the bedside, which is where transcranial hybrid, near-infrared 

spectroscopies are promising since they noninvasively measure OEF and 

CBF. We have tested this technology during HV (∼30 minutes) with bilateral, 

frontal lobe monitoring to assess MP in twenty-seven sessions in eighteen 

patients with traumatic brain injury. In this study, HV did not lead to MP at a 

group level (p>0.05). However, a statistical approach yielded eighty-nine 

events with a high probability of MP in nineteen sessions. We have 

characterized each statistically significant event in detail and their possible 

relation with clinical and radiological status (decompressive craniectomy and 

presence of a cerebral lesion), without detecting any statistically significant 

difference (p>0.05). However, MP detection stresses the need for 

personalized, real-time assessment in future clinical trials with HV, in order to 

provide an optimal evaluation of the risk-benefit balance of HV. Our study 

provides pilot data demonstrating that bedside transcranial hybrid near-

infrared spectroscopies could be utilized to assess potential MP.  

Keywords: Noninvasive, traumatic brain injury, intracranial pressure, 

intracranial hypertension, hyperventilation treatment, diffuse correlation 

spectroscopy, time-resolved spectroscopy, misery perfusion 
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Introduction 

In severe traumatic brain injury (TBI), intracranial hypertension defined as intracranial 

pressure (ICP) above 20-22 mmHg predicts neurological deterioration and unfavorable 

outcome [1–5]. High ICP is a frequent finding in severe TBI [4] and predisposes patients 

to secondary injuries, especially brain ischemia. Ischemic damage presence in TBI was 

corroborated in the 1970-80s in post-mortem studies [6, 7]. The management of ICP to 

keep it below a threshold of 20-22 mmHg is a cornerstone goal in managing patients 

with TBI [8] and is based on the recommendations of the several versions of the 

Guidelines for the Management of Severe Traumatic Brain Injury endorsed by the Brain 

Trauma Foundation (BTF), as well as for the Seattle international consensus conference 

(SIBICC) [5, 9, 10]. 

For decades, induced hyperventilation (HV) has been a tool to reduce increased ICP 

[4, 11–13] by provoking a reduction in the partial pressure of arterial carbon dioxide 

(PaCO2) [14] which triggers vasoconstriction and a consequent decrease in cerebral blood 

flow (CBF), cerebral blood volume (CBV) and ICP. Despite the widespread use of HV in 

the different tiers of ICP management, some studies highlighted that indiscriminate use 

of HV is questionable and may induce global or regional brain ischemia [15, 16], 

especially important around focal lesions [17]. 

The heterogeneity in benefits may be due to the reduced CBF in TBI, with undesired 

consequences which can be understood if we adapt the Siggaard-Andersen classification 

to the brain [18, 19]. This suggests that when the reduced CBF is uncoupled from the 

cerebral metabolic rate of oxygen extraction (CMRO2), a simultaneous increase in the 

oxygen extraction fraction (OEF) occurs, which can lead to ischemic brain hypoxia [18]. 

The same concept was introduced by Baron et al. [20], who coined the term “misery 

perfusion” (MP) to describe a hemodynamic profile in which the regional CBF was reduced 

and the OEF increased [20]. MP is a condition characterized by insufficient blood 

perfusion to parts of the brain that is unable to deliver the oxygen required to match the 

oxygen demand [20–23]. For example, in ischemic stroke, MP is considered a predictor of 

subsequent stroke and its early identification is crucial for its reversal [22]. 
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Going back to the clinical dilemma about the safety of HV, prolonged risk of MP that 

appears on some individuals may play a strong role in negative outcomes. We 

hypothesize that the real-time, bedside monitoring of MP risk would be beneficial to 

develop a personalized HV treatment protocol. As of today, the clinical neuromonitoring 

tools available at the bedside in the intensive care units (ICU) measure only surrogates 

of these parameters and often do so invasively (e.g. brain tissue oxygen (PbtO2) 

monitoring or cerebral microdialysis) or in a discontinuous way (computed tomography, 

magnetic resonance imaging) [24, 25]. 

Noninvasive modalities are being tested for neurocritical care monitoring of these 

populations mainly in research settings. In particular, those based on near-infrared light 

using diffuse optics (DO) promise a great deal [26, 27]. 

Continuous wave near-infrared spectroscopy (CW-NIRS) is the only clinically accepted 

modality and has been widely tested on the TBI population [27, 28], but utility is viewed 

with skepticism due to the physical limitations that affect its accuracy, precision and its 

ability to separate extra-cranial signals from intra-cranial ones [27]. The other extreme 

is time-resolved near-infrared spectroscopy (TRS) [29–31] which contains the highest 

amount of information per source-detector pair and allows for improved accuracy and 

precision, albeit with the added complexity of the instrumentation. Both CW-NIRS and 

TRS are able to measure microvascular blood oxygen saturation and volume. 

