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Abstract

Appropriate haemodynamic monitoring and 
management is necessary for neurological 
patients. Various modalities of haemodynamic 
monitoring, both invasive and non-invasive, 
are available. Each of these devices has their 
advantages and shortcomings. In this chapter, 
we give a brief overview of the many haemo-
dynamic monitoring devices available for use 
in neurological patients.
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 Introduction

Patients with neurological insults suffer from sig-
nificant alterations in haemodynamic parameters. 
Many patients with acute ischaemic stroke, aneu-
rysmal subarachnoid haemorrhage, traumatic 

brain injury, etc. have increased intracranial pres-
sure and present with sudden hypertension and 
bradycardia. Fluid and electrolyte imbalance is 
also very common in neurological patients as a 
direct result of neurological injury, due to altered 
consciousness, effect of diuretics and various 
other causes. Appropriate haemodynamic moni-
toring and maintaining haemodynamic parame-
ters within recommended levels is essential for 
better clinical outcome in neurosurgical patients, 
both during intraoperative period and during ICU 
stay [1, 2].

There are various modalities of haemody-
namic monitoring and are usually classified as 
invasive or non-invasive. The most common inva-
sive and non-invasive haemodynamic monitors 
are enumerated in Table  1. In this chapter, we 
begin by describing the various haemodynamic 
monitors and follow it by a discussion on the 
merits and demerits of various haemodynamic 
monitors.

 Invasive Haemodynamic Monitors

 1. Arterial cannulation—Invasive arterial blood 
pressure monitoring allows beat to beat of 
blood pressure monitoring and regulation in 
addition to providing access for arterial blood 
gas analysis. Common arteries that are can-
nulated include radial, dorsalis pedis, bra-
chial, femoral, etc. A modified Allen’s test is 
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usually performed prior to cannulation of 
radial artery to rule out inadequate collateral 
circulation. Before cannulation of the artery, 

the pressure–tubing–transducer system should 
be nearby and already flushed with saline. The 
pressure transducer measures blood pressure 
on the basis of Wheatstone bridge principle. 
The transducer is usually calibrated to atmo-
spheric pressure level prior to initiation of 
pressure monitoring. Many devices analyse 
the arterial waveform to estimate cardiac out-
put and other haemodynamic parameters. 
Complications of arterial cannulation include 
arterial thrombosis, hematoma, nerve dam-
age, necrosis of digits, etc.

The fast flush test is used to calculate the 
damping coefficient and the natural frequency 
of the invasive blood pressure monitoring sys-
tem as depicted in Fig.  1. A square wave is 
generated when the fast flush valve is 
squeezed. After the fast flush has finished, the 
whole transducer system returns to baseline. 
It does this as a harmonic oscillator, ‘bounc-
ing’ a few times before actually coming to rest 

Table 1 Various invasive and non-invasive haemody-
namic monitors

Invasive haemodynamic 
monitors

Non-invasive 
haemodynamic 
monitors

Arterial cannulation CNAP™ finger cuff
Arterial waveform-based 
devices—PICCO, LiDCO, 
FloTrac
Central venous monitoring Electrical 

bioreactance 
cardiography

Pulmonary artery catheter 
(PAC)

Thoracic electrical 
bioimpedance (TEB)

Transesophageal 
echocardiography (TEE)

The ccNexfin system

The NICO system
PRAM (pressure recording 
analytical method)

Fast flush

Fast flush

Fast
flush

Rounded wave form without
disctinct dicrotic notch

a

b

c

Rapid upstroke

Dicrotic notch

multiple oscillations
‘ringing’ after fast flush

One oscillation

Two oscillations

Fig. 1 Arterial 
waveform and the fast 
flush testing. (a) The 
square loop test. An 
overdamped waveform 
will have only one 
oscillation after the 
square wave, and the 
dicrotic notch will 
disappear. (b) 
Underdamped lines will 
have multiple 
oscillations after the 
square wave, and 
multiple notches can be 
seen in the waveform. 
(c) A properly damped 
arterial line will have 
two to three oscillations 
immediately after the 
square wave disappears. 
The tracing will then 
return to a normal 
arterial waveform. A 
distinct dicrotic notch 
should be present
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(Fig. 1c). This ‘bounce’ effect is used to find 
out the resonance characteristics of the sys-
tem. At least, there should be one ‘bounce’ 
oscillation. If the system fails to oscillate, 
there is too much damping (Fig.  1a). Also, 
there shouldn’t be greater than two oscilla-
tions; a system which oscillates too much is 
underdamped (Fig. 1b).

