
123

Procedures and 
Protocols in 
the Neurocritical 
Care Unit
Niraj Arora
Editor



Procedures and Protocols  
in the Neurocritical Care Unit



Niraj Arora
Editor

Procedures  
and Protocols  
in the Neurocritical  
Care Unit



ISBN 978-3-030-90224-7    ISBN 978-3-030-90225-4 (eBook)
https://doi.org/10.1007/978-3-030-90225-4

© The Editor(s) (if applicable) and The Author(s), under exclusive license to 
Springer Nature Switzerland AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by 
the Publisher, whether the whole or part of the material is concerned, specifically 
the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, 
reproduction on microfilms or in any other physical way, and transmission or 
information storage and retrieval, electronic adaptation, computer software, or 
by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service 
marks, etc. in this publication does not imply, even in the absence of a specific 
statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and 
information in this book are believed to be true and accurate at the date of pub-
lication. Neither the publisher nor the authors or the editors give a warranty, 
expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral 
with regard to jurisdictional claims in published maps and institutional 
affiliations.

This Springer imprint is published by the registered company Springer 
Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editor
Niraj Arora
Department of Neurology
University of Missouri School of Medicine
Columbia, MO, USA

https://doi.org/10.1007/978-3-030-90225-4


This book is dedicated to

Patients, who trust me to 
help them get better during 
difficult times,

Students, residents and 
fellows who inspired me to 
write this book,

My parents, who made me 
capable for my endeavours,

My wife and kids, for their 
unconditional love and 
support, without which this 
project would not have been 
complete!



vii

Foreword

Dr. Arora has edited a practical, daily use excellent text on 
neurocritical care. I am delighted to review and provide an 
overview of this book. The state-of-the-art text is dedicated to 
current status of knowledge and management in neurosci-
ence ICUs. The book includes coverage of both procedures 
and protocols being carried out in neuroscience ICU.

Each chapter focuses on one particular procedure or pro-
tocol and provides up-to-date knowledge about that topic. 
Dedicated chapters on the procedures both invasive and 
noninvasive for the care of the critically sick and protocols for 
important pathologies that one deals practically – to have all 
this in one place is a boon in itself during the crucial time of 
patient management.

This methodological approach with due consideration and 
review of each procedure and protocols related to the daily 
functioning and management in a neurocritical care ICU is a 
significant plus. I’m delighted with the format of this book. 
The breadth of the field of neurocritical care is wide, and with 
the developing new technological advancement, it is essential 
to know the basics as well as be up to date with the recent 
updates. The time available to the physician in training or ser-
vice is limited, and the book covers all the important topics 
which a physician in training would deal in day-to-day practice 
and could serve as the best aid. Furthermore, the knowledge 
of the authors is clearly displayed by the quality of the content 
and undoubtedly will be picked up by the readers too.
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I feel this will be very useful for day-to-day management 
in neuroscience ICUs by physicians, residents and fellows, 
nurse practitioners, and all others involved in care of patients 
with neurocritical issues anywhere. Whether at bedside or 
reading for reference, this book would be useful. It is rare to 
find such a book which could cover this wide range of topics 
and still keep focus on what it is important to the intensivist. 
This book will serve as a handy reference.

I commend Dr Niraj Arora and other contributors to this 
text for writing a hands-on manual for daily neuroscience 
ICU working!

Pradeep Sahota, MD, FAAN, FANA, FAASM
Professor & Chairman, Department of Neurology 

University of Missouri – School of Medicine, University of 
Missouri Health Care 
Columbia, MO, USA

Foreword
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Preface

Practice of Neurocritical care is an art and science. The sooner 
you realise, the better you become at it!

The field of Neurocritical Care is expanding leaps and 
bounds. With the abundance of knowledge about this exciting 
field, one is faced with a constant challenge to keep up with 
the pace of learning new things and keeping the basics of the 
understanding of disease pathology. As a resident, I struggled 
to procure a resource which could provide me with the 
knowledge of all essential materials which I will be dealing 
with during rotations of critical care, especially neurocritical 
care. There are a number of books in the market available 
which could provide you with the knowledge about the 
pathophysiology, diagnosis, and management of neurocritical 
care conditions. However, when it comes to the mind of a 
resident, they need some resources which could cover all the 
important procedures as well as the protocols which one 
could be potentially using during their rotation while taking 
care of the critically ill patient. This book has come as a 
dream project when I got the opportunity to work at the 
University of Missouri, Columbia. No work is accomplished 
without hard work and perseverance. This holds true for writ-
ing a book for sure. From the original thought to the writing 
of this preface has been a journey for me. Trying to catch up 
with the management of critically ill patients in neuroscience 
ICU and finishing up the write up of the chapters, working 
with residents and fellows, and coordinating with the publica-
tion staff, these all have been a wonderful experience.
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The purpose of this book is to guide the physician about 
the procedures that are worth learning for the neurocritical 
care unit as a neurointensivist. Some of the procedures have 
been written by the experts in their own fields; however, the 
procedures could and should be learnt and performed in the 
neurosciences ICU.  The neurocritical care curriculum men-
tions all these procedures which are included in this book. As 
the field expands and with technological advancements, cer-
tain procedures like tracheostomy and gastrostomy might be 
performed at the bedside by the intensivist. This might be an 
added advantage to the patient as well as hospital as signifi-
cant resources and time are spent during the patient transport 
and those resources could be allocated for other reasons. The 
book will not only help the students, residents, or fellows but 
also anyone including nurse practitioners, advanced practice 
providers, and any interested person who wants to learn the 
principles of the critical care procedures and have an under-
standing of the management of diversified pathologies in 
neurosciences ICU.

The protocols mentioned in this book are being constantly 
used practically for the decision management of the patients. 
Since there is a significant practice variability based on the 
level of experience of the treating intensivist, the protocols 
serve as a basic structure which can guide the treatment. We 
are still not at the level where personalised treatment 
approaches could be provided, even though a lot of efforts 
are being made to tailor the treatment based on underlying 
genetic makeup of a patient and the use of artificial intelli-
gence. Nevertheless, none of the advancements can replace a 
good bedside neurological exam, and the protocols men-
tioned in this book are based on the day-to-day experience 
and practice. The evidence for the protocols has been 
included in the references, and interested readers should 
practice the protocols in patient management and get addi-
tional help by using the references provided.

The goal of the book is to generate interest for the bud-
ding independent providers for the procedures in critical care 
practice as well as to make the management of critically ill 

Preface
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patients less daunting when sometimes a single provider 
needs to take care of multiple patients at night (a common 
practice at some academic centres). “A life saved is a life 
gifted” – with the correct timely, vigilant management deci-
sions and proper judicious monitoring, one could save some-
one’s loved one. The tremendous joy that as a provider one 
might experience is when you manage the patient who other-
wise would not have been salvaged without your due 
diligence.

With a strong belief that the first edition of this book will 
serve as the basis for the upcoming editions, I consider this as 
my small effort to educate. I hope that the book can become an 
essential guide during the rotations in the neurosciences ICU.

Columbia, MO, USA Niraj Arora, MD 

Preface
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1  Peripheral Vascular Catheters

1.1  Introduction

Peripheral access is achieved with peripheral intravenous 
catheters (PIVCs), midline catheters and peripherally 
inserted central lines (PICCs). Choosing among them depends 
on the specific indications, anticipated length of insertion and 
patient comorbidities.

Catheters are typically either derived from silicone or poly-
urethane with similar overall rates of complications for both 
in peripheral lines. The major difference noted between the 
two catheters is increased incidence of mechanical phlebitis in 
polyurethane catheters, given stiffer material [1]. These cath-
eters come in different sizes depending on the outer diameter 
and the flow rate. The gauge system developed in Birmingham 
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which was originally used for sizing the iron wires and later 
adapted for hollow needles and catheters is widely prevalent. 
Even though it does not correlate well with the outer diame-
ter this system is commonly used in the peripheral vascular 
catheters. French system of catheter sizing is more systematic 
and simple. With the increase of one French unit, there is an 
increase of 0.33 mm in outer diameter. Most common vascular 
catheters range between 4 to 10 French in size. This system is 
commonly used for multi lumen catheters or speciality cathe-
ters (Table 1).

Table 1 Vascular catheters
Peripheral vascular catheters

Gauge 
size

Outside 
Diameters 
(mm)

12 2.64

14 2.03

16 1.62

19 1.22

18 1.02

20 0.91 Length varies from 
3 to 5 cm

21 0.81

22 0.71

23 0.61

24 0.56

25 0.5

26 0.45

N. Arora and S. Singh
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Table 1 (continued)

Midline catheters

Size 
(French)

Length 
(cm)

Number of 
lumens

4 8–20 cm 1–2

5 8–20 cm 1–2

PICC catheters

Size 
(French)

Length 
(cm)

Number of 
lumens

Gauge size Flow 
rate 
(L/h)

5 50 Single 16 1.75

5 70 Single 16 1.3

5 50 Distal 18 0.58

Proximal 20 0.16

5 70 Distal 18 0.44

Proximal 20 0.12

Central venous catheters

Size 
(French)

Length 
(cm)

Number of 
lumens

Lumen size 
(Gauge)

Flow 
rate 
(L/h)

7 16 Distal 16 3.4

Middle 18 1.8

Proximal 18 1.9

7 20 Distal 16 3.1

Middle 18 1.5

Proximal 18 1.6

7 30 Distal 16 2.3

Middle 18 1

Proximal 18 1.1

(continued)

Vascular Access
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It is essential to know that flow (Q) through a hollow rigid 
tube is directly proportional to the pressure gradient (ΔP) 
and inversely proportional to resistance. (Q = ΔP × 1/R). Also 
according to the Hagen-Poiseuille equation, flow (Q) is 
directly proportional to the fourth power of the inner radius 
of the tube (r4) and inversely proportional to the length of the 
tube (L).

 
Hagen Poiseuille equation Q : /= ×( )P r Lπ µ4 8

 

This equation influences the flow rate of the catheters. 
With increase in the inner radius of the catheters, the flow 
rate would increase significantly. It should also be noted that 
the flow in the 30 cm catheters would be less than half the 
flow rate in the 5 cm catheter.

Peripheral access catheters can be inserted using a direct 
visual approach or via visualization devices such as infra-red 
or ultrasound technology. Details of insertion will be dis-
cussed in the text below.

A. Peripherally Inserted Venous Catheters (PIVC) (Figs. 1, 2)
The majority of hospitalized patients have at least one 
peripheral intravenous catheter (PIVC), making PIVC one of 
the most common clinical procedures. In the United States, 
over 300 million PIVCs are used for hospitalized patients 

Hemodialysis catheters

Size 
(French)

Length 
(cm)

Number of 
Lumens

Lumen size Flow 
rate 
(L/h)

12 16 Proximal 12 23.7

Distal 12 17.4

12 20 Proximal 16 19.8

Distal 12 15.5

Table 1 (continued)

N. Arora and S. Singh
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annually [2, 3]. These catheters are usually made up of poly-
ethylene and provoke a strong inflammatory response on 
contact with blood vessels [1]. This limits the use of these 

Figure 1 Peripheral vascular catheters

Figure 2 Peripheral catheters and its parts. Top: Catheter-over-
needle device, Bottom: Parts of the peripheral vascular catheter

Vascular Access
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catheters for prolonged duration. They are available in differ-
ent lengths and diameters (Table 1).

