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Original Articles

Mean Arterial Blood Pressure Correlates
with Neurological Recovery after Human Spinal Cord Injury:

Analysis of High Frequency Physiologic Data

Gregory Hawryluk,1,3,4 William Whetstone,2 Rajiv Saigal,3,4 Adam Ferguson,3,4

Jason Talbott,5 Jacqueline Bresnahan,3,4 Sanjay Dhall,3,4 Jonathan Pan,6

Michael Beattie,3,4 and Geoffrey Manley3,4

Abstract

Current guidelines for the care of patients with acute spinal cord injuries (SCIs) recommend maintaining mean arterial

pressure (MAP) values of 85–90 mm Hg for 7 days after an acute SCI however, little evidence supports this recommendation.

We sought to better inform the relationship between MAP values and neurological recovery. A computer system auto-

matically collected and stored q1 min physiological data from intensive care unit monitors on patients with SCI over a 6-year

period. Data for 100 patients with acute SCI were collected. 74 of these patients had American Spinal Injury Association

Impairment Scale (AIS) grades determined by physical examination on admission and at time of hospital discharge. Average

MAP values as well as the proportion of MAP values below thresholds were explored for values from 120 mm Hg to

40 mm Hg in 1 mm Hg increments; the relationship between these measures and outcome was explored at various time points

up to 30 days from the time of injury. A total of 994,875 q1 min arterial line blood pressure measurements were recorded for

the included patients amid 1,688,194 min of recorded intensive care observations. A large proportion of measures were below

85 mm Hg despite generally acceptable average MAP values. Higher average MAP values correlated with improved recovery

in the first 2–3 days after SCI while the proportion of MAP values below the accepted threshold of 85 mm Hg seemed a

stronger correlate, decreasing in strength over the first 5–7 days after injury. This study provides strong evidence supporting a

correlation between MAP values and neurological recovery. It does not, however, provide evidence of a causal relationship.

Duration of hypotension may be more important than average MAP. It provides support for the notion of MAP thresholds in

SCI recovery, and the highest MAP values correlated with the greatest degree of neurological recovery. The results are

concordant with current guidelines in suggesting that MAP thresholds >85 mm Hg may be appropriate after acute SCI.

Key words: blood pressure; mean arterial pressure; neurocritical care; neuroprotection; outcome; recovery; secondary

injury; spinal cord injury

Introduction

Spinal cord injury (SCI) leaves patients with often profound

deficits of motor, sensory, sexual, and sphincter function. In

recent decades, we have learned much about molecular secondary

injury processes that cause progressive, delayed damage to the

injured spinal cord1–3; however, we remain without a safe and

efficacious therapeutic agent that targets them.4,5 We have also

learned much of secondary insults such as hypoxia and hypotension

that occur at the level of the organism and serve to exacerbate the

injury to the spinal cord.6–9 Attention to preventing or aggressively

treating secondary insults is currently the mainstay of care that

follows SCI.10–13

In 2002, the first guidelines for the management of acute SCI

were published.12 These guidelines recommended at the option

level that hypotension—defined as a systolic blood pressure

<90 mm Hg—should be avoided and that a mean arterial blood

pressure (MAP) of 85–90 mm Hg should be targeted in the first 7

days after SCI. These recommendations were essentially un-

changed in the 2013 update of the guidelines.13 A small, heterog-

enous group of uncontrolled, underpowered studies supports this

recommendation14; to date, no study provides better than class III

evidence supporting blood pressure augmentation for acute SCI. In

all relevant publications to date, blood pressure augmentation was

merely part of an aggressive management protocol confounding

the relationship between MAP and outcome.15–19 Moreover,
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comparisons have been made to historical controls in all cases. The

current recommendations are largely based on the findings of a pilot

study conducted by Vale and associates.17 The result is that hos-

pitals devote substantial resources to monitoring and augmenting

blood pressure in patients who may otherwise be suitable for

treatment in less resource-intensive environments, despite only

modest evidence supporting this practice.

Advances in computing now allow the continuous collection and

storage of high frequency physiological data and the opportunity to

study the impact of this physiology with substantially greater pre-

cision than was possible previously. Our group developed a system

that collected and stored data once per minute for all patients

monitored in the intensive care unit (ICU). This system automati-

cally collected data for every patient with SCI admitted to San

Francisco General Hospital (SFGH) over a 6-year period affording

the opportunity to study the relationship between high-frequency

physiological data and outcome. Although this correlative ap-

proach does not establish causation, it provides significant insights

into this relationship.

