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Introduction

Importance of post-operative management of intracra-
nial pressure (ICP) and cerebral perfusion pressure (CPP) in 
severe traumatic brain injury (TBI) patients cannot be em-

phasized enough since it has direct influence over patient 
treatment outcome.15) In order to reach the appropriate CPP 
and ICP, meticulous control of mean arterial pressure (MAP), 
is key, however, this is usually a difficult process since se-
vere TBI patients usually have combined multiple injuries 
rather than single isolated head injuries. The complications 
arising from fluid therapy to control the ICP and MAP, such 
as volume depletion, pneumonia, pulmonary edema due 
to volume overload and congestive heart failure (CHF) sec-
ondary acute renal failure (ARF) may result in high pa-
tient’s morbidity and mortality. Up to now, most effective 
monitoring methods for MAP regulation are continuous 
arterial-line monitoring through an arterial catheter and 
central venous pressure (CVP) through a central catheter.9)

Recently, a new cardiac output (CO) device which accu-
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rately measures CO and MAP is being widely used for in-
tensive care unit (ICU) critical care.11,18) Dynamic parame-
ters of fluid responsiveness in CO monitoring device-stroke 
volume variation (SVV) and stroke volume index (SVI)-
can be obtained from analysis of arterial waveform.12) Dif-
ferences in systolic pressure and pulse pressure are gener-
ated by changes in stroke volume during respiratory cycle. 
The amount of variation (SVV) correlates well with volume 
responsiveness.17) Also, SVI is known to be represented as 
the measure of cardiac performance.12) Therefore, we can 
estimate the patient’s volume status and cardiac function 
by using these two parameters. In this study, we aimed to 
maintain optimal ICP and reduce fluid therapy related 
complications in severe TBI patients who received CPP, 
MAP control by using ICP monitoring and arterial line 
based CO monitoring simultaneously. 

Material and Methods

Patient population and clinical data
A total of 883 head trauma patients who were admitted 

the regional trauma center at our hospital between January 
2015 and December 2016 were reviewed. We defined se-
vere TBI as patients with initial Glasgow Coma Scale 

(GCS) 3-8 and head abbreviation injury scale (AIS) 4-5 
(including subdural 4-5 or epidural 5 or intracerebral he-
matoma 4-5) and requiring decompressive craniectomy. 
Among these 883 patients, we included the cases of 30 pa-
tients with severe TBI who underwent decompressive cra-
niectomy with ICP monitor and CO monitor insertion si-
multaneously. From the selected 30 patients, we excluded 
13 more patients who had already fixed state of both pupil-
lary reflex and uncontrolled ICP due to postoperative severe 
brain edema and who had past medical disease such as 
pneumonia or pulmonary edema or renal failure or heart 
failure or cancer disease etc. Therefore, we excluded over-
all 13 patients with 10 fixed states of both pupillary reflex 
and 3 uncontrolled ICP due to severe brain edema or her-
niation. Clinical information was obtained through a retro-
spective review of the medical record in these consecutive 
patients. We collected the demographic data, head AIS, in-
jury severity score (ISS), initial GCS, ICU stay, sedation 
duration, fluid therapy related complications during seda-
tion period, Glasgow Outcome Scale (GOS) at 3 months 
and variable parameters of ICP and CO monitor. This ret-
rospective study was approved by our Institutional Review 
Board.

FIGURE 1. Hemodynamic monitoring system (FloTracTM/VigileoTM; Edwards Lifesciences, Irvine, CA, USA) (A). Intracranial pressure 
monitoring system Camino® (Camino Laboratories, San Diego, CA, USA) in our trauma intensive care unit (B).
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Procedures of ICP monitoring and cardiovascular 
monitoring