Indications: Treatment with peripherally compatible 
solutions (less than 900 mOSm/liter, not vesicant or irritant) 
for less than 5 days [4, 5]. The larger bore catheters (14,16G) 
are used in rapid fluid resuscitation as in emergency situations 
like trauma or shock. Smaller bore catheters (20G) are most 
commonly used to cannulate the vein for most clinical 
conditions.

1.2  Method of Insertion [6]

 1. Tourniquet should be applied in the arm to ensure ade-
quate venous filling without causing patient discomfort or 
local ischemia.

 2. Palpate and inspect the vein.
 3. Clean area with alcohol swab or povidone-iodine 

solution.
 4. Anchor the selected vein by applying gentle traction.
 5. Insert catheter needle into the vessel at a 15-to-30° angle 

using the dominant hand. If using deeper veins, use a 
more obtuse (60°) angle.

 6. Look for blood flash in the catheter hub, which suggests 
vessel penetration.

 7. Further advance the catheter to the appropriate location. 
Withdraw the needle.

 8. Remove tourniquet. To prevent hematoma formation, it 
is recommended to remove the tourniquet before needle 
removal and apply pressure on the area after needle 
removal.

 9. Attach IV tube.
 10. Secure catheter with tape and a sterile transparent 

dressing.
 11. Assess catheter function and distal blood flow.

N. Arora and S. Singh
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Advantages: Peripheral access is considered less invasive 
than central and has a lower risk of infection (0.5/1000 
catheter days) [7, 8]. Cyclic or episodic chemotherapy 
management can also be considered when less than 3 months 
in duration with non- vesicant product infusion [9]. These 
catheters can be inserted in different locations like the neck 
(e.g., external jugular vein) or lower extremity (e.g., foot 
veins) in emergency situations [9].

Disadvantages: Access could be difficult in obese patients, 
patients without adequate veins, increased risk of infection 
and phlebitis in high risk patients (e.g., diabetics).

If repeated insertion attempts fail, it’s appropriate to con-
sider the designation of difficult intravenous access and 
explore the access site with ultrasound or other visualization 
technologies like using infrared rays [5]. Access through the 
distal portions of the upper extremity are preferred in patients 
with chronic kidney disease in order to preserve peripheral 
and central veins for hemodialysis, fistulas or grafts [10].

B. Midline Catheters (Fig. 3)
These catheters are inserted just like peripheral catheters, 
but they are of longer length (8–20 cm) compared to periph-

Figure 3 Bard Powerglide Midline Catheter 20G, 10 cm with guide-
wire

Vascular Access
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eral catheters (3–5 cm). These catheters can be single or dual 
lumen; however, a single-lumen catheter is typically pre-
ferred [9].

Indications:
When treatment is likely indicated for more than 6 days 
with up to 14 days being permissible. Patients with difficult 
intravenous access despite ultrasound-guided peripheral 
catheter attempts may also be considered for a midline cath-
eter [9, 10].

Advantages:
Lower phlebitis rates than peripheral catheters and lower 
rates of infection compared to other central catheters [9].

Disadvantages:
Require more training and are more intensive than tradi-
tional PIVCs.

C. Peripherally Inserted Central Catheter (PICC) (Fig. 4)
PICC lines compromise more than half of all devices used to 
obtain central access [11]. These are long catheters inserted 
into the basilic or cephalic arm veins (above the antecubital 
fossa) and advanced into the superior vena cava. Because the 
basilic vein has a larger diameter compared to the cephalic 
vein and a straighter course in the arm, it is the preferred 

Figure 4 Medcomp triple-lumen PICC catheter
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route for PICCs. PICCs are indicated in patients requiring 
intravenous access for more than 14 days or those  necessitating 
continuous infusions of vesicant, parenteral nutrition, chemi-
cally irritating or peripherally incompatible solutions of any 
duration [10]. Cyclic chemotherapy of more than 3 months is 
another indication. PICCs may also be used in patients 
requiring frequent phlebotomy (e.g. every 8 h for more than 
6 days). Burn patients, patients requiring chronic or lifelong 
access (e.g. sickle cell disease, cystic fibrosis or short gut) or 
those requiring frequent hospitalizations should also be con-
sidered for PICC insertion. PICC lines may also be used for 
cardiac monitoring or vasopressor administration in hemody-
namically unstable patients [9]. Finally, using antimicrobial- 
coated PICC lines may help reduce significant reduction in 
risk of infections [12].

1.3  Technique [6, 13]

PICC lines are inserted under ultrasound guidance. The pro-
cedure is performed under strict aseptic precautions and the 
length of the catheter to be used is predetermined by measur-
ing the distance from the antecubital fossa to the shoulder 
and then from shoulder to the right sternoclavicular joint, 
then down to the right 3rd intercostal space. After the basilic 
vein is located and cannulated, the catheter is advanced in the 
vein upto the lower third of the superior vena cava, just above 
the right atrium. The chest X-ray is performed to confirm the 
location of the catheter tip.

1.4  Pitfalls

General:
 1. If having difficulty locating a vein, you can tap on the vein, 

ask the patient to grip and relax his/her hands repeatedly 
or apply a warm compress for at least 2–3  min. If still 
unable to isolate a vein, can also use ultrasound guidance. 
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Avoid venous access near sites of infection or injury. Also 
avoid using extremities with previous arteriovenous fistu-
las or grafts or lymph node dissections [6, 14].

 2. When advancing the catheter after getting a blood flash, 
make sure further entry is smooth. If you meet resistance, 
withdraw the catheter as you may have penetrated the pos-
terior wall of a vessel.

 3. If you suspect that you pierced an artery, apply pressure at 
site.

 4. If having difficulty securing the catheter, use multiple 
transparent dressings.

 5. If induration, erythema or significant pain is reported at 
the insertion site, there may be concern for phlebitis or 
infection. Remove the catheter if infection is suspected and 
monitor for ongoing signs of sepsis.

 6. If concerned for extravasation of fluids, apply compresses 
(e.g. using sterile gauze) and elevate the extremity [6].

 7. Deep vein thrombosis is a potential complication of venous 
access. If this is a concern, evaluate using ultrasound.

PICC Related:
 1. Venous air embolism: When advancing a catheter into the 

thorax, the negative intrathoracic pressure in spontane-
ously breathing patients can allow for air to enter the 
venous system if the catheter is open to the atmosphere. 
Presentation can range from dyspnea to R heart failure, 
pulmonary edema and embolic stroke. Prevention in such 
patients is by ensuring the patient is in Trendelenburg posi-
tion [15].

 2. Malposition seen on Chest Radiograph: A properly placed 
PICC should be in the SVC, with the tip 1–2 cm above the 
R atrium (near the tracheal carina) [16]. If the tip is below 
the carina, there is a concern for Right atrial entry and 
potential perforation; thus, retraction is recommended.
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2  Central Vascular Catheters

2.1  Introduction

First described in 1929, central venous catheters (CVCs) have 
become an important part of hospital care. More than seven 
million units per year of central venous access devices are 
used in the United States; per 2016 data, the number increases 
to ten million worldwide [11].

Canalization sites include internal jugular (IJ), femoral 
and subclavian veins with advancement into the vena cava. 
Per CDC recommendations, to minimize infection risk, sub-
clavian is preferred over jugular and femoral locations in 
adult patients when using non-tunneled CVC. No recommen-
dation regarding anatomic preference is indicated for tun-
neled CVCs. Subclavian CVCs, however, should be avoided in 
hemodialysis patients and patients with chronic kidney dis-
ease to prevent subclavian vein stenosis. Additionally, when 
using IJ for canalization, the right side of the neck is pre-
ferred due to a vessel course [13, 17].

If ultrasound is available, the CDC recommends its use in 
placing CVCs to limit cannulation attempts and mechanical 
complications [17]. Complication rates increase with each 
additional attempt or percutaneous puncture [6].

2.2  Indications

2.2.1  Non-tunneled CVCs (Fig. 5)

Non-tunneled CVCs are indicated in patients requiring emer-
gent care (i.e. unstable, requiring hemodynamic monitoring 
or large fluid infusions). They can also be used for parenteral 
nutrition. Typically, they are used for short-term access and 
are preferred over PICCs in patients requiring 14-day access. 
Additionally, they can be used to deliver parenteral nutrition 
and chemotherapy lasting more than 3 months [9].
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Their infection rate is similar to that of PICCS; antimicro-
bial coating agents are also used to reduce infection risk by 
40% when access is required for more than 5 days [10]. Both 
chlorhexidine/silver sulfadiazine and minocycline/rifampin 
are available as antimicrobial coating agents [13, 18].

2.2.2  Tunneled CVCs

Tunneled CVCs are inserted using a subcutaneous tunnel in 
the mid-chest region. Such types of catheters are indicated in 
patients receiving treatment exceeding 31  days or those 
requiring multiple treatments over several months. They are 
used for delivery of vesicant, irritant, parenteral nutrition or 
chemotherapy medications (regardless of duration). Another 
consideration is for patients requiring more than 6 annual 
hospitalizations with each necessitating at least 15  days of 
therapy or those in whom a PICC is indicated but limited due 
to thrombosis risk [9].

Syringe
Anesthesia syringe

GauseBlunt needle syringe
Guidewire Scalpel

Dilator

Suture

Needle holder
Trilumen central venous catheter with safety caps

Sterile field

Lidocaine

Figure 5 Central venous catheter kit
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2.3  Technique of Insertion for Non-tunneled 
Catheters [6, 13] (Fig. 6)

 1. Maintain sterile precautions, including caps, masks, sterile 
gloves, sterile gowns and a sterile drape for the patient 
from head to toe [17].

 2. Identify vessels using ultrasound. Hand hygiene before 
and after palpating the insertion site using an alcohol- 
based rub is recommended [17].

Internal Jugular vein

Subclavian vein

Femoral vein

Figure 6 Sites of central venous access
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A. Internal Jugular Vein (IJV): The IJV is located under the 
sternocleidomastoid (SCM) muscle and runs diagonally down 
the neck when a line is drawn from the pinna to the 
sternoclavicular joint. Insertion of the catheter can be done 
blindly by inserting the needle at the apex of the angle formed 
by the sternal and clavicular heads of the sternocleidomastoid 
muscle. Carotid artery is palpated on the lateral side of the 
sternal head of the sternocleidomastoid while the vein is 
superficial to it (about 1–2 cm depth from the skin usually). 
Care must be taken to point the needle to the ipsilateral 
nipple to avoid puncture of the carotid artery. Distance from 
the cannulation site to the right atrium is about 15 cm, so the 
shortest CVCs should be used. For left IJV, a 20 cm catheter 
may need to be considered. To identify the vessel, have the 
patient in Trendelenburg position and the head slightly turned 
to the opposite side to further straighten the venous course. 
Avoid turning the head beyond 30° because it can stretch the 
vessel and reduce diameter. Using US, place the probe at the 
triangle created by the two heads of the SCM. Right side IJV 
is preferred over left side due to the short and straight course 
to the heart.

B. Subclavian Approach: The subclavian courses underneath 
the clavicle and continues in the thoracic inlet. The vein is 
approached usually using landmarks with index finger at the 
sternal notch and thumb placed at the angle of the clavicle, 
two-thirds of the way lateral from the sternal notch.. The 
vessel may be difficult to identify using US because of the 
overlying clavicle; thus, surface landmarks are often used. To 
locate, identify the clavicular head of the SCM and the vein 
lies under the clavicle in this area. Cannulation can be done 
from above or below the clavicle.

