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Introduction: An increase in cerebral blood flow is frequent after traumatic brain injury (TBI) and can lead to brain swelling and refractory intracranial hypertension. We hypothesized that Transcranial EcoDoppler (TCD) monitoring could be useful to detect the cause of intracranial hypertension in these patients. Our main objective was to investigate if the increase of velocity in the middle cerebral artery (MCA) on TCD could be associated with intracranial hypertension.

Methods: We retrospectively studied TBI patients consecutively monitored with TCD. Hyperemia was defined as MCA mean velocity higher than 80 cm/s. Intracranial hypertension was considered when hyperosmolar therapy, hyperventilation, or deep sedation was used.

Results: We found hyperemia in 40 patients out of 118 (33.9%). On average, it started at day 2.1 ± 0.9 from admission and significantly increased (MCA velocity at day 1: 74 ± 25 cm/s vs. 109 ± 36 cm/s at day 4; p < 0.001). Intracranial hypertension was significantly associated with hyperemia, occurring in 92.5% of hyperemic and 51.3% of non-hyperemic patients (p < 0.001). Moreover, we found that hyperemia preceded severe intracranial hypertension (p < 0.0001). In a logistic regression model, hyperemia was the only variable significantly correlated with intracranial hypertension (OR 10.64; p < 0.001).

Discussion: Hyperemia was frequent in our population of TBI patients and preceded intracranial hypertension. TCD monitoring, if performed on a daily regular basis, can be a useful method to detect this phenomenon and to guide the therapy. It could be a tool for a cause-oriented therapy of intracranial hypertension.
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Introduction

Management of severe head trauma is based on the prevention of secondary damage. In the first phase after trauma, it mainly consists of the early detection of hypoxia and hypotension; afterwards, one of the most important treatment is the control of intracranial pressure and the maintenance of adequate cerebral perfusion pressure. No accurate bedside measurement of cerebral blood flow is possible to date, and surrogate evaluation of flow through pressure is recommended. In this setting, we have no definitive tools to understand if cerebral perfusion pressure is adequate. Recently, several authors hypothesized that a normal response of arteriolar caliber to the variation of cerebral perfusion pressure, the so-called autoregulation, could be a marker of adequacy of flow. On the other side, when this response is altered, an increase in cerebral perfusion pressure can induce an increase in cerebral blood flow. This phenomenon is frequently observed after traumatic brain injury (TBI) and can lead to brain swelling and refractory intracranial hypertension (1–5).

Transcranial eco-Doppler (TCD) offers a non-invasive and easily reproducible method for evaluating cerebral hemodynamics (6, 7) and was suggested as a device to investigate the adequacy of bedside assessment of cerebral blood flow. We hypothesized that it could be a useful method to detect early derangements of cerebral blood flow (CBF) after trauma. Our main objective was to study if the increase of velocity in the middle cerebral artery (MCA) on TCD could be associated with intracranial hypertension. The secondary objective was to describe the clinical variables associated with the presence of an increase in MCA velocity.



Materials and methods


Study design and patient selection

In this monocentric retrospective study, we included traumatic brain injured patients consecutively admitted from May 2017 to January 2023 in the Neurointensive Care Unit of “A. Gemelli” University Hospital in Rome. The inclusion criteria were as follows: age > 18 years, GCS on admission in Emergency Department ≤8, at least one TCD recording every 24 h during the first 96 h after admission in the Neurointensive Care, Intracranial pressure (ICP) monitoring. Excluding criteria were as follows: Lindegaard index >3 or CT angiography suggestive of vasospasm, patients who died in the first 48 h. By using a threshold of 80 cm/s as TCD mean velocity in MCA, patients were divided into two groups: hyperemic and not hyperemic. A condition of intracranial hypertension was considered present if hyperosmolar therapy (first tier), hypocapnia (second tier), or deep sedation (third tier) was administered, according to ICP results. Consent for participation was waived due to the retrospective design of the study, and since no patient information was extracted except for research purposes. Anonymity was guaranteed.