Methods

Patient demographics and management

SFGH is the only Level 1 trauma center in San Francisco and the
northern San Francisco peninsula. The hospital provides care for a
high volume of patients with neurotrauma and polytrauma. Patients

with SCIs were admitted to the neurosurgical ICU, and a MAP of at
least 85 mmHg was targeted for 5 days after the injury, similar to
published guidelines12 and the protocol of Wolf and colleagues.16

Pharmacological agents were administered if needed to achieve
this goal.20 In 26.8% of patients, the first pressor started was
phenylephrine. In 48.5%, the first pressor used was dopamine. In
3.1%, dopamine and phenylephrine were started concurrently. In
1.0%, levophed was the first used vasopressor. In 23% of patients,
a second vasopressor was needed to meet the MAP targets. A detailed
study of vasopressor use in an overlapping subset of SCI patients
from San Francisco General Hospital has been published recently.20

Patients were identified retrospectively for this analysis. De-
mographic data were collected from the patients’ health records as
shown in Table 1. American Spinal Injury Association Impairment
Scale (AIS) grades were computed based on detailed neurological
examinations performed on presentation but after resuscitation, and
just before discharge.21 The AIS grade improvement was calcu-
lated. Because of the limited neurological recovery known to occur
in patients with AIS grade A injuries post-resuscitation, analyses
were planned with and without these patients included a priori.

Data collection

Our institution developed a research ethics board approved
computerized data acquisition system in conjunction with Aristein
Bioinformatics LLC, which collects and stores data from the pa-
tients’ bedside monitor in the neurosurgical ICU. The same system
was used to collect physiological data in nonhuman experimentation
as described previously by our group.22 Variables displayed on the

Table 1. Characteristics of Studied Patients based on Degree of Neurological Improvement

No outcome
data (n = 26)

No improvement
(n = 35)

1 AIS point improvement
(n = 23)

> 1 AIS point
improvement (n = 13) p value

43.0 – 16.1 42.5 – 19.0 50.2 – 22.3 52.2 – 18.8 0.434
Sex 20 M, 6 F 28 M, 7 F 15 M, 8 F 10 M, 3 F 0.639
ISS 27.6 – 16.4 30.1 – 14.7 25.4 – 14.3 25.6 – 9.7 0.622
AIS A ? 23 (65.7%) 3 (13.0%) 3 (23.1%) < 0.0001
AIS B ? 1 (2.8%) 1 (4.3%) 3 (23.1%) 0.093
AIS C ? 3 (8.6%) 6 (26.1%) 4 (30.8%) 0.131
AIS D ? 5 (14.3) 11 (47.8%) 2 (15.4%) 0.016
AIS E ? 0 (0%) 2 (8.7%) 1 (7.7%) 0.995
Surgery 4 (15.4%) 33 (94.3%) 19 (82.6%) 13 (100%) < 0.0001
Timing of surgery 24.0 h – 32.5 36.4 h – 32.5 42.9 h – 75.8 42.0 h – 35.5 0.917
Total hospital days 47.3 – 48.1 26.8 – 37.0 17.9 – 13.9 56.2 – 49.9 0.074
Total measurements 17421.3 – 27133.5 15671.1 – 14970.9 12946.4 – 14874.4 21958.5 – 22254.0 0.200
Penetrating 0 (0%) 8 (22.8%) 2 (8.7%) 0 (0%) 0.006
Cervical 1 (20%) 18 (54.5%) 16 (72.7%) 12 (92.3%) 0.080
Thoracic 0 (0%) 13 (39.3%) 3 (13.6%) 1 (7.7%) 0.171
Lumbar 4 (80%) 1 (3.0%) 2 (9.1%) 0 (0%) 0.024
Required two vasopressors 1 (20%) 11 (31.4%) 5 (21.7%) 3 (23.1%) 0.927

AIS, ASIA Impairment Scale1–3; here, AIS A-E denote the post-resuscitation score; ISS = Injury Severity Score.4

Characteristics of analyzed patients are shown with grouping based on change in neurological function by time of discharge. For continuous data means
are presented – standard deviation. For categorical data, frequencies are presented as well as percentage of patients for whom data were available. Three
patients who exhibited neurological worsening were excluded because of small sample size (n = 3). The p values reflect the results of univariate statistical
analysis. Analysis of variance was performed for continuous data, and binomial logistic regression was used for categorical variables. Statistically
significant values are italicized.

