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All work was performed at the Barrow Neurological Institute at Phoenix Children's Hospital.

Objective: Investigate injury severity, neuroimaging, physiology, and outcomes with bolus hyperosmolar therapy (HT) of 3% hypertonic saline or mannitol.

Methods: Retrospective cohort analysis was performed. Physiologic variables included intracranial pressure (ICP), arterial blood pressure (ABP), and heart rate (HR). Volume-pressure compensation (PVC) indices included ICP pulse amplitude (AMP) and correlation of AMP and ICP (RAP). Cerebrovascular pressure reactivity (CVPR) indices included pressure reactivity index (PRx), pulse amplitude index (PAx), wavelet PRx (wPRx), and correlation of AMP and cerebral perfusion pressure (RAC). Heart rate variability (HRV) indices included heart rate standard deviation (HRsd), heart rate root mean square of successive differences (HRrmssd) and low-high frequency ratio (LHF). Outcome was assessed using Glasgow Outcomes Scale Extended Pediatrics, 12-months post-injury. Generalized estimating equations was applied to investigate associations of physiologic changes and pre-treatment indices with HT efficacy. Repeated measures analysis of variance was applied to investigate changes after HT without intracranial hypertension (ICH). Wilcoxon rank-sum was applied to investigate HT responsiveness with age, injury severity, neuroimaging, and outcomes.

Results: Thirty children received bolus HT. ICH reduction after HT was associated with reduced ICP (p = 0.0064), ABP (p = 0.0126), PRx (p = 0.0063), increased HRsd (p = 0.0408), and decreased pretreatment RAC (p = 0.0115) and wPRx (p = 0.0072). HT-responsive patients were older and had improved outcomes (p = 0.0394). HT without ICH was associated with increased ICP (P < 0.0001) and ABP (P < 0.0001), increases in all HRV indices and decreases in all PVC indices.

Conclusion: After pediatric TBI, efficacious HT is associated with decreased ICP and ABP, pre-treatment indices suggesting efficient CVPR, and potentially improved outcomes.
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INTRODUCTION

Traumatic brain injury (TBI) represents a leading cause of pediatric morbidity and mortality, affecting an estimated 280 per 100,000 children in the United States (1). Despite the significance of this condition, high-level recommendations are not available in current pediatric guidelines, with no level I evidence existing to guide clinical management (2). While most level II evidence focuses on therapies to avoid in care, level II evidence does exist to support bolus therapy of hypertonic saline (3%) for treatment of intracranial hypertension (ICH). Mannitol is also available as a hyperosmolar agent, but it has not been subjected to rigorous controlled clinical trials vs. placebo or other therapy in children. After TBI, ICH can arise from multiple sources including cerebral edema, increased cerebral arterial blood volume (CABV), increased cerebral sinus pressure, or obstructive hydrocephalus. While use of hyperosmolar therapy (HT) has been shown to reduce ICH, its putative pharmacological mechanisms focus on reduction of cerebral edema, yet this would make it potentially ineffective when ICH arises from other etiologies. Furthermore, concern has arisen that in patients with intact cerebrovascular pressure reactivity (CVPR), hypertonic saline may impair cerebral hemodynamics (3). For these reasons, further study and understanding of the mechanisms of actions of HT and real time responses to treatment are necessary.

Multimodality neurologic monitoring (MMM) represents an emerging technique to help clinicians understand complex physiologic states after TBI (4). This technique offers both data visualization of real-time physiology, as well as calculation of biomarkers of cerebral dynamics. Model-based indices of CVPR, such as the pressure reactivity index (PRx), have been developed to understand a patient's state of pressure-related cerebral autoregulation, and have been demonstrated to be a strong marker of injury severity after pediatric TBI (5–7). Other model-based indices of heart rate variability (HRV) and pressure-volume compensation (PVC) offer an opportunity to better characterize a patient's physiologic state (8–10). These calculated biomarkers, however, have not yet been recognized to offer effective and immediately actionable information to guide clinical care.

In this study, we wished to investigate physiologic changes associated with HT in pediatric TBI patients, as well as the association of HT efficacy for ICH with physiologic, patient-specific, and neuroimaging characteristics. We hypothesized that HT is associated with reduction of ICH. We also hypothesized that HT efficacy for ICH is associated with pre-treatment CVPR and that treatment efficacy is associated with changes in CVPR, PVC, HRV as well as improved functional outcomes.



MATERIALS AND METHODS

This was a retrospective study from a prospectively collected clinical database. The study was conducted at Phoenix Children's Hospital (Phoenix Arizona, USA) and was approved by the Institutional Review Board (17-469).

Children (<21 years of age) with TBI from a single pediatric intensive care unit who underwent continuous intraparenchymal intracranial pressure (ICP) monitoring and MMM were retrospectively analyzed from September 2014 to December 2019. Patients were managed according to institutional standard of care, which consisted of invasive arterial blood pressure (ABP) and invasive intracranial pressure monitoring with an intraparenchymal probe and sometimes an external ventricular drain (EVD). The decision to place an intraparenchymal probe and/or EVD was made based on the risk/benefit ratio by the neurosurgeon on call. Clinical care was implemented using an institutional protocol founded upon the most current pediatric TBI guidelines at the time (2, 11).