Another emerging tool is diffuse correlation spectroscopy (DCS), capable of 

measuring microvascular CBF by using near-infrared light [32–35]. Combining DCS with 

TRS on the same probe/platform allows for simultaneous estimation of OEF and CMRO2 

which we hypothesize will enable us to evaluate the risk of MP. These methods were 

validated against PET [36, 37] and other techniques. However, CW-NIRS alone was found 

to be a poor surrogate of CBF, motivating the use of hybrid diffuse optical methods like 

ours [36]. The aim of this study was to provide a proof-of-principle of noninvasive, 

comprehensive assessment of MP using hybrid diffuse optics combining TRS and DCS 

to evaluate their capability for detecting MP due to HV. We sought to characterize MP at 

a group level and at an individual level TBI patients. 
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Materials and methods 

Clinical population 

This is a prospective single-center observational study conducted between June 2016 

and October 2020 in patients with TBI admitted to the Neurotraumatology ICU at the 

Vall d’Hebron University Hospital. The study protocol was reviewed and approved by the 

clinical research ethics committee of the hospital (ACU-AT-203/2012-3531) and 

conducted in accordance with the Declaration of Helsinki [38]. 

Patients who fulfilled the following inclusion criteria were enrolled: 1. patients older 

than 16 years old with a TBI and a Glasgow coma scale (GCS) score from 3 to 15 at 

admission who required ICP monitoring and mechanical ventilation from the onset or 

after clinical deterioration; 2. normocapnia at the time of enrollment defined as an 

arterial partial pressure of carbon dioxide (PaCO2) between 35-40 mmHg; 3. stable 

hemodynamic condition at the time of measurement allowing for a short hypocapnic 

challenge (i.e. absence of lung impairment); 4. preferably but not mandatory, the 

presence of PbtO2 monitoring; 5. informed consent signed by a legal representative. 

The study excluded patients with any contraindications for invasive neuromonitoring 

(concurrent use of anticoagulant drugs, scalp infection, bleeding disorders), clinical signs 

of brain death, and those whose legal representative did not grant informed consent. 

All patients were treated according to 2016 updated version of the BTF clinical 

guidelines, with the objective of maintaining ICP below 20 mmHg, using stepwise 

therapy [10]. Patients with refractory intracranial hypertension in the absence of space 

occupying lesions of a significant volume (> 25 cc) were treated with decompressive 

craniectomy. 

Clinical neuromonitoring 

Standard bedside monitors were used to collect physiological parameters and 

synchronized with the optically-derived ones. ICP was recorded by an intraparenchymal 

catheter (Camino®, Integra NeuroCare, LifeSciences, USA or Neurovent®-PTO 

Raumedic® AG multiparameter sensors, DE). PbtO2 was monitored using an 
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intraparenchymal sensor either by Licox® (Integra NeuroCare, USA) or Neurovent®-PTO 

(Raumedic®, DE). Information about the sensors placement is reported in the 

supplementary text 1 (supplementary material). 

Mean arterial blood pressure (MABP), oxygen saturation and heart rate were 

measured by standard probes and recorded by standard monitors (either Solar 8000M/i, 

GE Healthcare, ES or IntelliVue MX800 or MX750, Koninklĳke Philips N.V., NL) monitor. 

PowerLab hardware (ADInstruments Ltd, UK) and LabChart software (version 6 and 8.1, 

ADInstruments, NZ) were used to integrate all signals (sampling frequency= 400 Hz), 

including the synchronization signal from the optical device. 

 

Optical monitors 

A custom-built instrument combining TRS and DCS in a similar manner to our previously 

described systems [39, 40] was utilized. In brief, the TRS module injected light at two 

wavelengths (690 nm and 830 nm) into the tissue that was detected at a distance of 30 

mm on the tissue surface.  The DCS module worked at 785 nm and the light was 

detected at a distance of 25 mm. The two methods acquired data simultaneously at 10 

Hz and 40 Hz respectively. Hand-made soft black skin-compatible probes (Eva Rubber, 

ethylene-vinyl acetate copolymer, 45 Kg/m3 of density, Materials World, ES) were used to 

house the source and detection fibers. All modules were controlled and synchronized by 

the control module and a 10 Hz periodic signal provided the joint time-base for the two 

optical modules that was recorded externally for synchronization with the other clinical 

monitors. 

Measurement protocol and hyperventilation therapy 

The HV protocol consisted of three periods (Figure 1 B ) with 15 minutes of baseline 

recording, 30 minutes of HV challenge and 30 minutes of monitoring after restoring the 

initial baseline respiratory settings. It must be noted that in most cases the duration was 

adjusted according to clinical care needs and personnel availability. Hypocapnia was 

induced by changing the ventilator settings (increasing the respiratory rate and/or the 
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tidal volume) that were modified by the neurointensivist in charge of the patient. 

Details about the optical probes placement are provided in the supplementary text 1 

(supplementary material). One photo prior to putting bandages is shown in Figure 1 A. 

At baseline, arterial blood samples were taken and analyzed by a co-oximeter (GEM 

Premier 4000, Werfen, ES) to obtain the initial levels of arterial carbon dioxide (PaCO2) 

levels.  The effectiveness and safety of HV were confirmed by a decrease in PaCO2  of  at 

least 5-6 mmHg in arterial blood samples extracted 10 minutes after the HV challenge 

was initiated. In case PaCO2 did not confirm a sufficient reduction in PaCO2, additional 

adjustments to the ventilator settings were conducted. Furthermore, PaCO2 was not 

allowed to decrease below a 30 mmHg threshold for patient safety considerations. 