C.  Femoral Approach: The femoral vein is located in the 
femoral canal, along with its corresponding nerve and artery. 
At the level of the inguinal crease, the vein is medial to the 
artery and is easiest to cannulate with the hip abducted. The 
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vein can be located by palpating the femoral artery pulse and 
US can be used to further locate the vein.

 3. Apply chlorhexidine to the insertion site. Allot 2 min for 
it to dry.

 4. Anesthetize insertion site by injecting 1–2% lidocaine in 
all conscious patients.

 5. Using an 18-gauge introducer needle with an attached 
10 ml syringe, introduce the needle into the skin and sub-
cutaneous tissue until a flash of blood is seen in the hub. 
Perform this using your dominant hand.

 6. Stabilize the needle with your nondominant hand.
 7. Assure that the syringe has constant venous flow. If no 

flow is seen, withdraw the needle as you may have 
breached the posterior vessel wall.

 8. Remove the attached syringe and occlude the catheter 
with your finger to prevent air entry.

 9. Insert the guidewire through the needle, maintaining a 
firm grip on the guidewire.

 10. Advance the guidewire. If you meet resistance, reposition 
the needle to assert proper needle position.

 11. Remove the needle once the guidewire is inserted at least 
10 cm into the vessel.

 12. Make a small incision at the insertion site using a #11 scal-
pel blade to accommodate dilator/catheter. Do not cut 
the guidewire.

 13. Advance the dilator/catheter over the guidewire with a 
gentle twisting motion.

 14. Maintaining a grip on the guidewire, advance the catheter 
to its appropriate depth.

 15. Remove the guidewire.
 16. Aspirate and flush all ports to assert catheter function.
 17. Secure the catheter with a suture and apply transparent 

dressing.
 18. Obtain chest radiograph to confirm catheter placement in 

the superior vena cava.
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2.4  Pitfalls

General
• If it is felt at any point that the sterile field is compromised, 

make sure to replace equipment.
• When preparing the insertion site, make sure to prep a 

wider region in case multiple cannulation attempts are 
required.

• Arterial puncture can occur in up to 15% of CVC place-
ments, resulting in mediastinal hematoma, hemothorax, 
tracheal compression with possible asphyxiation and ret-
roperitoneal hemorrhage [19–21]. A higher incidence is 
reported with internal jugular attempts [21–23] with 
carotid artery puncture being the most feared complica-
tion. Prevention includes using US guidance. If suspected, 
confirm with measurement of venous waveform; manage-
ment includes either applying pressure at site to prevent 
further bleeding and removing the catheter slowly or leav-
ing it in. Immediate removal may lead to more hemor-
rhage, pseudoaneurysm or fistula development, with a 
greater risk in patients on anticoagulant agents [24, 25].

• Make sure the guidewire passes easily when inserted. Do 
not force the guidewire. If it does not pass, then needle 
position may need to be adjusted.

• In the case of injury to the right atrium during canalization 
procedure (e.g. patient develops arrhythmias), Advanced 
Cardiac Life Support (ACLS) protocols should be fol-
lowed. If perforation of the right atrium is suspected (e.g. 
potential cardiac tamponade), immediate assessment and 
pericardiocentesis may be indicated [24, 25].

• If the guidewire is lost at any point after insertion, make 
sure to obtain a chest radiograph to assess retention. 
Improper guidewire placement can lead to right atrial irri-
tation and premature ventricular contractions or 
dysrhythmias.

• When advancing a catheter into the thorax, the negative 
intrathoracic pressure in spontaneously breathing patients 
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can allow for air to enter the venous system if the catheter 
is open to the atmosphere. Presentation can range from 
dyspnea to right heart failure, pulmonary edema and 
embolic stroke. Prevention in such patients is by ensuring 
the patient is in Trendelenburg position [15].

• Monitor patient for catheter-related infection (erythema 
at insertion site or fever, chills, hypotension without 
another confirmed source). Etiologies include skin flora, 
infection of catheter hub with repeated manipulation and 
hematogenous seeding from bacteremia. Prevention 
includes sterile technique, chlorhexidine application, 
avoidance of femoral line and removing unnecessary cath-
eters [26, 27]. If a catheter-related infection is suspected, 
one should assess the need for continued catheter used 
and remove if possible. Blood cultures should be ordered 
with additional workup as indicated [28].

• If concerned for an occluded catheter (e.g. thrombosis, 
precipitation of medications), assess cause and consider 
re-insertion. Stenosis of subclavian veins is of greater con-
cern than for other sites, which is the impetus for avoiding 
using this site in patients requiring an AV fistula for hemo-
dialysis using the ipsilateral arm [29].

• If malposition of catheter is seen on chest radiograph, 
assess for pneumothorax and reposition catheter. 
Pneumothorax risk is minimal with IJ access because the 
veins are in the neck; however, risk increases with using 
surface landmarks as a guide [23].

• Lymphatic injuries (especially during internal jugular or 
subclavian vein canalization) can be seen. Treatment is 
with nitric oxide, thoracoscopic fibrin glue or percutane-
ous coiling [30].

• Tracheal injury due to accidental puncture is rarely 
reported; management is primarily surgical. Immediate 
consultation with an otorhinolaryngologist or a trauma 
surgeon is recommended [24].
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3  Specialty Catheters

These catheters are used for a specific purpose only. Their 
long term use in hospital or intensive care settings is not indi-
cated and alternative approaches should be performed if 
needed. They include hemodialysis catheters, introducer 
sheaths and pulmonary artery catheters. The Pulmonary 
artery Catheter is discussed in the next chapter while hemo-
dialysis catheter and introducer sheath are discussed below.

3.1  Hemodialysis Catheters: (Fig. 7)

Hemodialysis requires direct access to the circulation, prefer-
ably via an atrioventricular fistula (AVF). In urgent cases or 
in patients with chronic renal failure requiring a bridge to 
AVF, atrioventricular graft or transplant therapy, dual-lumen 
dialysis catheters may be used. These catheters contain both 
an arterial and venous lumen that withdraws from and 
returns blood to the patient, respectively. They are placed into 
the internal jugular or femoral veins and may be tunneled or 
tunneled with subcutaneous cuffs. Typically, they are associ-
ated with a two- to three-fold increased risk of infection 
compared to AVF or AV grafts [31]. Flow rate is between 200 
and 5000 mL/min [32].

Indicated in patients requiring urgent dialysis or in patients 
needing bridge therapy to an AVF, atrioventricular graft or 
transplantation.

3.2  Introducer Sheaths: (Fig. 8)

Catheter introducer sheaths facilitate percutaneous entry of 
intravascular devices, helping protect the vessel from injury 
as wires and catheters are introduced. Most have a 5- to- 
9-French inner diameter and vary in lengths depending on 
the intervention site. A one-way valve prevents bleeding 
through the sheath [33]. These catheters are indicated as part 
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of endovascular catheterization devices to prevent blood 
vessel injury. Pulmonary artery catheters can also be intro-
duced through the sheaths. They also can be used for rapid 
infusion of fluids or blood products during hemodynamic 

Figure 7 Bard power-triple lumen dialysis catheter 13 Fr × 20 cm

Dilator
Mini guidewire

Sheath Fr size indication

Side tube

3 way stop cock

Figure 8 Radifocus introducer sheath
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resuscitation. Along with the pressurized infusion system, 
the flow rates of 850 ml/min have been reported [34].

3.3  Technique

3.3.1  Hemodialysis Catheter

Insertion of hemodialysis catheter is similar to other forms of 
central venous access. The most important thing to consider 
during the procedure is to make a slightly bigger nick com-
pared to the one for central line insertion. This helps as two 
dilation has to be done twice during this procedure. The 
smaller dilator primes the track for the bigger dilator. Dilator 
should be rotated clockwise holding it from the distal end 
(preferably with a gauze piece) for better grip. Each time, 
care should be taken to avoid pulling on the guidewire. Firm 
pressure should be applied with the gauze piece at the dila-
tion site to avoid excess bleeding. The guidewire should 
always be moving freely within the dilator and the insertion 
should be smooth. If during the procedure significant resis-
tance is felt, the position of the guidewire should be checked 
with should be placed at the site of the while introducing, 
summarized below. Further details as mentioned under “cen-
tral venous access” [35].

3.3.2  Introducer Sheath [36]

The insertion requires identification of the target vessel, 
using ultrasound if necessary, introduction of micro-puncture 
needle into artery until a flash of blood appears, followed by 
guidewire insertion and introducer needle removal. The 
sheath with the accompanying dilator is threaded over the 
guidewire and eventually the dilator and guidewire is removed 
as a unit with the sheath left within the vessel.
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1  Introduction

The Swan-Ganz catheter was invented by Dr. Harold JC 
Swan and his colleague Dr. William Ganz at Cedar-Sinai 
Hospital in 1970s. The right heart catheterization performed 
using this catheter allows the operator to assess the hemody-
namics and tailor the treatment for the patients.

2  Indications

Among number of indications to perform right heart cathe-
terization, the two main indications for placement in the 
intensive care unit are for differentiation of shock and assess-
ment of volume status.
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 (a) Differentiation of shock.

Shock is clinically defined as systolic blood pressure (SBP) 
<90 mmHg for >30 min or requirement of vasopressor sup-
port to maintain SBP >90 mmHg and evidence of end organ 
hypoperfusion [1].

Right heart catheterization is useful in differentiating the 
cause of shock by assessing the three components: preload, 
cardiac output, and afterload. First, the preload of left ven-
tricle: Left ventricular end-diastolic pressure (LVEDP) can 
be estimated by measuring the pulmonary capillary wedge 
pressure (PCWP), which is equal to left atrial pressure and 
LVEDP in the absence of valvular disease or precapillary 
pulmonary hypertension. Second, the cardiac index and car-
diac output are obtained by applying the Fick method or 
using a thermodilution method. Finally, the systemic vascular 
resistance, considered afterload of the left ventricle is 
obtained using the mean arterial pressure, right atrial pres-
sure, and the cardiac output (Fig. 1).

The cause of shock can be differentiated utilizing these 
three parameters assessed by the right heart catheterization 
(Table 1).

 (b) Guidance of therapy for severe heart failure or cardio-
genic shock.

Severe heart failure:
The assessment of volume status of patients with severe 

heart failure can be challenging. When the hemodynamics 
and volume status is clear to the treating physician, routine 
right heart catheterization is not necessary. On the other 
hand, right heart catheterization is useful when the patient’s 
hemodynamic status is unclear, such as in patients with wors-
ening kidney function despite diuresis, evidence of hypoper-
fusion concerning for low output state or clinical suspicion 
for right ventricular failure.