Data source

All eligible patients’ electronic medical records were reviewed by two researchers (CG, LP). Age, type of intracranial injury, bilateral MCA values on TCD, natremia, ICP, Glasgow Coma Scale (GCS) score at the admission in neuro-ICU and daily thereafter, therapies for ICP control and neurosurgical treatment were recorded for subsequent analysis. Confounders such as hyperthermia, hypovolemia, hematocrit and systemic abnormalities, hypercapnia, hypocapnia not driven by ICP control, glycemia disorders were excluded before including the data collected. Based on intracranial injury, different types of lesions were observed (Table 1).



TABLE 1 Descriptive statistics.
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We assumed as hyperemic all those patients who presented an MCA velocity above 80 cm/s in the period of observation, after excluding extracranial causes (8–10). Only the higher velocity was considered for analysis when abnormal MCA velocities were recorded on both sides.



Multimodal neuromonitoring

All TCDs were performed in NeuroIntensive Care after admission by an experienced sonographer (CG, EI). Toshiba Xario 200 with a 2 MHz probe and a dedicated preset was used. The temporal and submandibular sonographic window was used to record velocities in MCA and extracranial internal carotid arteries (ICA) respectively. ICP monitoring was part of neurological multimodal monitoring and included intraparenchymal, subdural, or ventricular systems.



Statistical analysis

Data were analyzed using Stata software V.14.1 by two authors (CG, AC). Anova for multiple comparisons was carried out for quantitative variables, t-test and chi-square test were carried out for comparisons between groups for categorical variables, as appropriate. Results were expressed as means ± standard deviations (SD). To analyze the utility of several variables for predicting the development of intracranial hypertension, an order logistic regression model was performed. For all tests, statistical significance was considered as p < 0.05.




Results

We found 376 severe head injured patients in our database. Of these, 118 were considered for the analysis. Missing TCD values was the most frequent cause for exclusion. This occurred in 144 cases, due to the unavailability of the TCD system. Other conditions included death before 48 h (11 patients), presence of vasospasm (2 patients), absence of intracranial pressure monitoring (45 patients), and other confounders (such as hyperthermia, hypovolemia, or carbon dioxide disorders, 56 patients). In the study group, 40 out of 118 (33.9%) were classified as hyperemic, while 78 patients as not hyperemic. The most common lesions were focal contusions (20%) and acute subdural hematoma (47%), with no difference between groups (χ2 = 2.113; p = 0.715).

On average, hyperemia started at day 2.1 ± 0.9 from admission, and increased during the stay in ICU for the next days (MCA velocity was 74 ± 25 cm/s at day 1 vs. 109 ± 36 cm/s at day 4; F = 21.9; p < 0.001) (Figure 1). This was more frequent in younger patients (42.0 ± 20.7 vs. 56.2 ± 21.0; t = 3.4715; p < 0.001) and in the most severe lesions (GCS on admission 6.1 ± 3.0 vs. 7.6 ± 3.8; t = 2.172; p < 0.05) (Table 1). Hyperemia was associated with high-level treatment for intracranial hypertension, requiring third-level therapy more frequently than in not hyperemic patients. This occurred in 37 of 40 patients (92.5%) in the hyperemic group, and in 40 of 78 patients (51.3%) in the non hyperemic group; (χ2 = 19.812; p < 0.001). Only 3 hyperemic patients did not need therapies for high ICP.
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FIGURE 1
 MCA velocity in the hyperemic group during the days. In these patients, TCD velocities significantly increased during the ICU staying.


Moreover, we found that hyperemia occurred on average 1 day prior to severe intracranial hypertension: third tier therapy for ICP control started at day 3.2 ± 1.1, while the diagnosis of hyperemia was earlier (day 2.1 ± 0.9; t = 4.818, p < 0.0001) (Figure 2).
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FIGURE 2
 Hyperemia significantly preceded the development of severe intracranial hypertension.


By using a model of logistic regression, hyperemia was the only parameter significantly correlated with intracranial hypertension (OR 10.64; p < 0.001) (Table 2).



TABLE 2 Model of logistic regression.
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Discussion

The main result of this study was that hyperemia was frequently observed by TCD in patients with a severe head injury. In these cases, MCA velocities increased in the days following the diagnosis and were associated with intracranial hypertension. Hyperemia on TCD significantly preceded intracranial hypertension and was associated with the severity of trauma and younger age.

