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Abstract

Background We asked whether continuous intracranial

pressure (ICP) monitoring data could provide objective

measures of the degree and timing of intracranial hyper-

tension (ICH) in the first week of neurotrauma critical care

and whether such data could be linked to outcome.

Methods We enrolled adult (>17 years old) patients

admitted to our Level I trauma center within 6 h of

severe TBI. ICP data were automatically captured and ICP

5-minute means were grouped into 12-hour time periods

from admission (hour 0) to >7 days (hour 180). Means,

maximum, percent time (% time), and pressure-times-time

dose (PTD, mmHg h) of ICP >20 mmHg and >30

mmHg were calculated for each time period.

Results From 2008 to 2010, we enrolled 191 patients.

Only 2.1 % had no episodes of ICH. The timing of

maximum PTD20 was relatively equally distributed across

the 15 time periods. Median ICP, PTD20, %time20, and

%time30 were all significantly higher in the 84–180 h time

period than the 0–84 h time period. Stratified by functional

outcome, those with poor functional outcome had signifi-

cantly more ICH in hours 84–180. Multivariate analysis

revealed that, after 84 h of monitoring, every 5 % increase

in PTD20 was independently associated with 21 % higher

odds of having a poor functional outcome (adjusted odds

ratio = 1.21, 95 % CI 1.02–1.42, p = 0.03).

Conclusions Although early elevations in ICP occur, ICPs

are the highest later in the hospital course than previously

understood, and temporal patterns of ICP elevation are

associated with functional outcome. Understanding this

temporal nature of secondary insults has significant impli-

cations for management.
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Introduction

Severe traumatic brain injury (TBI) remains the leading

cause of death following injury [1, 2]. At present, little can

be done to treat the primary insult to the brain that occurs at

the time of injury; therefore, management of severe TBI

aims to mitigate secondary insults, targeting prevention and

treatment of intracranial hypertension (ICH) and cerebral

hypoperfusion (CH), which are well-known to be associ-

ated with worse outcome [3–13]. ICH develops mainly

through an increase in cerebral edema and/or evolution of

intracranial hemorrhage [14], and published opinion

describes ICH developing ‘‘1–3 days’’ [15], ‘‘2–3 days’’

[16], ‘‘3–5 days’’ [14, 17], and ‘‘1–2 weeks’’ [18] after

injury. A phenomenon of ‘‘delayed ICH,’’ or ‘‘secondary

intracranial pressure (ICP) rise,’’ is also described as

occurring at 3–10 days following injury [19]. Remarkably

little objective data are available in the literature that

describe when ICH actually occurs following TBI.

Given that high-quality, continuous electronic monitor-

ing data on ICP are now routinely captured in the neuro-

trauma critical care setting, we asked whether these data

could be collated to provide objective metrics of ICH in the

first 180 h (7 days) following severe TBI and whether

these metrics could be linked to patient outcome.

Methods

Patient Population

Patients admitted to the R Adams Cowley Shock Trauma

Center (STC), a level I regional trauma center located in

Baltimore, Maryland, were prospectively enrolled from 1/1/

2008 to 12/30/2010. Inclusion criteria were: age >17 years;

TBI verified by computed tomography (CT); placement of a

clinically indicated ICP monitor—typically on the basis of

Glasgow Coma Scale score [20] B6 and positive CT; and

data captured by vital signs data recording system (VSDR).

This study was approved by the Institutional Review Board

of the University of Maryland School of Medicine Human

Research Protections Office.

Baseline demographics and injury-specific data, includ-

ing mechanism of injury, abbreviated injury scale (AIS)

scores, Injury Severity Score (ISS) [21], and predicted sur-

vival by TRISS methodology [22] were recorded. Admission

and post-resuscitation GCS and need for craniotomy were

also recorded. Marshall classification scores [23] were

assigned to all admission head CTs by a blinded reviewer.

Outcome measures included in-hospital mortality, TBI

mortality (defined as brain death), and length of hospital and

intensive care unit (ICU) stay. The Extended Glasgow Out-

come Score (GOSE) [24], dichotomized to good versus bad

outcome, was used to evaluate long-term functional outcome

at >3 months post-injury, when these scores were available.