Cardiogenic shock:
Right heart catheterization should be utilized in patients 

with suspected cardiogenic shock to guide the timing and 
degree of hemodynamic support with inotropes such as 
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Cardiac Power Output (CPO) =
MAP × CO

451

Pulmonary Artery Pulsatility Index (PAPI) =
sPAP – dPAP

RA

Systemic VascuIar Resistance (dyne • sec • cm–5) =
CO

MAP – CVP

Cardiac Output (CO) (L/min) =
Oxygen Consumption

13.4 × Hgb (g/dl) × (SaO2-SvO2)

Cardiac Index (Cl) (L/min/m2) =
CO

BSA

Figure 1 Cardiac output, cardiac index, systemic vascular resis-
tance, cardiac power and pulmonary pulsatility index obtained from 
hemodynamic parameters. Hgb: hemoglobin, SaO2: arterial satura-
tion, SvO2: mixed venous saturation, BSA: body surface area, MAP: 
mean arterial pressure, CVP: central venous pressure, sPAP: systolic 
pulmonary artery pressure, dPAP: diastolic pulmonary pressure, RA: 
right atrial pressure

Table 1 Differentiation of the three most common types of shock 
based on hemodynamics

PCWP pulmonary capillary wedge pressure, CO cardiac output, 
SVR systemic vascular resistance
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 dobutamine or milrinone, and/or mechanical circulatory sup-
port devices. There are four different types of percutaneous 
mechanical circulatory support devices that can be used in 
patients with cardiogenic shock: Intra-aortic balloon pump, 
Impella, Tandem heart and Extracorporeal Membrane 
Oxygenation (ECMO). Each device can provide different 
degree of hemodynamic support as summarized in Fig. 2 [2]. 
The escalation and de-escalation of inotropic therapy and 
mechanical circulatory support can be decided based on 
information obtained by right heart catheterization, such as 
cardiac power output (CPO) and pulmonary artery pulsatil-
ity index (PAPI) [3]. Therefore, continuous hemodynamic 
monitoring is routinely performed with “leave-in” Swan- 
Ganz catheter in patients with cardiogenic shock.

 (c) Diagnosis of pulmonary hypertension:

Pulmonary hypertension can be diagnosed with mean pul-
monary artery pressure (PAP) >20 mmHg and severe pulmo-
nary hypertension is defined as mean PAP  >40  mmHg [4]. 
Pulmonary vascular resistance (PVR) and PCWP are mea-
sured to differentiate the types of pulmonary hypertension: 
pre-capillary, post-capillary and combined pre and post capil-
lary. If primary pulmonary hypertension is diagnosed with 
normal PCWP and elevated PVR, reversibility study can be 

TandemHeartlmpella 2.5

lmpella CP lmpella 5

VA-ECMO

IABP

0 - 1 L 1 - 2 L 2 - 3 L 3 - 4 L 4 - 5 L 5 - 7 L

Figure 2 Types of percutaneous hemodynamic support devices and 
degree of hemodynamic support
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performed with nitric oxide, nitroglycerin or nitroprusside to 
assess for the response to pharmacologic treatment.

 (d) Assessment for intracardiac shunting:

When an intracardiac shunt is suspected, such as atrial 
septal defect, ventricular septal defect or anomalous pulmo-
nary venous return, multiple samples of oxygen saturation 
can be measured at a variety of locations within the cardiac 
chambers. The shunt fraction can be measured by assessing 
the ratio of pulmonary arterial blood flow (Qp) and the sys-
temic blood flow (Qs). This will aid the diagnosis in addition 
to the information obtained from the imaging studies, such as 
echocardiogram and cardiac magnetic resonance imaging.

 (e) Hemodynamic assessment during high-risk percutaneous 
coronary intervention (PCI):

When performing a complex intervention to a patient with 
a higher risk for decompensation with reduced ejection frac-
tion and/or high-risk anatomy, placement of percutaneous 
hemodynamic support devices can be considered during the 
PCI [5]. When percutaneous hemodynamic support devices 
are used, right heart catheterization is recommended to 
assess the hemodynamics to guide the escalation and de- 
escalation of support. There are variety of algorithms to 
decide which patient needs hemodynamic support, and the 
clinical practice still varies among the operators. In general, 
hemodynamic support is considered in patients with decreased 
cardiac output and increased PCWP.

3  Technique/Methods

Right heart catheterization can be performed either in the 
cardiac catheterization laboratory or at the bedside. Right 
heart catheterization at the bedside is performed via the 
internal jugular vein or subclavian vein, as it is challenging to 
position the catheter from the femoral vein without continu-
ous fluoroscopic guidance.
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In the cardiac catheterization laboratory, right heart cath-
eterization can be performed from the internal jugular vein, 
subclavian vein, basilic vein or femoral vein. Among the 
access points, basilic vein is most comfortable for the patients, 
and therefore it is the first choice at the authors’ institutions 
if the catheter does not need to be kept in for hemodynamic 
monitoring. Basilic access is not suitable for continuous 
hemodynamic monitoring as the patient cannot move the 
arm.

For internal jugular, subclavian or femoral vein:

 (a) Obtain ultrasound-guided venous access with insertion of 
a 6–8 Fr sheath. A micro-puncture sheath and catheter, or 
18-gauge needle can be used. Micropuncture needle is a 
21-gauge needle, which could decrease the risk of bleed-
ing and can be dilated with a dilator to accommodate 
0.035-inch guidewire after confirming good entry-site 
(Fig. 3).

 (b) After checking the balloon and flushing all ports, the 
catheter is inserted through the venous sheath.

 (c) Once inserted the balloon tip is inflated for it to be 
inserted into the cardiac chambers by the flow of blood.

 (d) Pressure of each chamber (right atrial, right ventricle, 
pulmonary artery) are measured (Fig. 4).

 (e) For pulmonary capillary wedge pressure, the catheter is 
inserted until the pulmonary arterial tracing drops and 
the tracing appears atrial. To re-sample pulmonary 

Figure 3 A micropuncture needle, guidewire, and dilator
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 pressure or to obtain pulmonary arterial oxygen satura-
tion, the balloon is deflated.

 (f) Pulmonary arterial saturation and right atrial saturation 
are measured. If arterial access is available, arterial satu-
ration is measured to evaluate the cardiac output using 
the Fick method. If not, the peripheral saturation of the 
pulse oximetry can be used to calculate cardiac output 
and cardiac index.

 (g) Thermodilution technique can also be performed to mea-
sure the cardiac out put and cardiac index. Heparinized 
saline is injected from the proximal port for three to four 
times.

 (h) The procedure may be performed using pressure wave-
forms alone, however fluoroscopy is useful in patients 
with intracardiac devices such as pacemakers, and in 
patients with complex anatomy such as congenital heart 
disease.

 (i) If the catheter is left in, it is sutured in place and locked at 
the hub with a protective sleeve to maintain sterility.

Right Atrium Right Ventricle Pulmonary Artery Pulmonary Capillary
Wedge Pressure

Normal
Pressure

Normal
Pressure

:: 2-6 mm Hg Normal
Pressure

: 4-12 mm Hgmm Hg
20-30

0-5 Normal
Pressure

: 10-20 mm Hg

Normal
Pressure

: mm Hg20-30
0-5

Figure 4 Normal pressure waveforms in each chamber
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From basilic vein:

 (a) Intravenous access can be obtained at bedside or in the 
cardiac catheterization laboratory using 20–22-gauge 
peripheral intravenous catheters. The peripheral catheter 
is exchanged to a 6  Fr radial sheath over a guidewire 
(Fig. 5).

Figure 5 A 6 French sheath advanced into the basilic vein
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 (b) After checking the balloon and flushing all ports, Swan- 
Ganz catheter is inserted through the venous sheath. The 
catheter is advanced without balloon inflation until it 
reaches the axillary vein. The balloon is then inflated in 
the axillary vein and advanced into each chamber.

4  Types of Kits Available

Swan-Ganz catheter without thermodilution (Fig. 6):
This catheter comes in a variety of sizes from 4 Fr to 8 Fr. 

The 5 Fr or 6 Fr catheters are typically used when advancing 
from the basilic access. Although smaller catheters are easier 
to advance through smaller vessels, the tradeoff is accuracy of 
the measurement as the larger lumen size allows for more 
accurate and consistent waveforms.

Swan-Ganz catheter with thermodilution: (Fig. 7):
This catheter allows for continuous monitoring of cardiac 

output and mixed venous saturations at bedside. When the 
catheter is left in for continuous monitoring, this device is 
typically selected. The size of the catheter is 7.5 Fr or 8 Fr.

Recessed tip is protected
by inflated balloon

Figure 6 Swan-Ganz catheter without thermodilution capability
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5  Pitfalls and Troubleshooting

 (a) Cannot obtain accurate wedge pressure:

The position of the catheter is checked by fluoroscopy and 
the pressure waveform. If the pressure waveform is unclear, 
wedge saturation can be obtained to confirm catheter  position. 
Especially in patients with severe pulmonary hypertension, it 
can be difficult to obtain accurate wedge pressure. Operators 

Figure 7 Swan-Ganz catheter with thermodilution capability
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can deflate the balloon, advance the catheter, and slowly inflate 
the balloon until the balloon wedges. If accurate waveform can-
not be obtained, advancing to a different branch of pulmonary 
artery can be considered. It is important for the operator to 
review the morphology of the waveform in the various cham-
bers to be confident in the placement of the catheters.

 (b) The waveform is not correct:

If the waveform is not correct in the ICU setting this is 
typically due to either air or clot in the catheter or the pres-
sure line. Catheter is flushed after aspirating a small amount 
of blood. It is also important to check all the tubing and con-
nections are tightly fastened as loose connection can be a 
cause of inaccurate waveform.

 (c) Catheter in the right ventricle:

When the catheter is in the right ventricle, it can be typi-
cally detected at bedside by the change in the pressure wave-
form from a PA waveform to a RV waveform. The catheter 
will need repositioning as it can become a cause of arrhyth-
mia. If this occurs, first confirm the position with a portable 
chest X-ray. If the access point is in the internal jugular vein 
or subclavian vein, the position can be adjusted at bedside. If 
the catheter is coiled in the right ventricle, the catheter is 
withdrawn to the superior vena cava before advancing again 
with balloon inflated. If the access point is the femoral vein, 
the position will need to be adjusted in the cardiac catheter-
ization laboratory with continuous fluoroscopic guidance.

 (d) Complete heart block:

In a patient with underlying left bundle branch block, com-
plete heart block can occur with irritation of the right bundle 
with the catheter during the right heart catheterization. These 
are typically transient and improve with removal of the 
catheter.

 (e) Catheter cannot be advanced to the pulmonary artery.

Especially in patients with right ventricular dilation and/or 
severe tricuspid regurgitation, advancing the catheter to the 
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pulmonary artery can be challenging. If the catheter cannot 
be advanced to position at bedside, it can be performed in the 
cardiac catheterization laboratory under continuous fluoro-
scopic guidance. In addition, an 0.018–0.021-inch guidewire 
can be used to navigate the catheter.

 (f) Improper zero:

Prior to recording measurements, the pressure transducer 
must be zeroed at the mid chest level of the patient. Improper 
zeroing of the pressure transducer will lead to inaccurate 
measurements, which can adversely impact clinical decisions.

Acknowledgement The authors acknowledge Jennifer Higgins RCIS 
for preparation of the photographs and Jose Aceituno for graphical 
design.
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1  Introduction

Arterial catheters are essential for continuous hemodynamic 
monitoring when treating patients in the intensive care unit.

2  Indications

The two main reasons for placement of an arterial catheter in 
the intensive care unit are continuous hemodynamic moni-
toring and frequent arterial blood gas monitoring in patients 
with respiratory failure often managed by mechanical 
ventilation.

 (a) Continuous hemodynamic monitoring
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Patients in shock, which is clinically defined as systolic 
blood pressure (SBP) <90 mmHg for >30 min or requirement 
of vasopressor support to maintain SBP >90 mmHg require 
continuous hemodynamic monitoring Vasopressor and ino-
tropic therapy are titrated based on the invasive blood pres-
sure obtained by the arterial catheter. On the other hand, in 
patients with severe hypertension such as those presenting 
with hypertensive emergency, intravenous antihypertensive 
medications are titrated based on the invasive blood 
pressure.

