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R
ecent work has confirmed that large, propagating 
waves of mass neuronal and glial depolarization 
(spreading depolarization [SD]) are important con-

tributors to the progression of brain injuries in humans.10,19 
SD can be initiated by focal tissue ischemia, trauma, or 

excessive neuronal activation in a brain region that has 
pathologically limited vascular perfusion.25,34,37 Propaga-

tion is slow (2–6 mm/min), as it is caused by regenerative 
extracellular accumulation of extracellular glutamate and/
or K+.2 Injury expansion is a consequence of the extreme 
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OBJECTIVE Retrospective clinical data and case studies support a therapeutic effect of ketamine in suppression of 
spreading depolarization (SD) following brain injury. Preclinical data strongly support efficacy in terms of frequency of SD 
as well as recovery from electrocorticography (ECoG) depression. The authors present the results of the first prospec-
tive controlled clinical trial testing the role of ketamine used for clinical sedation on occurrence of SD.

METHODS Ten patients with severe traumatic brain injury (TBI) or aneurysmal subarachnoid hemorrhage (SAH) were 
recruited for this pilot trial. A standard ECoG strip was placed at the time of craniotomy, and the patients were then 
placed on an alternating every-6-hour schedule of ketamine or other sedation agent. The order of treatment was ran-
domized. The ketamine dose was adjusted to clinical effect or maintained at a subanesthetic basal dose (0.1 mg/kg/hr) 
if no sedation was required. SD was scored using standard criteria, blinded to ketamine dosing. Occurrence of SD was 
compared with the hourly dose of ketamine to determine the effect of ketamine on SD occurrence.

RESULTS Successful ECoG recordings were obtained in all 10 patients: 8 with SAH and 2 with TBI. There were a 
total of 1642 hours of observations with adequate ECoG: 833 hours off ketamine and 809 hours on ketamine. Analysis 
revealed a strong dose-dependent effect such that hours off ketamine or on doses of less than 1.15 mg/kg/hr were 
associated with an increased risk of SD compared with hours on doses of 1.15 mg/kg/hr or more (OR 13.838, 95% CI 
1.99–1000). This odds ratio decreased with lower doses of 1.0 mg/kg/hr (OR 4.924, 95% CI 1.337–43.516), 0.85 mg/kg/
hr (OR 3.323, 95% CI 1.139–16.074), and 0.70 mg/kg/hr (OR 2.725, 95% CI 1.068–9.898) to a threshold of no effect at 
0.55 mg/kg/hr (OR 1.043, 95% CI 0.565–2.135). When all ketamine data were pooled (i.e., on ketamine at any dose vs 
off ketamine), a nonsignificant overall trend toward less SD during hours on ketamine (c2 = 3.86, p = 0.42) was observed.

CONCLUSIONS Ketamine effectively inhibits SD over a wide range of doses commonly used for sedation, even in non-
intubated patients. These data also provide the first prospective evidence that the occurrence of SD can be influenced 
by clinical intervention and does not simply represent an unavoidable epiphenomenon after injury. These data provide 
the basis for future studies assessing clinical improvement with SD-directed therapy.
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ionic disruptions and metabolic demand placed on brain 
tissue by SD events, each of which last for minutes. While 
normally perfused brain can recover from SD without 
injury, brain with marginal perfusion may not be able to 
recover from repeat SD, leading to infarct expansion. Im-

paired neurovascular coupling in the wake of SD likely 
exacerbates deleterious consequences of an injured brain.9 
Consistent with predictions from preclinical models, clus-

ters of SDs are linked to infarct progression in brain injury 
in humans.12,27

SD has been found to occur in most (60%–80%) pa-

tients in the days following severe traumatic brain injury 
(TBI) and subarachnoid hemorrhage (SAH)12,17 and has 
been correlated with worse clinical outcomes.17 Clinical 
efforts to limit SD are still in the early stages of explora-

tion. There are many unanswered questions regarding the 
optimal agent to target SD and how to ensure that thera-

peutics are delivered to the at-risk tissue despite poten-

tially lower blood flow to injured brain. Initial case report 
data have suggested that in patients with very frequent SD, 
ketamine exerted a profound and complete suppressive 
effect on SD.31,33 This led to the retrospective review of 
electrocorticography (ECoG) recordings in 115 patients 
across participating centers, which demonstrated that ket-
amine, unlike other agents, had a consistent, dose-depen-

dent, suppressive effect on the incidence of SD.23 Based 
on these data, we designed a pilot trial to prospectively 
test the efficacy of ketamine sedation in the neuro-ICU 
in terms of SD suppression (clinical trial registration no. 
NCT02501941 [clinicaltrials.gov]).