GOSE of 1–4 was considered as poor outcome; GOSE of 5–8

was considered as good outcome. When structured GOSE

scores were unavailable, dichotomized good versus poor

outcome was assigned to study subjects based on outpatient

follow-up at >3 month from injury.

Patient Management Protocol

At the STC, patients with severe TBI are managed according

to an institutional protocol based on the Brain Trauma

Foundation Guidelines [3]. The protocol targets maintenance

of ICP <20 mmHg and cerebral perfusion pressure (CPP)

>60 mmHg with adequate sedation and analgesia, head

elevation (30–45�), mechanical ventilation targeting a PaCO2

of 35–40 mmHg, and maintenance of normovolemia, nor-

motension, and normoxia. Initial therapies for episodes of ICH

(ICP > 20 mmHg) include: insertion of intraventricular

catheter (IVC) (Codman, Raynham, MA), increasing doses of

sedation, and/or hyperosmolar therapy with mannitol or

hypertonic saline. Second tier therapies for intractable ICH

include: moderate hyperventilation (PaCO2 < 35 mmHg),

barbiturate coma induction, decompressive craniectomy,

and/or decompressive laparotomy [25, 26]. CH (CPP < 60

mmHg) is managed with aggressive treatment of ICH, volume

administration, and vasopressors as appropriate.

Data Processing

Our monitoring techniques and high-resolution automated

VSDR methods have been reported previously [13, 27].

Briefly, the VSDR collects real-time patient vital signs

(VS) from the networked patient monitors (GE-Marquette-

Solar-7000/8000) throughout the trauma center, including

every-6-second waveform capture, and the collected data

are compressed and transferred to a centralized VSDR

server. Potential artifacts are cleaned by removing the VS

data of the first and last minute of patient stay and extreme

outliers and calculation of a moving median with a win-

dow-size of five data points (30 s). The cleaning procedure

discards less than 1 % of data points. For ICP monitored

through an IVC, the ICP readings are distorted by periodic

drainage. Therefore, for this work, the piecewise cubic

Hermite interpolation method (Matlab 7.7 R2008b; Math-

works, Natick, MA) was used to recalculate the estimated

ICP curve [13]. The first peak of the reading between
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drainage periods was discarded unless the subsequent data

point 6 s later was within 10 % range.

From these data, we calculated the 5-minute means of ICP

and grouped them into 12-hour time periods from admission

(hour 0) to 7.5 days (hour 180) giving 15 time periods for

evaluation. Patient ICP data were only included in a 12-hour

time period if more than >50 % of the 5-min mean values were

available. Means and maximum (max) ICP values were cal-

culated over each 12-hour time period for each study subject’s

duration of monitoring. Percent time (% time) and pressure-

times-time dose (PTD, expressed as mmHg h) [13] >20

mmHg (%time20, PTD20) and >30 mmHg (%time30, PTD30)

were also calculated for each time period. ICH was defined as

any PTD20 (pressure-times-time dose >20 mmHg h) recorded

as >0 mmHg h in any given 12-hour time period. Patients

were stratified by overall mortality, TBI-specific mortality

(defined as brain death), and functional outcome at 3 months.

Statistical Analysis

Demographic data were summarized as percentages

and means and standard deviation of the mean (SD) as

appropriate. For non-normally distributed data, medians and

interquartile ranges (IQR) were calculated. Student’s t test

was used to compare means of continuous data. For non-

normally distributed continuous data, we used the non-

parametric Wilcoxon rank-sum statistic and, to compare

timing of ICH and outcome, logistic regression. All models

were adjusted for biologically plausible confounders

including gender, age, polytrauma (defined as non-head ISS

>15), admission GCS, and ISS. In multivariate analyses,

groups were stratified by early ICH (0–84 h) and late ICH

(>84 h) as defined by the occurrence PTD20 in one or more

of the 15 successive 12-hour time periods after admission.

The probability of results being due to chance (p) less than

0.05 was considered statistically significant for all tests.

Results

Based on the above criteria, we enrolled 191 patients.