In each test, the position of the optical probes was recorded by noting the distance 

between the tip of the TRS detector fiber position and the nasion and the angle between 

this distance line and the line of the eyes, with zero degrees being on the left side of the 

face (refer to Figure 1 C). 

The study protocol allowed for repeated measurements up to three times during the 

hospitalization. It must be noted that the purpose of this protocol was to evaluate the 

hemodynamic changes induced by HV and did not have any therapeutic purpose. The 

neurological outcome of all enrolled patients was evaluated six months after injury by a 

neuropsychologist by using the Glasgow outcome scale extended (GOSE) [41]. 

[Figure 1 about here.] 

Signal processing of the optical data 

All methods are detailed in the supplementary text 2 (supplementary material) and are 

summarized here. 

Optical data were analyzed using standard fitting methods for both TRS and DCS [30, 

35, 42]. In this work, we have applied strict data rejection criteria according to the signal-

to-noise ratio of the measurement (see the supplementary text 3 in the supplementary 

material). This resulted in time-traces of oxy- and deoxy-hemoglobin concentrations, 

blood/tissue oxygen saturation, total hemoglobin concentration and CBF. These were 

synchronized with the clinical data utilizing common time-base signals. 
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Further parameters based on both optical and clinical data (i.e. OEF, CMRO2) were 

derived as well [35, 42]. Then, all data underwent a down sampling to 10 s and further 

artifact removal. These artifacts were mainly due to clinical procedures which were 

identified by marks placed electronically in the data during the measurements and, 

additionally, by the visual inspection of data identifying features such as movement 

artifacts. Finally, relative values of CBF (rCBF), OEF (rOEF) and CMRO2 (rCMRO2) were 

calculated as referred to the baseline prior to the beginning of the HV challenge [35]. 

Statistical methods 

Throughout the analysis, the optical data (i.e. a time-trace) from the two cerebral 

hemispheres were analyzed independently and compared to the data (again a time-

trace) representing the systemic (or organ-level) physiology. For example, the changes 

in CBF were evaluated by the optical measures and hence had two time-traces per 

patient per measurement session while the ICP time-trace (global brain value) had only 

one time-trace per patient per measurement session. 

Two approaches were utilized. The first approach checked whether the indicators 

for MP were statistically significant over the whole of HV which is a common approach. 

The second approach evaluated brief periods of time which takes advantage of the 

continuous nature of this technology. 

For the first approach, the time-traces were divided into baseline period, 

hyperventilation challenge, recovery, artifacts and transition. Once the artifacts and the 

transition period (starting at the HV initiation and lasting until HV induction was 

confirmed by blood gas) were removed, we tested whether the difference between the 

HV period and the baseline was different from zero by an unpaired Wilcoxon signed-

rank test. A type I error of 0.05 was chosen to set significance. 

For the second approach, each measurement was evaluated point-by-point for all 

points in the time series. For details see the supplementary text 4 (supplementary 

material). In brief, the risk of MP for each point of the time series during HV was 

evaluated using joint probability indicating a significant CBF reduction concurrent to a 

significant OEF increase. The resultant time-trace of joint probability was then smoothed 

in time and a joint-probability threshold of 0.5 was considered to identify time-points 
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with a significant risk of MP. We note that this threshold is arbitrary and should, in the 

future, be tuned according to the clinical goals. 

Some data was discarded from the MP analysis since either CBF or OEF time-trace was 

missing, i.e. only those where both were included were used. Initially, a full acquisition 

was labeled as having the risk of MP if at least one point of the measurement had a 

probability value higher than 0.5. Then, MP events were recognized separately when 

there was at least one point above 0.5 (10 s resolution) and their duration lasted until 

consecutive following points were still above 0.5. All MP events were identified and their 

duration was quantified. Additionally, a “MP score index” (MPSC�) was calculated for 

each time-trace for each hemisphere as the ratio between the sum of all time periods 

during which events of MP were identified (all points above 0.5) and the total time of 

the HV, excluding transition periods, and was multiplied by 100 to be expressed as a 

percentage. Presumably, the higher this number, the higher the severity of MP is, but 

this statement should be quantified with further clinical studies in the future. 

MP presence and the clinical status 

The possible association of MP occurrence with the clinical condition of the patient was 

explored. In particular, it was hypothesized that (1) the presence of decompressive 

craniectomy and (2) the presence of a lesion, both in the measured cerebral 

hemisphere, were factors that can influence the presence of MP. 

Decompressive craniectomy was simply considered to be present or not in the 

measured cerebral hemisphere. 

The presence of a cerebral lesion was evaluated as being present in the considered 

brain hemisphere coinciding with the noninvasive acquisition side. 