 (b) Frequent monitoring of arterial blood gas

Patients who require mechanical ventilation or non- 
invasive ventilation require frequent arterial blood sampling 
for blood gas analysis to monitor the response to treatment 
and for adjustment of ventilator settings. To avoid frequent 
arterial punctures for these samples, an arterial line is often 
placed as the blood sample can be easily drawn from the 
catheter.

3  Technique/Methods

The arterial catheter is placed using sterile technique and is 
commonly placed in the radial artery. If the pulse is not pal-
pable or in a patient with a small radial artery, ultrasound 
guidance is useful to guide the direction of the needle.

Femoral arterial catheters can be placed when radial arte-
rial access is not an option. Ultrasound guidance is recom-
mended to confirm the entry location of the catheter is in the 
common femoral artery.

4  Types of Kits Available

 (a) Radial arterial catheterization kit with guidewire integra-
tion (Fig. 1):

This catheter has a 20 gauge catheter which is loaded over 
a 22 gauge needle. Arterial puncture by the 22 gauge needle 
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is confirmed by a small flashback of blood. A 0.018 inch 
guidewire is advanced by advancing the black knob. Arterial 
catheter is advanced over this guidewire into the artery.

 (b) Arterial catheter kit with separate needle and guidewire 
(Fig. 2):

After arterial puncture, the guidewire is advanced through 
the needle. The needle is then removed, and the arterial cath-
eter is inserted over the guidewire. As there is a small size 
difference between the guidewire and the catheter, making a 
small skin nick with a scalpel will allow the catheter to 
advance smoothly into the vessel.

5  Pitfalls and Troubleshooting

 (a) The guidewire cannot be advanced through the needle:

If the guidewire cannot be advanced into the arterial 
lumen, the needle tip could be touching the posterior wall of 

Figure 1 Radial arterial catheterization kit with needle and guide-
wire integration
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the vessel or a lesion. Angle down the needle and make small 
adjustments by withdrawing the needle slowly until the 
guidewire can be advanced without resistance. Hydrophilic 
guidewires that are used when inserting radial arterial 
sheaths can be considered. Hydrophilic guidewires should be 
used with caution, as they may cause dissection if advanced 
improperly.

 (b) The waveform is not correct.

This typically occurs with either air or clot in the catheter 
or pressure line. Flushing of the catheter should be performed 
and if the waveform is still inaccurate, replacement of the 
arterial catheter is necessary.

 (c) Proper zero

Prior to recording measurements, the pressure transducer 
must be zeroed at the mid chest level of the patient. Improper 
zeroing of the pressure transducer will lead to inaccurate 
measurements, which can adversely impact clinical decisions.

Figure 2 Arterial catheter kit with separate needle and guidewire
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 Introduction
The patent airway is one of the mainstays of survival. It is 
protected by reflexes and muscular tone which maintains 
airway patency. Loss of such reflexes or tone could lead to 
airway obstruction, which in turn could be detrimental if swift 
decisions are not taken. Such decisions could be the differ-
ence between life and death.

The physician’s job in those situations is to determine if 
proceeding with intubation is required or not. Such a decision 
is the catalyst of what happens next.

In this chapter, we discuss different methods to access the 
airway to maintain patency either electively or emergently. In 
addition, we discuss bronchoscopy as a specialized method to 
access the distal bronchial structures for diagnostic or thera-
peutic purposes.
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 Airway Anatomy
A basic understanding of airway anatomy is important. It 
forms the foundation of airway management. This upcoming 
anatomy discussion is by no means meant to be exhaustive, 
but rather a basic review. Consulting with anatomy books is 
encouraged if further details are needed.

The mouth, or oral cavity, extends from the lips anteriorly 
to the pharynx posteriorly. It is bound by the hard palate 
superiorly and the mandible inferiorly. It contains the tongue, 
which is a muscular structure that is attached to the hyoid 
bone and the mandible. In an unconscious patient, the tongue 
would fall backward and potentially obstructs the airway. 
Hence, a jaw thrust especially after opening the mouth is very 
effective in opening the patient’s airway.

The nose, or nasal cavity, is the space from the roof of the 
mouth to the cranial base. It extends from the nares anteri-
orly to the pharynx posteriorly. Each nostril has a highly 
vascularized network of capillaries on the nasal septum, 
known as Kiesselbach plexus or Little’s area. Epistaxis mostly 
occurs from this area and caution is taken when a nasal air-
way is planned. It is for the vascularity of the nasal septum 
that the nasal mucosa is most sensitive to vasoconstricting 
agents. The widest opening in the nose is located between the 
inferior nasal turbinate and the nasal floor. This part of the 
airway tilts slightly downwards along its path. It forms the 
preferred space to use when nasopharyngeal airway or naso-
tracheal intubation is attempted. The paranasal sinuses drain 
into the nasal cavity and hence could be blocked with the 
prolonged presence of a nasal airway increasing the risk of 
paranasal sinus infection. Additionally, mucosal depression at 
the nasopharynx where the eustachian tube enters forms a 
potential weak space that could be injured by nasal airways.

The larynx is an air passage that extends from the tongue 
to the trachea. It is a mobile structure. It contains the epiglot-
tis, vocal cords, arytenoid cartilages, and ends inferiorly at the 
cricoid cartilage. It is the most innervated structure in the 
body, and exciting it in the conscious patient would lead to 
significant vagal and sympathetic discharges. The epiglottis is 
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the most important anatomical structure that must be identi-
fied during direct or video laryngoscopy. The intubating blade 
would have to be passed either anterior or posterior to it 
based on the type of blade used. The cricothyroid membrane 
extends from the inferior aspect of the thyroid cartilage 
cephalad to the superior border of the cricoid cartilage cau-
dad. It is a thin membrane and is punctured during cricothy-
roidotomy. It is easily identified in a male compared to a 
female given the lower position of the larynx and the larger 
laryngeal prominence or Adam’s apple. Given the proximity 
of the cricothyroid membrane to the vocal cords, large-size 
tubes should be avoided to reduce the risk of vocal cords 
injury or subglottic stenosis. Due to laryngeal mobility, stabi-
lizing the larynx is helpful during laryngeal procedures.

The trachea extends from the cricoid cartilage to the main 
carina. It measures about 12–16 mm in diameter and extends 
about 12 cm in length. The size of the trachea depends on the 
gender and height of the individual. The tracheal lumen is 
bound anteriorly by C-shaped cartilaginous rings and poste-
riorly by a muscular wall that lies anterior to the esophagus. 
The posterior wall could be punctured forming a tracheo-
esophageal fistula.

The main carina divides the bronchial tree into right and 
left. The right lung has three lobes, and the left has 2 anatomi-
cal lobes. Correct identification of those lobes is a prerequi-
site during flexible bronchoscopy.

1  Supraglottic Devices

The supraglottic device is a collective term describing airway 
access devices that, as the name implies, sits in the supraglot-
tic space, i.e. the Larynx. The hallmark device is the Laryngeal 
Mask Airway, LMA.  Additionally, oropharyngeal airways 
and nasopharyngeal airways play an important role in main-
taining a patent airway. In this section, we will discuss those 
devices, their indications, techniques of inserting them, and 
any pitfalls that could arise with their use.
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1.1  Oropharyngeal and Nasopharyngeal Airways

Introduction
The oropharyngeal airway (OPA) and Nasopharyngeal air-
way (NPA) (Fig. 1) are rounded tubes that extend across the 
oropharynx and nasopharynx respectively to maintain airway 

Figure 1 Top: Oropharyngeal airway (OPA); Bottom: Nasopharyn-
geal airway (NPA) 
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patency. In a sedated or unconscious patient, airway obstruc-
tion occurs if the tongue falls backward obstructing the oro-
pharynx or if the epiglottis falls onto the Larynx. Relaxation 
of the jaw also leads to airway obstruction. It is known that 
head tilt and jaw thrust help to open the airway. However, 
this occupies both provider’s hands and could be a daunting 
task when Bag-Mask ventilation (BMV) is underway. The 
OPA and NPA would work as an adjunct to help maintain 
airway patency during BMV or when delivering Oxygen via 
a facemask.

Indications and Contraindications
The main indication (Table  1) of an OPA or an NPA is to 
maintain airway patency and as an adjunct airway during bag-
mask ventilation. This is more important in those patients who 
are unconscious or with a depressed level of consciousness. 
NPA has the advantage over OPA in patients who are semi-
conscious or have an intact cough and gag reflexes, those with 
limited mouth opening, or the presence of macroglossia.

The biggest contraindication for OPA is a conscious 
patient as they are expected to have an intact gag reflex. The 
NPA should be avoided, if possible, in suspected cases of a 
base of skull fractures. Other general contraindications 
include the use of anticoagulation and patients with bleeding 
diatheses.

Complications vary and are usually limited when inserted 
attentively. For an OPA, complications arise mainly from 
injury to soft tissues, injury to dental structures, or  inadvertent 
aspiration of the OPA. In the case of an NPA, the most feared 
complication is intracranial placement. Moreover, soft tissue 
injury and epistaxis could occur, and migration into the naso-
pharynx when the NPA flange is rather small.

Sizing
OPA comes in different sizes, 1 through 4. Those sizes refer to 
the length of the OPA, from its flange anteriorly to its distal 
end. The OPA is sized generally by measuring the distance 
from the angle of the mouth to the angle of the jaw at the 
auricle of the ear (Fig. 2a). This can be done quickly by plac-
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a b

Figure 2 (a) Sizing the OPA. (b) Sizing the NPA

Table 1 Indications, contraindications, & complications of oropha-
ryngeal and nasopharyngeal airways
Oropharyngeal airway: Nasopharyngeal airway:
Indication: Indication:

   Maintain airway patency in 
unconscious patients

   Maintain an airway in 
unconscious or semiconscious 
patient.

Contraindications: Contraindications:

   Conscious or semiconscious 
patient

   Suspected base of skull fracture

   Intact gag reflex    Maxillofascial fractures

   Use of anticoagulation 
(relative)

   Use of anticoagulation

   Small mouth opening

   Macroglossia or 
angioedema

Complications: Complications:

   Injury to soft tissues or 
dental structures

   Injury to soft tissues and 
mucosa

   Migration    Submucosal passage

   Aspiration    Intracranial insertion

   Migration.
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ing the chosen oral airway at the side of the face and measure 
as above. Generally, sizes 3 and 4 are used for most adults.

Similarly, NPA comes in different sizes, ranging from 5 to 
9 mm (or 20F to 36F). In contrast to OPA, the size refers to 
the inner diameter of the NPA. Generally, sizes 6 and 7 are 
used in most adults. The traditional teaching of sizing the 
NPA is by using the diameter of the patient’s smallest finger. 
However, this method has not been validated. The length of 
the NPA could be estimated similarly to the sizing of the 
OPA as above (Fig. 2b).

Techniques and Methods
OPA is inserted by two different methods:

 1. The OPA is held upside down, with the curvature pointing 
upwards. It is inserted halfway through the oral cavity 
before it is rotated 180° and advanced further until the 
flange sits against the patient’s lips.

 2. The OPA is held in the correct position, with the curvature 
pointing downwards. The mouth is opened, and the tongue 
is advanced outwards either by a jaw thrust or pulled man-
ually. The OPA is inserted and advanced until it seats in 
position as above.