Table 1 shows the demographics, injury characteristics,

and outcomes for study subjects. Overall in-hospital mor-

tality was 22.5 % (43/191), including two individuals for

whom the family elected to withdraw care. TBI-specific

mortality was 3.7 % (3/191). At hospital discharge, 148/

191 patients were still alive. Of these, 25 (16.9 %) were

lost to follow-up and excluded from functional outcome

analysis. Review of demographics, method and degree of

injury, and hospital outcome data on these individuals

suggest no significant differences from the study popula-

tion on whom complete follow-up data were available.

Of the 123 survivors in whom functional outcome at >3

months was available, 95 (77.2 %) had good functional

outcome. Table 1 shows the study subjects’ characteristics

stratified by outcome. p values recorded in the fifth column

of the table reflect statistical comparisons of each charac-

teristic between, respectively, all those who died (second

column) and those who died of TBI (third column) and all

who died (second column) versus those who survived

(fourth column). p values recorded in the far right column

reflect statistical comparison of each characteristic among

survivors with good versus poor outcome.

Available VS for the 191 study subjects yielded a total

of 33,631 h (403,581 5-minute means) of data. Seventy

patients had ICP data for more than 6 h (>50 %) for each

of the 15 12-hour periods of monitoring. The total number

of patients monitored at each time period is shown in

Fig. 1, ranging from 191 patients at hours 12–24 to 71

patients at hours 168–180. Median ICP max for the study

population over the 15 time periods of monitoring was

66.2 mmHg (IQR 24.6–40.1). Median mean ICP was

14.6 mmHg (IQR 9.8–18.2). Median %time20 was 10.4 %

(IQR 2.1–31.3) and median %time30 was 0.8 % (IQR 0–

5.3). Median PTD20 was 5.5 mmHg h (IQR 0.9–21.1) and

median PTD30 was 0.32 mmHg h (IQR 0–3.3).

In actual clinical practice, patients without significant

ICH typically have their ICP monitor removed earlier than

those with ICH, so we first calculated the overall incidence

of ICH in the study population. Only 4 of 191 patients

(2.1 %) had no episodes of ICH, that is, no PTD20 recorded

as greater than zero. Figure 1 shows the proportion of

patients with ICH in each 12-hour period of monitoring. No

differences were noted in the incidence of ICH in any given

12-hour period. Figure 2 shows, among the 70 total study

subjects and 66 survivors for whom ICP data were avail-

able for the entire study period, the proportion of patients

in any given 12-h period whose maximum PTD20 occurred

in that period. Again, the percentage of patients whose

maximum PTD20 occurred in any given 12-hour period

was relatively equally distributed across the 15 12-hour

periods.

Temporal patterns were noted in overall ICP elevation,

as measured by mean and maximum elevation, %time20,

%time3o, PTD20, and PTD30 across the 7 days of moni-

toring. As the data were non-normally distributed, medians

were compared between the first 84 h (7 12-hour periods,

3.5 days) of monitoring and the subsequent 96 h (8 12-

hour periods, 4 days) of monitoring. Median ICP, PTD20,

%time20, and %time3o were all significantly higher in the

84—180-hour time period (Fig. 3).

In this study sample, ICH and mortality did not appear

to be related. Compared to survivors, patients who died had

no difference in median PTD20 (7.3 IQR 2.4–29.9 vs 7.6

IQR 2.4–16.0 mmHg h; p = 0.06) or PTD30 (1.4 IQR 0.4–

6.1 vs 1.2 IQR 0.2–4.0 mmHg h; p = 0.05). Likewise,
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we noted no difference in median ICP max, mean ICP,

%time20, or %time30 between survivors and those who died

from any cause. Comparing the seven TBI deaths to the

148 survivors, only median ICP max was statistically dif-

ferent (68.9 IQR 51.5–69.5 vs 47.2 IQR 36.4–57.4 mmHg;

p = 0.01). Patients who died in the hospital from any cause

had no significant differences in temporal ICP patterns

when compared to patients who survived to hospital dis-

charge. Similarly, patients who died from their TBI had no

temporal differences in ICPs over the 7 days of monitoring

compared to survivors.

When we stratified the entire study cohort by functional

outcome, including death among the levels of poor out-

come, we saw no significant differences in overall ICP

maximum, mean, % time, or PTD between those with good

and those with poor functional outcome. Likewise, when

stratified by good or bad functional outcome, survivors

showed no significant differences in overall median ICP

max, mean ICP, %time20, %time30, PTD20, or PTD30.