The primary aim of this study was to investigate physiologic changes associated with bolus HT. We classified patients who had evidence of ICH during the immediate hour prior to bolus HT, as well as patients who had no evidence of ICH during that period. Evidence of ICH was classified using a threshold of a dose of ICP > 20 mmHg within the hour preceding treatment that was >0 mmHg/h. We calculated dose of ICH using a previously described methodology accounting for cumulative extent and duration identified by the area under the curve above the threshold, ICP >20 mmHg over a 1 h period, obtaining measurements of mmHg/hour (12). In patients without pre-treatment evidence of ICH, we compared physiologic changes in the hour immediately after HT as compared to the hour immediately preceding treatment. In patients with evidence of ICH, we compared physiologic changes associated with treatment efficacy as compared to changes associated with treatment inefficacy. We also investigated the association of treatment efficacy with pre-treatment serum sodium levels and model-based indices of CVPR, PVC and HRV. Secondary aims of this study were to investigate whether treatment efficacy of HT was associated with patient characteristics such as injury severity, initial neuroimaging characteristics and global functional outcomes.


Patient Characteristics

Demographic patient information included age. Injury characteristics included Glasgow Coma Scale (GCS) score (13) at presentation in addition to the Pediatric Risk of Mortality III (PRISM III) score (14) on day of admission. GCS scores range from 1 to 8 with lower scores indicative of increased injury severity. PRISM III scores range from 0 to 74 with higher scores indicative of increased injury severity. Global functional outcome was measured using the Glasgow Outcome Score Extended-Pediatrics (GOSE-PEDs) score at 12 months after injury (15), GOSE-PEDs scores range from 1 to 8 with higher values representing worsened outcome.



Physiologic Data

Patients underwent MMM that included intraparenchymal ICP, invasive ABP (arterial blood pressure) and electrocardiogram (ECG) monitoring. Cerebral perfusion pressure (CPP) was calculated as the intraparenchymal ICP subtracted from the mean ICP. All patients also underwent continuous electroencephalography (cEEG) as part of MMM. Continuous physiologic data from all monitoring devices were collected and time-synchronized using an MMM device (CNS200; Moberg ICU Solutions, Philadelphia, PA). ICM+ software (Cambridge, UK) was used to visualize and process MMM data to calculate model-based indices of CVPR, PVC, and HRV.

Cerebral hemodynamic variables collected for this study included intracranial pressure (ICP), arterial blood pressure (ABP) and heart rate (HR). Median dose of each hemodynamic variable was computed in the hour before and after bolus HT, and the difference after treatment was computed for each variable. Model-based indices utilized in this study were computed based upon each of these hemodynamic variables.

Model based indices of CVPR, PVC, and HRV are described in Supplementary Table 1. We classify model based indices as calculated values of two or more physiologic data captured from time series MMM signals that have been developed from conceptual models that describe physiologic states. Four different CVPR indices were explored, including the pressure reactivity index (PRx), pulse amplitude index (PAx), wavelet PRx (wPRx), and correlation of cerebral perfusion pressure and ICP pulse amplitude (RAC). A higher value for these indices signified impaired CVPR. PRx was calculated as a moving Pearson correlation coefficient between ABP and ICP within a 5-min averaging window (16). PAx was calculated similarly as a moving correlation coefficient between ABP and ICP pulse amplitude (17). RAC was calculated similarly as a moving correlation coefficient of ICP pulse amplitude and CPP (18). WPRx was calculated by taking the cosine of the wavelet transform phase shift between ABP and ICP (19). Physiologic indices of PVC included ICP pulse amplitude (AMP) and the correlation coefficient of AMP and ICP index (RAP). AMP represents the amplitude of the ICP waveform. RAP is calculated as a moving Pearson correlation coefficient between ICP within a 5-min averaging window (10). Indices of HRV included standard deviation of heart rate (HRsd), root-mean square of successive differences in heart rate (HRrmssd), and heart rate low-high frequency ratio (LHF). A lower value for these indices signifies impaired autonomic function. HRV variables were computed from time- and frequency-domain analyses according to international guidelines (8). For all HRV variables, a 30 s time series of R-R intervals was assessed from ECG that was updated every 10 s. HRsd and HRrmssd were computed from the time-domain signal. LHF was computed in the frequency domain, using Lomb-Scargle periodogram to calculate the spectral power of the RR time series in the low frequency range (0.04–0.15 Hz) and the high frequency range (0.15–0.4 Hz). To explore other physiologic biomarkers that may explain efficacy of HT based on its mechanism, we evaluated serum sodium levels acquired prior to HT.

Physiologic biomarkers investigated in relation to treatment efficacy were collected during the 1 h epoch immediately preceding and then proceeding bolus HT. The dose of ICH was also calculated in the 1 h immediately before and after bolus HT as the area under the curve during that time interval when ICP was >20 mmHg and was recorded in units of mmHg/hour, as done in previously described methods (12). Treatment efficacy was defined as a reduction in dose of ICP > 20 mmHg from the 1 h after initiation of bolus therapy as compared to the hour prior to bolus therapy. For example, a reduction from pre-treatment dose of ICH of 2.5 mmHg/h to a post-treatment dose of 1.8 mmHg/h would represent treatment efficacy. In contrast, a rise from a pre-treatment dose of ICH of 350.6 mmHg/h to a post-treatment dose of 355.6 mmHg/h would represent treatment inefficacy. The assessment of treatment efficacy was thus only evaluated for boluses which were preceded by ICP achieving a threshold dose of ICP >20 mmHg >0 mmHg/h. ICH Agents used for bolus dosing of HT included 3% hypertonic saline and mannitol. To characterize treatment responsiveness at the subject level, individual patients were considered responsive to HT if they experienced treatment efficacy to ≥50% of the bolus HT given to them during their monitoring.