1. Marino, R.J., Barros, T., Biering-Sorensen, F., Burns, S.P., Donovan, W.H., Graves, D.E., Haak, M., Hudson, L.M., and Priebe, M.M. (2003).
International standards for neurological classification of spinal cord injury. J. Spinal Cord Med. 26, Suppl 1, S50–S56.

2. Kirshblum, S.C., Burns, S.P., Biering-Sorensen, F., Donovan, W., Graves, D.E., Jha, A., Johansen, M., Jones, L., Krassioukov, A., Mulcahey, M.J.,
Schmidt-Read, M., and Waring, W. (2011). International standards for neurological classification of spinal cord injury (revised 2011). J. Spinal Cord
Med. 34, 535–546.

3. Waring, W.P., 3rd, Biering-Sorensen, F., Burns, S., Donovan, W., Graves, D., Jha, A., Jones, L., Kirshblum, S., Marino, R., Mulcahey, M.J., Reeves,
R., Scelza, W.M., Schmidt-Read, M., and Stein, A. (2010). 2009 review and revisions of the international standards for the neurological classification of
spinal cord injury. J. Spinal Cord Med. 33, 346–352.

4. Baker, S.P., O’Neill, B., Haddon, W., Jr., and Long, W.B. (1974). The injury severity score: a method for describing patients with multiple injuries
and evaluating emergency care. J. Trauma 14, 187–196.
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bedside monitor were collected at 1 minute intervals, and for this
work, MAP values as measured with an arterial line were analyzed.
The duration of arterial line blood pressure monitoring was based
solely on medical necessity as judged by the treating intensivist.

Data were recorded continuously and automatically from every
bedside monitor in the neurosurgical ICU between 2005 and 2011
and stored on a server in a fashion adherent to patient privacy
regulations. Data acquisition with this system initiates automati-
cally as soon as patient data appear on the bedside monitor. The
time of the first recorded observation in the collection system was
denoted as time ‘‘1’’. Note that this is distinct from the time of
injury or the first arterial line MAP measurement.

Data analysis

MAP values were analyzed with the assistance of Matlab. We
designed a program to extract MAP values for each patient stored in
individual Excel files. It calculated average MAP values between
periods specified by the analyst. It was also programmed to count
the number of epochs with MAP values below specified thresholds
between specified periods. We selected to analyze blood pressures
below 80 different thresholds from 120 to 40 mm Hg (1 mmHg
increments). The Matlab program was checked for errors by
comparing results with those generated using Microsoft Excel. The
proportion of values below thresholds was analyzed to account for
different numbers of observations between patients. Microsoft
Excel and PowerPoint were used to graph the data and Photoshop
CS2 was used to combine images for figures. Error bars represent
standard error of the mean in all cases.

Statistical analysis

SPSS v21 software was used for statistical analyses. Analysis of
variance was used as a first step in the analysis of average values
from continuous data; if a difference between groups was demon-
strated, the Tukey and Bonferroni post hoc tests were performed
that adjust for multiple comparisons. Binomial logistic regression
was used to analyze dichotomous categorical data. For average
values of continuous data, the ‘‘n’’ was considered to be the total
number of observations. Where proportions were analyzed, a single
proportion was calculated for each patient, and the ‘‘n’’ was thus
the number of patients in each group.

Results

Characteristics of included patients

One hundred patients with SCI were identified with continuous

physiological data recordings. These patients had a total of

1,688,194 minutes of recorded observation corresponding to

1172.4 days of total observation. A total of 994,875 q1 min MAP

measurements were recorded corresponding to 690.1 days of MAP

observations. We restricted our analysis to those values recorded in

the first 30 days of hospitalization.

