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Context: The mainstay of treatment for acute traumatic spinal cord injury (SCI) is to artificially elevate the patient’s
mean arterial pressure (MAP) to >85 mmHg to increase blood flow to the injured spinal cord for 7 days.
However, the literature supporting these recommendations are only Class Ill evidence. In fact, the critical
time window in which to elevate MAP after SCI and the optimal vasopressor to use are largely unknown, as is
whether cerebrospinal fluid diversion has a role, and this leads to variability among practitioners. Also
undefined is whether manipulating these parameters improves neurological outcome.

Objective: Our goal is to better delineate current clinical practice and identify gaps in knowledge surrounding
the care of patients with traumatic SCI.

Methods: We undertook a systematic review of the current literature identified from PubMed on MAP elevation
and spinal cord parenchymal pressure in acute SCI.

Results: The 8 articles (6 human; 2 porcine) that met our inclusion criteria were all published within the last 6
years. Four were prospective, 1 was retrospective, and 3 were review articles. Only one study was
randomized. All of these studies involved small sample sizes and varying lengths of MAP elevation. Choice
of vasopressor was variable as well.

Conclusions: From our literature review, we posit that norepinephrine may be the vasopressor of choice, that
spinal parenchymal pressure monitors can be safely placed at the injury site, and that the combination of
MAP elevation and cerebrospinal fluid drainage may improve neurologic outcome more than either
intervention alone.
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Introduction

Traumatic spinal cord injury (SCI) is a devastating con-
dition with high morbidity and public health impli-
cations. SCI affects >12,000 people in the United
States each year' and creates a tremendous burden on
patients, families, and health care providers. Despite
this, management of traumatic SCI has changed very
little over the past 20 years. Clearly, new efficacious
and evidence-based treatment strategies are needed to
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improve SCI patient care to promote functional recov-
ery and enhance long-term quality of life in this
patient population.

The current standard of care for treatment of patients
with acute SCI is outlined in the 2013 Guidelines for the
Management of Acute Cervical Spine and Spinal Cord
Injury.? Importantly, the Guidelines for surgical manage-
ment of acute SCI are based only on Level III evidence,
largely extrapolated from the traumatic brain injury
(TBI) literature. This “option”-level evidence suggests
that artificially elevating the blood pressure to a mean
arterial pressure (MAP) of >85mmHg for 7 days
after an acute SCI may improve neurologic outcome.
Our current standard of care operates under the
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assumption that spinal cord perfusion pressure (SCPP)
is equal to MAP minus cerebrospinal fluid (CSF)
pressure. However, there is no direct evidence to
support this claim, because there are no evidence-
based studies that directly measure the effects of
various MAP management strategies on outcome.
This concept is extrapolated from the TBI literature
even though the spinal cord is not contained in a rigid
bony container like the brain.

Moreover, the actual strategy for implementation of
MAP management is not standardized among phys-
icians. It is well known that ischemia after SCI can
lead to secondary damage to the already-injured
spinal cord.>* There is evidence that aggressive treat-
ment of hemodynamic alterations can affect neurologi-
cal outcome, but there is no consensus on which
vasopressor should be used and whether one is more
effective than another.’ A second gap in knowledge/
clinical practice is that recent studies have shown that
patients with acute SCI have periods where their
MAP falls below the desired 85 mmHg, but the
impact of this remains unclear.® Additionally, the role
of CSF drainage (CSFD) to increase spinal cord
blood flow (SCBF), although often used in repair of
abdominal aortic aneurysms, has not been well
studied in patients with acute traumatic SCI but has
shown some promise in a recent study using a porcine
model of SCI.”

Clearly, a better understanding of the physiologic
changes that take place after acute SCI by MAP aug-
mentation, CSFD, and alteration of SCPP is needed
to have a better understanding of the relationship
among these variables and their effect on the treat-
ment of patients with acute traumatic SCI. We under-
took a systematic review of the literature on MAP
elevation and SCPP in acute SCI to better delineate
current clinical practice and identify the gaps in
knowledge surrounding the care of patients with a
traumatic SCI.

Methods

We performed a PubMed search to find all articles con-
taining the key words “mean arterial pressure,” “spinal
cord perfusion pressure,” “acute,” and “spinal cord
injury.” We reviewed the titles and abstracts of the ident-
ified articles and excluded any that did not address our
questions about MAP elevation and SCPP in acute SCI.
Articles that were not in English or that predated the
2013 Guidelines update were excluded. The full text of
each of the remaining articles was reviewed and
abstracted for our analysis.
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Results

In total, 10 articles were identified from our search. One
article was excluded because it was a case report that did
not directly relate to MAP elevation and SCPP. One
article was excluded because it related only to central
cord syndrome. The remaining 8 articles that fit our
inclusion criteria are outlined in Table 1. It is clear
from our literature review that there are several key
questions that relate to the management of a patient
with an acute traumatic SCI. These questions are out-
lined and discussed further below.