 2. Arterial waveform-based devices—Classified 
as those requiring calibration and those not 
requiring calibration. The former include 
PiCCO and LiDCO, while the latter includes 
FloTrac.

PiCCO (Fig. 2)
It stands for pulse index continuous car-

diac output. The calculation of cardiac output 
using PiCCO requires insertion of central 
venous line and an arterial line. The arterial 
catheter of PiCCO has a thermistor 5  mm 
from its tip; in addition the device consists of 
an injection device which is connected to the 
distal tip of a central venous catheter. The 
artery cannulated most commonly is femoral 
artery, while radial, brachial and axillary 
arteries are also used infrequently. The mea-

sured and derived values are demonstrated on 
a monitor.

After connecting the monitor to venous 
and arterial lines, calibration is started. 
Calibration consists of three injections of 
15–30 ml of cold normal saline in an interval 
of 5 min; the procedure needs to be repeated 
every 8  h. Studies have demonstrated that 
PiCCO has accuracy comparable to that of 
PAC [3]. An advantage of PiCCO over LiDCO 
is that PiCCO also provides information about 
intrathoracic blood volume index, an impor-
tant measure of fluid responsiveness. Also, 
 complications associated with the use of 
PiCCO have been rare [4].

LiDCO
The device was developed by LiDCO plus 

(LiDCO, Cambridge, UK). An arterial and a 
central/peripheral access is necessary for the 
operation of device. It uses lithium dilution to 
calibrate a pulse pressure analysis algorithm. 
The LiDCO system consists of a disposable 
lithium sensitive sensor which is connected to 
an existing arterial cannula. A connector 
sends a signal from the sensor to a monitor. A 

Central Venous
Catheter

Injectate temperature
sensor housing

Injectate temperature sensor cable

Temperature interface cable

PULSIOCATH thermodilution catheter

PULSION disposable pressure transducer

Pressure cable

Fig. 2 The PiCCO system
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small dose of lithium chloride (20–40 micro-
mol/kg) is injected as an intravenous bolus, 
and cardiac output is derived from the dilution 
curve. In addition to the changes in cardiac 
output, the device also tells about pulse pres-
sure variation (PPV) and stroke volume varia-
tion (SVV). LiDCO requires calibration every 
8 h.

Patients with aortic valve pathologies, 
patients on lithium therapy and patients on 
intra-aortic balloon pump may not demon-
strate accurate values when using 
LiDCO. There is evidence of successful appli-
cation of LiDCO in paediatric patients [5].

FloTrac (Fig. 3)
FloTrac was introduced by Edwards 

Lifesciences in 2005. It does not require cali-
bration. The FloTrac sensor is connected to an 
arterial line, and the FloTrac monitor displays 
cardiac output, stroke volume, stroke volume 
variation and systemic vascular resistance. It 
is an easy- to- use device but the accuracy of 
measurement gets affected in patients with 
arrhythmias, in patients with aortic valve dis-
ease and in haemodynamically unstable 
patients. While some studies have demon-
strated accuracy of FloTrac comparable to 
that of PAC, others have highlighted its short-
comings in selected patient populations 
[6–8].

VolumeView
The VolumeView system was introduced 

by Edwards Lifesciences in 2010. The system 
consists of a thermistor-tipped arterial can-

nula, a monitor interface and a PreSep oxim-
etry central line catheter. The various 
parameters displayed on the monitor include 
cardiac output, stroke volume, stroke volume 
variation, systemic vascular resistance, global 
end-diastolic volume, intrathoracic blood vol-
ume, pulmonary vascular permeability index 
and extravascular lung volume. Nakwan et al 
compared VolumeView and echocardiogra-
phy in estimating global ejection fraction in 
septic patients and found that VolumeView 
provided a reliable estimate of ejection frac-
tion in septic shock patients [9].