Neuroimaging Characteristics

Initial computed tomography (CT) scans were reviewed by a neuroradiologist in their original digital form and graded according to the modified Marshall CT scan classification system (20). The neuroradiologist was blinded to MMM data or outcome measures at the time of analysis. Volumes of high- or mixed-density lesions consistent with intracranial hematomas were calculated by creating volumetric three-dimensional rendering using a commercially available region growing segmentation algorithm (Royal Phillips®, Best, Netherlands). Midline shift was measured in millimeters at the level of maximum deviation. The presence of basal cistern effacement was also described for each patient.



Statistical Analysis

Continuous and categorical variables were summarized with descriptive statistics including mean and standard deviation (SD) or median and interquartile range (IQR) of continuous variables, and frequencies of categorical variables. In patients with pre-treatment ICH, we employed generalized estimating equations (GEE), accounting for repeated measures (21), to test for the association of HT efficacy with differences in continuous physiologic variables. We also employed GEE in the same cohort to investigate the association of treatment efficacy with pre-treatment sodium levels and model-based indices of CVPR, PVC, and HRV. In patients without pre-treatment ICH, we employed one-way repeated measures analysis of variance (ANOVA) to test for changes in continuous physiologic variables before and after HT (22). Wilcoxon-rank sum test was used to investigate the association of continuous patient and neuroimaging characteristics with treatment responsiveness after HT. Fisher's exact test was used to test for the association of the presence or absence of basal cistern effacement or inflicted head trauma with treatment responsiveness. Findings were considered significant if the p < 0.05. Statistical analyses were performed using RStudio version 3.4.1.




RESULTS


Population

Seventy-nine children were identified with TBI undergoing MMM with ICP monitoring, among which seventy-four children (93.7%) underwent intraparenchymal ICP monitoring. Of those seventy-four children, thirty (40.5%) were identified to have received distinct boluses of HT during their care with MMM. Table 1 summarizes patient demographic data regarding TBI patients who received bolus HT. Ten patients (33.3%) were female. Ages ranged from 1 month to 16 years of age (median 6.5+/– interquartile range [IQR] 11.5). Nine of the thirty patients (30.0%) who underwent bolus HT had inflicted head injuries, among which five (55.6%) experiencing abusive head trauma and four (44.4%) experiencing gunshot wounds to the head. Initial GCS scores ranged from 3 to 15 (median 6.5 ± 4.8). Initial PRISM III scores ranged from 9 to 25 (median 16.5 ± 7.0). GOSE-PEDs scores at 12 months ranged from 1 to 8 (median 5.0 ± 3.0). Three patients (10.0%) experienced medically and surgically refractory ICH and died after withdrawal of life sustaining therapies. Serum sodium levels prior to bolus HT ranged from 138 to 175 mmol/L (median 148.0 ± 6.0). Twenty-two of the thirty patients (73.3%) receiving bolus HT had initial CT scans available for review. Initial CT Marshall scores ranged from 1 to 6 (median 2.0 ± 4.0). Intracranial hematoma volume ranged from 0 to 143.7 cm3 (median 17.8 ± 25.8). Midline shift ranged from 0 to 21 mm (median 1.0 ± 2.8). Six patients (27.3%) demonstrated evidence of basal cistern effacement. All patients received intravenous Levetiracetam for seizure prophylaxis and nine patients (30.0%) experienced post-seizures, although seizures and antiepileptic treatment administration were not identified during the hour before or after HT for observed patients.


Table 1. Patient characteristics.
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Characteristics of Bolus Hyperosmolar Therapy and Intracranial Hypertension

Characteristics are also summarized in Table 1. There were 148 boluses of HT identified during MMM, with each patient receiving between 1 and 21 distinct boluses of therapy (median 3.0 ± 4.8). Boluses of HT were obtained from 0 to 13 days after initial injury (median 2.0 ± 3.0). Seventeen patients (56.7%) received boluses exclusively with 3% hypertonic saline, five patients (16.7%) received boluses exclusively with mannitol, and eight patients (26.7%) received both mannitol and 3% hypertonic saline. Bolus dose of 3% hypertonic saline ranged from 0.6 to 13.3 mL/kg (median 5.8 ± 2.5). Bolus dose of mannitol ranged from 0.2 to 0.7 g/kg (median 0.3 ± 0.1). Of the 148 distinct boluses of HT, 78 boluses were preceded by evidence of ICH (52.7%) in the 1 h prior to treatment. Of these 78 treatments, 44 boluses (56.4%) were followed by reduction of ICH, representative of treatment efficacy. Seven patients (23.3%) had ≥50% treatment responsiveness and thus were considered responsive to HT.



Patient and Neuroimaging Characteristics Associated With Hyperosmolar Treatment Efficacy

Findings are summarized in Table 2. In patients with pre-treatment ICH, we observed that older age was associated with treatment efficacy (median 14.0±6.0 years; p = 0.0194) as compared to treatment inefficacy (median 4.0 ± 10.5 years). We did not observe associations of treatment efficacy with initial GCS or PRISM III scores, inflicted head trauma, CT Marshall scores, hematoma volume, midline shift, or the presence of basal cistern effacement. We did observe that patients who experienced treatment responsiveness had improved functional outcomes (median GOSE-PEDs 2.0 ± 3.5; p = 0.0394) at 12-months post-injury as compared to patients who did not experience treatment responsiveness (median GOSE-PEDs 5.0 ± 2.5).