 We used CO monitor as FloTracTM (VigileoTM; Edwards 
Lifesciences, Irvine, CA, USA) which worked as arterial 
pressure based system (Figure 1A). Furthermore, we used 
ICP monitor as Integra Camino® (Camino Laboratories, 
San Diego, CA, USA) system which were inserted by sub-
dural catheter (Figure 1B.) during intraoperative proce-
dure (Figure 2). All patients were treated with analgesic 
based sedation (propofol or dexmedetomidine or remifen-
tanil) for postoperative critical care in neuro ICU during 5 
to 7 days postoperatively. We used only dual monitor dur-
ing sedation period but, ICP monitor did not last over 1 
week due to infection. We evaluated the clinical data of 
each patient with continuous CO and ICP monitor param-
eters such as ICP, MAP, CPP, SVV and SVI data for 3 to 7 
days postoperatively and fluid therapy related complica-
tions during ICU care and GOS at 3 months. All parameter 
were measured every hour and calculated as mean value. 
Also, we determined that a fluid therapy related complica-
tions were diagnosed only by clinical physician’s confirms 
or formal consultations during the period that dual monitors 
were applied. According to previous guideline, uncontrolled 
ICP was defined as mean value of 22 mmHg more or above 
22 mmHg over 5 times per day.6) Also, uncontrolled CPP 
was defined as mean value of 50 mmHg less.6)

Treatment threshold and protocol
We treated our patient treatment goal for optimizing ICP 

as below 22 mmHg and optimizing CPP (CPP target) as 60 

and 70, according to the guideline of brain trauma founda-
tion 4th edition.6) We defined volume deficit when SVV 
was above 13% and normal volume state when SVV was 
ranging from 3% to 13%. Also the cardiac contractibility was 
defined with SVI where 40 and 50 to be normal range, be-
low 40 as low contractibility, and above 50 as high contract-
ibility.12) In case of volume deficit, we tried to a fluid chal-
lenge with either 500 mL of crystalloid or 250 mL of colloid 
solution. In case of the low cardiac contractibility, we tried 
to maintain proper MAP or CPP by injecting an inotropic or 
vasopressor agent. In case of the high contractibility and 
normal volume status, we tried to adjust volume status of 
the patients by injecting diuretics.12) After hemodynamic 
stabilization, we reassessed that the end organ perfusion 
parameters as following: urine output greater than 0.5 mL/
kg per hour, clearance of arterial lactate, central venous 
oxygen saturation greater than 70%, and A-V CO2 less than 
6 are good indicators of effective systemic resuscitation.10)

Statistical analysis
The correlation of each factor with the occurrence of fluid 

therapy related complications was analyzed statistically 
by univariate regression analysis using the χ2 test or Fish-
er’s exact test (SPSS 20.0 version; SPSS Inc., Chicago, IL, 
USA). Both group with and without complication were 
subdivided according to the volume deficit (SVV＞13%) and 
ICP and CPP and the existence of multiple trauma to calcu-
late the odds ratio using multivariate analysis. A p-value 
of less than 0.05 were considered statistically significant.

Results

Patients’ characteristics
The demographic characteristics of the 17 patients with 

severe TBI are summarized in Table 1. All seventeen pa-
tients underwent ICP and CO monitoring. Most of patients 
were male (16/17) and mean age is 56.5 years old ranging 
from 28 to 83. All patients had head AIS 5 except 2 patients 
and 10 patients (58.8%) had multiple traumas as mean ISS 
29.1. Initial GCS was ranging from 3 to 10 as mean 6.8 and 
postoperative GCS (after 1 week) is ranging from 4 to 13 
as mean 8.6. The mean ICU stay day of these patients was 
21.1 days ranging from 5 to 41. The mean duration of post-
operative sedation was 6.5 days ranging from 3 to 10. The 
3 months GOS was score 1 (death) in 4 (23.5%) patients, 
score 2 (severe disability) in 1 (5.9%) patients, score 3 (mod-
erate disability) in 8 (47.1%) patients and score 4 (mild dis-
ability) in 4 (23.5%) patients. All mortality cases were as-
sociated with severe brain edema or brain herniation due 

FIGURE 2. Intraoperative intracranial pressure monitoring moni-
tor by subdural probe (white arrow) insertion.
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to progressive hemorrhage or secondary edema, which were 
not related with fluid therapy associated complications or 
its sequelae.