The 6 human and 2 porcine articles outlined in
Table 1 were all published within the last 6 years. Four
of these studies were prospective, 1 was retrospective,
and 3 were review articles. Only one study was random-
ized. All of these studies involved small sample sizes,
varying lengths of treatment with MAP elevation, and
choice of vasopressor. These studies suggest that norepi-
nephrine (NE) may be the vasopressor of choice in acute
traumatic SCI, and that MAP augmentation, particu-
larly in conjunction with CSFD, may increase SCPP
and SCBF and thus lead to improvement in neurologic
outcome. However, because of the variability in treat-
ment length, small patient numbers, and lack of pro-
spective blinded study design, more work is needed to
solidify new guidelines for the treatment of acute trau-
matic SCI. Therefore, we have tried to highlight some
of the remaining existing literature throughout this
paper that pertains to the questions of MAP elevation,
SCPP, and CSFD after acute traumatic SCI.

Discussion

What is the optimal timing and duration of MAP
elevation?

Although artificially elevating MAPs to >85 mmHg in
patients with acute SCI is common practice in neurosur-
gical intensive care units (ICUs), there is currently no
standardized method of how to do this, how long to
do it for, and which vasopressor should be used. In
addition, because we do not place parenchymal pressure
monitors directly into injured spinal cord like we do in
the brain of TBI patients for fear of causing further
injury, we have no direct evidence that elevating
MAPs for any period of time improves SCPP.

Kong et al.® examined the existing clinical literature
on the impact of blood pressure management after
acute SCI. They noted that the goals for both the dur-
ation and elevation of MAP were widely variable
(>85-90 mmHg and 24 h-7 days, respectively). There
was also conflicting information on whether the MAP
elevation led to improvement in neurological outcome,
with many studies reporting conflicting results on this
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Table 1 Articles pertaining to the relationship between MAP and SCPP in patients with acute SCI.

Length of
Article Study type Subjects treatment Outcomes Concerns
Kong et al.® Prospective, 21 human 5-7 days All subjects had at least one recording of Small sample size
non-randomized  patients MAP <80 mm Hg
Martirosyan Prospective, 15 pigs 4h Both MAP elevation alone and CSFD Short length of
etal’ non-randomized alone led to only short-term treatment
improvement of SCBF.
Combination of MAP elevation and
CSFD significantly improved SCBF
and SCPP
Readdy Review 14 human 101.07 h Complete penetrating injuries less likely Small sample size
etal® patients than blunt injuries to improve, even with
pressor use
Altaf et al.’®  Prospective, 11 adult 24h DA associated with increased ITP when Small sample size
non-randomized  human compared with NE, despite stable MAP ITP measured
patients remote from the
injury site
Yue et al.!! Review Human Recommended N/A N/A
5-7 days
Yue et al.'? Review Human Variable NE provided 2 mmHg increase in Inconsistent
SCPP without differential MAP effects length of
versus DA. treatment
In elderly SCI, more vasopressor and
DA-specific complications observed.
Streijger Prospective, 22 pigs 3h MAP augmentation with NE resulted in a Short length of
etal® randomized modest improvement in SCBF during treatment
compression and after decompression
compared with PE
Strohm Retrospective 3 human 48 h Improved AIS grade after CSFD/elevated Small sample size
etal®® patients MAPs Short length of

treatment

AIS, ASIA Impairment Scale; CSFD, cerebrospinal fluid drainage; DA, dopamine; ITP, intrathecal pressure; MAP, mean arterial pressure;

NE, norepinephrine; PE, phenylephrine; SCBF, spinal cord blood flow;

question. Therefore, it seems as though the optimal
timing and duration of MAP elevation, and even the
level at which to augment the MAP, remain significant
unknown variables in the algorithm for treatment of
patients with acute SCI.

In an article by Strohm et al.,"* 3 patients who experi-
enced an acute SCI after repair of thoracic or thoracoab-
dominal aortic aneurysms had lumbar drains placed for
CSFD and elevation of MAPs within 24 h of recognition
of the injury. All 3 patients experienced a neurologic
improvement in American Spinal Injury Association
(ASTA) score before discharge; however, there was no
consistency in length of time for CSFD or MAP
elevation, nor were the MAPs elevated to the same
level. In fact, the guidelines for at-risk patients under-
going open or endovascular repair of thoracic or abdomi-
nal aortic aneurysms are vague and recommend elevating
MAPs from 60 to 90-100 mmHg and using CSFD for
anywhere from 36-48 h up to 5-8 days.'*!> Again,
these interventions assume that SCPP = MAP — ITP
(intrathecal pressure), an assumption for which we have
no direct evidence in acute traumatic SCI patients.
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SCPP, spinal cord perfusion pressure.