Table 2. Pre-treatment characteristics associated with reduction of intracranial hypertension after hyperosmolar therapy.
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Pre-treatment Sodium Levels and Model-Based Indices Associated With Hyperosmolar Treatment Efficacy

Findings are also summarized in Table 2. We observed that HT efficacy was associated with decreased pre-treatment median wPRx (0.05 p = 0.0072) and RAC (p = 0.0115) values. We did not observe that treatment efficacy was associated with pre-treatment serum sodium levels or values of PRx, PAx, RAP, AMP, HRsd, HRrmssd, or LHF Ratio.



Physiologic Changes After Hyperosmolar Treatment With Preceding Intracranial Hypertension

Findings are summarized in Table 3. As expected, we observed that HT efficacy for ICH was associated with decreased median ICP, whereas treatment inefficacy was associated with increased median ICP (p = 0.0064). We observed that treatment efficacy was associated with decreased median ABP, whereas treatment unresponsiveness was associated with increased ABP (p = 0.0136). In terms of indices of CVPR, we observed that treatment efficacy was associated with decreases in median PRx, whereas treatment inefficacy was associated with increases in median PRx (p = 0.0063). We observed that treatment efficacy was associated with a greater decrease in median HRsd as compared to treatment inefficacy (p = 0.0408). We did not observe significant changes in relation to treatment responsiveness with regards to median HR, PAx, wPRx, RAC, RAP, AMP, HRrmssd, or LHF Ratio.


Table 3. Differences in cerebral physiology to bolus hyperosmolar therapy after intracranial hypertension.
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Physiologic Changes After Hyperosmolar Treatment Without Preceding Intracranial Hypertension

Findings are summarized in Table 4. In terms of physiologic vital signs, we observed that HT is associated with increases in ICP (p < 0.0001) and ABP (p < 0.0001) and decreases in HR (p < 0.0001). In terms of indices of CVPR, we observed that HT is associated with increases in PRx (p < 0.0001) and decreases in PAx (p = 0.0005), wPRx (p < 0.0001), and RAC (p < 0.0001). In terms of indices of PVC, we observed that HT is associated with increases in RAP (p < 0.0001) and AMP (p < 0.0001). In terms of HRV, we observed that HT is associated with increases in HRsd (p < 0.0001), HRrmssd (p < 0.0001), and LHF ratio (p < 0.0001).


Table 4. Differences in cerebral physiology in relation to hyperosmolar therapy without intracranial hypertension.
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DISCUSSION

We observed that HT efficacy against ICH is associated with reductions in ICP and ABP. We observed that pre-treatment evidence of efficient CVPR arising from two indices, wPRx and RAC, is associated with effective HT against ICH. In patients without ICH, HT led to increases in ICP and ABP, decreased PVC, and increased HRV.

HT is used against ICH for children with severe TBI. HT is thought to reduce ICH through two mechanisms (23). The first is the establishment of an osmotic gradient sufficient to draw cerebral edema from intraparenchymal tissue into cerebral circulation. The second involves plasma expansion resulting in decreased blood hematoma and reduced blood viscosity. If CVPR mechanisms are intact, this second response would lead to cerebral arteriolar vasoconstriction and a resultant decrease in CABV and ICP. If CVPR is impaired and an insufficient osmotic gradient is developed, HT carries risk of increasing CABV and worsening ICH and cerebral edema. In patients without evidence of ICH, it remains unclear how plasma expansion and the creation of osmotic gradients impacts CVPR, PVC and cerebral oxygen delivery.

Our findings that efficacy of HT against ICH is associated with reduced ICP and ABP is consistent with putative mechanisms. Development of an osmotic gradient reduces intraparenchymal cerebral edema and ICP. Reduced ABP may reflect an appropriate CVPR response to cerebral circulation volume expansion resulting from HT. This is supported by our observation that HT efficacy is associated with lower pre-treatment wPRx and RAC values, reflective of efficient CVPR. We note that PRx values decrease after efficacious treatments and increase after ineffective treatments. This may reflect improved CVPR after efficacious HT, though no changes in other CVPR indices demonstrated significance. Increases in PRx after ineffective treatment likely reflects worsening CVPR. Prospective work investigating the effect of 23.5% hypertonic saline in poor grade subarachnoid hemorrhage patients suggests that it increases cerebral blood flow (24), and work examining mannitol suggests it does not acutely decrease CABV (25). PVC likely differs in young patients with open anterior fontanelles or smaller skulls as compared to older children who may reflect more similar dynamics to adults. Such changes in PVC may reflect changes in treatment efficacy across pediatric ages as we observed.