Of the 100 patients, it was possible to calculate the change in

AIS grade between post-resuscitation and pre-discharge values

for 74. Of these, three patients experienced neurological worsening,

35 exhibited no change in AIS grade, 23 had improved one AIS

grade, and 13 improved more than one AIS grade. There were 27

patients who had AIS grade A injuries; when removed from the

dataset, 2 patients experienced neurological worsening, 12 ex-

hibited no change in AIS grade, 21 improved one AIS grade, and 10

exhibited more than 1 grade of improvement. The neurological

improvement seen in our study was comparable with other recent

publications.23,24 We excluded patients with neurological wors-

ening from subgroup analyses given that robust conclusions could

not be generated and the fact that the two patients who remained F
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could not be included in statistical analyses when AIS grade A

patients were excluded.

Patient demographics

Characteristics of studied patients are recorded in Table 1. Pa-

tients with penetrating SCI were significantly less likely to improve

neurologically ( p = 0.006, binomial logistic regression). Patients

with lumbar injuries were significantly less likely to have outcome

data collected for analysis ( p = 0.024, binomial logistic regression).

Although not significant, patients achieving >1 AIS grade im-

provement had substantially longer periods of observation in the

ICU and a longer period of hospitalization potentially provid-

ing greater opportunity for neurological improvement than in

other groups. Although the degree of neurological improvement is

positively correlated with length of stay, the R2 value is only

0.0484, indicating that the strength of this confound is quite weak

(Supplementary Fig. 1; see online supplementary material at

ftp.liebertpub.com).

Of note, 100% of patients with outcome data available needed

pressor administration to achieve MAP goals. An approximately

equal number of patients in each group needed a second vaso-

pressor for blood pressure augmentation. Significantly fewer pa-

tients with missing outcome data were documented as having

undergone surgery. Of those patients initially AIS grade A, a

significantly greater proportion of patients exhibited no neuro-

logical improvement than some improvement. Of those patients

initially AIS grade D, a significantly greater proportion of patients

exhibited a single grade of neurological improvement than no

improvement.

FIG. 2. Average mean arterial pressure (MAP) and proportion of values <85 mm Hg are associated with outcome early after spinal
cord injury in a noncumulative analysis. In (A), average MAP values are plotted in relation to time subsequent to intensive care unit
admission. Values were measured with an arterial line. In (B), the proportion of MAP values below the lower limit of the recommended
blood pressure range (85 mm Hg) are plotted. In (I), all patients with outcome data are plotted, while in (II), patients known to be
American Spinal Injury Association Impairment Scale (AIS) grade A at final neurological examination are excluded. The latter case is
denoted with dashed lines. For (A), the ‘‘n’’ used in statistical testing was the number of blood pressure measures, while in (B), it was
the number of patients.
SCI, spinal cord injury.
*Denotes significance on analysis of variance performed at each time point. Error bars represent standard error.
I: For the group with 0 AIS grade improvement, n = 35 patients; the group with 1 AIS grade improvement, n = 23 patients, and the group
with >1 AIS grade improvement, n = 13 patients.
II: For the group with 0 AIS grade improvement, n = 13 patients; the group with 1 AIS grade improvement, n = 21 patients. and the group
with >1 AIS grade improvement, n = 10 patients. Color image is available online at www.liebertpub.com/neu
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FIG. 3. Average mean arterial pressure (MAP) and proportion of values <85 mm Hg are significantly associated with outcome early
after spinal cord injury in a cumulative analysis. In (A), average MAP values are plotted. In (B), the proportion of MAP values below the
lower limit of the recommended blood pressure range (85 mm Hg) are plotted. Values were obtained from arterial line measures, and
times reflect the interval since intensive care unit admission. In (I), values for days 1–3 post-spinal cord injury are presented. In (II),
values for days 1–7 post-spinal cord injury are presented. In (III), values for days 1–30 post spinal cord injury are presented. For data
including all patients (blue), the group with 0 AIS grade improvement, n = 35 patients; the group with 1 AIS grade improvement, n = 23
patients; and the group with >1 AIS grade improvement, n = 13 patients. For data excluding patients AIS grade A on their final
neurological examination (red), the group with 0 AIS grade improvement, n = 13 patients; the group with 1 AIS grade improvement,
n = 21 patients, and the group with >1 AIS grade improvement, n = 10 patients.
*Denotes a statistical difference from all other groups on post-hoc Bonferroni testing subsequent to a significant overall analysis of
variance. Error bars represent standard error. For (A), the ‘‘n’’ used in statistical testing was the number of blood pressure measures,
while in (B), it was the number of patients. Color image is available online at www.liebertpub.com/neu
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Distribution of MAP for all patients after SCI