However, survivors stratified by good or bad functional

outcome did show dramatically different temporal patterns

of ICP elevation (Fig. 4). Through the first 84 h of the

Fig. 1 Proportion (%) of patients with intracranial hypertension (ICH) in each of the 15 successive 12-hour periods after admission. ICH is

defined as pressure-times-time (mmHg h) dose (PTD) greater than 0

Fig. 2 Proportional distribution

(%) of the occurrence of

maximum pressure–time dose

(PTD) of intracranial pressure

(ICP) >20 mmHg among all

patients (n = 70) and survivors

(n = 66) over the 15 successive

12-hour periods after admission.

Only includes patients with 7

full days of monitoring
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study period, over the subsequent 96 h, it was essentially

indistinguishable that survivors with poor functional out-

comes had significantly greater PTD20. As assessed via

multivariate analysis to control for baseline and injury

characteristics, in the first 84 h after admission, higher

PTD20 was not associated with functional status (adjusted

odds ratio—aOR—1.01; 95 % CI 0.86–1.18; p = 0.9).

However, in the 84—180-hour monitoring period, every

5 % increase in PTD20 was independently associated with

21 % greater odds of having a poor functional outcome

(aOR 1.21; 95 % CI 1.02–1.42; p = 0.03).

Discussion

Despite conventional descriptions of the timing of ICH,

remarkably little objective data have been published

regarding the temporal arc of ICH after TBI. In this study,

we used high-resolution continuous electronic ICP moni-

toring data to investigate the possible relationship of the

timing of ICH to functional outcome after severe TBI. Not

surprisingly, given the well-known association between

malignant ICH and brain death, patients who died from

their brain injury had higher maximum ICPs. However, we

saw no association between overall dose or % time of ICP

>20 mmHg and overall mortality or functional outcome,

possibly as a consequence of sample size. We did find that

survivors with poor functional outcomes at 3 months had a

significant preponderance of ICH elevations in the second

half of the first week of care (>84 h) when compared with

those without such late-period elevations. Although maxi-

mum ICH was relatively evenly distributed among the first

7 days following injury, other measures of ICH, particu-

larly % time above critical thresholds and dose, calculated

as pressure-times-time, were significantly higher in the 84

to 180-hour time period of monitoring, when compared to

the first 3� days of monitoring, considerably later than has

been understood. Our previous work suggests that pressure-

times-time dose is both a more sensitive and a more spe-

cific marker of adverse outcome than more conventional

ICP metrics [12, 13] and may at least partly explain our

findings when compared with that of earlier researchers.

The objective measure of timing of the development and

peak of ICH has important implications regarding not only

duration of monitoring but also how we communicate with

families about clinical deterioration. As noted by Stocchetti

and colleagues [14], an appreciation for a more extended

period of risk of ICH after TBI also has implications for

interventional study design as a number of highly regarded

randomized studies have only looked at the first 72 h of

ICP control as a primary outcome measure [28, 29].

The evolution of increasing ICP over time following

TBI has a number of potential sources [30]. Intracranial

mass lesions causing elevated ICP tend to present relatively

Fig. 3 Intracranial pressure (ICP, as mean and maximum median);

intracranial pressure-times-time dose C20 mmHg hr (PTD20) and

C30 mmHg hr (PTD30); and percent time ICP C20 mmHg (%time20)

and C30 mmHg (%time30) in the first 84 h (<84 h) after admission

versus the subsequent 4 days after admission (>84 h) * p < 0.01

Fig. 4 Median pressure–time dose (PTD) of intracranial pressure

(ICP) >20 mmHg h of survivors over 15 successive 12-hour periods

after admission, stratified by functional outcome
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early following injury, as do ICP elevations from recurrent