Which vasopressor is optimal to achieve MAP
goals?
Although guidelines recommending elevation of MAPs
to >85 mmHg for patients with acute traumatic SCI
have been in existence for over 20 years, there is still
no consensus on which vasopressor to use to achieve
this MAP goal, with many trauma centers favoring
phenylephrine (PE) or NE'® and other centers using
dopamine (DA) as their vasopressor of choice."’
Streijger er al.> compared NE with PE in a porcine
model of thoracic SCI. Their results showed a higher
risk of hemorrhage at the injury site and lower SCBF
levels in the PE group compared with the NE group,
suggesting that perhaps NE should be used preferen-
tially over PE in patients with acute traumatic SCI.
However, this study only observed the pigs for 3 h
after injury, which is a significantly shorter period of
MAP elevation than is recommended in adult human
patients with SCI.

Altaf et al.'® enrolled 11 adult SCI patients in a study
in which NE and DA were used on all patients and ITP
was evaluated via the placement of a lumbar drain. The



MAP goal was >85 mmHg, and MAP and ITP were
continuously monitored in an ICU setting for 3-5
days. Despite a stable MAP, DA use caused an increase
in ITP and thus a decrease in SCPP. However, as is the
issue with essentially all of the current literature on
measurement of SCPP and ITP, the lumbar drainage
catheters (and therefore measurements of ITP) were
done remotely from the injury site, as these were patients
with cervical or thoracic SCI. Therefore, although this
study suggests that NE may be a preferred vasopressor
for MAP elevation in acute traumatic SCI, there is still
no direct evidence linking MAP elevation to increased
SCBF directly at the site of injury. Phang and
Papadopoulos'® did show that subdural intraspinal
pressure was higher at the injury site and seemed to cor-
relate with intraparenchymal pressure at the injury site,
but they did not monitor changes in pressure in response
to elevated MAPs or CSFD.

Yue et al.'? recently reviewed studies of vasopressor
use in patients with acute traumatic SCI to assess vaso-
pressor-associated complications. NE seemed to provide
a slight increase in SCPP compared with DA, and there
were more vasopressor-associated complications in
elderly patients with SCI, specifically tachyarrhythmias,
associated with DA. However, many of the studies on
vasopressor usage in traumatic SCI patients used small
sample sizes and variable time windows of MAP
elevation. With this variable and inconsistent evidence,
vasopressor usage after acute SCI remains institution
and practitioner specific. Since administration of vaso-
pressors is far from a benign intervention, MAP aug-
mentation should be employed only after a discussion
with the patient and their family.

Is placing spinal intraparenchymal pressure
monitors directly at the injury site safe?

The Injured Spinal Cord Pressure Evaluation Study pro-
vided proof of concept that subdural intraspinal
pressure at the site of injury could be safely monitored."”
This study included 18 adult patients with ASIA A-C
cervical or thoracic SCI. Intraparenchymal monitoring
probes were placed at the site of injury with maximal
swelling based on MRI scan at the time of operative
decompression and stabilization. There were no
reported complications related to probe placement.
Monitoring was started within 72 h of injury and contin-
ued for up to 7 days. Increasing SCPP was shown in 6
patients with the use of vasopressors to elevate MAPs
to >85 mmHg. This increase in SCPP was shown to
have an improvement in limb motor scores although
the data were only analyzed in two of the six patients.
Thus, the key finding from this study was proof of
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concept that spinal intraparenchymal pressure monitors
could be safely placed at the site of injury, although any
improvement in neurologic outcome or assumptions on
MAPs relating to SCPP cannot be drawn from such a
small patient sample size.

Is there a relationship between SCPP
management and neurologic recovery?