 3. Central venous monitoring—A central venous 
access in a neurological patient allows mea-
surement of central venous pressure (CVP), 
fluid administration and administration of 
high osmolarity drugs.

Coagulopathy, infection at insertion site, 
right heart vegetations or tumours are contra-
indications to central line insertion. Subclavian 
and internal jugular veins are the most com-
mon sites of central venous cannulation. The 
line insertion can be landmark guided or ultra-
sound guided. Complications of central line 
insertion include pneumothorax, accidental 
arterial puncture, pleural effusion, arrhyth-
mias, bloodstream infection, etc.

 4. Pulmonary artery catheter (PAC) (Fig. 4)—It 
is a four-lumen catheter and has a thermodilu-
tion sensor. PAC is around 110 cm long and 
4–8 Fr in calibre. PAC allows determination 
of central venous pressure (CVP), right atrial 
pressure, right ventricular pressure and pul-

Fig. 3 FloTrac monitor Fig. 4 Pulmonary artery catheter
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monary artery pressure and allows calculation 
of cardiac output.

The four lumens are as follows:

 (a) First, to inflate the catheter tip with air.
 (b) Second, an accessory infusion port which 

ends 30 cm from the catheter tip.
 (c) Third, the distal port which ends at the 

catheter tip and is used to measure pres-
sures during catheter insertion.

 (d) Fourth, the proximal port which ends 
60 cm from the catheter tip. It measures 
right atrial pressures once the catheter tip 
is in the pulmonary artery.

Also, there is a thermistor which is used to 
measure cardiac output using thermodilution.

Coagulopathy, right heart endocarditis/ 
tumours and left bundle branch block are contra-
indications to PAC insertion.

The method of PAC insertion consists of 
acquiring central venous access using Seldinger 
technique. The distal port is connected to a trans-
ducer that is zeroed to the patient’s midaxillary 
line. The guide-wire is inserted after vein punc-
ture and PAC sheath is threaded over the guide- 
wire. The PAC is then inserted and advanced 
until a central venous waveform appears at a 
length of around 15 cm. The tip balloon is then 
inflated and the PAC is then advanced while 
observing the pressure waveform and values. 
Pulmonary artery is usually entered at a length of 
around 35–45 cm. A chest x-ray can be used to 
later demonstrate the correct positioning of the 
PAC.

Complications of PAC insertion include pneu-
mothorax, arterial puncture, air embolism, 
arrhythmias, infection, etc.

 Calculating Cardiac Output (CO) 
from PAC

Calculating CO from PAC utilizes the principle 
of thermodilution. 2.5–10  ml of cold fluid is 
injected into the right atrium and the change in 
temperature of blood at PAC tip is sensed by the 
thermistor. Plotting the temperature with time on 

x axis provides the thermodilution curve and area 
under the curve is equal to cardiac output.

 Trans-oesophageal 
Echocardiography (TEE)

Trans-oesophageal echocardiography provides 
real-time activity of the heart. Cardiac output 
can be calculated TEE by measuring cross-sec-
tional area of the left ventricular outflow tract 
and multiplying it with the velocity time inte-
gral (VTI). In addition, TEE can tell about val-
vular abnormalities and guide regarding volume 
status, ejection fraction and various other 
parameters. However, TEE requires administra-
tion of sedation/anaesthesia. Also there is a risk 
of complications associated with insertion of 
probe into the oesophagus. Also, manipulating 
the probe is difficult intraoperatively during 
neurosurgery as the access to the mouth is lost 
after the patient is draped and surgery begins. 
TEE has been used to detect intraoperative 
venous air embolism during sitting cranioto-
mies, to detect patent foramen ovale and to 
guide ventriculo-atrial shunt insertion, but use 
of TEE as a haemodynamic monitoring device 
has not been investigated [10, 11]. During 
mechanical ventilation, TEE could not perform 
as good as PAC for CO determination [12].