Methods
Neuromonitoring and ECoG

We prospectively included 10 patients with aneurysmal 
SAH or severe TBI with injury severity requiring inva-

sive monitoring and craniotomy (for aneurysm clipping in 
SAH or hemicraniectomy in TBI). Consent was obtained 
via a legally authorized representative prior to surgery, and 
the study was approved by the University of New Mexico 
Human Research Protections Office. Monitoring of ECoG 
for SD was conducted using established techniques.10,18 
Briefly, at the time of surgery, a 1 × 6 platinum cortical 
electrode (Integra Epilepsy) was placed on either the fron-

tal or temporal lobe and tunneled subcutaneously through 
a posterior burr hole. The location of the strip was intended 
to be in potentially at-risk territory without being in com-

pleted infarction. At-risk territory was defined in SAH as 
the lobe most likely to experience vasospasm (e.g., tempo-

ral lobe for the middle cerebral artery, medial frontal lobe 
for the anterior communicating artery). In TBI, the strip 
was placed adjacent to any visibly contused brain. Moni-
toring was conducted using a full-spectrum direct current 
(DC) amplifier and collected using a Moberg Component 
Neuromonitoring system (CNS; Moberg Research Inc.). 
Real-time data were reviewed using the Moberg Reader 
desktop program for ongoing data integrity. The strip was 
removed at the bedside when clinical invasive monitoring 
was discontinued (typically 7–14 days). After collection, 
data were exported to LabChart (version 8.0, ADInstru-

ments) where raw DC data for each channel as well as 

high-frequency filtered (0.5–50 Hz) data were displayed, 
together with the 60-second integral of the power of the 
filtered data, per standard analysis recommendations.10

Ketamine Dosing

After the patient returned from the operating room, a 
washout period was maintained to avoid immediate post-
operative anesthesia effects. This period ranged from 1 
to 5 hours to begin medication dosing on a standardized 
schedule (see below). The patients were then randomized 
to start on either ketamine sedation or the other seda-

tion regimen. The other sedation agent was determined 
per the intensivist. This agent was typically propofol or 
dexmedetomidine in intubated patients and midazolam or 
dexmedetomidine in nonintubated patients. Sedation was 
then titrated to a Riker Sedation-Agitation Scale score of 4 
(calm, easily arousable, follows commands).29 A standard-

ized hospital-wide ketamine titration protocol was adopt-
ed and approved for use to ensure consistency of sedation. 
The randomized start order was then initiated at the next 
hour divisible by 6 (06:00, 12:00, 18:00, or 24:00). Medi-
cations were then alternated every 6 hours. If no sedation 
was required, a basal rate of 0.1 mg/kg/hr of ketamine was 
then continued during the ketamine-assigned hours, and 
no medications were given during the “other” hours. This 
regimen was continued until the monitoring electrode was 
removed. After electrode removal, there were no further 
study-related interventions, and routine clinical care con-

tinued.

Analysis

SD was identified using standard, previously validated 
techniques.18 Briefly, this involved identification of a char-
acteristic of DC deflection typically accompanied by sup-

pression of high-frequency ECoG data occurring on adja-

cent electrodes with temporal separation of < 10 minutes. 
Other nuances to scoring have been previously discussed,10 

and cases of uncertainty were resolved by consensus be-

tween the senior authors (A.P.C. and C.W.S.) or not scored 
as SD. SD was scored independently and blinded to the 
medication regimen described below. Periods of poor data 
or lead disconnection were marked for exclusion in analy-

sis. The duration of depression and of DC deflection were 
then scored for each SD. The number of SD occurrences 
per hour was then noted for each hour of recording. Af-
ter blinded scoring, the total hourly dose of ketamine for 
each hour of ECoG recording was then extracted. Due to 
the multiple crossover design, patients acted as their own 
control, for both injury type and time after injury, and time 
of day. For this reason, overall hours were compared in-

dependently of patients. We primarily chose this pooled 
method for this pilot analysis because effects on SD, such 
as injury type, severity, presence of vasospasm or stroke, 
systemic hypotension, and other factors, could severely 
skew a per-patient analysis, even if internally controlled. 
The chi-square test1 was used to determine the statistical 
significance of odds for the occurrence of SD on versus off 
ketamine.