The distribution of MAP values for all 100 patients at various

time points subsequent to SCI is demonstrated in Figure 1. Figure 1

presents a frequency plot of the proportion of counts in 1 mm Hg

blood pressure ranges between 40 and 120 mm Hg. Plots are also

shown with the exclusion of patients who were AIS grade A on final

neurological examination (dashed lines). While most measured

MAP values were above the 85 mm Hg treatment threshold, 42.1%

of all recorded MAP values within 30 days of injury were below

85 mm Hg. In the first 7 days, 28.8% of measures were below the

recommended treatment threshold of 85 mm Hg. During the first 5

days, while an attempt was made to meet the MAP target, 24.9% of

measures were below the 85 mm Hg threshold. Exclusion of AIS

grade A patients did not substantially alter the distribution of

measures. Of note, the curves generally conform to a bell-shape with

minimal skew; values above the mean were generally as probable as

those below without apparent influence of the 85 mm Hg threshold.

Relationship between average MAP, time below MAP
threshold, time from ICU admission
and neurological improvement

In Figure 2, average MAP values and the proportion of MAP

values below 85 mm Hg are plotted for groups segregated by

amount of neurological improvement for various noncumulative

time points subsequent to ICU admission. Average MAP values

were uniformly >85 mm Hg during the 5 days that MAP targeting

was used. Despite this, a large proportion of MAP measurements

were below this threshold at every examined time point. Average

MAP values are thus insensitive to episodes of hypotension or time

below treatment threshold.

The group achieving >1 AIS grade improvement had the highest

MAP and lowest proportion of measures below 85 mm Hg at every

examined time point whether or not AIS grade A patients were

included in the analysis. MAP was higher in the group achieving 1

AIS grade improvement than in the group that did not improve only

for the first 24–72 h after ICU admission. Patients achieving 1 AIS

grade improvement had a lower proportion of MAP measures be-

low 85 mm Hg than in the group that did not improve only for the

first 5–7 days after ICU admission. This difference seemed to lessen

with time, however.

A cumulative analysis of values in the first 3, 7, and 30 days is

presented in Figure 3. A higher average MAP correlated with

outcome in the first 3 days after injury; however, by 7 days, higher

MAP values were only noted in the group achieving >1 AIS grade

improvement. The proportion of measures <85 mm Hg was gen-

erally associated with outcome at all time points after injury. As in

Figure 2, results were similar whether or not AIS grade A patients

were included or excluded from the analysis.

MAP thresholds and neurological improvement
after SCI

To explore the notion of MAP thresholds, we plotted the pro-

portion of values below 80 different and physiologically relevant

MAP thresholds for groups based on degree of neurological im-

provement (Fig. 4). When lines cross, diverge, or are separated, an

effect of MAP on outcome is possible. The group achieving >1

grade of AIS grade improvement had a reduced number of mea-

sures below all examined MAP thresholds compared with groups

with less improvement—and this difference was particularly

marked in the first 24 h. The lowest MAP at which patients with no

improvement were distinguished from those with 1 grade of im-

provement was 70–75 mm Hg, suggesting that this may be the

lowest blood pressure threshold associated with neurological ben-

efit. Moreover, these two lines tended to re-converge around 95 mm

Hg, suggesting that values above this level are not related to the one

grade of neurological improvement discerning these groups. The

gap between plotted lines for the group that did not improve and

that which improved one grade decreases over time, providing

additional evidence that the neuroprotective effect of MAP eleva-

tion decreases with time from injury. A threshold discriminating

patients with >1 AIS grade improvement from other groups is not

suggested.

