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Abstract

Objective: Intra-cranial pressure (ICP) after mild traumatic brain injury (mTBI) is poorly studied
due to lack of sensitive non-invasive methods. The purpose of this review was to summarize the
existing knowledge of changes in ICP after mTBI.

Literature selection: PubMed, Embase, CINAHL, and Scopus were searched by 3 reviewers
independently up to December 2016. Inclusion criteria: animal and human studies measuring ICP
and brain oedema after an mTBI. Exclusion criteria: Moderate and severe forms of traumatic brain
injury, repeat samples, and studies that measured ICP at the time of impact but not after. Study
quality was assessed using Downs and Black criteria.

Results: Of 1067 papers, 9 studies were included. In human studies, 1 provided direct evidence
on increased, 1 provided indirect evidence of increased, and 2 provided indirect evidence of
decreased ICP. In animal studies, 3 studies provided direct evidence of increased, 1 provided
indirect evidence of increased, and 1 provided indirect evidence of no change in ICP.

Conclusion: The existing research suggests that there may be increased ICP after mTBI and
animal studies suggest an elevation for days which returns to baseline, which corresponds with
functional and symptomatic recovery. Future human studies using sensitive indirect methods to
measure ICP longitudinally after mTBI are needed.
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INTRODUCTION

Mild traumatic brain injuries (mTBI) are caused by trauma to the head or neck that results in
physiological dysfunction manifest as loss of consciousness, altered mental status, or
transient memory loss.! It is characterized by absence of observable changes on
conventional imaging and a Glasgow Coma Scale of 13 to 15.2 It is estimated that 42 million
people worldwide suffer some form of mTBI every year and that the majority of them do not
seek medical attention.3 Concussion, a subcategory of mTBI, is thought to be reversible and
is often caused by sports.#® It is estimated that 1.6 to 3.8 million brain injuries occur in
sports every year in the USA, the majority of them being mTBI.6 The pathophysiology of
mTBI remains poorly understood.’

Intra-cranial pressure (ICP) is the pressure of the cerebrospinal fluid in the subarachnoid
space. Normal values are 7-15 mmHg in a healthy supine adult and =10 mmHg in the
standing position.8 Increased ICP is well documented in moderate and severe forms of
traumatic brain injury (TBI) due to gross swelling or mass effect from bleeding.? Since the
brain exists within a stiff skull, increased ICP can impair cerebral blood flow (CBF) and
cause secondary ischemic insult.10.11 Research is confirming cerebrovascular dysfunction
that characterizes mTBI, including depressed resting CBF, regional alterations in CBF, and
greater CBF for a given level of exercise intensity.12-15 It is hypothesized that these to
contribute to the classic symptoms of mTBI.16

The symptoms of increased ICP include but are not limited to headache, behavioural
problems, nausea, and vision problems,1” which overlap with the symptoms of mTBI and
concussion.>18 ICP has not been studied in much detail in mTBI. Direct methods such as
catheters are invasive, have high risk of complications, and are not justified for mTBI,1°
whereas indirect methods have poor sensitivity and reliability.2? Hypertonic saline is used to
decrease ICP in severe brain injuries.! In a randomized double blind study in the emergency
department, Lumba-Brown et al.22 showed that intravenous hypertonic (3%) saline was
more effective than normal saline in acutely reducing concussion pain in children 4 to 7
years of age with a GCS score greater than 13, suggesting that decreasing ICP may be an
effective treatment for mTBI. The purpose of this review was to systematically search the
literature and to summarize the existing knowledge about ICP changes after mTBI.

METHODS

PRISMA guidelines for systematic reviews were followed.23 This review was prospectively
registered on PROSPERO?* (Registration number CRD42016040140).

Literature search:

PubMed (1946-onwards), Embase (1947-onwards), CINAHL (1937-onwards), and Scopus
(1823-onwards) were searched on January 2017 up till December 2016 using combinations
of the following terms; mild traumatic brain injury, concussion, Glasgow coma scale 13-15,
intra-cranial pressure, intra-cranial hypertension, brain oedema, cerebral pressure, intra-
ocular pressure, optic disk, optic nerve sheath diameter, ultrasonography, brain swelling, and
papilledema. Human and animal models were included. There was no limit to the year of

Brain Inj. Author manuscript; available in PMC 2019 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haider et al.

Page 3

publication. The exact search syntax is provided online. Title/abstract screen and data
extraction were performed by three independent reviewers.