Due to the known dose-dependent effects of ketamine,32 
a preplanned dose-response analysis was also then per-
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formed to determine a threshold of dosing for ketamine 
suppression. The Cochran-Armitage3,6 trend test was used 
to test the trend in SD proportions in ketamine dose groups. 
Logistic regression modeling1 was used to estimate the 
dose effect associated with sequential dose reductions in 
ketamine. Appropriate intervals were determined by man-

ual calculations of various dosing intervals and validation 
of a significant trend using the aforementioned technique. 
In addition, the duration of depression was also compared 
between hours on and off of ketamine to determine if there 
was an effect of shortening this depression. Duration of de-

pression was defined as the longest recoverable depression 
after each SD. The initiation of the loss of the integral of 

the power was used as the start of depression and the be-

ginning of recovery as the end of depression, as previously 
reported.10 Finally, to address the historical concern of pos-

sible increased intracranial pressure (ICP) with ketamine,7 
the correlation of ketamine dose with hourly recorded ICP 
was studied using mixed-effects modeling with patients as 
a random variable. Individual patient regression analyses 
were also performed to determine if there was a signifi-

cant effect in some patients. Analysis was performed using 
SAS (version 9.4, SAS Institute Inc.).

Results
Recordings

Successful ECoG recordings were obtained in all 10 
patients. Table 1 shows demographic characteristics of 
the patients. Figure 1 shows an example SD and electrode 
strip position. Eight patients had aneurysmal SAH requir-
ing clipping, and 2 had severe TBI with elevated ICP that 
was unresponsive to medical management and required 
hemicraniectomy. No patient had a serious adverse event 
related to the monitoring or medication alternation. One 
patient experienced agitation during ketamine dosing after 
3 days, and so the medication alternation was discontinued 
and the electrode strip removed. In this patient, there was 
persistent severe agitation requiring multiple sedation regi-
mens; the agitation was not thought to be directly related 
to ketamine administration. There were no instances of 
wound leakage, hematoma, or other complications noted 
around the electrode.

Moderate-Dose Ketamine Inhibits SD

There were a total of 1642 hours of observations with 
adequate ECoG: 833 hours off ketamine and 809 hours on 
ketamine. The analysis revealed a strong dose-dependent 
effect such that hours off ketamine or on doses of less than 
1.15 mg/kg/hr were associated with an increased risk of 
SD compared with hours on doses of 1.15 mg/kg/hr or 

TABLE 1. Participant characteristics 

Value 95% CI p Value*

Sex 0.2059

 Male 3 (30%) (0.00–64.56)

 Female 7 (70%) (35.45–100.00)

Diagnosis 0.0578

 TBI 2 (20%) (0.00–50.16)

 Aneurysmal SAH 8 (80%) (49.84–100.00)

History of migraine 0.0450

 Yes 2 (20%) (0.00–50.16)

 No 7 (70%) (35.45–100.00)

 Unknown 1 (10%) (0.00–32.62)

Race/ethnicity 0.2059

 White/Hispanic 7 (70%) (35.45–100.00)

 White/non-Hispanic 3 (30%) (0.00–64.56)

Mean age in yrs 60.80 (16.01) (49.35–72.25)

Mean weight in kg 84.14 (19.16) (70.43–97.85)

Values are presented as the number of patients unless stated otherwise. Mean 

values are presented with standard deviations in parentheses.

* Chi-square test.