In order to test the hypotheses, linear models were built and compared to their 

respective null models to check for significance. The results for all cerebral 

measurements in all sessions were considered together as one group, accounting for 

repeated measurements on the same subject. All of the hypotheses were tested for 

both measurements with one or more MP occurrences (those with at least one 

probability point higher than 0.5) and for MPSC� as a continuous variable. 
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Linear mixed effects (LME, function lmer) models with the subject identifier as the 

random effect were used as null models for MPSC�, while generalized linear mixed effect 

(GLME, function glmer, binomial family, logistic regression) models with the subject as a 

random effect were employed as null models for the MP occurrence variable. Models 

were considered significant when their p-value was lower than 0.05. 

All statistical analyses were done in RStudio (R v4.0.1, R Core Team, 2019, RStudio 

Inc. v1.2.5042, USA, http://www.rstudio.com). 

 

Results 

Eighteen subjects were recruited between June 2016 and October 2020 and twenty-nine 

HV sessions were conducted within ninety-six hours of injury. Table 1 shows a summary 

of the clinical and demographic information indicating the number (n) and percentage. 

The mean age of the group was 35.7±12 years (min: 16, max: 58 years). Thirteen were 

men and five women. Regarding the type of lesion at the moment of the study, nine 

patients presented a diffuse brain lesion, eight an evacuated lesion and one patient had 

a left focal lesion away from the frontal region (left temporo-occipital contusion). At six 

months of injury, the median GOSE category was 4 (min: 1, max: 8). One patient died 

(GOSE= 1). Table 1 shows details of the type of injury according to the Traumatic Data 

Bank (TCDB) classification [43] and of the functional results of the patients dichotomized 

into two groups, i.e. favorable versus unfavorable outcome. 

Two entire measurements had to be discarded, one due to poor signal quality and one 

due to the failure of the acquisition software, reducing the useful measurements to 

twenty-seven. Details about the processes for discarding data are in the supplementary 

text 3 (supplementary material). 

The ICP sensor was absent during one HV challenge (1/27). PbtO2 sensor was absent 

in six HV sessions (6/27), while it was inserted but not working in two measurement 

days (2/27). MABP measurements were available in 14/27 sessions corresponding to 

7/18 of the subjects. A separate analysis of the effect of MABP on the measurements 

was, therefore, not warranted. 
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ICP decreased significantly in twenty-four (24/26) HV sessions in which the sensor 

was present (p<0.05). PbtO2 increased significantly in six (6/19) (p<0.05) and decreased 

significantly in twelve (12/19) measurement days (p<0.05). 

For all twenty-seven measurements, bilateral optical data acquisition from the 

forehead was attempted with a potential total of fifty-four time-traces for each 

parameter. TRS data acquisition was successful in forty-six (46/54) and DCS in forty-five 

(45/54) attempts. The two methods were successful simultaneously in forty (40/54) 

cases. 

In Figure 2, two HV challenges for two different measurement sessions and subjects 

are shown. The 34-year-old man patient in ‘Example 1’ had a GCS score of 7 at admission 

and subdural parieto-occipital hematoma on the left-brain hemisphere, with a 

subarachnoid hemorrhage, and a cerebral hematoma on the right hemisphere with 

parietal fractures. In ‘Example 2’ the patient was a 23-year-old man, with an 

evacuated left parieto-occipital epidural hematoma. The ICP and PbtO2 probes both 

showed decreased values *, differing from hemodynamic data obtained through the 

noninvasive optical probe. 

The result of the statistical analysis of the time-traces of the optical data is shown  in 

Table 2, where the changes (Δ) in the optical variables are calculated as the percent 

difference from baseline. 

Briefly, these results indicate that CBF showed significant changes in forty-three 

(43/45) time-traces, where twenty of these (20/43) showed a significant decrease 

(p<0.05). Among these, thirteen (13/20) also had a significant increase in rOEF during HV 

(p<0.05). Finally, out of these thirteen, rCMRO2 was found to be either significantly 

raised or did not show a significant change in two cases (2/13), highlighted by bold font 

in Table 2. Taken all together, this indicates that, using this more traditional approach, MP 

was observed in fifteen measurement sessions in eleven subjects. 

------------------------------------------------------------------------------------------------------------------------------------------------------ 

* ICP values are known to be negative in cases that have undergone decompressive craniectomy 

or are measurement with a high angle of the patient backrest [44, 45]. 
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As described above, the second approach assessed the data point-by-point over 

time. Figure 3 shows three time-traces comparing OEF and CBF. The red-shaded periods 

were identified as at high risk of MP. 

Table 3 summarizes these results. Overall, at least one period of MP was identified in 

twenty-two valid time-traces (22/40), with a total of eighty-nine distinct events. Out of 

these twenty-two time-traces, five had continuous MP, meaning that the risk of MP had 

a probability greater than 0.5 for the entire HV duration, while the other seventeen 

showed one or more separate events.  The five measurements with continuous MP had 

an MPSC� score of 100%. 

Regarding the association of clinical status with MP, a further consideration had to 

be taken into account. For the measurements where MP was not detected even in one 

point, the MPSC� was scored as 0. This resulted in a zero-inflated group, that is a group in 

which the probability distribution of being 0 is higher than other observed values. 