The lack of human evidence relating to direct measure-
ments of SCPP and effect on neurologic outcome with
increasing MAPs remains a significant shortcoming in
terms of advancing treatment for patients with acute
SCI. Optimal SCPP remains unknown, although
Squair et al®® showed that higher SCPP (again
measured at a site remote from the injury location)
does seem to correlate with an improvement in neuro-
logic recovery. In their study, the degree of neurologic
impairment in 92 patients with acute SCI was assessed
at baseline and then again 6 months after injury.
Patients who were exposed to a SCPP <50 mmHg
were less likely to improve from their baseline level of
neurologic impairment (P = 0.0056), while patients
who improved in neurologic function had SCPP
<50 mmHg fewer times than patient who did not
improve (P = 0.012). This same effect was not noticed
for MAP. Overall, 43/92 patients improved in ASIA
Impairment Scale (AIS) grading (46.7%). It should be
noted, however, that SCPP was measured via a lumbar
drain and not via direct monitoring at the site of
injury. The improvement in neurologic outcome with
higher SCPP in the study held true even for patients
with more severe injuries (AIS A). Their data also
suggested that risk for poor neurologic improvement
increases with a MAP <70 mmHg. Hawryluk e al.®
also observed better neurologic outcomes with a MAP
>70-75 mmHg in the first week after injury. These
studies are interesting in that they suggest that maintain-
ing MAP goals 10-15 mmHg lower than recommended
guidelines may improve neurologic recovery and poten-
tially obviate the need for vasopressors to attain a MAP
goal of >85 mmHg. Other studies have even shown that
elevating MAPs does not correlate with an improvement
in neurologic outcome, particularly with penetrating
SCI as opposed to blunt injuries.” Additionally, aside
from the Squair study, much of the literature pertaining
to SCPP is actually drawn from studies in patients who
have undergone thoracic or thoracoabdominal aortic
aneurysm repair rather than experienced an acute trau-
matic SCL.2" 2% Therefore, further studies are needed
in which SCPP is measured directly at the injury site
to determine an optimal pressure range in correlation
with an optimal MAP goal.
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What happens if the MAP goals are not met?
Despite the level III evidence to maintain MAPs
> 85 mmHg after acute traumatic SCL'' many level 1
trauma centers still fail to meet this goal. In one study
done at a Canadian level 1 trauma center, patients
with cervical or thoracic SCI were enrolled within 48 h
of injury® The target MAP for this study was
>80 mmHg. All 21 patients had at least one MAP
recording <80 mmHg, and 18 patients had at least
one MAP recording <70 mmHg. When scrutinized by
injury level, patients with cervical and thoracic SCI
had an average of 18.4% and 35.9% of MAP measure-
ments <80 mmHg, respectively.

Similarly, we examined compliance with MAP goals
in our acute traumatic SCI patient population.
Patients were randomized within 24 h of admission to
one of two groups. In the first group, MAP goals
>85 mmHg were monitored via an arterial line, and
vasopressors were administered as needed. In the
second group, patients were similarly monitored except
there was a laptop in the room with unique software
(Moberg, Ambler, PA) designed to transmit an alarm
if a measurement fell below 85 mmHg. The software
provides immediate feedback to care providers at the
bedside (Fig. 1). Our objective was to see whether the
use of this software led to fewer MAP measurements
out of range and thus an improvement in neurologic
outcome (AIS scale) at 6 months after injury. Our
overall compliance with the Guidelines of MAP
>85 mmHg after acute traumatic SCI was 82.2% with
32 patients enrolled, with a trend towards significance
in the patients randomized to monitoring with the
specialized software. Our average time of MAP moni-
toring was 5.7 days, and the most common vasopressor
used was PE. These studies show that when attempting
to push MAP goals in accordance with recommended
guidelines, even high-volume trauma centers fall short
of the mark. However, it does remain unclear whether
this has an effect on neurological outcome.

Does CSFD lead to improvement in SCPP?

Another important question that needs to be answered is
whether MAP elevation alone, CSFD alone, or a com-
bination of both interventions improves SCPP. An
elegant study by Martirosyan et al.” examined each
intervention separately and then together in 15 pigs
with an induced mid-thoracic acute SCI. Lumbar
drains were placed remotely from the injury site. PE
was the vasopressor used for this study. Not surprisingly,
SCBF decreased significantly (by 56%) from baseline in
the control group of 3 pigs. MAP elevation alone (n = 3)
resulted in an improvement in SCBF, although the result
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was still a 34% decrease from baseline. CSFD alone
(n = 3) resulted in a 59% decrease in SCBF. However,
the group of pigs (n = 3) who underwent both MAP
elevation and CSFD showed a 24% increase in SCBF
and also an increase in ITP. Although these results are
promising, this was a small sample size and a very
short monitoring period (4 h) compared with what is
typically done in human SCI patients. SCBF was also
measured using laser Doppler flowmetry, which is a
superficial measurement and must be extrapolated to
the injury site. Clearly, a human trial is warranted
with longer monitoring periods and larger patient
sample sizes.