 The NICO System

The NICO system is based on the partial CO2 
rebreathing technique; i.e. it uses exhaled carbon 
dioxide as an indicator and applies Fick’s princi-
ple. The cardiac output measurement is fulfilled 
by data interpretation that is collected by the pro-
prietary sensors that measure airway pressure, 
flow and concentration of CO2, and then combin-
ing these signals to calculate CO2 elimination. 
The NICO system can be applied only in mechan-
ically ventilated patients who are sedated and 
paralysed.

The NICO system showed good concordance 
with PAC when used in critically ill patients [13]. 
Carretero et al. compared calculation of cardiac 
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output using the NICO system with pulmonary 
artery catheter during cardiopulmonary resusci-
tation and found a high degree of agreement 
between the two techniques [14].

 PRAM (Pressure Recording 
Analytical Method)

This system uses just an arterial line to provide 
information about CO, SVV, PPV and 
SVR. PRAM technology is based on the princi-
ple that, in any given vessel, volume changes 
occur mainly because of radial expansion in 
response to pressure variations [15].

PRAM is a non-calibrated pulse contour 
method. When compared with Doppler echocar-
diography for estimation of cardiac output in 
trauma patients, the two methods showed good 
agreement [16]. PRAM has also been found use-
ful in estimating cardiac output in sepsis patients 
[17]. In paediatric patients aged 1  month–
18  years, PRAM provided reliable estimates of 
cardiac output when compared with Doppler 
echocardiography [18]. However, in critically ill 
children, there was an unacceptably poor agree-
ment between transpulmonary ultrasound dilu-
tion and PRAM [19].

 Non-invasive Haemodynamic 
Monitors

There are multiple methods that have been 
devised for the measurement of blood pressure 
and cardiac output minimally invasively or non- 
invasively. The oldest method of haemodynamic 
monitoring is the non-invasive oscillometric 
method that utilizes an air-filled pressure cuff. 
But because of inaccuracy and variability of 
 measurements, these devices are not dependable 
in acute conditions and don’t provide any reliable 
information about the cardiac function. It con-
sists of a cuff which is air-filled that can inflate on 
the subject and measure the blood pressure either 
manually by the operator or automatically by the 
device itself. When the blood pressure is mea-

sured manually, it can be achieved using the pal-
pation auscultation technique. In the palpation 
technique, the operator palpates the radial artery 
when the measurement is being carried out in the 
arm and deflates the cuff. The pressure where the 
pulses are felt is the systolic pressure. The pri-
mary advantage of this method is being quick and 
does not require any sophisticated instrument, 
but the disadvantage is that it does not measure 
the diastolic blood pressure. When the ausculta-
tion technique is used, the cuff pressure is 
increased beyond the systolic blood pressure that 
has already been measured using the palpation 
technique, following which a stethoscope is 
placed on the concerned artery and the Korotkoff 
sounds are auscultated. The first sound corre-
sponds to the systolic blood pressure, while the 
few last muffled sounds correspond to the dia-
stolic blood pressure. This technique requires the 
operator to be well trained. The automated sys-
tem using a applies the same technique, and 
inflates the cuff to an already set pressure and 
then decreases the pressure slowly. The oscilla-
tions and sounds are then detected by the machine 
which corresponds to systolic and diastolic blood 
pressures. Mean arterial pressure corresponds to 
the maximum oscillations. The algorithms that 
these machines use are proprietary and depen-
dent on their corresponding manufacturers.

 Finger Cuffs for Continuous BP 
Monitoring

Many companies have introduced finger cuffs 
which allow continuous BP monitoring and 
also provide information about other haemody-
namic parameters like CO, SVR, SVV, SV, etc. 
These can be attached to middle phalanx of the 
finger for a period up to 8  h, after which the 
finger should be changed. These devices are 
based on volume clamp method. The cuffs pro-
vide similar pressures on either side of the arte-
rial wall by clamping the artery to a fixed 
volume. There is some evidence of these 
devices providing feasible estimates of BP in 
ICU patients, although some studies have 
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shown these devices to be inferior to invasive 
BP monitoring as well [20, 21].