Clinical data of dual monitors’ parameter and 
complications

We evaluated continuous recordings of ICP and CO 
monitoring during postoperative sedation period but, we 
only recorded the data of ICP and MAP in Table 2 for up to 
postoperative 3 days because other data did not show any 
statistical significance. The mean duration of continuous 
recordings in ICP and CO monitor was 5.8 days including 
ranging from 5 to 7. The mean value of initial ICP was 18.4 
mmHg with ranging from 11 to 35 and the average ICP 
for the total duration of monitoring was 21.8 mmHg with 
ranging from 11 to 55. The mean value of initial SVV was 
9.4% with ranging from 7 to 16. The mean SVV for the to-
tal recording period was 10.9% with ranging from 5 to 18 
(Table 2). The mean value of initial MAP was 89.2 mmHg 
with ranging from 76 to 102 and the mean MAP for whole 
recording period was 87.3 mmHg with ranging from 76 to 
102. The rate of CPP target was 70.6% (12/17) and the rate 
of volume deficit (SVV＞13%) was 35.3% (6/17). However, 
the rate of low cardiac contractibility (SVI<40) were 29.4% 
(5/17) and the rate of high or normal cardiac contractibili-

ty (SVI＞50 or 40-50) was 70.6% (12/17: high 3, normal 9). 
Overall complication rate of the patients was 64.7% (11/17) 
including 21 events with 8 patients of pulmonary edema, 
6 patients of pneumonia, 1 patient of acute respiratory dis-
tress syndrome (ARDS), 1 patient of prerenal ARF and 5 
patients of CHF (Table 2). To determine the factors asso-
ciated with complication, we divided two groups as com-
plication group and non-complication group. These com-
plications are restricted as fluid or volume therapy related 
one such as pneumonia, pulmonary edema, ARDS, prere-
nal ARF and CHF in ICU. Among the parameters of CO 
monitoring system, high SVV (volume deficit) is associat-
ed with fluid therapy related complications (p=0.043) and 
low cardiac contractibility (abnormal cardiac function) is 
associated with these complications (p=0.009) statistically 
(Table 3). We found that the control of ICP and CPP in com-
plication group (uncontrolled ICP: 6/7, uncontrolled CPP: 
3/4) was difficult and resulted in an increase for mortality 
(4/5) although the following is not statistically significant. 
Only one patient was diagnosed as a septic shock due to 
pneumonia or pulmonary edema.

Discussion

The brain trauma foundation has established guideline 

TABLE 1. Clinical characteristics and outcome of 17 patients with severe traumatic brain injury treated with cardiovascular and in-
tracranial pressure monitoring system

No. Age/sex Diagnosis/other Dx Head 
AIS ISS Initial 

GCS
Postoperative 
GCS (1 week)

ICU 
stay

Sedation 
duration

GOS at 3 months 
(death cause)

1 44/M T-ICH 5 25 6 12 26 5 4
2 65/M T-SDH,SAH/MRF 5 34 8 12 21 7 3
3 68/M T-SDH,ICH/FBF 5 27 8 12 25 7 4
4 64/M T-SDH/MRF, PBF 5 43 7 8 21 7 3
5 41/M T-ICH/MRF, FBF 4 22 8 13 12 5 4
6 48/M T-contusion, cbr edema 5 25 9 8 26 8 1 (cbr edema )

7 66/M T-ICH/FBF 5 30 7 5 13 10 1(cbr edema)

8 83/M T-ICH,SDH 5 25 9 11 41 7 3
9 64/M T-ICH/MRF, hemothorax 5 35 10 11 39 7 3

10 65/M T-SDH,EDH/MRF, EF 5 38 8 12 20 7 4
11 38/M T-SDH,SAH 5 25 5 4 5 3 1 (cbr edema)

12 29/M T-SDH, cbr edema/MRF, FBF 4 29 5 7 20 7 3
13 48/M T-SDH,SAH 5 33 3 4 5 4 1 (cbr edema)