Consequently, only the subset of measurements in which MPSC� was not 0 was 

extrapolated for the evaluation of the relation of MP with parameters. 

In detail, MP was not associated with the presence of decompressive craniectomy 

(p=0.99). As for the presence of brain lesions, all patients had small lesions in the left 

frontal lobe. Consequently, only the right cerebral hemisphere measurements were 

considered in the models’ evaluation. For the data from the measurements on the right 

hemisphere, the presence of a lesion in that hemisphere was not associated with MP 

(p=0.2). There was a lesion in the right hemisphere during nineteen measurements, 

while eight did not. There were ten measurements where MP was observed, five 

without MP while an assessment of MP was not possible for four. The remaining eight 

sessions, on a region without a lesion, only two measurements showed an MP. There 

was no association between the presence of a local lesion and MPSC� (p=0.4). 

Discussion 

In this paper, we have presented the characterization of different physiological variables 

undergoing changes provoked by HV and a method to identify potential cerebral injury 

risk. The latter was identified with the probability of satisfying the MP condition, 
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described in the literature as a decrease in CBF and increase in OEF in brain tissue, and 

was assessed here in different ways. We have introduced the transformation of DO-

derived signals into probability values to have MP as a new tool to monitor the 

repercussions of HV. 

Overall, the results indicated that at the group level, despite a decrease in ICP, the 

mean values of the noninvasive variables did not indicate MP risk. As expected, the 

response was quite heterogeneous, validating our motivation to seek a neuro-monitor 

for individualized assessments. This heterogeneity manifested both as a high inter-

subject variability as well as a high intra-subject variability. To evaluate the consequences 

of this, we have carried out an analysis for each time-trace and variable separately. When 

evaluated in this fashion, we could identify cases where the brain was at a risk of MP 

where thirteen time-traces showed a significant decrease of rCBF together with a 

significant increase in rOEF. However, this assessment considered data averaged during 

the HV period and did not consider whether there were any significant, transient periods 

of MP risk which did not translate into a mean MP risk over the whole period. 

In the final evaluation, by taking full advantage of the fact that DO measurements 

provided continuous data at the bedside, we have evaluated whether we could detect 

and distinguish different periods of MP risk. This led to twenty-two measurement 

sessions being classified as showing periods of MP. This analysis approach quantified how 

probable was an MP event to happen and could estimate for how long and when this 

started/stopped. Overall, these results verified our hypothesis of being able to detect 

CBF and OEF changes related to HV and we characterized each event. 

How do these results and methods fit into the previous literature? The ongoing 

controversies regarding the use of HV are in part due to the sometimes heterogeneous 

definitions of brain ischemia and whether it can be diagnosed in the early stages of 

severe TBI [10]. However, the BTF guidelines and the SIBICC consensus conference 

continue to recommend HV as a measure to decrease elevated ICP, but they do warn 

against its employment during the first twenty-four hours after TBI because of the 

significantly reduced CBF observed in many patients [10]. One of the seminal studies on 

ischemia and TBI by Graham et al. [6] raised awareness of the high frequency of 

neuropathologic ischemic damage in patients who died from TBI. In the 1980s, the same 
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authors corroborated that ischemic brain damage was still highly prevalent in these 

patients [7]. We suggest above that this method could personalize the treatment to 

avoid these complications. 

One question would be why NIRS or a CBF measurement method is not sufficient. To 

that end, we note that it is claimed that a reduction in CBF only is not sufficient to 

diagnose ischemia without associating tissue hypoxia with it [4, 14, 19]. For instance, it was 

found that HV-induced hypocapnia triggers tissue hypoxia [46]. When this is coupled by 

an increase the cerebral metabolic activity, as some studies found that hypocapnia may 

cause it through different mechanisms [14], leading to a higher cerebral metabolic rate of 

oxygen (CMRO2) [16], the physiological interpretation becomes very complex. 

Interestingly, one study has reported that CMRO2 did not change significantly during 

moderate hyperventilation of ∼40 minutes [47]. However, it appears clear that the 

increase in OEF is essential to define ischemia and to differentiate it from reduced CBF 

that is coupled with a decrease in CMRO2 and therefore does not represent ischemia. 

Some clinical studies that focused on PbtO2 monitoring during HV, instead, concluded 

with controversial results, showing very heterogeneous response with cases of PbtO2 

increase, decrease and no change [4, 10]. 

Despite all these tools and knowledge, MP risk is generally diagnosed by MRI [48, 49] 

or 15O2-PET [50], although there is no extensive literature to claim a widespread 

method. Some studies established threshold values under which MP represents an 

actual risk of irreversible damage [51, 52]. It was not possible to directly compare these 

values with the findings of this study due to the complexity of the comparison of 

absolute values from different modalities. The qualitative agreement was found when 

the measurement sessions were considered as a whole group showing no evidence of 

MP. This is presumably because of the above-mentioned heterogeneity that is often 

observed. 