NPA is inserted through the nares, using the inferior most 
aspect of the nares above the hard palate, i.e. parallel to the 
nasal floor. The NPA should be well lubricated with generous 
amounts of lubricants before insertion. The tip of the NPA is 
positioned laterally such as the opening is pointing medially. 
This avoids injury to Little’s area or Kiesselbach Plexus and 
hence epistaxis. The NPA is advanced gently with slight 
 rotational movement. If resistance is encountered, the NPA 
should not be forced into the nares any further and rather 
pulled back to avoid mucosal injury and submucosal inser-
tion. The other nares could be tried or the NPA is switched to 
a smaller size. If time permits, using a 4% atomized lidocaine 
or 2% lidocaine jelly with or without a vasoconstricting agent 
is encouraged.
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NPA is preferred when there are limitations with mouth 
opening or patients with large tongues as angioedema or 
macroglossia. However, OPA is preferred in cases of a sus-
pected base of skull fractures.

1.2  Laryngeal Mask Airway (LMA)

Introduction
Dr. Archie Brain, a British anesthesiologist is known as the 
inventor of the Laryngeal Mask Airway. Despite being an 
anesthesiologist, he applied engineering practices to develop 
the LMA. He believed the best method to connect two tubes 
is to connect them “end-to-end”. At that time, the year 1981, 
anesthesia was delivered via an endotracheal tube inserted 
into the anatomical airway, or a facemask with or without 
oral or nasal airway. He successfully published his initial 
experience with the laryngeal mask airway in the British 
Journal of Anesthesia in 1983. Since then, the uses of LMA 
and the studies to support its use were aplenty highlighting 
the clinical benefits of the LMA.

The LMA of Dr. Brain, or classical LMA, is the prototype 
and the proverbial parent of the other supraglottic devices 
that came afterward. Studies supporting other types of LMA 
demonstrate either equivalency or lack of inferiority compar-
ing them to the classical LMA, while not demonstrating supe-
riority over it.

Anatomy
The LMA is made primarily out of Polyvinyl Chloride (PVC). 
Other materials are used for non-disposable LMA. It has a 
curved tube (Fig. 3), with a connector at its proximal end. This 
connector allows means of artificial ventilation to be con-
nected to the LMA. At the distal end of the LMA, a bowl is 
present that matches the shape of the larynx. This bowl is 
surrounded by a balloon cuff or mask that helps in sealing the 
larynx. The balloon cuff is inflated using the inflation balloon 
through the pilot balloon on the outside of the patient.
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Indications and Contraindications
The main indication of supraglottic device use is to secure the 
airway in different clinical scenarios (Table 2). Those scenar-
ios can be as follows:

• Elective general anesthesia cases, e.g., oral and maxillofa-
cial surgeries

• Acute airway management as a rescue device in difficult 
airway intubation, i.e., in “cannot intubate, cannot oxygen-
ate” situations.

• During Cardiopulmonary Resuscitation (CPR) and in pre-
hospital care.

• In an unresponsive patient.

The LMA is adequately tolerated by patients with minimal 
side effects or complications. However, malposition could 
occur in up to 40% of cases. There is a real risk of aspirating 
gastric contents and secretions as it doesn’t violate the airway 
to protect against aspiration. It is contraindicated in patients 
who are at increased risk of aspiration as those with a full 
stomach, increased intraabdominal pressure, or decreased 
gastric emptying. However, the use of second2generation 
LMA could help reduce the risk of aspiration. Since LMA 
insertion requires traversing the oral cavity, it is contraindi-

Inflation line

Inflation Balloon
(Pilot Ballon)

One-way
Valve

Bowl

Balloon
Cuff

Connector
Tube

Figure 3 Components of the laryngeal mask airway
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cated in patients with smallmouth opening or difficulty open-
ing the oral cavity.

Techniques and Methods
The supraglottic device, as the name implies, would sit snug-
gly on the larynx. This allows for direct communication 
between the supraglottic device and the tracheobronchial 
tree. Those devices have to traverse the oropharynx to be 
effectively placed over the larynx.

 (a) The LMA device is prepared. The cuff is inflated with 
30-cc of air. Then, the balloon cuff is pressed gently 
against a flat service to partially deflate the cuff (Fig. 4). 
Alternatively, the cuff is only inflated with 10-cc of air. 
Partial inflation of the LMA balloon would provide it 
with enough rigidity needed at the time of insertion.

Table 2 Indications, contraindications, and complications of 
Laryngeal Mask Airway (LMA)
Indications:

   Elective Surgery

   Rescue device in acute airway management

   During CPR

   In the unresponsive patient

Contraindications:

   Emergency surgery where full stomach is expected

   Increased intrabdominal pressure, e.g. pregnancy, obesity, and 
decreased gastric emptying or gastroparesis.

   Small mouth opening.

Complications:

   Aspiration of gastric contents

   Malposition and loss of tidal volumes during artificial 
ventilation.

M. Alnijoumi



53

 (b) The patient is positioned in a supine position, and the 
head is tilted slightly backward. The mouth is then 
opened.

 (c) The LMA is held in the operator’s dominant hand (Fig. 5). 
The distal end of the LMA is held between the index fin-
ger and the thumb at the junction of the cuff and the tube. 
Lubricating the LMA is optional.

 (d) The LMA is advanced through the oral cavity with the tip 
following the hard and soft palate.

 (e) The LMA is advanced further until it is seated well over 
the Larynx. As the LMA clears the soft palate and the oral 
cavity, a slight “give off” would be encountered before it 
seats on the larynx with a snug fit. This “give off” or release 
acts as feedback for adequate seating on the Larynx 
(Fig. 6). Such excellent seating or positioning is seen on 

a

c

b

Figure 4 (a) Deflating the LMA to ensure enough inflation of the 
balloon to maintain the rigidity of its tip. (b) Attaching a syringe to 
the pilot balloon helps opening the one-way valve. (c) A fully 
deflated LMA balloon. Notice the lack of rigidity of the LMA tip
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Figure 5 (a) Laryngeal Mask Airway is held in the dominant hand 
between the index finger and the thumb at the junction of the cuff 
and tube. (b) The LMA is advanced with the index finger against the 
roof of the mouth following its curvature. (c) Close up of LMA as it 
is advanced using the index finger into the oral cavity
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flexible laryngoscopy with the tip of the LMA lies within 
the upper esophageal sphincter, its bowl hugs the larynx 
while keeping the epiglottis out of the bowl against the 
posterior oropharynx as it rests on the inflated cuff. This 
would provide uninterrupted access to the airway

 (f) The LMA is then secured in place. Ventilation would 
ensue using either a bag-mask device or a mechanical 
ventilator. Connecting a colorimetric capnometer or 
waveform capnography and monitoring tidal volumes on 
the ventilator ensures adequate positioning and seating 
on the Larynx.

Other Types of Supraglottic Devices
The classic LMA was an excellent invention. It was manufac-
tured by the Laryngeal Mask Airway Company before it was 
bought by Teleflex company. The classic LMA is backed up 
by millions of case use and thousands of peer-reviewed 
research papers. However, different types (Fig.  7) of the 
LMA made that company have been introduced since the 
classic LMA. Those include:

• LMA Unique
• LMA Flexible

a b

Figure 6 (a) Endoscopic view of a well seated Laryngeal Mask 
Airway. (b) Endoscopic view of a malpositioned Laryngeal Mask 
Airway
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• LMA ProSeal
• LMA Supreme
• Intubating LMA or Fastrach

Other manufacturers of similar laryngeal mask airways 
include:

• Ambu
• Cookgas AirQ
• iGel

It is worth noting that supraglottic devices are divided into 
a first and second generation, by the presence of a gastric 
drainage tube in the second generation. This gastric drainage 
tube reduces the risk of aspiration as it vents out in addition 
to allowing insertion of an orogastric tube to decompress the 
stomach.

Pitfalls/Troubleshooting
 1. Malposition: This a rather common occurrence, as much as 

40% in one series. Radiologically, malposition has been 
detected in as much as 50–80%. Mispositioning of the 
LMA occurs from inadequate insufflation pressure (too 
high or too low), inadequate sizing (too large or too small), 
or level of insertion (too deep or too shallow). Malposition 
could occur ventrally or laterally. A malpositioned LMA 
would increase the risk of gastric insufflation, aspiration of 

a b

Figure 7 Different Laryngeal Mask Airways (LMA). (a): LMA 
unique. (b): iGel LMA

M. Alnijoumi



57

gastric contents, and air leak with loss of tidal volumes. 
Removing the LMA and correcting the above issues should 
improve its positioning and airway seal.

 2. A fully deflated LMA (Fig. 4c) could be difficult to insert 
as it doesn’t maintain its shape and can bend on insertion. 
Having the LMA balloon partially filled with air would 
mitigate this (see above discussion).

 3. Difficulty in advancing the LMA through the oral cavity 
could be encountered. This usually happens if the mouth 
opening is small or inadequate. Advancing the jaw should 
help if this issue arises. If mouth opening is rather limited a 
different method of airway access should be attempted.

2  Infraglottic Devices

Introduction
The infraglottic devices are tubes that are inserted into the 
airway to allow for direct access to the airway. Those tubes 
could be inserted via the oropharynx or the nasopharynx. As 
their name implies, they are intended to be placed below the 
level of the glottis at their final position. The hallmark device 
of this group is the Endotracheal Tube (ETT). The ETT is 
inserted via direct laryngoscopy (DL) or video laryngoscopy 
(VL) for an orotracheal route. In the hands of a very experi-
enced operator, blind nasotracheal intubation could be 
achieved when needed. Once inserted, those tubes allow for 
the delivery of artificial ventilation. The presence of a balloon 
cuff near its tip allows for adequate delivery of artificial 
breaths and reduces the risk of aspiration.

Indications and Contraindications
Endotracheal intubation is indicated (Table  3) in elective 
procedures requiring deep sedation or general anesthesia, in 
acute respiratory failure requiring mechanical ventilation, or 
for the unconscious patients. Inserting an ETT has become 
more common for bronchoscopy and endobronchial inter-
ventions. However, in cases of airway trauma or obstruction 

Airway Access



58

of the upper airway, the ETT cannot be passed and hence 
contraindicated. The surgical airway should be considered. 
The extended presence of an ETT could cause tracheal steno-
sis, and increased risk of infection and ventilator-associated 
pneumonia. During its insertion, bleeding and injury to the 
oropharyngeal and upper airway can occur.

Anatomy
The endotracheal tube (Fig.  8) is a long cylindrical tube of 
about 30  cm in length. It is made of Polyvinyl Chloride 
(PVC). It comes in different sizes based on its inner diameter. 
The proximal end has a connector that allows the ETT to 
connect to a bag-mask device or a mechanical ventilator for 
ventilation. The distal end of the ETT, or the tip, is usually 
tapered to allow for easy insertion. The taper is to the left as 
this allows for good visualization at the time of insertion. It 
also has a side port, known as Murphy’s eye. This allows for 

Table 3 Indications, contraindications, & complications of 
Endotracheal intubation and Endotracheal (ET) tubes
Indications:

   Elective procedure with deep sedation or general anesthesia.

   Acute respiratory failure.

   The Unconscious patient.

   Acute respiratory failure.

Contraindications:

   Trauma to the upper airway

   Obstruction of the upper airway

Complications:

   Tracheal stenosis

   Infections and Ventilator-associated pneumonia

   Bleeding

   Soft tissue injury
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the continued delivery of ventilation if the distal orifice is 
blocked by secretions or occluded by tracheobronchial wall 
tissue. It is worth noting that specialty endotracheal tubes are 
commercially available.