Future directions

We believe that the porcine model of acute traumatic
SCI is invaluable for helping to answer questions
about what takes place directly at the level of the
injured spinal cord. In particular, the pig spinal cord is
similar in diameter to the human spinal cord (7 mm at
the T10 level in swine vs. 8-9 mm in humans) and is
also surrounded by a prominent layer of CSF like the
human spinal cord.”® Importantly, it has also recently
been shown that CSF pressures are elevated after exper-
imental SCI in the pig and that the magnitude of CSF
pressure elevations were dependent on injury sever-
ity.>*%> Porcine models have also shown that SCBF
levels are decreased almost immediately after SCI, fol-
lowed by recovery over the next several days.
Hydrostatic pressures remain elevated for several days
after injury, and lactate/pyruvate ratios increased
within minutes after injury.*

Our group is currently studying acute traumatic SCI
using the porcine model as well. A pressure monitor
will be placed directly at the site of injury (approxi-
mately T10) and lumbar drains will also be inserted
into the intrathecal space at the lumbosacral junction.
The pigs will be monitored for 7 days with MAP goals
>85 mmHg in accordance with the current recommen-
dations of human acute traumatic SCI. The pigs will
then be divided into 4 groups of 8 to evaluate the follow-
ing outcome measures: Group 1: This will be the control
group, which will not receive medical or surgical man-
agement for their SCI; Group 2: Augmented MAP;
Group 3: Lowered ITP via the use of a lumbar drain;
and Group 4: A combination of augmented MAP and
lowered ITP.

Our first goal is to evaluate the hypothesis that spinal
cord intraparenchymal pressure is elevated after a trau-
matic injury and that this has a negative effect on
local perfusion. This study will be unique in that we
will be able to measure intraparenchymal pressure
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Figure 1 Sample screen shot of Moberg monitor displaying physiologic parameters in real time. The percentages in red represent
the amount of time the thresholds were not met for each parameter. The event/annotations down the right side indicate what was

happening with the patient at the indicated time points.

directly after SCI. Preinjury values will be used as a
control and measurements of intraparenchymal pressure
and SCBF will be continuously recorded for 7 days after
injury using laser Doppler flowmetry. The second goal is
to evaluate the hypothesis that SCPP is augmented by
increasing MAP and decreasing CSF pressure. We will
use NE as our vasopressor of choice for this study.
The pigs in groups 2 and 4 will have MAPs augmented
for 7 days. The pigs in groups 3 and 4 will have ITP
lowered 15 mm Hg via the lumbar drain and then
titrated with response for 7 days after SCI. Finally, we
will evaluate the hypothesis that optimizing MAP and
CSF pressure leads to improved neurologic outcome at
3 months by assessing the pigs weekly using the
Porcine Thoracic Injury Behavioral Scale (PTIBS)**
evaluate motor function.

We posit that our study will build on previous studies
to obtain direct measurements of spinal cord perfusion
at the level of injury along with response to therapeutic
interventions such as augmenting MAP and lowering
ITP. The goal is to update current clinical practice para-
digms using direct evidence from a highly relevant trans-
lational research model. Defining the relationship
between blood flow, intraparenchymal pressure, and
ITP on spinal cord perfusion could provide direct phys-
iological evidence to better inform practice paradigms in

the care of these patients and lead to improved func-
tional outcomes.

Conclusions

Acute traumatic SCI remains a devastating condition
with significant personal and public health implications.
Currently, the best evidence we have for acute manage-
ment is Level I1I guidelines, which suggest that artificially
elevating MAPs to >85 mmHg for a time period of 7
days after injury may improve neurologic outcome.
However, these guidelines are based on the assumption
that SCPP = MAP - ITP, a claim extrapolated from
the TBI literature (CPP = MAP - ICP) for which we
have no direct evidence. Indeed, significant gaps in
knowledge remain in this patient population, including
which vasopressor is optimal to achieve MAP goals,
the duration of time to push elevated MAPs, whether
or not spinal parenchymal pressure can be safely directly
measured in human patients, whether CSFD alone or in
conjunction with MAP elevation improves neurologic
outcome, and what an optimal SCPP level should be
for neurologic recovery after traumatic SCI. From our lit-
erature review, we posit that NE may be the vasopressor
of choice, that spinal parenchymal pressure monitors can
be safely placed at the injury site, and that the combi-
nation of MAP elevation and CSF drainage may
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improve neurologic outcome more than either interven-
tion alone. However, both well-designed translational
studies in large animals and appropriately powered, ran-
domized controlled trials involving human patients are
still needed to answer these important questions and to
better update the guidelines for optimal care in this
patient population.
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