Special sized finger cuffs have been designed 
for paediatric patients and their accuracy checked 
with invasive blood pressure monitoring to find 
that these finger cuffs work well in paediatric 
patients as well [22]. When employed in preterm 
neonates, it was suggested that while finger cuffs 
were of limited value in estimating absolute 
blood pressure, the cuffs are useful in identifica-
tion of beat-to-beat changes in systolic BP [23]. 
Another study found finger cuffs to be reliable 
for measurement of blood pressure in preterm 
infants [24].

These devices have been used intraoperatively 
also. When used in patients undergoing Caesarean 
section under subarachnoid block, the device was 
found to detect hypotensive episodes which the 
non-invasive blood pressure monitoring would 
have missed [25].

 The ccNexfin System

Introduced by Edwards Lifesciences in 2007, it 
has a new version called the ClearSight system. 
The system consists of finger cuffs which wrap 
around the middle phalanx and measure blood 
pressure non-invasively using the volume clamp 
method. From the finger pressure waveform 
(received from the finger cuffs), the device recon-
structs the brachial pressure waveform, and then 
cardiac output is estimated using the pulse con-
tour method. The various haemodynamic param-
eters achieved using the ccNexfin system include 
blood pressure, stroke volume, cardiac output, 
stroke volume variation and systemic vascular 
resistance.

The ccNexfin system showed good correla-
tion with pulmonary artery catheter in studies 
[26, 27].

Use of ClearSight system during heart valve 
interventions and cardiovascular surgery has 
been found to be useful, is simple and saves time 
[28, 29]. The use of ClearSight system for hae-
modynamic management during kidney trans-
plantation has been reported [30].

 Thoracic Electrical Bioimpedance 
(TEB)

TEB is a non-invasive alternative to monitoring 
of haemodynamic parameters including cardiac 
output, stroke volume and cardiac index. A low 
amplitude electrical signal is sent across the tho-
rax. There are electrodes placed on the thorax 
which measure the impedance. Stroke volume is 
calculated on the basis of impedance change gen-
erated by the pulsatile flow and the time intervals 
between the changes. Surgical cautery, arrhyth-
mias and fluid in thoracic cavity affect the accu-
racy of the device.

There is paucity of literature on accuracy of 
TEB in specific group of patients [31]. Elwan 
et  al. found huge differences in cardiac output 
measured using Doppler and TEB in emergency 
care [32]. In normal adults, cardiac output mea-
sured using Doppler and TEB was found to be 
comparable [33]. A significant correlation 
between echocardiography and transthoracic 
electrical bioimpedance in the systemic haemo-
dynamic assessment in patients with cirrhosis 
was observed [34]. Sabharwal et al. used TEB to 
determine haemodynamic changes after adminis-
tration of mannitol in neurosurgical patients [35]. 
In aneurysmal subarachnoid haemorrhage 
patients undergoing surgery, non-invasive electri-
cal velocimetry (EV) device based on the tho-
racic bioimpedance was compared with 
transpulmonary thermodilution to guide fluid 
therapy. The authors found that the cardiac index 
calculation using the two methods yielded differ-
ent values in these patients [36].

 Electrical Bioreactance 
Cardiography

Available with the name of NICOM system, the 
electrical bioreactance is a safe, non-invasive and 
continuous monitor. The basic principle is deter-
mination of change in frequency of electrical 
resistivity across the thorax. The system consists 
of four paired electrodes which are placed on the 
chest. One of the two paired electrodes injects an 
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AC current of 75 kHz, while the other electrode 
detects the electrical signal. On the basis of anal-
ysis of the current injected and detected, along 
with analysis of time delay between the two sig-
nals, the NICOM system determines phase shift, 
and stroke volume is determined from the phase 
shift signals. Clinical and preclinical data demon-
strates the feasibility of using blood flow-related 
phase shifts of transthoracic electrical signals to 
perform non-invasive continuous CO monitoring. 
NICOM is said to get affected by electrical cau-
tery signals and the accuracy gets affected at low 
flows [37]. In colorectal surgery patients, oesoph-
ageal Doppler-guided GDFT was found to be 
comparable to NICOM-guided GDFT [38]. 
NICOM system was found to have an acceptable 
accuracy with thermodilution in ICU patients in a 
multicentre study [39].