Our analysis of bolus HT in patients without ICH was performed to gain further insight regarding both the putative mechanisms and implications of HT. Use of bolus HT without ICH is a clinical decision which at our institution may occur to achieve goal serum sodium or osmolality levels desired by the treating team. HT without preceding ICH was associated with increases in ICP and ABP, with each moving oppositely from when HT improves ICH. In treatments without preceding ICH, there was also evidence of decreased HR, increased HRV (HRsd, HRrmssd and LHF Ratio) and decreasing PVC (increasing values of ABP and RAP). In these patients, there is likely insufficient cerebral edema for an osmotic gradient to shift sufficient cerebral edema toward cerebral circulation to reduce ICP. Rather, there is likely plasma expansion resulting in increased CABV, increased ICP and decreased PVC. An increase in ABP along with ICP may reflect impaired CVPR, but this is not clear. Whereas, PRx values increased in these situations, other indices of CVPR decreased. It should be noted that none of these indices of CVPR represent a gold standard for assessment of CVPR. Concern has been raised in prior work as to whether ineffective HT may impair CVPR (3). PRx, regardless of its accuracy in describing CVPR, has been validated as a marker of injury severity in children with TBI (6, 7), and our findings raise question as to whether inefficient use of HT carries risk of disrupting healthy cerebral dynamics and worsening outcomes.

Model-based indices of CVPR, PVC, and HRV derived from MMM data offer clinicians an opportunity to better understand real-time cerebral physiology. What has remained elusive in the implementation of MMM for clinical decision support is whether specific indices of CVPR, PVC, or HRV confer potential benefit for specific treatment strategies in clinical care. In this study, we investigate pre-treatment indices of CVPR, PVC, and HRV as factors that may confer benefit for HT. We observed that lower pre-treatment values for two CVPR indices, wPRx and RAC, that were indicative of efficient CVPR were associated with HT efficacy. PRx represents the most studied index of CA yet its calculation carries significant assumptions. PRx assumes cerebral blood volume as a surrogate of cerebral blood flow, relies on adequate transmission of cerebral blood volume into ICP, assumes that variability of ICP is purely due to extracranial sources, and assumes no incoherence between ABP and ICP. Inadequate transmission of cerebral blood volume into ICP may be common in infants with open anterior fontanelles or children after decompressive craniectomy. In patients with ICH related to malignant cerebral edema and decreasing CPP, ICP variability is related to intracranial sources. The wPRx index investigates wavelet transform phase shifts from ABP and ICP, deriving values when there is strong coherence. The RAC index relates ICP pulse amplitude with CPP, accounting for situations in which there is inadequate transmission of cerebral blood volume into ICP as well as situations in which ICP values are reflective of evolving cerebral edema. Our finding that lower values of wPRx and RAC are associated with treatment responsiveness for ICH suggests that efficient CVPR may confer benefit for HT, and that these indices may offer utility in these circumstances by overcoming unaddressed assumptions made by the PRx calculation.

HT for severe ICH represents the only level II recommendation to offer benefit for pediatric TBI patients. Existing studies that have helped formulate level II recommendations focus on reduction of ICH (26–29) and there are no studies to date demonstrating that HT, or any other therapy, improves functional outcomes. The reasons for the inability to demonstrate such benefit may lie in selection of patients for whom therapy is considered. Existing clinical guidelines support use of HT as a tier II strategy (2, 30) in clinical care without a mechanistic understanding as to whether its use addresses etiologies of ICH at the individualized patient level. Its use focuses on the pathophysiology of cerebral edema, not accounting for circumstances in which ICH may more causally relate to increased CABV, obstructive hydrocephalus, increased metabolic demand, or poor venous drainage. The key component to demonstrating benefit in relation to functional outcomes may lie in the ability to use this therapeutic strategy in select patients demonstrating physiologic characteristics conferring potential to benefit. Our findings suggest that indices demonstrating efficient CVPR may identify those patients for whom HT will reduce ICH. Our findings also suggest that therapeutic benefit of HT in such patients may be associated with improved CVPR and functional outcomes.

This study is limited by a small sample size and its retrospective nature. HT occurred at varied time points in the course of TBI management, and we implemented a working cutoff of ≥50% of bolus HT efficacy to represent subject-level treatment responsiveness. For these reasons, we acknowledge limitations in extrapolating that treatment responsiveness is related to improved outcomes. The analysis methods employed in this study are exploratory techniques that serve for preliminary hypothesis generation. To account for small sample size, we aggregated data regarding both 3% hypertonic saline and mannitol and were unable to assess for differences in efficacy of either therapy. Our findings are limited given high variability of dosing employed for both agents. Because this is a single-center study, findings may not be generalizable across multiple centers. There is a need to conduct larger multi-center studies with standardized dosing and rigorous statistical methodologies to investigate whether model-based indices of CVPR, PVC and HRV may guide therapeutic targeting of HT to reduce ICH and improve functional outcomes.



CONCLUSION

After pediatric TBI, efficacy of bolus HT against ICH is associated with pre-treatment physiologic characteristics suggestive of efficient CVPR, and therapy leads to reduction of ICP and ABP. Bolus therapy of HT without preceding ICH may alter cerebral dynamics by increasing ICP and decreasing PVC.



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 involving human participants were reviewed and approved by Phoenix Children's Hospital Institutional Review Board (IRB #17-469). Written informed consent from the participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

JW, MK and BA contributed toward data analysis, preparation, development, and critical review of the manuscript. PA contributed toward preparation, development, and critical review of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded in part by the United States Department of Defense Congressionally Directed Medical Research Programs (W81XWH-19-1-0514).