14 73/M T-SDH/FBF 5 29 8 4 10 7 2
15 60/M T-SDH, ICH 5 25 5 8 30 7 3
16 28/M T-SDH, EDH 5 25 5 8 36 7 3
17 77/F T-SDH 5 25 5 7 8 5 3

M: male, F: female, Dx: diagnosis, T-ICH: traumatic intracerebral hematoma, T-SDH: traumatic subdural hematoma, T-SAH: 
traumatic subarachnoid hemorrhage, MRF: multiple rib fracture, FBF: facial bone fracture, PBF: pelvic bone fracture, Cbr: 
cerebral, EDH: epidural hematoma, EF: extremity fracture, AIS: abbreviation injury scale, ISS: Injury Severity Score, GCS: 
Glasgow Coma Scale, ICU: intensive care unit, GOS: Glasgow Outcome Scale
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for ICP monitoring in severe TBI.6,19) These studies dem-
onstrated that superior survival was observed in severe 
TBI patients with ICP monitoring. However, other studies 
revealed that use of the ICP monitoring in isolated severe 
TBI had no survival benefit and was associated with oc-
currences of more complications which increased utiliza-
tion of hospital resources.1,2) There are three methods for 
lowering ICP via vasoconstriction without reducing cere-
bral blood flow (CBF). First, decreasing blood viscosity 
in patients with intact viscosity autoregulation results in 

decreased ICP without significant changes in CBF. The 
sustained ICP lowering effects of hypertonic saline and 
mannitol likely result in part from the impact on blood 
viscosity.4,14,16) Second, in patients with intact pressure au-
toregulation, increasing CPP will trigger vasoconstriction 
which decreases CBV and ICP; CBF remains constant in 
these circumstances.15) Third, sedation (e.g., propofol, pen-
tobarbiturate infusion) reduces cerebral metabolic rate of 
oxygen, which not only protects cells from secondary inju-
ries and insults, but also reduces ICP through metabolic 

TABLE 2. Clinical data (ICP, MAP, CPP, SVV, SVI) of ICP and cardiac output monitoring system during postoperative 3 days

No.

Mean ICP 
(mmHg)

Mean MAP 
(mmHg)

FloTrac data 
(Postoperative 3 days) CPP 

target* Cx GOS at 
3 months

1st 2nd 3rd 1st 2nd 3rd Mean SVV 
(volume)

Mean SVI 
(contractibility)

1 11 15 18 90 80 88 10 (nor) 44 (nor) Yes None 4
2 12 14 15 84 91 92 8 (nor) 42 (nor) Yes None 3
3 13 14 16 89 82 85 11 (nor) 53 (high) Yes Pn, Pul edema 4
4 17 22 25 85 77 86 17 (deficit) 51 (high) Yes Pn, Pul edema 3
5 13 15 18 81 84 83 8 (nor) 43 (nor) Yes None 5
6 23 25 28 88 87 93 16 (deficit) 53 (high) No Pul edema 1
7 24 23 33 89 88 76 18 (deficit) 36 (low) No Pn, Pul edema, CHF 1
8 21 25 23 90 86 81 12 (nor) 35 (low) Yes Pn, Pul edema, ARF, CHF 3
9 17 21 25 93 88 90 7 (nor) 44 (nor) Yes Septic shock, CHF 3

10 12 15 13 90 92 88 5 (nor) 45 (nor) Yes None 4
11 35 43 55 102 96 82 5 (nor) 47 (nor) No None 1
12 20 22 21 89 93 85 7 (nor) 43 (nor) Yes None 4
13 20 35 45 87 90 93 17 (deficit) 37 (low) No Pn, Pul edema, ARDS 1
14 22 25 30 92 83 80 15 (deficit) 35 (low) No Pul edema, CHF 2
15 15 18 20 76 81 92 6 (nor) 44 (nor) Yes Pn 3
16 16 18 22 93 95 81 17 (deficit) 47 (nor) Yes Pul edema 3
17 22 18 25 99 82 86 6 (nor) 38 (low) Yes CHF 3