Study selection criteria:

Inclusion criteria: Animal and human articles that directly or indirectly measured ICP after
mTBI. Articles whose main focus was not measurement of ICP but suggested the presence
or absence of a change in ICP were included. Additionally, the articles had to explain how
ICP was measured. Some articles, specifically animal studies, were confusing since no
universal criteria of TBI severity were used. These articles were assessed by an expert on
animal traumatic brain injuries and were included if he agreed they could be considered
mTBI on the basis of mortality rate, pressure, and/or method of injury.

Exclusion criteria: Articles that did not directly or indirectly measure ICP after mTBlI,
articles whose severity of brain injury was greater than mild, non-brain injury, and review
articles. For those studies using the same sample population, the article that described ICP
was used. If both described ICP then the earlier article was used. Articles that measured only
ICP during impact of injury but not after were excluded.

Data extraction:

Full texts of screened articles were read in their entirety, the following data was extracted
using a uniform data extraction form: author, year of publication, study design, animal or
human, sample size, method of ICP measurement, cause of mTBI, time interval from injury
to measurement, and results of ICP measurement. Conflicting results were resolved in a
meeting of the reviewers. Pairwise Cohen’s Kappa of inter-rater reliability (hon-weighted)
after title/abstract screen was calculated.2

Risk of bias and level of evidence:

RESULTS

Study Quality Assessment was performed using the Downs and Black Criteria2%, this is a
validated checklist that assess risk of bias in randomized and non-randomized studies. Level
of Evidence was determined using guidelines set forth by Melnyk et al.2”, this system uses a
seven level grading system that begins with systematic review of randomized control trials
(Level 1) on down to expert opinion (Level 7).

Literature search:

The results on of the literature search is presented in Figure 1. PubMed yielded 591, Embase
yielded 621, CINAHL vyielded 117, and Scopus yielded 814 results. After excluding the
duplicate articles, a total of 1067 non-duplicate studies were retrieved. Title and abstract
screen was performed and the full text of 55 articles were read. Thirty five articles were
excluded because they did not measure ICP after an mTBI. Eleven animal studies were
excluded during data extraction for reasons explained below. Nine articles met inclusion
criteria for this systematic review. Pairwise Cohen’s Kappa of inter-rater reliability of after
title/abstract screen was 0.61. Study characteristics of included studies are presented in Table
1. One abstract/poster presented in 2015, Serrador et al.28, had interesting findings. They
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showed that there was a significant increase of indirectly measured ICP 2 hours after a
sports-related concussion when compared with controls (14+3 vs. 7£1 mmHg, P=0.032). We
contacted the author but, at the time of submission of this review, no original article had
been published.

Excluded articles during data extraction:

Saljo et al.2% only measured ICP during simulated blast injury and not after. Cernak et al.3?,

Gurdjian et al.3! Prins et al.32, Engelborghs et al.33, Chandra et al.34, Abdul-Muneer et al.3®,
Obenaus et al.38, and Millen et al.37 could not be equated to human mTBI as assessed by an
expert in animal traumatic brain injury based upon force of injury, cognitive impairment, or

fatality rate. Bolouri et al.38 and Hamberger et al.3? used the same sample and Saljo et al.40

summarized previous data.

Study quality assessment and level of evidence:

Table 2 includes the level of evidence and study quality assessment. All the articles except
LLumba-Brown?22 were either case-control or cohort studies with a Level of Evidence of 4
according to the criteria set forth by Melnyk et al..2” Study quality, according to the Downs
and Black Criteria?®, was low to moderate for most of the studies. Studies in general had
well defined objectives (Q1) and main outcomes (Q2). Some animal studies did not specify
their sample characteristics (Q3) and only mentioned the species. Interventions or
investigation (Q4), principal confounders (Q5), main findings (Q6), and the random
variability (Q7) were explained in almost all studies. Adverse events (Q8) did not apply to
most of the studies since they were observational. Patient follow-up (Q9), probability values
(Q10), and source population (Q11 and 12) were clearly documented in almost all studies.
Treatment facilities (Q13) and blinding (Q14 and 15) did not apply to the majority of the
studies since they were specific to treatment. Studies were well planned (Q16 and 17) and
used appropriate analysis (Q18). Compliance and follow-up (Q19 and 26) was not reported
well in human studies. Internal validity (Q20-22) was appropriately documented in all the
studies except that there was very little adjustment for confounding variables (Q25).
Randomization (Q23 and 24) and power (Q27) were applicable only to randomized control
trials.