ACKNOWLEDGMENTS

We thank Dr. M'hamed Temkit, Ph.D., for discussion of the statistical tests implemented in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.662089/full#supplementary-material



REFERENCES

 1. Hawley CA, Ward AB, Long J, Owen DW, Magnay AR. Prevalence of traumatic brain injury amongst children admitted to hospital in one health district: a population-based study. Injury. (2003) 354:256–60. doi: 10.1016/s0020-1383(02)00193-6

 2. Kochanek PM, Tasker RC, Carney N, Totten AM, Adelson PD, Selden NR, et al. Guidelines for the management of pediatric severe traumatic brain injury, third edition: update of the brain trauma foundation guidelines. Pediatr Crit Care Med. (2019) 20 (3 Suppl. 1):S1–82. doi: 10.1097/PCC.0000000000001735

 3. Froese L, Dian J, Batson C, Gomez A, Unger B, Zeiler FA. The impact of hypertonic saline on cerebrovascular reactivity and compensatory reserve in traumatic brain injury: an exploratory analysis. Acta Neurochir. (2020) 162:2683–93. doi: 10.1007/s00701-020-04579-0

 4. Appavu B, Burrows BT, Foldes S, Adelson PD. Approaches to multimodality monitoring in pediatric traumatic brain injury. Front Neurol. (2019) 10:1261. doi: 10.3389/fneur.2019.01261

 5. Zeiler FA, Donnelly J, Calviello L, Smielewski P, Menon DK, Czosnyka M. Pressure autoregulation in measurement techniques in adult traumatic brain injury, part II: a scoping review of continuous methods. J Neurotrauma. (2017) 34:3227–37. doi: 10.1089/neu.2017.5086

 6. Brady KM, Shaffner DH, Lee JK, Easley RB, Smielewski P, Czosnyka M, et al. Continuous monitoring of cerebrovascular pressure reactivity after traumatic brain injury in children. Pediatrics. (2009) 124:e1205–12. doi: 10.1542/peds.2009-0550

 7. Lewis PM, Czosnyka M, Carter BG, Rosenfeld JV, Paul E, Singhal N, et al. Cerebrovascular pressure reactivity in children with traumatic brain injury. Pediatr Crit Care Med. (2015) 16:739–49. doi: 10.1097/PCC.0000000000000471

 8. Task force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart rate variability. Standards of measurement, physiologic interpretation, clinical use. Circulation. (1996) 93:1043–65. doi: 10.1161/01.CIR.93.5.1043

 9. Sykora E, Diedler J, Kasprowicz M, Budohoski KP, Haubrich C, Smielewski P, et al. Critical thresholds for cerebrovascular reactivity after traumatic brain injury. Neurocrit Care. (2012) 16:258–66. doi: 10.1007/s12028-011-9630-8

 10. Balestreri M, Czosnyka M, Steiner LA, Schmidt E, Smielewski P, Matta B, et al. Intracranial hypertension: what additional information can be derived from ICP waveform after head injury? Acta Neurochir. (2004) 146:131–41. doi: 10.1007/s00701-003-0187-y

 11. Kochanek PM, Carney N, Adelson PD, Ashwal S, Bell MJ, Bratton S, et al. Guidelines for the acute medical management of severe traumatic brain injury infants, children, and adolescents – second edition. Pediatr Crit Care Med. (2012) 13 (Suppl. 1):S1–82. doi: 10.1097/PCC.0b013e31823f435c

 12. Lazardis C, Desantis SM, Smielewski P, Menon DK, Hutchinson P, Pickard JD, et al. Patient-specific thresholds of intracranial pressure in severe traumatic brain injury. J Neurosurg. (2014) 120:893–900. doi: 10.3171/2014.1.JNS131292

 13. Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale. Lancet. (1974) 13:2:81–4. doi: 10.1016/s0140-6736(74)91639-0

 14. Pollack MM, Patel KM, Ruttiman UE. PRISM III: an updated pediatric risk of mortality score. Crit Care Med. (1996) 24:743–52. doi: 10.1097/00003246-199605000-00004

 15. Beers SR, Wisniewski SR, Garcia-Filon P, Tian Y, Hahner T, Berger RP, et al. Validity of a pediatric version of the glasgow outcome scale – extended. J Neurotrauma. (2012) 29:1126–39. doi: 10.1089/neu.2011.2272

 16. Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D, Menon DK, et al. Continuous monitoring of cerebrovascular pressure reactivity allows determination of optimal cerebral perfusion in patients with traumatic brain injury. Crit Care Med. (2002) 30:733–8. doi: 10.1097/00003246-200204000-00002

 17. Zeiler FA, Donnelly J, Calviello L, Lee JK, Smielewski P, Brady K, et al. Validation of pressure reactivity and pulse amplitude indices against the lower limit of autoregulation, part I: experimental intracranial hypertension. J Neurotrauma. (2018) 35:963–74. doi: 10.1089/neu.2017.5603

 18. Zeiler FA, Donnelly J, Menon DK, Smielewski P, Hutchinson PGA, Czosnyka M. A description of a new continuous physiologic index in traumatic brain injury using the correlation between pulse amplitude of intracranial pressure and cerebral perfusion pressure. J Neurotrauma. (2018) 35:963–74. doi: 10.1089/neu.2017.5241

 19. Liu X, Donnelly J, Czosnyka M, Aries MJH, Brady K, Cardim D, et al. Cerebrovascular pressure reactivity monitoring using wavelet analysis in traumatic brain injury patients: a retrospective study. PLoS Med. (2017) 2017:14:e1002348. doi: 10.1371/journal.pmed.1002348