Measurement of cerebral blood flow after trauma has been the object of several studies in recent years and conflicting results have been reported (11–13). Since more sophisticated imaging techniques have become available, including Positron Emission Tomography (PET), the pathophysiology of brain hemodynamics is now better understood (4). In particular, several studies have shown that brain ischemia was a common finding in the first 24 h after a head injury, and the outcome could improve when a bundle aimed to avoid further reduction of cerebral blood flow was implemented (2–4, 14). After this phase, hyperemia was observed 1–3 days after trauma, and it was associated with generalized abnormalities in flow-metabolism coupling. Seminal studies from the Cambridge group by PET observed that brain regions with low oxygen extraction suggesting hyperemia were common and prominent between days 2 through 5, and this pattern was associated with an increase in cerebral blood volume. They showed that these vascular abnormalities were one of the most important determinants of intracranial hypertension, providing a physiological basis for intervention aimed at reducing the vascular contribution to intracranial volume (4).

Previous papers on TCD should be regarded according to these important results (2, 3, 11, 13, 15). In particular, an increase of cerebral blood flow velocity was observed by TCD in the days 1–3 after trauma. Martin et al. studied 125 head injured patients with TCD and CBF measurements (2). They showed that low velocities on TCD were frequent in the first 24 h after trauma and an increase of TCD velocities in the hyperemic range (86 ± 4 cm/s) occurred in days 1–3. Unfortunately, correlation with ICP or prognosis was not investigated. Other authors have studied this topic in small case series. Zurynski et al. observed that in 50 patients with head trauma, hyperemia on TCD was associated with intracranial hypertension, low cerebral perfusion pressure, and poor outcome (16). The same results were found by Muttaqin et al. on 35 head-injured patients (15).

By using PET at days 1–3 after trauma, Launey et al. found high values of CBF in the presence of a reduced metabolic rate of oxygen, confirming the presence of true hyperemia (4). This is an important point since TCD is a non-invasive method, the result of which could be affected by several confounding factors. In particular, the increase of velocities could be the effect of spasm, rather than hyperemia; moreover, the reduction of caliber of small vessels can occur as a result of many events, such as intracranial hypertension, distal vasospasm or arterial hypocapnia, and can affect TCD results. Many of these events could be induced by trauma as a primary consequence, and others could be the effect of the treatment. In this setting, only sequential examinations of sophisticated imaging studies based on metabolic techniques can help to understand basic physiology and guide the treatment.

On the other hand, these methods are not available everywhere, and we need practical bedside tools to understand these phenomena. In this study, we used TCD daily after trauma and considered hyperemia when the increase of cerebral blood flow velocity was associated with Lindegaard index <3 or with the absence of large arterial vasospasm on angio CT (17–20). Our results suggested that hyperemia was present in about one third of patients and that in these cases intracranial hypertension was very common at that time or in the following days, according to a further increase of cerebral blood flow velocities. Frequent examinations should be mandatory by TCD, to reduce mistakes in reading these data. This could be the case, in particular when intracranial hypertension occurs together with hyperemia. In these situations, the sum of these effects could give very different patterns of velocities on TCD and could explain conflicting interpretations of data in previous reports.

Taken together with PET studies, our data suggest that an abnormal flow-metabolism coupling could be present, and an autoregulation test should be performed to guide the treatment. This could have important clinical implications, since therapies aimed at controlling hyperemia, such as the strict control of CPP in the lower range of autoregulation, cautious use of mild hypocapnia, and an analgosedation targeted on monitor tools that avoids sudden increase of metabolism, could decrease the extent of intracranial hypertension.

Several limitations should be considered in this study. First of all, this was a retrospective analysis, and many missing data, mainly due to the unavailability of the TCD, reduce the power of these results. Furthermore, the diagnosis of hyperemia was based on TCD observations and the calculation of the Lindegaard index, confirmed by angio-CT in not all the cases. The threshold value was considered, based on previous observations (10). The autoregulation test was not part of a standardized protocol, and data were not sufficient to be analyzed.



Conclusion

Hyperemia was frequent in our population of patients with severe traumatic brain injury and significantly preceded intracranial hypertension. TCD monitoring, if performed on a daily regular basis, can be a useful method to detect this phenomenon and to guide the therapy. It could be a tool for a cause-oriented therapy of intracranial hypertension.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required from the participants or the participants’ legal guardians/next of kin because consent for participation was waived for the retrospective design of the study, and since no patient information was extracted except for research purpose. Anonymity was guaranteed.