FIG. 1. Example patient and SD. A: Lateral scout CT scan demonstrating the location of the electrode strip on the cortical sur-
face. Each lead is labeled 1–6. B: Full-spectrum, referential DC recordings from the electrode strip. The data are condensed to 
the scale shown at the bottom. The double arrows show 2 definite DC shifts of SD in electrodes 3 and 4. There are more irregular 
DC shifts on the other channels, which also likely represent continuation of the SD wave. C: Filtered data on the same 6 elec-
trodes over the same time interval as in B. Note that the start of the depression of the high-frequency data (double arrows) occurs 
simultaneously with the DC shift, defining the SD.
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more (OR 13.838, 95% CI 1.99–1000; Fig. 2). We then 
tested reductions of both 0.1 mg/kg/hr and 0.15 mg/kg/hr. 
While both displayed a significant dose-dependent reduc-

tion in effect with sequential dose decreases, the interval 
of 1.15 mg/kg/hr resulted in a consistent and highly signifi-

cant trend using the Cochran-Armitage test and was cho-

sen for further analysis (Z = -3.021, dim = 5, p = 0.00126). 
The odds of occurrence of SD progressively decreased as 
each 0.15-mg/kg/hr interval was tested at doses of 1.0 mg/
kg/hr (OR 4.924, 95% CI 1.337–43.516), 0.85 mg/kg/hr 
(OR 3.323, 95% CI 1.139–16.074), and 0.70 mg/kg/hr (OR 
2.725, 95% CI 1.068–9.898) to a threshold of no effect at 
0.55 mg/kg/hr (OR 1.043, 95% CI 0.565–2.135). In linear 
regression, a decrease of 0.15 mg/kg/hr in dose was found 
to be associated with a twofold increase in the odds of SD 
(OR 1.973, 95% CI 1.265–3.503). We repeated this dose ef-
fect analysis per patient and found that while the individual 
dose effects were not significant, there was a trend toward 
reduction of SD with an increased dose of ketamine in 7 
of 9 patients with SD. This supports the use of the pooled 
analysis as a reasonable summary of the overall effect of 
ketamine on SD across patients. When all ketamine data 
were pooled (i.e., on ketamine at any dose vs off ketamine), 
a nonsignificant overall trend toward less SD during hours 
on ketamine (c2 = 3.86, p = 0.42) was observed.

Effect of Ketamine on ECoG Suppression and DC 
Deflection

There was nonsignificant effect of ketamine on the 
mean duration of depression after SD (F = 2.62, p = 0.11). 
We also tested the effect of higher-dose ketamine (below 
the threshold for complete suppression of SD), but did not 

detect a significant effect on duration of these events either. 
The number of events was relatively small, and our study 
was not powered to detect such an effect, which, to date, 
has not been described in humans despite significant data 
in animals.

Effect of Ketamine on ICP

In our mixed-effects model of the effect of ketamine 
on ICP, we found no significant overall effect (p = 0.6052). 
In individual patient regression analysis, only 2 patients 
were found to have a positive association of ketamine with 
ICP (not significant), while most were neutral; 3 patients 
seemed to show a protective effect of higher doses of ket-
amine on ICP, one of which was significant (Fig. 3).

Discussion
This study provides the first prospective evidence sup-

porting the efficacy of ketamine in decreasing the SD 
incidence in ICU patients with acute neurological injury. 
Significant benefit was seen at doses greater than 1.15 mg/
kg/hr with a very large effect size of over 13 times the 
odds of SD at lower doses. The effect of all doses of ket-
amine on SD incidence was not significant, likely due to 
the influence on the group analysis from the patients on 
very low doses (0.1 mg/kg/hr) when no clinical sedation 
was required. The pragmatic experimental approach used 
here was necessary in a pilot trial, where the use of the 
medications was titrated for sedation purposes only. The 
dose dependency of the effect, with a progressive increase 
in the odds ratio over the range of 0.55 mg/kg/hr to 1.15 

FIG. 2. Plot of frequency of SD occurrences per hour (circles) versus dose of ketamine. All SD occurrences were at doses below 
1.15 mg/kg/hr. A further trend toward less frequent occurrence (SD/hr) can also be clearly noted, though the numbers with > 2 SD/
hr are small.
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mg/kg/hr, adds to the strength of the conclusion of clini-
cal efficacy on SD. These pilot data also provide proof-of-
concept confirmation that clinical trials targeting SD are 
technically feasible. Given the strong association of SD 
with clinical outcome,10,12,19,20 we believe that such trials 
targeting SD and the well-documented associated deleteri-
ous effects would be highly likely to result in improved 
clinical outcomes.