Discussion

Spinal cord ischemia is believed to play a central role in the

secondary injury processes that cause delayed and progressive in-

jury to the spinal cord after the initial—or primary—SCI has

ceased.1,2 This secondary injury can be exacerbated by secondary

insults such as hypotension and hypoxia, which are, unfortunately,

common in patients with SCIs who frequently exhibit neurogenic

and/or hemorrhagic shock.8,9,18,25,26 Spinal cord blood flow has

been subject to detailed study in animal models of SCI, and its

impairment is believed to contribute to neurological injury after

SCI.27–29 Moreover, patients with SCI frequently exhibit autonomic

and hemodynamic instability in the first week after injury.30,31

There is thus a strong rationale for ICU monitoring and blood

pressure support early after SCI. Conceptually, we can think of

blood pressure support as achieving a higher than normal pressure

to augment the delivery of nutrients to injured tissue or as pre-

venting hypotension and a deficiency of nutrient supply.18 These

two notions of blood pressure support should be considered sepa-

rately and are worthy of independent study.

Hospitals caring for patients with SCI spend millions of dollars

each year to comply with the published guidelines despite the very

weak supportive data9 and known complications that can occur as a

result of vasopressor administration20,32 or the bed rest with which

it is associated.33–35 Our institution estimates that the cost of ICU

care is $2500–$4000 a day. It is estimated that there are 12,500

SCIs in the United States annually.36 The cost of 7 days of ICU

care for these patients is thus estimated to be $218,750,000–

$350,000,000 with the cost of each day of monitoring costing

$31,250,000–$50,000,000. Indeed, in this study all patients for

whom outcome data were available needed vasopressor therapy to

achieve the target MAP, and this is consistent with other published

reports17; the need to administer vasopressors is largely implicit

with following the guidelines. Given this, the notion of blood

pressure augmentation as a neuroprotective strategy after acute SCI

needs further study as a high priority.

The present study is unique in that it has been able to correlate

high-frequency blood pressure measures from a large cohort of

patients with SCI with outcome. Although it cannot provide evi-

dence for causation, it does provide important information about

the relationship. Notably, the findings of this study were robust and

generally consistent irrespective of the time frame analyzed and

whether or not AIS grade A patients were included. It is critical to

note that a correlation between blood pressure and severity of SCI

has been previously reported and is an important potential con-

found.19,30 Nonetheless, this study is noteworthy for suggesting that

both MAP augmentation and the avoidance of hypotension could

have neuroprotective effects, and it informs the time frame over

which these effects may be relevant.
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Literature to date

A small number of studies provide class III evidence for ob-

serving patients in the ICU for 7 days after SCI and maintaining a

target MAP >85 mm Hg.9,12,13 In 1976, Zach and associates15

published a prospective study of 117 patients with SCI that reported

a high level of conversion from complete to incomplete injuries

when early aggressive treatment was undertaken; however, this

study did not use a control group and did not specifically study nor

report on the issue of MAP augmentation. In 1977 Hachen et al.

reported a series of 188 patients who were rapidly admitted to

intensive care and exhibited a much better mortality rate com-

pared with statistics from 1966.37 In 1979, Gschaedler and co-

workers38 reported a similar study involving 51 patients and similar

findings.

In 1984, Tator and colleagues18 published a series of 144 pa-

tients whom they compared with historic controls. These patients

were treated with aggressive efforts to avoid hypotension and

hypoxia, and they received this care more rapidly than the control

group. The more aggressive management protocol was associated

with lower mortality, morbidity, and healthcare costs. In 1991,

Wolf and associates16 studied 52 patients with bilateral cervical

facet dislocations for whom they targeted a MAP >85 mm Hg for 5

days amid a paradigm emphasizing rapid medical and surgical

treatment. The authors claimed neurological improvement; how-

ever, no comparison with controls was made. In 1993, Levi and

coworkers19 instead targeted a MAP >90 mm Hg as part of their

aggressive SCI management paradigm. In their report of 50 pa-

tients, they concluded that aggressive care reduced mortality and

morbidity; however, it did not include a control group.

Vale and associates17 reported a ‘‘pilot study’’ of 77 patients

who underwent aggressive volume expansion with Swan-Ganz

catheter monitoring, and a target of MAP >85 mm Hg for 7 days

after injury. The authors concluded that the better-than-expected

outcomes seemed attributable to their emphasis on hemodynamic

parameters; however, no comparison was made with a control

group, and the 7-day period was picked arbitrarily. This study

largely serves as the basis for the current guidelines for the acute

cardiovascular management of patients with SCIs.12,13

Cohn and coworkers14 more recently reported a retrospective

study of the relationship between episodes of hypotension noted in

the medical record and outcomes using step-wise regression, and

concluded that there may be a threshold of around 70 mm Hg below

which worse outcomes are seen. This study involved only 17 pa-

tients and had less accurate data on brief periods of hypotension,

but its results are in accordance with our findings (Fig. 4).