Author contributions

CG: Data curation, Formal analysis, Methodology, Software, Writing – original draft. EI: Data curation, Writing – review & editing. AS: Data curation, Methodology, Writing – review & editing. LP: Data curation, Writing – original draft. FS: Supervision, Writing – review & editing. NM: Supervision, Writing – review & editing. MP: Supervision, Writing – review & editing. AC: Conceptualization, Data curation, Methodology, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Lassen,NA. The luxury-perfusion syndrome and its possible relation to acute metabolic acidosis localised within the brain. Lancet. (1966) 2:1113–5. doi: 10.1016/S0140-6736(66)92199-4 

 2. Martin,NA, Patwardhan,RV, Alexander,MJ, Africk,CZ, Lee,JH, Shalmon,E , et al. Characterization of cerebral hemodynamic phases following severe head trauma: hypoperfusion, hyperemia, and vasospasm. J Neurosurg. (1997) 87:9–19. doi: 10.3171/jns.1997.87.1.0009 

 3. Obrist,WD, Langfitt,TW, Jaggi,JL, Cruz,J, and Gennarelli,TA. Cerebral blood flow and metabolism in comatose patients with acute head injury. Relationship to intracranial hypertension. J Neurosurg. (1984) 61:241–53.

 4. Launey,Y, Fryer,TD, Hong,YT, Steiner,LA, Nortje,J, Veenith,TV , et al. Spatial and temporal pattern of ischemia and abnormal vascular function following traumatic brain injury. JAMA Neurol. (2020) 77:339–49. doi: 10.1001/jamaneurol.2019.3854 

 5. Kelly,DF, Kordestani,RK, Martin,NA, Nguyen,T, Hovda,DA, Bergsneider,M , et al. Hyperemia following traumatic brain injury: relationship to intracranial hypertension and outcome. J Neurosurg. (1996) 85:762–71. doi: 10.3171/jns.1996.85.5.0762

 6. Akbik,OS, Carlson,AP, Krasberg,M, and Yonas,H. The utility of cerebral blood flow assessment in TBI. Curr Neurol Neurosci Rep. (2016) 16:72. doi: 10.1007/s11910-016-0672-3

 7. Turek,R, Linzer,P, Filip,M, Šámal,F, and Jurek,P. Application of transcranial color-coded sonography in severe brain injury. Acta Neurochir Suppl. (2013) 118:265–7. doi: 10.1007/978-3-7091-1434-6_50

 8. Blanco,P, and Abdo-Cuza,A. Transcranial Doppler ultrasound in neurocritical care. J Ultrasound. (2018) 21:1–16. doi: 10.1007/s40477-018-0282-9 

 9. Newell,DW, and Winn,HR. Transcranial Doppler in cerebral vasospasm. Neurosurg Clin N Am. (1990) 1:319–28. doi: 10.1016/S1042-3680(18)30807-6

 10. Kinoshita,K. Traumatic brain injury: pathophysiology for neurocritical care. J Intensive Care. (2016) 4:29. doi: 10.1186/s40560-016-0138-3 

 11. Bouma,GJ, Muizelaar,JP, Bandoh,K, and Marmarou,A. Blood pressure and intracranial pressure-volume dynamics in severe head injury: relationship with cerebral blood flow. J Neurosurg. (1992) 77:15–9. doi: 10.3171/jns.1992.77.1.0015 

 12. Della Corte,F, Giordano,A, Pennisi,MA, Barelli,A, Caricato,A, Campioni,P , et al. Quantitative cerebral blood flow and metabolism determination in the first 48 hours after severe head injury with a new dynamic SPECT device. Acta Neurochir. (1997) 139:636–42. doi: 10.1007/BF01411999

 13. Robertson,CS, Contant,CF, Gokaslan,ZL, Narayan,RK, and Grossman,RG. Cerebral blood flow, arteriovenous oxygen difference, and outcome in head injured patients. J Neurol Neurosurg Psychiatry. (1992) 55:594–603. Et al. (2019)

 14. Spaite,DW, Bobrow,BJ, Keim,SM, Barnhart,B, Chikani,V, Gaither,JB , et al. Association of Statewide Implementation of the prehospital traumatic brain injury treatment guidelines with patient survival following traumatic brain injury: the excellence in prehospital injury care (EPIC) study. JAMA Surg. (2019) 154:e191152. doi: 10.1001/jamasurg.2019.1152 