 20. Hiler M, Czosnyka M, Hutchinson P, Balestreri M, Smielewski P, Matta B, et al. Predictive value of initial computerized tomography scan, intracranial pressure, and state of autoregulation in patients with traumatic brain injury. J Neurosurg. (2006) 104:731–7. doi: 10.3171/jns.2006.104.5.731

 21. Carr GJ, Chi EM. Analysis of variance for repeated measures. Data: a generalized estimating equations approach. Stat Med. (1992) 15:1033–40. doi: 10.1002/sim.4780110805

 22. Kim HY. Statistical notes for clinical researchers: a one-way repeated measures ANOVA for data with repeated observations. Restor Dent Endod. (2015) 40:91–5. doi: 10.5395/rde.2015.40.1.91

 23. Knapp JM. Hyperosmolar therapy in the treatment of severe head injury in children: mannitol and hypertonic saline. AACN Clin Issues. (2005) 16:199–211. doi: 10.1097/00044067-200504000-00011

 24. Tseng MY, Al-Rawi PG, Pickard PD, Rasulo FA, Kirkpatrick PJ. Effect of hypertonic saline on cerebral blood flow in poor-grade patients with subarachnoid hemorrhage. Stroke. (2003) 34:1389–96. doi: 10.1161/01.STR.0000071526.45277.44

 25. Diringer MN, Scalfani MT, Zazulla AR, Videen TO, Dhar R, Powers WJ. Effect of mannitol on cerebral blood volume in patients with head injury. Neurosurgery. (2012) 70:1215–1219. doi: 10.1227/NEU.0b013e3182417bc2

 26. Fisher B, Thomas D, Peterson B. Hypertonic saline lowers raised intracranial pressure in children after head trauma. J Neurosurg Anesthesiol. (1992) 4:4–10. doi: 10.1097/00008506-199201000-00002

 27. Khanna S, Davis D, Peterson B, Fisher B, Tung H, O'Quigley J, et al. Use of hypertonic saline in the treatment of severe refractory post-traumatic intracranial hypertension in pediatric traumatic brain injury. Crit Care Med. (2000) 28:1144–51. doi: 10.1097/00003246-200004000-00038

 28. Shein SL, Ferguson NM, Kochanek PM, Bayir H, Clark RS, Fink EL, et al. Effectiveness of pharmacological therapies for intracranial hypertension in children with severe traumatic brain injury – results from an automated data collection system time-synched to drug administration. Pediatr Crit Care Med. (2016) 17:236–45. doi: 10.1097/PCC.0000000000000610

 29. Simma B, Burger R, Falk M, Sacher P, Fanconi S. A prospective, randomized, and controlled study of fluid management in children with severe head injury: lactated ringer's solution versus hypertonic saline. Crit Care Med. (1998) 26:1265–70. doi: 10.1097/00003246-199807000-00032

 30. Kochanek PM, Tasker RC, Bell MJ, Adelson PD, Carney N, Vavilala M, et al. Management of pediatric severe traumatic brain injury: 2019 consensus and guidelines-based algorithm for first and second tier therapies. Pediatr Crit Care Med. (2019) 20:269–79. doi: 10.1097/PCC.0000000000001737

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.

Copyright © 2021 Wellard, Kuwabara, Adelson and Appavu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-662089-t003.jpg
Physiologic variable Difference with Difference with  p-value

treatment treatment

responsiveness  unresponsiveness

[median (IQR)] [median (IQR)]
ICP, median (mmHg) —1.66 (3.38) +214(2910)  0.0064
ABP, median (mmHg) —0.67 (4.19) +0.31 (5.26) 0.0126
HR, median (opm) —1.00 (7.64) +0.32 (6.38) 0.8903
PRx, median -0.04 (0.22) +002(0.24)  0.0063
PAX, median ~0.06(0.25) +0.02 (0.25) 00725
wPRx, median -0.08(0.27) ~001(0.25) 02610
RAC, median —0.01(0.17) ~003(0.19) 03672
RAP, median -001(0.31) +0.03(0.11) 00756
AMP, median -0.10(0.40) +0.16 (0.46) 0.0795
HRsd, median —0.06 (0.83) —0.03 (0.40) 0.0408
HRrmssd, median —0.38 (5.06) +0.04 (2.56) 05242
LHF Ratio, median +0.05 (1.08) +0.00 (0.29) 0.8476

Analysis performed using generalized estimating equations. Bold variables are
representative of statistical significance. ICP, intracranial pressure; ABF, arterial blood
pressure; HR, heart rate; bpm, beats per minute; mmHg, millmeters of mercury; PRX,
pressure reactivity index; PAX, pulse amplitude index; wPRx, wavelet-pressure reactivity;
RAC, correlation coeffcient between intracranial pressure puise amplitude and cerebral
pertusion pressure; RAR, corelation coefficient between intracranial pressure puise
amplitude and intracranial pressure; AMP, intracranial pressure puise ampltude; HRSd,
standard deviation of heart rate; HRrmssd, root mean square of successive differences
of heart rate; LHF, low frequency-high frequency ratio.
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Physiologic variable  Prior to treatment  After treatment  p-value

[mean (SD)] [mean (SD)]