hemorrhage or progression of contusion [14, 31]. The

development of cerebral edema following TBI is generally

thought to begin immediately following the primary injury

and then continue for 2–3 days [32]. Whether this edema is

primarily vasogenic from blood–brain-barrier dysfunction

or cytotoxic from increased cellular water content is a

matter of significant debate in the literature [14, 16, 17, 30–

32]. Regardless of the precise etiology of the edema,

conventional opinion has been that this is a phenomenon

that occurs soon after injury and reaches its peak within a

few days. Delayed ICH has been reported [18, 19, 33] but

typically as occurring in a minority of cases [19, 33]. The

study by Stocchetti and colleagues cited above is the only

one that specifically investigated the timing of elevations of

ICP and found that mean ICP increased up to day 11 fol-

lowing injury. However, these researchers reported that

only about 20 % of patients had their highest mean ICP

after 5 days [14]. In our study, over 50 % of patients had

their worst ICH after 84 h and 43 % of patients had their

highest ICP after 5 days. These results are supported by

earlier work from our institution looking at decompressive

craniectomy for refractory ICH in which *50 % of

patients had their decompression done more than 3 days

following injury [34]. Some of the differences seen in the

current study over what has been reported previously may

have to do with our use of automated continuous % time

and PTD calculations as markers of ICH as opposed to just

mean ICP or the highest recorded value which has been

used in other studies [14, 32]. PTD, as captured by con-

tinuous automated VS recording, has been shown to be a

better measure of ICH with respect to association with

outcome [12, 13, 35]. Finally, iatrogenic, intensity-of-

treatment factors may be involved, and we are actively

exploring these issues in on-going work. However, as noted

above, care at our center is highly protocolized and based

on current Brain Trauma Foundation guidelines. If we were

to establish a genuinely independent link between ICH and

later-period treatment patterns, this will have important

implications for ongoing clinical care quality assessment.

The association between ICH and functional outcome

has been investigated with divergent results. Some studies

have found that elevations in ICP are not associated with

poor neuropsychological outcomes [36], while others have

demonstrated significant short-term memory deficits in

patients with ICP elevations [37]. Another study demon-

strated an effect on memory function at 6 months which

disappeared at 1 year following injury [38]. The associa-

tion we found between temporal patterns of ICH and

functional outcome has important implications. Whatever

the source of this delayed ICH—more severe primary

injury, less response to treatment, variations in treatment

intensity, etc.—intensive prevention and treatment of ICP

elevations are clearly indicated for longer than traditionally

promulgated.

ICP >20 mmHg is the current threshold for active

intervention [3], and detrimental effects of elevated ICP

that occur above that level are well described [5]. The

incidence of ICH in the current study was greater than

97 % in our severely brain injured study cohort. This is

considerably higher than the 70 and 81 % reported else-

where [5, 14]. The higher rates reported here are likely the

result of differences in definition of ICH. In one study, ICH

was defined as any ICP >20 mmHg for more than 5 min

[14]. We chose to look at any episode of ICP >20 mmHg

as our definition of ICH due to our previous work

describing the detrimental effects of episodes of ICP

>20 mmHg for even that short period of time [12]. In

addition, probably due to disparate definitions, other stud-

ies have shown that the proportion of patients with ICH

over each time period increased over the study period [14],

whereas ours did not and remained relatively constant at

85–92 %.

Our work is clearly limited by a number of factors. The

most obvious of these is sample size. Our inability to

demonstrate statistically significant differences in a range

of ICP metrics between those who died and those who

lived is most likely due to this. In the current dataset, as

noted above, we have not yet incorporated the concept of

treatment intensity, which not only has important impli-

cations in management strategies but also important inde-

pendent effects on the evolving physiology of injury. We

are also limited in our ability to generalize our results to all

TBI management as we have not included other critical

markers of TBI progression and/or recovery such as clin-

ical examination or CT findings. In addition, we examined

only ICP as a measure of TBI severity. We did not examine

other vital targets of TBI therapy like cerebral perfusion

and cerebral oxygenation.

Conclusions

Despite numerous and diverse descriptions of the timing

of ICH in the literature, little objective data accompany

these descriptions. This study attempted to address that

issue to provide some guidance about how long patients

should undergo monitoring and what intensity of therapy

may be indicated. Objective data on timing of ICH also

help us communicate with families of TBI patients about

expectations of disease progression. Although early ICH

occurs, ICPs are the highest later in the hospital course

than traditionally described. Patterns of ICP elevation

are the same in the first 3–4 days but then differ sig-

nificantly based on functional outcome. Understanding

the temporal nature of secondary insults has significant
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implications into developing more evidence-based man-

agement approaches.
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