Some studies about HV using the methods listed above underlined the following 

heterogeneous results during HV. A group of studies showed a decrease in CBF, a 

decrease in CBV, an increase in OEF and unchanged CMRO2 [14, 51, 53]. Others have 

shown reduced CBF, increased OEF, increased CMRO2 with a heterogeneous response, 
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and an increased presence of ischemic areas [14, 51].  Yet another result showed 

decreased SvjO2 and decreased PbtO2, which correlated with poor outcomes and 

mortality [14]. These findings were indirect attempts to rule out MP after HV with 

different methods. Moreover, with similar methods, the connection between CBF 

reduction, ischemia and outcome especially after HV was highlighted.   For example, 

some studies showed a correlation between the decrease in CBF and poor outcome [14] 

while others identified higher poor outcomes, higher mortality and higher presence of 

oligemic regions with HV treatment [14].  

The increase in CMRO2 that was observed in some cases could be explained by local 

or global neuro-impairment or damage, hence leading the brain, or the measured 

region, being in a stage characterized by high OEF (>50% threshold with respect to the 

initial condition) and low cerebrovascular resistance (<10% threshold with respect to 

the initial condition). This could occur when the vasodilation is maximal, or due the 

effects of a “stealing mechanism” that redirects blood flow from the compromised 

areas to uncompromised ones [54]. Another potential scenario is that HV causes a rapid 

reperfusion to regions suffering from ischemia which could cause the over-excitation of 

cellular metabolism or the excessive firing of the neurons [55]. In summary, these and 

other events may impair the metabolic reserve with areas with low CBF that can 

become ischemic even without energy failure during HV. Future studies with baseline 

CMRO2 estimates with newer optical methods and/or with another modality such as 

positron emission tomography could reveal further insights about the involved 

mechanisms. 

Over time, it became clear that tissue oxygenation plays an important role in this 

matter. Due to this, one interesting HV monitoring approach, that can be considered a 

rudimental precursor of the analysis reported in this paper, was developed on the basis 

of SvjO2 acquisition, i.e. the so-called “optimized hyperventilation” [4, 56–60]. This 

approach allowed for early detection of the deleterious effects of HV by the continuous or 

intermittent sampling of the jugular oxygen saturation and arterial oxygen saturation. 

The difference between these quantities was used to assess the OEF and HV therapy 

was administered step-wise with the objective to reduce ICP meanwhile maintaining OEF  
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within the 24-42% range [56, 57] while avoiding abnormal decreases (luxury perfusion) 

[59]. Following this approach, HV therapy was maximized to reduce raised ICP when 

OEF had an unchanged or decreasing tendency. On the contrary, if OEF was increasing 

with high ICP, other treatments were preferred such as mannitol administration [56]. 

Such a method was taking into account the effect that HV could provoke on tissue 

oxygenation, however, it could not directly evaluate CBF changes, which were assumed 

to be mainly a decrease. This method had some success but was not convincing enough 

to promote HV to the status of a routinely administered therapy.  

In relation to PbtO2, the expected behavior is a decrease [14, 51, 61], although this 

was confirmed in 12/19 subjects, while 1/19 did not change significantly and 6/19 

showed a significant increase. The latter may indicate that the cerebral oxygenation 

ameliorated in the localized area close to the PbtO2 sensor. rOEF showed a significant 

increase in the same hemisphere for 4 out of these 6 measurements, while there was no 

decompressive craniectomy on the same cerebral hemisphere. Therefore, the 

interpretation remains ambiguous and should be investigated in a larger population. 

We also partially confirmed the further hypotheses related relationship between the 

presence of MP (expressed both as the presence of MP in the cerebral hemisphere and 

MPSC�) and other clinical conditions (craniectomy and presence of lesions). 

The presence of craniotomy did not have a significant effect on determining MP 

presence, although at the observational level the numbers supported the initial 

hypothesis: there is a lower risk of MP for cases with craniectomy. According to the 

expectations, a negative correlation was expected, since craniectomy is practiced in 

order to treat high intracranial hypertension and improve brain condition. However, it is 

also true that craniectomy was generally performed on the worse cases (refractory 

intracranial hypertension), a potential source of bias. Another possibility is that the lack 

of significance is likely owed to the low number of observations and the models would 

probably become significant with a larger dataset. For this reason, it should be 

emphasized that this study was not statistically powered to reliably exclude the effect of 

craniectomy on MP. 

Similarly, there was only prevalence of observations (intended as a prevalence of 

cases out of the total) of the influence of the presence of a cerebral lesion on MP.  
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In fact, the effect was not significant after testing. This could be explained by the fact 

that most of the measurements were carried out in patients with diffuse lesions or 

evacuated lesions where small or residual brain lesions could be far from the monitored 

regions. Again, it is also possible that our results are due to the insufficient sample size 

and that we lack of enough statistical power to reliably rule out whether there is an 

effect. 

Overall, the main limitation in the testing of hypotheses was the small sample size. 

In fact, the prevalence of observations supported the a priori hypotheses, although 

significance was not found. A larger pool of subjects could eventually lead to 

significance in demonstrating the validity of the hypotheses.  

Another limitation included technical problems and the quality of the optical 

monitoring.  