*CPP target: 60-70 mmHg. ICP: intracranial pressure, MAP: mean arterial pressure, CPP: cerebral perfusion pressure, SVV: 
stroke volume variation, nor: normal, SVI: stroke volume index, Cx: complication, GOS: Glasgow Outcome Scale, Pn: pneu-
monia, Pul: pulmonary, CHF: congestive heart failure, ARF: acute renal failure, ARDS: acute respiratory destress syndrome

TABLE 3. Statistical analysis for factors associated with postoperative fluid therapy related complications*

Total Complication 
group

No complication 
group p-value Odd ratio

No. of patients 17 (100.0%) 11 (65.0%) 6 (35.3%)

Overall events 33 27 6
Volume depletion (SVV＞15%) 8 (100.0%) 8 (100.0%) 0 (0.0%) 0.043 0.455
Low cardiac contractibility (SVI＜40) 5 (100.0%) 5 (100.0%) 0 (0.0%) 0.009 0.273
Uncontrolled ICP (mean ICP＞22) 7 (100.0%) 6 (86.0%) 1 (14.3%) 0.304 6.0
Uncontrolled CPP (mean CPP＜50) 4 (100.0%) 3 (75.0%) 1 (25.0%) 0.555 1.817
Volume depletion+Low cardiac contractibility 4 (100.0%) 4 (100.0%) 0 (0.0%) 0.647 0.909
Volume depletion+Uncontrolled ICP 4 (100.0%) 4 (100.0%) 0 (0.0%) 0.237 0.636
Low cardiac contractibility+Uncontrolled ICP 5 (100.0%) 5 (100.0%) 0 (0.0%) 0.102 0.545
Multiple trauma 10 (100.0%) 6 (60.0%) 4 (40.0%) 0.516 0.60
*Fluid therapy related complication: pneumonia, pulmonary edema, acute renal failure, congestive heart failure acute re-
spiratory stress syndrome. SVV: stroke volume variation, SVI: stroke volume index, ICP: intracranial pressure, CPP: cerebral 
perfusion pressure
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autoregulatory pathways. If the patients undergo sedation 
therapy, sudden drop of blood pressure can often occurs, 
lowering MAP which results in imbalance of CPP causing 
uncontrolled brain edema or vicious cycle. Therefore, 
many guidelines suggested that comatose patients with 
severe TBI should be mechanically ventilated and moni-
tored with an invasive arterial line, a central venous cath-
eter, and an ICP pressure probe.9)

Usually severe TBI patients have combined multiple 
traumatic injuries which makes treatment very complicat-
ed. In order to maintain adequate CBF in severe TBI pa-
tients accurate monitoring of ICP and CPP is crucial. An 
ICP monitor can provide objective and exact values in or-
der to maintain the CBF in such patients. However, the first 
goal of severe TBI is normalization of brain tissue oxygen-
ation and CPP. If patients suffered multiple traumas which 
could result in major blood losses such as hemoperitone-
um, hemothorax or major fracture of extremities, maintain-
ing an optimum MAP and CPP is very challenging because 
MAP value is reversely proportionate to ICP value.19) In this 
situation, volume status and cardiac contractibility in pa-
tients are important indicators for optimizing systemic treat-
ment such as fluid resuscitation or injection inotropics or 
diuretics. Also with the introduction of advanced CO mon-
itoring, it is possible to continuously monitor MAP and CO 
which enables physicians to deduce the change in CPP. 
Therefore, the goal of advanced neuromonitoring in pa-
tients with severe brain injury should be to allow early de-
tection of fluid therapy related complications such as pneu-
monia, pulmonary edema, ARDS, ARF, CHF and electrolyte 
imbalance etc.