Few strong conclusions can be drawn from the literature to date.

A major limitation of these studies is a lack of evidence about

patients’ actual blood pressures—simply allocating a patient to a

blood pressure target does not mean that the patients achieved it nor

does it exclude substantial periods of hypotension. This is evi-

denced in our own work by the fact that nearly a third of the

recorded values for our patients were below treatment threshold

despite efforts to prevent this (Fig. 1, 2, 4).

Another important limitation of publications to date is that blood

pressure augmentation was co-administered with other aggressive

management strategies, preventing a causal relationship from being

established. As well, no study made a comparison to appropriate

contemporaneous controls—where a comparison was made it was

to historical or previously published controls. Lastly, the distinct

issues of avoiding values below threshold and elevating MAP

above threshold were insufficiently distinguished by these studies.

A suggestion of time frames, thresholds,
and the importance of avoiding MAPs
below treatment threshold

Our study found that average MAP values correlated with out-

come for only 2–3 days after ICU admission, which is noteworthy

given that current guidelines recommend targeting a MAP >85 mm

Hg for 7 days after injury. The proportion of values below threshold

correlated with outcome for 5–7 days after injury, although the

magnitude of this relationship decreased over time (Fig. 2, 3). In-

deed, the group achieving >1 AIS grade of improvement had a

substantially lower burden of hypotension than other groups in the

first 24 h compared with other time points (Fig. 4). Taken together,

these data suggest that the duration of time below treatment

threshold may have a more important influence on neurological

outcome than the average MAP,18 and it provides support for the

notion of blood pressure monitoring and augmentation for 5–7 days

after SCI.

MAP thresholds are suggested when the plotted lines in Figure 4

diverge or cross. The gap between plotted lines for the group ex-

hibiting no improvement and that which improved 1 AIS grade was

a robust finding in our work. The divergence was generally noted

around 70–75 mm Hg, and the lines tended to converge again

around 90–95 mm Hg. The three groups are most robustly dis-

criminated by a MAP around 85 mm Hg, providing support for the

treatment threshold recommended in the acute SCI guidelines.12,13

Our study suggests that neurological benefit may begin around

MAP values of 70–75 mm Hg, consistent with the report of Cohn

and coworkers.14 A threshold associated with the achievement of

>1 grade of AIS improvement was not clearly evident. Given the

consistent suggestion of higher MAP values and less hypotension in

this group, we cannot exclude the possibility that a higher MAP

target may contribute to greater degrees of neurological recovery.

Values below treatment threshold were frequent
and yet not apparent in analysis of average MAP

The results shown in Fig. 1–4 are remarkable in demonstrating

that a large proportion of measurements in our cohort of patients

were below the treatment threshold despite an attempt to maintain

MAP above the treatment threshold. Moreover, these values below

threshold occurred despite consistent achievement of average MAP

values above the threshold. Additionally remarkable is that at most

time points, the distribution of MAP values approximated a normal

distribution with values below the mean as likely as those above.

Fewer values below the mean would have been anticipated. This

speaks to the difficulty inherent to consistently achieving a MAP

>85 mm Hg in patients with SCI who may have neurogenic and/or

hemorrhagic shock and perhaps difficulty overcoming homeostatic

mechanisms.

The suggested importance of relative hypotension has important

implications for trial design. If a trial randomized patients to one

MAP goal or another, high frequency MAP data would be impor-

tant to ensure that the targets were actually reached for a significant

duration of patient care. Moreover, it would play an important role

in ensuring that hypotensive episodes do not confound putative

effects of the target MAPs.

The clinical relevance of benefit
that decreases over time

The finding that the benefit of MAP augmentation appears to

decrease over time is of great clinical significance. Vasopressor

BP AND OUTCOME FROM SCI 1965



administration can be associated with complications such as car-

diac dysrhythmia and cardiac ischemia.20 The prolonged bed rest

associated with MAP targeting accentuates SCI patients’ already

high risk of deep venous thrombosis and may be associated with an

elevated risk of pressure sores, nosocomial infections, and decon-

ditioning.33–35,39–41 In patients who show these or other adverse

effects early in their course of care, a decreased length of admin-

istration may be appropriate, given that the risks of blood pressure

augmentation20 likely increase over time while the benefits seem to

decrease. Moreover, these data suggest that it may be appropriate to

aggressively treat patients for the first 1–2 days even if their deficits

are mild or if they are presumed to be high risk for complications.