ICP, median (mmHg) 11.06 (4.96) 12.81(10.49)  <0.0001
ABP, median (mmHg) 77.78 (11.25) 7857(11.07)  <0.0001
HR, median (bpm) 99.87 (29.35) 97.22(31.49)  <0.0001
PRx, median 009 (0.41) 010(0.40)  <0.0001
PAx, median —0.22 (0.37) -0.24 (0.36) 0.0005
WPRx, median 0.04(0.35) 003(036)  <0.0001
RAC, median ~0.35 (0.42) -038(0.40)  <0.0001
RAP, median 0.46 (0.39) 048(038)  <0.0001
AMP, median 1.21 (1.17) 1.26 (1.15) <0.0001
HRsd, median 3.41(1.82) 338(239)  <0.0001
HRrmssd, median 18.75 (18.43) 20.89 (19.46) <0.0001
LHF Ratio, median 1.59 (1.56) 295(1081)  <0.0001

Analysis performed using one-way repeated-measures analysis of variance. Bold variables
are representative of statistical significance. ICR, intracranial pressure; ABP, arterial blood
pressure; HR, heart rate; bpm, beats per minute; mmHg, millmeters of mercury; PRX,
pressure reactivity index; PAx, puise amplitude index; wPRy, wavelet-pressure reactivity;
RAC, correlation coefficient between intracranial pressure pulse amplitude and cerebral
pertusion pressure; RAR comelation coefficient between intracranial pressure puise
amplitude and intracranial pressure; AMP, intracranial pressure puise ampltuce; HRSd,
standard deviation of heart rate; HRrmssd, root mean square of successive differences
of heart rate; LHF, low frequency-high frequency ratio.
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Characteristic (n = 30) Number (%) of

patients
Female, number (%) 10 333)
Mortality 3(10.0)
3% Hypertonic saline, exclusively 17 (66.7)
Mannitol, exclusively 5(16.7)
3% hypertonic saline and mannitol 8(26.7%)
Treatment Responders 7 (23.3%)
Presence of basal cistern effacement 6 (27.3%)

Median (IQR)

Age 65(11.5)
Initial Glasgow Coma Score 65 (4.8
Initial PRISM ll Score 16.5(7.0)
GOSE-PEDs, 12 months 5.0(3.0)
Na level prior to therapy, mmol/L. 148.0 (6.0)
CT Marshall Score 2.0(4.0)
Intracranial Hematoma Volume (cm?) 17.8(25.8)
Midiine shift (mm) 1.0(2.8)
Bolus therapies per patient 3.0(4.8
3% Hypertonic saline dose, mUkg 58(2.5)
Mannitol dose, gm/kg 03(0.1)
Timing of bolus hyperosmolar therapy after initial injury (days) 2.0(3.0)

Note that values “prior to hyperosmolar therapy” reflect the 1h prior to therapy.
Abbreviations: N, count; Ne, sodium; GOSE-PEDs, Glasgow Outcome Scale Extended
Pediatrics; PRISM, Peditric Risk of Mortalty; CT, computed tomogrephy, mL, militers;
gm, grams; kg, kilograms; %, percent; IQR, interquartile range.
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Biomarker Effective Ineffective  p-value
[median (IQR)]  [median (IQR)]

Age, years 14.00 (6.00) 400 (1050)  0.0194
GOS score at presentation 4.00 (4.00) 7.00400) 02345
PRISM Ill score at 15.00 (5.00) 17.00(7.00) 09407
presentation

GOSE-PEDs, 12 months 200 (3.50) 500(250)  0.0394
CT Marshall score 2.00 (2.00) 3.00(4.00) 05907
Hematoma volume (cm?) 19.50 (21.90) 16.00(15.40) 08907
Midiine shift (mm) 2.00 (2.50) 000(300) 08794
Serum Na (mmoL) 148.00 (6.00) 14800(6.00) 00885
PRx, median 0.04 (0.43) 021088  0.1148
PAX, median -030(037) ~0.13(052) 04071
WPRx, median ~0.09 (0.28) 004(0.71)  0.0064
RAC, median ~0.61(0.38) -055(061)  0.0115
RAP, median 0.81(0.29) 076(043) 04764
AMP, median 1.62 (1.65) 1.87 (1.72) 0.3239
HRsd, median 2,62 (2.60) 186(298) 04606
HRrmssd, median 15.00 (16.11) 578(1821) 02517
LHF Ratio, median 2.11(2.08) 1.56 (2.30) 0.9469

Number (%) of  Number (%) of
patients patients

Presence of basal cistern 6(27.3% 16(72.7%)  0.1208
effacement

Inficted head trauma 4(25.0%) 5(35.7%) 0.3932

Analysis of age, GCS, PRISM Il CT Marshall Score, hematoma volume, and midiine shift
performed using Wilcoxon rank sum test. Analysis of basal cistern effacement performed
using Fisher's exact test. Analysis of al other variables performed using generalized
estimating equations. Bold variables are representative of statistical significance. IR,
interquartle range; GCS, Glasgow Coma Scale; PRISM, Pedatric Risk of Mortalty;
GOSE-PEDs, Glasgow Outcome Scale ~Extended Pediatics; CT, computed tomography;
cm, centimeters, mm, milimeters; Na, sodium; mmoyL, milimoles per lter; mmHg,
millmeters of mercury; PRx, pressure reactivity index; wPRY, wavelet-pressure reactivity;
PAx, pulse amplitude index; RAC, correlation coefficient between intracranial pressure
puise ampltude and cerebral perfusion pressure; RAR, correlation coefficient between
intracranal pressure pulse amplitude and intracranial pressure; AMP, intracranial pressure
puise amplitude; HRsd, standard deviation of heart rate; HRmssd, root mean square of
successive differences of heart rate; LHF, low high frequency ratio.
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