The concern that SD may be either an epiphenomenon 
of brain injury or merely a non-causative marker of injury 
severity is clearly an important issue for the development 
of interventions. However, multiple lines of preclinical 
and clinical evidence over the past several years support 
a causative role of SD in injury progression after brain in-

jury. One line of evidence is based on animal and brain 
slice models, where SD clearly leads to progressive tis-

sue injury in vulnerable tissues.2,5,19,37 Clinical data also 
strongly support the independent deleterious effect of SD 
beyond being a marker for severity of injury. Hartings et 
al.17 examined 109 patients with severe TBI across multiple 
centers and concluded that occurrence of SD—particu-

larly that occurring in already dysfunctional brain—cor-
responded to a greater than 7 times odds of poor outcome. 
Dreier et al.12 demonstrated the temporally relevant nature 
of these events in SAH patients, where clusters of SD were 
reliably observed preceding every documented episode of 
delayed ischemic neurological deficit. This observation ar-
gues strongly that the clusters play a causative role in such 
clinical deterioration. In a study correlating brain micro-

dialysis with occurrence of SD, Feuerstein et al. noted se-

quential and stepwise reduction in glucose with each SD.15 

Remarkably, they also noted that if there was a period of 
no SD, glucose would increase and again be depleted with 
sequential SD when the events recurred. Dreier et al.11 

and Hinzman et al.24 have similarly convincingly demon-

strated repeated waves of cortical ischemia accompanying 
SD, particularly in injured brain, leading to expansion of 
infarcts.

There are, unquestionably, multiple issues that remain 
to be addressed regarding how best to target SD as a po-

tential mechanism to improve outcomes after acute neu-

rological injury. These issues include the optimal patients, 
agent, delivery, and timing. We chose to begin the current 
pilot trial in this manner because SAH and TBI patients 
are known to have a high frequency of SD but do not all go 
on to experience expansion of infarction.

We chose to study ketamine because there are clear 
preclinical data regarding the effect of ketamine on both 
occurrence and severity of SD,16,22 because there are pre-

liminary reports of efficacy for SD,23,30,31 and because it is 
widely clinically available and used for sedation in critical 
care. Ketamine, a noncompetitive N-methyl-d-aspartate 
receptor antagonist, is thought to block SD by binding 
and stabilizing the glutamate binding site, which in turn 
stabilizes the membrane from the mass depolarization of 
SD.16,26,32 In the retrospective study of ICU medications by 
Hertle et al.,23 it is likely the “S” enantiomer of ketamine, 
which is available in Europe, was used in many centers, 
as opposed to the racemic ketamine, which is available in 
the US. This may be relevant because of differences in po-

tency and pharmacokinetics between these two types of 
ketamine.14,36 Another design consideration is whether the 
periods that patients were on sedation regimens other than 
ketamine is truly a control group. In the retrospective data 
from Hertle et al.,23 neither propofol nor midazolam had a 
significant effect on overall SD occurrence; however, mid-

azolam slightly increased the odds of clusters of SD, and 
propofol slightly decreased these odds.23 Certainly, there 
may be clinically relevant effects of other such medica-

tions that could potentially influence any comparative 
study. Since the predominant other medication was propo-

fol, which had a nonsignificant trend toward decreased SD 
in the retrospective review,23 it is possible that any poten-

tial therapeutic effect in our study could have led to an un-

derestimation of the therapeutic effect of ketamine. Other 
interactions, such as with dexmedetomidine, are also pos-

sible; however, given the relatively short therapeutic half-
lives of all the sedation medications used, such contamina-

tion is unlikely to have had a minimal overall effect on the 
results.

In addition, our data seem to add further support to the 
argument that ketamine does not cause increased ICP,7 
even in patients with severe brain injury. We found no 
overall effect of ketamine dose on ICP and on individual 
patient analysis; in fact, we found more patients with trends 
toward decreased ICP with higher doses of ketamine than 
those with a positive association.