It is interesting to consider that there may also be increased

benefit inherent to blood pressure augmentation at the earliest

possible time after injury—in the emergency department or even by

first responders, although defining the etiology of hypotension is

critical before initiating pressors because mortality increases in

hemorrhagic shock treated with pressors.42

MAP augmentation might have a causal role
in neurological recovery

As interesting observation in this study is the fact that after

cessation of MAP augmentation after the fifth day of ICU care, the

group achieving a single grade of AIS improvement had a higher

proportion of MAP values below threshold than the group that did

not improve, while previously the converse was true (Fig. 2). This

suggests that the baseline blood pressure in the group exhibiting 1

grade of improvement was inherently lower and that the vaso-

pressor therapy in this group led to higher values early after SCI.

This does not prove that MAP augmentation caused the neuro-

logical recovery, but it does suggest this could be the case. Indeed,

all patients with outcome data needed vasopressor therapy to

achieve their MAP targets, and approximately the same number of

patients in each group needed two agents, suggesting a similar

burden of baseline hypotension. Moreover, the observed relation-

ships were consistent whether or not AIS grade A patients were

included in the analyses.

Despite the limited evidence supporting MAP augmentation

after SCI, future trials that could establish a causal relationship will

likely need to compare the current MAP target to one that is higher

because a control group involving a lower target or no target would

likely be judged unethical.

Limitations

In interpreting this study, a number of caveats are important to

consider. Although the physiological data were collected pro-

spectively, the remainder of this study was performed retrospec-

tively. We did not have sufficient long-term follow-up data to use

outcomes after discharge in our analysis. We were unable to cal-

culate an AIS grade change for nearly a quarter of the patients in our

study, which reflects challenges inherent to merging multiple

medical record numbers for each patient at our institution and

limited availability of research personnel.

The denoted time periods begin with the onset of ICU moni-

toring and not time from injury; this is, however, clinically relevant.

As well, we do not have a record of the time at which blood pressure

augmentation was initiated nor the patients’ baseline blood pres-

sure measures. Because MAP augmentation was ceased at 5 days,

we are aware of the patients’ blood pressure values after cessation

of therapy, which provides similar information. Accordingly, the

SFGH practice of maintaining MAP goals for 5 days after SCI

instead of 7 days must also be considered in the interpretation of

these results.

There are a number of potential confounds in our study. A sig-

nificant difference in the proportion of penetrating injuries among

outcome groups is a potential confound; however, our findings

were robust when patients with AIS grade A injuries at pre-dis-

charge examination were excluded. The potential confounding

effect of injury severity on MAP values has been noted.19,30 As

discussed, all patients with outcome measures needed vasopressor

therapy, and a similar proportion in each group needed two vaso-

pressors to maintain MAP goals, which suggests a similar baseline

burden of hypotension in each group and that differences in out-

come could be related to the achieved MAP values. Also important

is that the patients achieving >1 AIS grade of improvement stayed

longer in the ICU and in the hospital on average and had greater

opportunity for neurological improvement than the other groups.

As discussed and illustrated in Supplemental Figure 1 (see online

supplementary material at ftp.liebertpub.com), the confound as-

sociated with this effect appears to be minimal. As well, such a

relationship was not evident for the group achieving 1 grade of

improvement compared with the group that did not improve.

Conclusions

This is the first study to provide a detailed analysis of the rela-

tionship between high frequency MAP measures and extent of

neurological improvement. Although this study cannot establish a

causative relationship, it provides a wealth of information about the

relationship. This study suggests that average MAP may only relate

to neurological outcome in the first 2–3 days after injury. The

duration of time below treatment threshold may be of greater rel-

evance to neurological recovery—a relationship with outcome is

suggested for 5–7 days after injury and the relationship seems to

decrease in strength over time. These results are largely consistent

with published guidelines for the management of acute SCI. Pro-

spective study randomizing patients to different MAP targets will

be an important next step for these patients.
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