Numerous supportive methods have been introduced in 
order to optimize treatment in TBI patients 6,9,10) In the past, 
CVP or body weights were the only methods to notify vol-
ume status of the patient indirectly.9) Recently, various meth-
ods have been introduced to determine volume status with 
safe and accuracy.9-12) These recent device are more accu-
rate and easier to manipulate for physicians to evaluate 
patients’ volume status and cardiac function. One recently 
developed CO monitoring system (VigileoTM; Edwards Life 
sciences) is also based on arterial pulse contour analysis. 
A special blood flow sensor (FloTrac), which is connected 
to an arterial line (radial, brachial, axillary or femoral arter-
ies) is needed with no external calibration is necessary.11,13,18) 
This device calculates CO on a continuous basis (every 20s) 
by multiplying pulse rate by calculated stroke volume which 
analyzed the impact of vascular tone on pressure and adjust-
ment for actual vascular tone based on waveform analy-
sis.5) SVV is the ability of the heart to increase stroke vol-

ume in response to an increase in preload. It is estimated 
dynamic parameters volume challenge maneuver, respira-
tory variation.10,12) Based on this, a mathematical model 
was developed. Several studies have been performed con-
cerning the accuracy of Vigileo CO monitoring that include 
a variety of patients with different software versions of 
the device.17,18) Other limitations of this device include lack 
of validation in a pediatric population, total dependence on 
arterial line waveform for accurate calculations, the pres-
ence of dysrhythmias or improper dampening from kink-
ing, shock state and significant valvular disease that can 
prevent accurate results.20)

Low SVV is good indicator of fluid resuscitation for TBI 
patients under sedation and a ventilator. After fluid resus-
citation, systemic hemodynamic resuscitation should al-
ways precede brain targeted interventions.10) Assessment 
of fluid responsiveness may be possible by following glob-
al end diastolic volume index (GEDVI), SVV, and pulse 
pressure variation. CVP is a poor indicator for fluid respon-
siveness or intravascular volume status. SVV greater than 
10% to 14% and GEDVI less the 600 mL/m2 generally in-
dicate that the patients will respond to a fluid challenge 
with either 500 mL of crystalloid or 250 mL of colloid so-
lution.10)

The sudden development of hypoxemic respiratory fail-
ure following a catastrophic central nervous system event, 
which cannot be attributed to other causes of ARDS, is the 
only universally agreed upon characteristic of neurogenic 
pulmonary edema (NPE).7,8) In patients with TBI, the inci-
dence of NPE has been estimated to be up to 20%.3) It ap-
pears that the clinical manifestations of this surge may vary 
depending on the individual circumstance. Although this 
article does not include the diagnosis and early detection 
of ARDS or NPE, it would be considered an important is-
sue in our following paper.

Although our study is based upon retrospective data, there 
are no reports to evaluate for fluid therapy related compli-
cations in severe TBI patients with CO and ICP monitor at 
the same time. The mortality of the patients due to com-
plication during ICU care rather than one due to failure of 
control ICP and progressive hemorrhage can be very un-
fortunate event for neurosurgeons. Therefore, as we have 
seen in our study, the dual monitor setups would be a very 
useful alternative treatment to maintain optimal CPP, ICP 
and minimal fluid therapy related complications.

There are some limitations in this study. First, it is a ret-
rospective study design with a small population. Second, 
the mean value of parameter in CO and ICP monitor is not 
accurate one due to a flow recording continuously and sub-
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dural type ICP monitor is less accurate than intraparen-
chymal or intraventricular type. Third, it is unreliable due 
to there are many heterogeneous factors in investigating 
one related to complications. Last, it is difficult to distin-
guish between NPE and fluid related pulmonary edema. 
Therefore, further studies will be required to ascertain the 
long term follow up results and recruit more cases of TBI 
patients using dual monitor and compare with control 
group for more accurate effect of combined monitor.

Conclusion

Advanced hemodynamic monitoring is a cornerstone of 
the management of critically ill or severe neurologic pa-
tients particularly who need sedation therapy In severe 
TBI patients who undergo sedation therapy after decom-
pressive craniectomy to maintain an adequate CBF, com-
bined use of CO monitor and ICP monitor is a good meth-
od to reduce fluid therapy related complications.

■ The authors have no financial conflicts of interest. 
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