SNR reasons were the main cause of the non-availability of optical data. The cause of 

poor SNR was inspected with the CT scans and the illness cause revealing anecdotal 

evidence that brain regions with diffuse lesions and/or with blood/subcutaneous edema 

near the probed volume led to poor SNR. 

A possible criticism could be related to the reduced coverage of the probe in relation 

to the evaluation of the wellbeing of the whole cerebral hemisphere. One benefit of our 

approach is that it is practical – two probes placed on the forehead – and a similar 

comment can be done for invasive sensors which are placed into burr holes within the 

skull and they only provide information on a tissue region limited to a few millimeter 

cubed volumes as compared to the DO probing several centimeter cubed volumes. 

Furthermore, invasive monitoring comes with associated risks and is often constrained to 

just one cerebral hemisphere. In the future, with an additional probe engineering, DO 

can follow the advice given by some works indicating the importance of monitoring the 

regions close to the focal injury or traumatic penumbra [51, 52]. Moreover, also the 

hemodynamic and metabolic response to HV is heterogeneous both when evaluated at 

different positions and at times within a patient and in between patients. In principle, 

more advanced optical methods with more complex analysis/modeling as well as head-

gear with a larger coverage area can be utilized [62, 63]. This comes with complexity, 

instability and cost. In this particular population, further obstacles arise due to the 
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presence of other sensors, surgical sutures and other physical obstacles. We believe this 

work provides evidence to motivate such future developments.  

Furthermore, as a future direction, these methods allow for the study of the effects 

of blood carbon-dioxide levels on the cerebral autoregulation comparing those derived 

from both invasive and non-invasive sensors. In a similar manner, the effect of the 

cerebral perfusion pressure changes of our data could be investigated in the future. 

Martin et al. [64] suggested the use of different phases to identify the evolution of 

hemodynamics after the injury, the majority of the measurements (N=20) in our study 

were during the so-called hyperemic phase. Other seven were during the vasospasm 

phase. A future study design could focus on increasing this time-range to study the effect 

of different phases. Similarly, a dichotomization of measurements to distinguish the 

amount of CBF response between the first 24-36 h and the measurements performed  

3-4 days after hospital admission could be addressed, as studied by Marion et al. by 

microdialysis [65]. 

Finally, our results call for further evaluation of the method to evaluate the benefits 

of personalized HV treatments. Despite the limitations, the proposed method answers a 

first- level need about monitoring HV therapy and could guide it in the future, helping 

clinicians to conduct HV treatments in a personalized manner. Also, it could be used as a 

tool during other procedures and as an MP-alert tool. 

Conclusions 

We have presented a proof-of-principle study showing that non-invasive, hybrid, near-

infrared diffuse optical monitoring could be utilized in TBI patients to derive indices that 

are indicative of the probability of misery perfusion. This was done by evaluating data 

from a period during hyperventilation therapy where a heterogeneous response was 

observed as expected. This strengthened our premise that bedside neuro-monitoring 

could allow for the personalized management of the TBI subjects. 
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Table 1: Demographic and clinical data (n=18). SD: standard deviation; TBI: traumatic brain 

injury; GCS: Glasgow Coma Scale; min:  minimum;  max:  maximum.TCDB: Type of brain 

lesion according to the Traumatic Coma data bank classification [81] in the com- puted 

tomography (CT) closest to the study. Diffuse injury type I: no visible intracranial pathology 

are seen on CT scan; Diffuse injury type II: cisterns are present with midline shift 0-5 mm 

and/or high or mixed-density lesions 25cc: Diffuse injury type III: cisterns compressed or 

absent with midline shift 0-5 mm and/or high or mixed-density lesions 25cc; Diffuse injury 

type IV: midline shift >5mm without high or mixed-density lesion >25cc; Evacuated mass 

lesion: any lesion surgically evacuated; Non-evacuated mass lesion: high or mixed-density 

lesion >25cc not surgically evacuated.  GOSE: Outcome  at six months according to the 

Glasgow Outcome Scale Extended [82]. Favorable out- come for the GOSE: categories 5 to 8. 

Unfavorable outcome for the GOSE: categories  1 to 4. * Epidural hematoma (n=5); Subdural 

hematoma (n=1); Cerebral contusion with acute subdural hematoma (n=2). ** One subject 

did not have craniotomy during the first measurement, but had it for the second one. 

 



Page 31 of 35 
 
 
 

31 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Tr
an

sc
ra

n
ia

l, 
n

o
n

in
va

si
ve

 e
va

lu
at

io
n

 o
f 

th
e 

p
o

te
n

ti
al

 m
is

er
y 

p
e

rf
u

si
o

n
 d

u
ri

n
g 

h
yp

er
ve

n
ti

la
ti

o
n

 t
h

er
ap

y 
o

f 
tr

au
m

at
ic

 b
ra

in
 in

ju
ry

 p
at

ie
n

ts
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

2
.0

4
1

9
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

Table 2: Summary of the statistical analysis of the optical data during hyperventilation 

(HV). Non-significant changes are shown in italics. Regardless of statistical significance 

(p-value p<0.05), the direction of the change is indicated as being positive or negative. 