Intra-cranial pressure and measurement methods:

In human studies, 1 study provided direct evidence using MRI and 3 studies provided
indirect evidence using either MRI or changes in FACES (Visual Analogue Scale) pain chart
to measure symptoms after administration of 3% saline. In animal studies, 3 studies
provided direct evidence using invasive ICP monitoring and 2 studies provided indirect
evidence using either MRI for volume analysis or post-mortem brain weight to measure
oedema. Two out of 4 human studies suggest an increase in ICP and 2 did not (Jarrett et al 41
and Toth et al.#2 identified reduced brain volume which suggests a decrease in ICP). Four
out of 5 animal studies suggest an increase in ICP and 1 did not (Kane et al.*3 found no
formation of oedema which suggest no change in ICP). The individual study details on ICP
and its measurement are presented in Table 3.
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DISCUSSION

We systematically reviewed the literature to search for studies that measured ICP after
mTBI. Since this is an understudied area, it wasn’t surprising that we found a limited,
heterogeneous group of studies. Increased ICP during severe or moderate TBI is a well-
known phenomenon due to the mass effect of bleeding or gross swelling of the brain but it
hasn’t been studied to great extent in mTBI. The majority of the articles that met our
inclusion criteria suggested increased ICP after mTBI, but majority of them were animal
studies whose results cannot be directly compared with human studies. The pathophysiology
of this increase is not known. Changes in ICP could be due to alterations in CBF and
autonomic nervous system (ANS) seen in mTBI patients.** The primary ANS control center
located in the brainstem may be damaged particularly if there is a rotational force applied to
the upper cervical spine as seen in head injuries.*® Consistent with this, brainstem DTI
changes have been reported in patients with post-concussion syndrome, a form of mTBI.46
More research in this area is required.

Level of Evidence and Study Quality:

Most studies had a moderate Level of Evidence and were low to moderate quality. Lewelt et
al.*” scored relatively low, perhaps because it is a much older study that used different
criteria to minimize and report bias. Lumba-Brown?2 scored relatively high because it is the
only randomized control trial and all the components of the Downs and Black criteria were
applicable to it.

Intra-Cranial Pressure and Measurement:

The four human studies are heterogeneous. The results of Lumba-Brown et al.22 suggested
increased ICP after a significant reduction in acute post-concussive headache with 3%
hypertonic saline. Hypertonic saline is a commonly used and effective pharmacotherapy for
increased 1CP.1148:49 Thjs study is important because it suggests we can treat some of the
symptoms of mTBI by pharmacologically decreasing ICP. However, other explanations
should also be investigated. Normal saline (NS) administration has beneficial properties of
plasma volume expansion, and this study demonstrated that patients who received NS had an
acute improvement of pain immediately following administration, but at a lesser value. A
limitation of the study was not including a control arm which received no treatment.

Pomschar et al.? used MRI to indirectly measure ICP via changes in compliance and
venous outflow. They showed a pressure of 12.5 + 2.9 mmHg in people with a history of
concussion versus 8.8 + 2.0 mmHg in people with no history of concussion. Unfortunately
the mean time of measurement from injury was 11 years and the study population had long
since recovered clinically. Toth et al.#2 measured oedema formation in a uniform sample.
Jarrett et al.#1 indirectly measured ICP after mTBI via a reduction in global brain volumes,
which correlates to reduced ICP.? They longitudinally monitored hockey players who had a
concussion, hockey players who did not have a concussion, and controls who did not play
contact sports. The results of this study are controversial because they found reduced global
brain volumes both in concussed and non-concussed athletes compared to controls with no
significant difference between the two athlete groups. The reasons for the decreased brain
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volumes in non-concussed athletes are unknown but theoretically could be due to
undiagnosed concussive or sub-concussive injuries, or other lifestyle or genetic factors apart
from brain injury may be at work.