Insertion
Inserting the ETT requires traversing the oropharynx and 
larynx with the eventual passage of the ETT into the tracheal 

Tip

Pilot Balloon

One-way valve

Subglottic suction port

Connector

PVC tube

Balloon Cuff

Balloon Cuff

Murphy’s Eye

Tapered tip

Figure 8 Top: Anatomy of the ETT. Bottom: Closeup of the ETT tip
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lumen. This is done mostly under direct visualization. Direct 
visualization constitutes the cornerstone of inserting the 
ETT.  This can be either a Direct Laryngoscopy or a Video 
Laryngoscopy to obtain adequate visualization. It is worth 
noting that blind intubation can be achieved by an experi-
enced provider. Such discussion of blind intubation is beyond 
the scope of this chapter.

2.1  Direct Laryngoscopy

Direct Laryngoscopy (DL) is a procedure that allows visual-
ization of the Larynx. Once visualized, an ETT could be 
passed under direct visualization into the trachea. Direct 
laryngoscopy is an invasive procedure and hence sedation or 
paralysis is required. Occasionally, awake direct laryngoscopy 
could be achieved in the hands of an experienced operator in 
certain special circumstances.

 (a) A preprocedural checklist should be completed before 
direct laryngoscopy and endotracheal intubation. This 
checklist, at a minimum, should include:

 (i) Universal time-out procedures.
 (ii) Good Intravenous access with at least two periph-

eral IV lines.
 (iii) Medications for sedation or rapid sequence 

intubation
 (iv) Preferred ETT size and a backup one of a smaller 

size.
 (v) An oral suction catheter or a Yankauer suction tip.
 (vi) Direct laryngoscope with handle and blade, includ-

ing a light source.
 (vii) Intravenous fluids
 (viii) Bag-Mask device
 (ix) Supplemental Oxygen.
 (x) 10-cc syringe
 (xi) Colorimetric Capnometer (CO2 detector)
 (xii) A stethoscope.
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 (b) The ETT should be checked and prepared first. This includes 
unpacking the ETT and inflating the balloon using the 10-cc 
syringe to ensure its intactness. The balloon is then deflated 
and retracted manually to form a slim profile at its tip. 
Lubricating the tip of the ETT is optional but encouraged.

 (c) A malleable stylet is inserted into the lumen of the ETT 
which is shaped into a “hockey stick” by bending the dis-
tal few centimeters of the ETT to about 30° (Fig. 9).

 (d) The direct laryngoscope is then checked, and a blade is cho-
sen. It can not be stressed enough how important to check 

Figure 9 Top: ETT with Malleable style. Bottom: ETT with mal-
leable stylet in “Hockey stick” shape
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that the light source and the batteries are in a good function-
ing condition at this point, before proceeding any further.

Blades available for Direct Laryngoscopy are:

 (i) A curved blade (Fig. 10), or Macintosh, with a left- 
facing shelf or flange, and a wide tip reinforced into a 
knob at its tip.

Figure 10 Macintosh blade

M. Alnijoumi



63

 (ii) A straight blade (Fig.  11), or Miller, has a slimmer 
profile with a smaller left-facing flange and without a 
reinforced or thick tip.

 (e) Patient weight is confirmed and intended sedation and 
paralytics are drawn up by nursing staff or a provider 
responsible for sedation.

 (f) The bed is positioned in a way that would allow the intu-
bating provider to be standing up with the arms and 
hands are at a comfortable level for intubation.

Figure 11 Miller blade
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 (g) The patient is positioned in a “sniff-position”. At that posi-
tion, the patient’s oral axis, pharyngeal axis, and laryngeal 
axis are aligned allowing for optimum intubation 
condition.

 (h) The blade is held in the left hand (Fig. 12), regardless of 
the operator’s dominant hand. It is held firmly at the 
lower half of the handle.

The next steps would vary depending on the chosen 
blade

Curved Blade (Macintosh):

 1. The blade is inserted from the right corner of the 
mouth and advanced slightly. The blade is quickly 
moved to the midline, “sweeping” the tongue to the 
left. The tongue is carried by the flange during this 
maneuver.

 2. The blade is advanced further inwards. Intermittently, 
the handle is lifted at the operator’s shoulder. This 
allows the operator to evaluate the anatomy before 
advancing the blade further. The lifting maneuver hap-
pens at the operator’s shoulder, not the elbow.

 3. The above step is repeated as the blade is advanced 
further inwards, until the epiglottis is identified. The 
epiglottis is the anatomical landmark that must be 
identified during direct laryngoscopy.

 4. The blade is then advanced anterior to the epiglottis 
and into the hyo-epiglottic ligament. As the reinforced 
knob is advanced into the hyoepiglottic ligament, the 
epiglottis will lift. Further lifting occurs at the shoulder 
of the operator, not the elbow, to provide a good view 
of the larynx and vocal cords.

 5. The ETT is advanced from the right corner of the 
mouth and directed towards the vocal cords. This 
would result in direct visualization of the intubation 
process as the tube is inserted endotracheally.

Straight Blade (Miller):

 1. The blade is inserted through the midline. A sweeping 
action is not necessarily needed.
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Figure 12 Holding the intubating blade
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 2. The blade is raised intermittently during advancement 
to view anatomical landmarks. Again, the epiglottis is 
the anatomical landmark to be visualized.

 3. Once the epiglottis is identified, the miller blade is 
advanced posterior to it.

 4. Lifting the handle at the shoulder would result in lift-
ing the epiglottis and opening the airway to visualize 
the larynx and vocal cords.

 5. The ETT is advanced from the right corner of the 
mouth and observed as it enters the trachea.

Once the ETT is inserted into the trachea, the follow-
ing steps could be completed:

 (i) The malleable stylet is removed partially. This will help 
straighten the distal end of the endotracheal tube, allow-
ing it to be advanced into the airway easily.

 (j) The balloon of the ETT is inflated using the 10-cc syringe.
 (k) The tube position is checked. This can be done in differ-

ent ways.

 1. Waveform capnography or a color-changing CO2 
detector.

 2. Auscultation over both bilateral lung fields and the 
stomach area.

 3. A suction esophageal detection device.
 4. Bronchoscopic view of the endotracheal lumen.

Pitfalls/Troubleshooting
 1. Starting with smaller blade size. Size 4 blade (for both 

Macintosh and Miller blades) is a reasonable starting size 
as it allows access to the laryngeal structures. However, if a 
smaller size is chosen and later discovered not to be ade-
quate to visualize the laryngeal structures, changing it to a 
larger size is appropriate and strongly encouraged.

 2. Inability to visualize the vocal cords. This would lead to dif-
ficult intubation. There are different plausible explanations 
and solutions to this:
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 (a) Lifting the blade at the shoulder should help, as it 
would lift the head of the patient upwards and anteri-
orly lining the oral, pharyngeal, and laryngeal axes 
better.

 (b) Adequate positioning of the patient to align the oral, 
pharyngeal, and laryngeal axes.

 (c) While in between attempts, analyzing the steps are 
taken in the process and what could have gone wrong 
would allow for self-correction and improvement with 
the next attempt.

 (d) Changing the type of blade could also help if the vocal 
cords are not well visualized.

 (e) Occasionally, and in the hands of an experienced oper-
ator, visualizing the posterior arytenoid cartilages and 
advancing the ETT anterior to those structures would 
lead to successful intubation.

 (f) Arm fatigue would lead to difficulty lifting the blade 
and visualizing the vocal cords.

 3. Arm fatigue. Swapping operators would help if this hap-
pened. Novice operators would experience arm fatigue 
sooner than their experienced counterparts. Assigning 
BMV with jaw thrust and chin lift to a different provider 
minimizes the chances of the intubating provider’s arm 
fatigue.

2.2  Video Laryngoscopy

The development and evolution of fiberoptic fibers and min-
iaturization of the video cameras have facilitated the devel-
opment of video laryngoscopy. Contrary to conventional 
direct laryngoscopy, they mostly provide an indirect view of 
the laryngeal structures during intubation via an external 
monitor or attached screen. There are different manufactur-
ers of video laryngoscopes (Fig. 13), with different types and 
angulation of the blades (Fig. 14). Some manufacturers have 
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Figure 13 Video Laryngoscopes. (a) GlideScope. (b) GlideScope. 
(c) Karl Storz C-MAC
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manufactured Mac & Miller blades to use with video laryn-
goscopy. Video laryngoscopy and the angulated blade allow 
to maneuver around the oropharyngeal and laryngeal struc-
tures, instead of compressing and mobilizing them as with 
direct laryngoscopy. Additionally, video laryngoscopy pro-
vides an improved angle of view.

a

c d

b

Figure 14 Video Laryngoscope Blades (a) Pediatric Miller Blade 
for Karl Storz C-MAC. (b) Adult Macintosh Blade for Karl Stroz 
C-MAC. (c) GlideScope LoPro T3 blade (left) and MAC T3 (right). 
(d) GlideScope T3 LoPro blade with proprietary angulated stylet. 
Notice the matching angulation to the blade
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Techniques
The steps required for intubation using a video laryngoscope 
are rather similar to direct laryngoscopy discussed above. The 
preparatory, and post-intubation steps are similar. The differ-
ences in the intubation process are as follow:

 1. The angulated blade is inserted through the midline into 
the open mouth.

 2. The blade is advanced following the curvature of the oro-
pharynx and the anatomical structures until the epiglottis 
comes in view.

 3. Once the Epiglottis is in view, the tip of the angulated 
blade is directed in the hyoepiglottic space, anterior to the 
epiglottis. This is achieved by a rocking motion, more so 
than a lifting motion.

 4. The ETT is inserted along the midline and advanced until 
it comes in view.

 5. The ETT is then directed through the vocal cords into the 
trachea until slight resistance is met. This happens as the 
angulated stylet and the ETT meet the anterior tracheal 
wall.

 6. Once resistance is met, the stylet should be removed before 
further advancement of the ETT.

 7. The ETT is then advanced further into the tracheal lumen.

Advantages
 1. Video laryngoscopy allows the operator to maneuver 

around tissue instead of compressing it.
 2. It facilitates the teaching of learners, either by demonstrat-

ing to them while they observe the anatomy or allowing 
their supervisor to observe and provide real-time feedback 
during intubation.

 3. It increases the success rate of the first-time pass, although 
the studies yielded contradicting results.

 4. Reduces arm fatigue, as less force is being used during the 
intubation process.

 5. Allow for photographic and videographic documentation.
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Pitfalls/Troubleshooting
 1. Video laryngoscope requires the operator to look at the 

screen at all times as she or he is intubating the patient. 
However, the eyes of the operator should be directed to 
the patient’s mouth when the ETT and stylet are intro-
duced into the oral cavity. Otherwise, injury to the oral 
structures will ensue.

 2. Some video laryngoscopy manufactures have proprietary 
angulated stylets that are used with their video laryngo-
scopes. If they are not available, a malleable stylet could be 
used. It is imperative to closely match the angulation of the 
angulated blade when this type of stylet is used.

 3. Advancing the blade deeper into the hyoepiglottic space 
would lead to the further lifting of the epiglottis. Directing 
the ETT in those situations would prove difficult. Relaxing 
the rocking motion and hence the lifting action of the epi-
glottis would help mitigate this.