 Goal-Directed Haemodynamic 
Management in Neurosurgery 
and the Neuro-ICU

 Concept of Fluid Responsiveness

The estimation of intravascular volume status in 
neurological patients remains difficult. The tradi-
tional methods of volume estimation and fluid 
administration like central venous pressure and 
Holliday-Segar formula have been proven to be 
insensitive [40]. This gave way to the concept of 
‘fluid responsiveness’.

Fluid responsiveness is defined as an increase of 
stroke volume of 10–15% after the patient receives 
a ‘fluid challenge’ of 500  ml of crystalloid over 
10–15 min. Fluid responsive patients have ‘preload 
reserve’ and will have an increase in stroke volume 
(and usually cardiac output) when fluid is adminis-
tered. The presumption is that increased cardiac 
output will cause increased oxygen delivery (DO2) 
and increased tissue oxygenation.

 Goal-Directed Haemodynamic 
Management (GDHM)

GDHM utilizes cardiac output (CO) monitoring 
techniques to guide clinicians for administering 

fluids, vasopressors and inotropes, both intraop-
eratively and in critical care settings. The aim of 
GDHM is to optimize tissue perfusion. The con-
cept was initially suggested by Shoemaker et al. 
who reported a trend of decreased mortality fol-
lowing high-risk surgery when goal-directed hae-
modynamic management was used [41]. Various 
modalities have been described to guide GDFT 
including use of pulmonary artery catheter (PAC), 
trans-oesophageal echocardiography (TEE), arte-
rial pulse waveform analysis, photoplethysmogra-
phy, venous oxygen saturation and tissue oxygen 
saturation. Luo et  al. showed that intraoperative 
GDHM strategy in high-risk patients undergoing 
brain surgery resulted in a shorter ICU length of 
stay and reduced costs, and also the postoperative 
morbidity was reduced [42].

The importance of optimization of intravascu-
lar volume in neurological patients cannot be 
overemphasized. Both hypovolaemia and hyper-
volaemia have been found to be associated with 
poor outcomes in neurological patients [43, 44]. 
However, determination of volume status in these 
patients remains difficult. Hence, using dynamic 
tests for determination of fluid responsiveness 
and administering fluids till patients are fluid 
responsive can help optimize volume status in 
these patients. Some indicators of fluid respon-
siveness include:

 (a) A pulse pressure variation of more than 12%
 (b) Inferior vena cava (IVC) diameter <2 cm and 

respiratory variation in IVC diameter of 
>50%

 (c) A systolic pulse variation of more than 10%
 (d) A systolic volume variation of more than 

10%
 (e) A left ventricle outflow tract—velocity time 

integral of >12%

Various authors have demonstrated the effec-
tiveness of GDHT in neurosurgery. Wu et  al. 
compared two fluid protocols based on different 
stroke volume variation (SVV) cut-offs for goal- 
directed fluid therapy (GDFT) during supratento-
rial brain tumour resection and found that during 
GDFT for supratentorial brain tumour resection, 
fluid boluses targeting a lower SVV are more 
beneficial than a restrictive protocol [45].
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Hasanin et  al. compared pulse pressure 
variation- guided fluid therapy during supratento-
rial brain tumour excision with standard intraop-
erative fluid therapy and demonstrated that GDFT 
therapy leads to increased intraoperative fluid 
administration and improved peripheral perfu-
sion without increasing brain swelling [46].

Presently, the evidence demonstrating 
improved outcomes in patients undergoing non- 
cardiac surgery who are administered GDFT is 
thin [47]. Similarly, improved outcome in neuro-
surgical patients due to GDFT is yet to be proven. 
Further studies will be necessary to determine if 
the use of GDFT actually improves the outcome 
in these patients.
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