 15. Muttaqin,Z, Uozumi,T, Kuwabara,S, Arita,K, Kurisu,K, Ohba,S , et al. Hyperaemia prior to acute cerebral swelling in severe head injuries: the role of transcranial Doppler monitoring. Acta Neurochir. (1993) 123:76–81. doi: 10.1007/BF01476289 

 16. Zurynski,YA, Dorsch,NWC, and Fearnside,MR. Incidence and effects of increased cerebral blood flow velocity after severe head injury: a transcranial Doppler ultrasound study II. Effect of vasospasm and hyperemia on outcome. J Neurol Sci. (1995) 134:41–6. doi: 10.1016/0022-510X(95)00178-X 

 17. Bonow,RH, Young,CC, Bass,DI, Moore,A, and Levitt,MR. Transcranial Doppler ultrasonography in neurological surgery and neurocritical care. Neurosurg Focus. (2019) 47:E2. doi: 10.3171/2019.9.FOCUS19611 

 18. Ziegler,D, Cravens,G, Poche,G, Gandhi,R, and Tellez,M. Use of transcranial Doppler in patients with severe traumatic brain injuries. J Neurotrauma. (2017) 34:121–7. doi: 10.1089/neu.2015.3967

 19. Al-Mufti,F, Amuluru,K, Changa,A, Lander,M, Patel,N, Wajswol,E , et al. Traumatic brain injury and intracranial hemorrhage–induced cerebral vasospasm: a systematic review. Neurosurg Focus. (2017) 43:E14. doi: 10.3171/2017.8.FOCUS17431 

 20. Bruce,DA, Langfitt,TW, Miller,JD, Schutz,H, Vapalahti,MP, Stanek,A , et al. Regional cerebral blood flow, intracranial pressure and brain metabolism in comatose patients. J Neurosurg. (1973) 38:131–44. doi: 10.3171/jns.1973.38.2.0131



OPS/images/fneur-14-1259180-t001.jpg
Hyperemic Not hyperemic

SD Min. 3 Min.
Age (years) 20 207 18 84 0 562 210 19 90 78 00007+
Ges 61 30 3 14 I 76 38 3 15 78 0.03*
Initial MCA 745 256 263 1506 I 496 156 272 79.1 78 0.0001%%
velocity
(cm/s)
Higher 1274 112 808 2573 0 622 144 277 795 78 00001+
MCA
velocity
(emls)

Min, minimum value; Ma, maximum valug; N. Tot. obs,total number of observations
*p<0.01; *p<0.05.





OPS/images/fneur-14-1259180-t002.jpg
Intracranial hypertension Odds ratio Std. Err. 95% conf.

interval

Hyperemia
No 1 (Base)
Yes 1064 7.62 330 0.001 262-43.29
Higher V MCA 099 0.006 -102 0310 0.98- 1.00
Pathologies
Contusions. 1 (Base)
Subdural 238 129 159 0112 082689
Epidural 223 183 098 0329 045- 1115
Subarachnoid 050 038 ~091 0362 011-224
DAI 041 045 ~081 0.420 005361
GCS on admission 093 0.06 -L15 0251 082105
=18,

LR =33.19.

p<0.00001.

Pseudo R*=0.2177.
Log likelihood = ~59.616491.

atio of the estimated coefficient (o its standard error.

Therapy for intracranial hypertension was considered as dependent variable.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hyperemia in head injury: can transcranial doppler help to personalize therapies for intracranial hypertension?



		Introduction



		Materials and methods



		Study design and patient selection



		Data source



		Multimodal neuromonitoring



		Statistical analysis









		Results



		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fneur-14-1259180-g001.jpg
MCA velocity (cm/sec)
100 150 200 250
oo o

n

o

F=219
P<0001

T o





OPS/images/fneur-14-1259180-g002.jpg
days after admission

‘Third tier therapy

4818
p<0.0001

Hyperemia onset






OPS/images/cover.jpg
, frontiers | Frontiers in Neurology

Hyperemia in head injury: can
transcranial doppler help to
personalize therapies for
intracranial hypertension?












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