Darker lines separating rows divide subjects where the first column shows the different 

HV sessions or measurement days. Even though the data from the two hemispheres  

are analyzed independently, for readability, we show results from different 

hemispheres (Left (L) versus right (R) in separate columns within the same row. Bolded 

fonts indicate results that correspond to a concurrent decrease in cerebral blood flow 

(CBF), an in- crease in oxygen extraction fraction (OEF) and raised or unchanged 

cerebral metabolic rate of oxygen (CMRO2). “NA” indicates that the data was discarded 

due to quality control whereas “NM” implies that measurement was not taken. 
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Table 3: Summary of the temporal evaluation of the data indicating the number of 

distinct misery perfusion (MP) events, their duration and the rounded MP score index 

(MPSC ) %.  The rows are numbered in the same way as in Table 2.  “NA” indicates 

that measurement was not taken or was discarded for that measurement hemisphere. 

MPSC  % is calculated out of the total actual hyperventilation (HV) duration, which 

corresponds to the HV period without the transition period. Empty cells in the MP 

duration correspond  to either “NA” measurements or to lack of MP events in the 

measurement. 

 



Page 33 of 35 
 
 
 

33 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Tr
an

sc
ra

n
ia

l, 
n

o
n

in
va

si
ve

 e
va

lu
at

io
n

 o
f 

th
e 

p
o

te
n

ti
al

 m
is

er
y 

p
e

rf
u

si
o

n
 d

u
ri

n
g 

h
yp

er
ve

n
ti

la
ti

o
n

 t
h

er
ap

y 
o

f 
tr

au
m

at
ic

 b
ra

in
 in

ju
ry

 p
at

ie
n

ts
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

2
.0

4
1

9
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

 

Figure 1: A. A photograph showing the placement of the optical probes where a trans- 

parent tape is used to show where the probes are fixed on the skin but in routine 

clinical measurements, black tapes and bandages are employed. B. Protocol summary 

showing that, after baseline, HV is induced by increasing the respiratory volume and/or 

respira- tion rate, then they are brought back to the original values. We note that the 

protocol duration varied among measurements. C. Drawing of the geometry used to 

identify the position of the optical probe. The red dot represents the nasion of the 

patient. The yellow dot shows the TRS source fiber. The double arrow in blue is the 

radial distance between nasion and the TRS source tip. The orange arrow depicts the 

angle between this radial distance and the line passing through the nasion, which is 

perpendicular to the nose line. 
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Figure 2: Examples of time-traces of two measurement sessions (columns) from two 

patients. The 34-year-old male patient in Example 1 had a Glasgow come scale (GCS) of 

7 at admission and small or evacuated subdural parieto-occipital hematoma on the  left 

brain hemisphere, with a subarachnoid hemorrhage, while a hematoma and parietal 

fractures on the right cerebral hemisphere. In Example 2 the patient was a 23-year-old 

male, with a diffuse injury of type II and GCS=3. Two variables that were collected inva- 

sively are shown on the top two graphics while the transcranial, optical measurements 

are shown below. The vertical dashed lines indicate the period of hyperventilation (HV). 

Computed tomography (CT) scans of the subjects are also provided. 



Page 35 of 35 
 
 
 

35 

Jo
u

rn
al

 o
f 

N
eu

ro
tr

au
m

a 

Tr
an

sc
ra

n
ia

l, 
n

o
n

in
va

si
ve

 e
va

lu
at

io
n

 o
f 

th
e 

p
o

te
n

ti
al

 m
is

er
y 

p
e

rf
u

si
o

n
 d

u
ri

n
g 

h
yp

er
ve

n
ti

la
ti

o
n

 t
h

er
ap

y 
o

f 
tr

au
m

at
ic

 b
ra

in
 in

ju
ry

 p
at

ie
n

ts
 (

D
O

I:
 1

0
.1

0
8

9
/n

eu
.2

0
2

2
.0

4
1

9
) 

Th
is

 p
ap

er
 h

as
 b

e
e

n
 p

ee
r-

re
vi

e
w

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g 
an

d
 p

ro
o

f 
co

rr
e

ct
io

n
. T

h
e 

fi
n

al
 p

u
b

lis
h

ed
 v

er
si

o
n

 m
ay

 d
if

fe
r 

fr
o

m
 t

h
is

 p
ro

o
f.

 

 

Figure 3: Superposition of misery perfusion (MP) occurrences for timetraces of relative 

oxygen extraction fraction (rOEF) and relative cerebral blood flow (rCBF) expressed as Δ 

percent values for three different cerebral hemispheres (in green and purple respec- 

tively, with smoothed curves in darker shades of the same colors). Dashed vertical lines 

define the beginning and the end of the hyperventilation (HV) challenge. MP events are 

highlighted in red, which define the periods during which the two variables are 

concomi- tantly moving towards the direction of the MP definition and have a higher 

probability of risk. The time-traces on the top correspond to the left hemisphere of 

Figure 2 Example 1 (on the left of the previous Figure), the middle ones correspond to 

the right hemisphere of the same Example 1, while the bottom time-traces are from 

the right hemisphere in Example 2 (on the right of Figure 2). 