Animal studies have the advantage of measuring ICP directly, which is more reliable and
sensitive than indirect methods. Bolouri et al.38 simulated sports-related concussions by
giving helmeted rats three impacts and longitudinally monitored ICP. Pre-injury ICP was 5.7
mmHg, increased with time, peaked at 14 mmHg after multiple impacts 10 hours after
injury, and returned to pre-injury levels by 7 days. In human concussed athletes, it can take
hours for the development of concussive symptoms while clinical recovery generally
requires 7 to 10 days.® Thus, increased ICP in this animal study correlated with the delayed
onset of concussive symptoms and short recovery duration seen in most humans after sports-
related concussion. Donovan et al.>! gave single and multiple impacts either 3 or 7 days
apart using a direct mild cortical impact injury and collected MRI data at baseline, 1 day
post first injury, 1 day post last injury, 7 days post last injury, 14 days post last injury and
60-68 days post first injury. They measured haemorrhagic lesions and incidentally reported
brain oedema formation. They found oedema formation 1 day post first injury (1.4 + 0.002%
increase in total brain volume, p<0.05). In the 7 day multiple injury group, oedema at the
site of initial injury had subsided at day 7 post-injury while there was still oedema formation
at the site of second impact. There was no observable difference in oedema formation at day
14 from first injury in all the groups. These data suggest that brain oedema happens early
after mTBI, resolves within 14 days, and that multiple impacts have a cumulative effect,
which could explain why Second Impact Syndrome may be a complication of repetitive head
injuries.>2 Kane et al.#3 measured brain oedema formation 4 hours after single and multiple
injuries using a post-mortem brain weight method but found no significant oedema
formation after multiple mTBI. This is the only animal study that did not report increased
ICP even though there were temporary functional deficits in balance and co-ordination,
which is consistent with mTBI. Lewelt et al.4’ reported increased ICP in adult cats using a
direct catheter method after low impact brain injury that normalized over the first hour. Saljo
et al.53 longitudinally measured variations in ICP at regular intervals after mTBI, similar to
Bolouri et al.38. ICP increased, peaked at 10 hours, and remained significantly elevated at
day 7, after which there was no significant difference. The animals were functionally
impaired during the time of increased ICP but recovered by day 7.

A limitation of this study is the inability to perform a meta-analysis with the data. Table 1
shows the heterogeneity in the study designs, species studied, mechanism and timing of
injuries, and ICP measurement methods, which make a meaningful meta-analysis
impossible. Another potential limitation of this study is publication bias. There may be
valuable data available only from non-peer reviewed sources and the grey literature. Even
though language was not an exclusion criteria, all of the full text articles we read were in
English. Articles in other languages had abstracts that were translated into English but did
not pass the title/abstract screening step. Since direct ICP measurement after mTBI is not
standard of care, the indirect measurements of ICP in humans are limited to estimated
values. Also, even thought we did not have a limit to the publication year, only one study

Brain Inj. Author manuscript; available in PMC 2019 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haider et al.

Page 7

published more than 10 years ago was included. This is because the older animal and human
studies had a very different definition of mild traumatic brain injury, typically including
haemorrhages in humans and high rates of fatalities in animals. Some studies, for example
Gurdjian et al.,31 published in 1954, claimed “concussion” after a brain impact of 120
pounds per square inch (approximately 8.1 atm), which is significantly greater than the
current definition of a mild TBI. Lastly, the agreement score between reviewers is relatively
low (0.61). We suspect it was due to this being an understudied topic with a variety of
endpoints/variables and we had to identify if the animal studies could be comparable to
mTBI.

Future directions:

Future studies should measure ICP longitudinally in acute mTBI human patients until
resolution of symptoms using sensitive, modern indirect measurement methods.
Unfortunately indirect/non-invasive are less sensitive and less reliable than direct/invasive
methods.2? Some methods, like tonometry, require a large increase in ICP to identify any
change and their correlation coefficient with direct measurement is only 0.44 for moderately
increased 1CP.54 Since it is hard to measure small changes in ICP indirectly using traditional
methods, Cartwright et al.>® hypothesized that they could effectively diagnose concussions
using ultrasonic parameters. They studied indirect ICP measurement in healthy controls and
presented a formula to accurately and sensitively measure ICP using optic nerve sheath
diameter. They also hypothesized an increase in ICP after concussion and recommend
further investigation. The Two-Depth Trans-orbital Doppler is an effective method of
detecting small increases in ICP. It is the only non-invasive method that gives absolute
values of ICP as opposed to the estimated values from other indirect methods but currently is
used only for limited research purposes.>® Finally, a novel method using a sensitive
Transcranial Doppler can produce cerebral blood flow velocity waveforms. Each of these
waveforms correlate with a different mean ICP.57 This Morphological Clustering and
Analysis of continuous Intracranial Pressure (MOCAIP)>® method could be used in the
future to indirectly monitor ICP after mTBI.

Conclusion

ICP is important to study because the symptoms of intracranial hypertension include but are
not limited to headache, behavioural problems, nausea, and vision problems, which overlap
with the symptoms of mTBI and concussion.®18 The limited human data support that there
may be increased ICP after mTBI and animal studies suggest that this increase can remain
elevated for several days after injury which is similar to the symptom recovery time reported
in humans after sports-related concussion.?®-62 Future research should use sensitive, modern
indirect methods to monitor ICP longitudinally after human mTBI and correlate it with
clinical signs, symptoms and functional outcomes.
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