Regarding timing of treatment, it is also unclear wheth-

er detection of SD is necessary to treat TBI and SAH pa-

tients, or whether SD-directed therapy should be univer-
sally given to SD-prone patients. On one hand, treating all 
patients may expose some patients who are lower risk to 
the side effects of the therapy; on the other hand, there are 
limitations in immediate bedside detection of SD, so that 
even in patients with continuous ECoG strip recording, 

FIG. 3. Individual linear regression analysis of each of the 9 patients 
with ICP monitoring regarding the effect of ketamine on ICP. The overall 
mixed-effects model showed no significant association. Note that in 
individual patients, the trends are quite variable, with some patients 
showing a negative association.
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there is a potential risk that SD could be occurring in a 
region distant from the strip.

Our study has limitations that prevent immediate adop-

tion into clinical practice. We did not perform analysis 
per patient due to the multiple crossover design, and so no 
outcome data could be evaluated. This multiple crossover 
design allowed us to perform a pilot proof-of-concept trial 
as a stepping stone to larger trials. We did not perform 
a pharmacokinetic analysis, and so it is possible that the 
administered dose could have a variable relationship to 
the true plasma concentration depending on factors such 
as length of administration and other medication interac-

tions. This will be an important topic in future trials. The 
study group was somewhat heterogeneous, with 2 TBI pa-

tients. Although pathophysiology can be very different in 
these two groups, SD is documented in both, and thus we 
considered it reasonable to group them for pilot testing. 
There is some potential imbalance in groups also because 
in the times when no sedation was required, our ketamine 
group was given subtherapeutic ketamine while the stand-

ard group received no medication. Since no therapeutic ef-
fect was noted at doses lower than 0.55 mg/kg/hr, these 
very low dose times probably did not significantly affect 
our primary results. Finally, there are inherent sampling 
limitations with currently used SD monitoring techniques. 
The electrode strip only monitors a small region of the 
brain, and though the strip is positioned in what is thought 
to be the most susceptible region to ischemia, it is possible 
that it is not representative of SD occurring in more dis-

tant, vulnerable tissue. Based on animal data, it has been 
hypothesized that the SD demonstrated on the electrode 
is representative of events occurring remotely,10,32 but this 
has not yet been confirmed.

Based on previous studies, we expected a dose depen-

dency to the treatment, but since a minimum effective 
dose has not been clearly defined, we chose to perform 
this pilot trial pragmatically, using only clinically required 
sedation. This led to many hours of treatment at very low, 
subanesthetic doses. It remains possible that there is a ben-

eficial effect on the SD morphology at these lower doses;28 
our relatively small numbers did not confirm this hypoth-

esis. This is certainly a topic for future investigation since 
in future trials, dosing must be well below the threshold 
for respiratory depression in awake patients. A dose of 1 
mg/kg is widely accepted as safe for procedural sedation, 
with very rare reports of cardiorespiratory side effects,35 
and thus it may be a reasonable starting point for such fu-

ture study. Ketamine is widely and safely used, even in 
an outpatient environment, but potential side effects and 
toxicities, including sensorial side effects and respiratory 
depression, can occur, particularly at higher doses;8 there-

fore, selective use in high-risk patients might avert poten-

tial concerns regarding such over-sedation and associated 
pneumonia and deep venous thrombosis in the ICU.

In future studies, there are many refinements that will 
be required to prove efficacy of SD suppression as a means 
to improving clinical outcome. First, selection of patients 
is key and with current monitoring systems, it may now 
be possible to detect SD at the bedside19 and only initi-
ate treatment when SD has been documented. This will 
overcome the concern of treating patients who would not 

be expected to benefit from the treatment. Second, less in-

vasive methods of monitoring SD are actively and rapidly 
being explored. Traditional scalp EEG may offer some 
hint at the cortical process13,21 but likely is not adequate-

ly spatially resolved to detect SD. Noninvasive methods 
are therefore a significant focus of future study to allow 
enrollment and treatment of patients not requiring crani-
otomy or burr hole.

Conclusions
Ketamine effectively inhibits SD over a wide range of 

doses commonly used for sedation, even in nonintubated 
patients. These data also provide the first prospective 
evidence that the occurrence of SD can be influenced by 
clinical intervention and does not simply represent an un-

avoidable epiphenomenon after injury. These data provide 
the basis for future studies assessing clinical improvement 
with SD-directed therapy.
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