 4. It is natural to feel rushed to intubate a patient, especially 
in urgent or emergent situations. However, video laryngos-
copy will inherently take longer than direct laryngoscopy. 
It is advisable not to rush through the laryngoscopy or the 
intubation process to increase the chance of successful 
intubation.

3  Surgical Airway

Introduction
Surgical techniques to access the airway provide an excellent 
alternative to securing the airway in case of an emergency 
(cricothyroidotomy or surgical/open tracheostomy), or as a 
method of delivering prolonged mechanical ventilation when 
needed. Tracheotomy and Tracheostomy, although used inter-
changeably, have different meanings. The former indicates 
the incision into the trachea, while the latter is the formed 
stoma between the trachea and the skin.
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Here, we will review the indications of surgical airway 
access, contraindications, and possible complications. Surgical 
airway access includes cricothyroidotomy and surgical tra-
cheostomy creation. We will primarily discuss 
Cricothyroidotomy. We will briefly discuss the surgical cre-
ation of tracheostomy; however, a detailed discussion is 
beyond the scope of this chapter. In the next section, we will 
discuss percutaneous tracheostomy as a separate procedure.

Indications
Surgical airway access is employed when the translaryngeal 
approach is not accessible or the use of which is rather pro-
longed. Hence, indications for such procedures (cricothyroid-
otomy and tracheostomy) can be divided into three general 
groups (Table 4):

Table 4 Indications, contraindications, and complications of surgi-
cal airway
Indications:

   Prolonged mechanical ventilation

   Airway and laryngeal obstruction.

   Airway protection and secretion management.

Contraindications:

   Lack of procedural knowledge and operator’s inexperience.

   Soft tissue infection

   Bleeding diathesis

   Recent sternotomy & history of head and neck surgery.

Complications:

   Bleeding

   Site infection

   Injury to soft tissue – larynx, vocal cord, trachea

   Pneumothorax & Pneumomediastinum.
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 1. Prolonged mechanical ventilation
 2. Airway or laryngeal obstruction
 3. Airway protection. It is worth noting that airway protec-

tion or secretions management could be achieved by dif-
ferent means as well.

It is imperative to understand that cricothyroidotomy is 
the preferred method of surgical airway access when an air-
way establishment is needed emergently. Tracheostomy, on 
the other hand, is preferred to maintain the airway in cases 
where prolonged mechanical ventilation is needed or 
expected. Such surgical techniques required a very good 
knowledge of airway anatomy.

Contraindications of surgical airway access include:

 1. Overlaying soft tissue infection
 2. Inability to palpate anatomy adequately.
 3. Bleeding diathesis or uncorrectable coagulopathy or 

thrombocytopenia.
 4. Operator inexperience
 5. Recent sternotomy
 6. History of head and neck surgery.

Technique/Methods
 A. Cricothyroidotomy:

Cricothyroidotomy involves a puncture of the cricothy-
roid membrane to give access to the upper trachea. This 
opening can be created either surgically or 
percutaneously.

 1. Surgical Cricothyroidotomy:

 (a) Standard preprocedural steps should be per-
formed before the start of the procedure if possi-
ble. This includes standard timeout protocol and 
aseptic techniques and precautions.

 (b) The operator stands on the side of his dominant 
hand, mostly the right side of the patient.

 (c) Palpate neck anatomy. Identify the thyroid carti-
lage, which is the prominent protrusion in the 
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neck. The prominence of the thyroid cartilage is 
more noticeable in males.

 (d) Slide the finger down the Thyroid cartilage to the 
cricothyroid membrane. This membrane extends 
from the Thyroid cartilage superiorly to the cri-
coid cartilage inferiorly. Identifying the cricoid 
cartilage before sliding the palpating finger cepha-
lad into the cricothyroid membrane is an accept-
able alternative.

 (e) Pin the Larynx in position by the thumb and the 
long finger of the non-dominant hand. This would 
leave the index finger free to palpate the anatomy 
and the cricothyroid membrane.

 (f) Using a #15 scalpel on the dominant hand, make a 
vertical 1.5–2.0 cm incision.

 (g) A horizontal incision is made at the caudal end of 
the cricothyroid membrane.

 (h) A tracheal hook is inserted into the airway in the 
horizontal orientation with the opening towards 
the operator.

 (i) The tracheal hook is then rotated 90° clockwise 
before it is pulled cephalad to hook the thyroid 
cartilage. Others have recommended hooking the 
cricoid cartilage by rotating the tracheal hook 90° 
counterclockwise. This would decrease the risk of 
injury to the vocal cords, given their proximity to 
this location.

 (j) A Trousseau dilator or a Kelly clamp is then 
inserted into the tracheal incision from the side 
and opened to dilate the incision.

 (k) The cricothyroidotomy tube with the introducer is 
inserted into the trachea going caudad. At the 
same time, the Trousseau dilator or the Kelly 
clamp is rotated 90° counterclockwise to facilitate 
the entry of the cricothyroidotomy tube into the 
airway.

 (l) The introducer is then removed entirely leaving 
the cricothyroidotomy tube in the airway.
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 (m) The balloon cuff is inflated and the patient is con-
nected to a Bag-Mask or a mechanical ventilator 
for assisted ventilation.

 (n) The new cricothyroidotomy tube is then secured 
in position with soft ties.

 (o) Post tracheostomy/cricothyroidotomy care ensues.
 (p) The cricothyroidotomy is eventually converted to 

a tracheostomy as soon as the patient’s condition 
stabilizes or within 24–48 h.

 2. Percutaneous Cricothyroidotomy  – Seldinger 
Technique:

There are similarities between the two approaches, 
but the percutaneous cricothyroidotomy might be eas-
ier to learn by non-surgeons given the use of the 
Seldinger technique and the similarities with the cen-
tral venous access method.

Steps (a) to (f) and steps (m) to (p) are like the sur-
gical technique.

 (g) A 16- to 18-gauge catheter over the needle is con-
nected to a saline-filled syringe and inserted at 45° 
caudally at the lower end of the cricothyroid mem-
brane. Successful puncture of the airway is con-
firmed by aspirating air (bubbles in the saline-filled 
syringe).

 (h) The needle and syringe are removed, leaving the 
6F catheter in place

 (i) A guidewire is then inserted through the catheter a 
few centimeters into the airway.

 (j) The 6F catheter is removed while leaving the 
guidewire in place.

 (k) The cricothyroidotomy tube loaded onto a dilator 
is inserted over the guidewire and into the airway 
caudally.

 (l) The dilator and guidewire are then removed com-
pletely leaving the newly placed cricothyroidotomy 
tube in place.
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 3. Rapid 4-step Technique:
This method was described by Brofedl in 1996. It 

involves 4 steps that are easy to recall. It also requires 
no specialized equipment. A clinician will need a scal-
pel, a tracheal hook, and a tracheostomy tube or an 
endotracheal tube.

 (a) Palpation:
The clinician stands on the left side of the 

patient, palpate anatomy using the left index finger 
while fixing the larynx between the thumb and the 
long finger. Identification of the cricothyroid mem-
brane is essential. Occasionally, a skin incision 
might be required to facilitate palpation of 
anatomy.

 (b) Stab incision:
This is completed by inserting a #20 surgical 

scalpel held in the right hand at the inferior aspect 
of the cricothyroid membrane. Once the mem-
brane is stabbed, the scalpel position is 
maintained.

 (c) Inferior traction:
A tracheal hook held in the left hand is inserted 

caudad to the scalpel. Once into the tracheal 
lumen, it is rotated 90° clockwise and caudal trac-
tion is applied to the superior border of the cricoid 
cartilage. Traction is maintained and the scalpel is 
removed.

 (d) Tube insertion:
Using a cricothyroid tube, a size 6.0 tracheos-

tomy tube, or a small endotracheal tube held in the 
right hand is then inserted into the newly created 
stoma and directed caudad into the airway. This is 
now secured in place and connected for artificial 
ventilation.

 B. Surgical Tracheostomy:
Surgical tracheostomy is an ancient procedure per-

formed in extremis to open the airway. With the advance-
ment in anesthesia, it became a common procedure for 
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those who need an established airway. Chevalier Jackson 
has described the procedure in the early twentieth cen-
tury which remained similar to the present day.

 (a) A preprocedural checklist is followed, adhering to 
Time-out protocols and aseptic techniques as per 
local practices.

 (b) The patient is positioned in a supine position. Neck 
hyperextension is achieved by placing a pillow or a 
shoulder strap behind the shoulders. This helps to 
expose the neck and the laryngeal/tracheal ana-
tomical landmarks.

 (c) The skin is marked identifying the anatomical 
landmarks (Thyroid cartilage, Cricoid Cartilage, 
and sternal notch). The location of the planned sur-
gical incision is marked as well at this time.

 (d) The skin at the intended surgical incision is infil-
trated with 1% lidocaine with epinephrine. 
Lidocaine would provide the local anesthesia and, 
more importantly, the epinephrine will provide 
adequate vasoconstriction to the area.

 (e) The skin incision is made, soft tissue is divided 
down to the strap muscles. The skin incision is usu-
ally made horizontally; however, a vertical incision 
could be made.

 (f) The strap muscles are separated laterally at the 
midline. This helps in identifying the thyroid 
 isthmus. They are held in place using surgical 
retractors.

 (g) The thyroid isthmus is clamped, then divided 
between the clamps and oversewn.

 (h) The cricoid cartilage and tracheal rings are identi-
fied. The preferred entry point between tracheal 
rings is chosen. It is imperative to avoid a sub- 
cricoid insertion.

 (i) At this point, different approaches could be taken:

 (i) Silk stay-sutures are inserted in the parame-
dian area to allow holding the trachea open as 
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a vertical midline incision is made. Additionally, 
the stay sutures help to pull the trachea up to 
the skin. The tracheostomy tube could be 
inserted through that incision.

 (ii) A window of cartilage could be removed to 
create the tracheostomy; however, this risks 
the development of tracheal stenosis and 
tracheomalacia.

 (iii) A Bjork flap could be formed by an inverted 
U-shaped incision to create the tracheotomy. 
However, the flap could obstruct the tracheal 
opening if it comes undone.

 (j) The tracheostomy tube is secured with sutures and 
soft trach ties applied.

 (k) Post-tracheostomy care.

Pitfalls and Troubleshooting
• Making the horizontal incision in the cricothyroid mem-

brane at its superior end. This could injure the vocal cords, 
and more importantly the cricothyroid vasculature leading 
to bleeding. Using an ultrasound before the procedure, 
when time permits, would help with the correct placement 
of the horizontal incision.

• Forgetting to insert the Trousseau dilator into the vertical 
incision. This helps with vertical dilation of the entry point 
to the tracheal lumen.

• Attempting to control bleeding before establishing the 
airway. As the cricothyroidotomy is THE final step in the 
“cannot intubate, cannot ventilate” emergency airway 
algorithm, time is of the essence and should not be wasted 
controlling bleeding. This could be achieved after the air-
way is secured.

• A clinical fixation on a cricothyroidotomy tube. Similar to 
the point above, an appropriate airway must be placed if a 
cricothyroidotomy tube is not available. Common alterna-
tives would be a cuffed Shiley 6.0 tracheostomy tube or a 
cuffed endotracheal tube of a small outer diameter.
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• Inserting a large diameter tube should be avoided when 
possible, to reduce the risk of vocal cord injury and sub-
glottic stenosis.

4  Percutaneous Dilatation Tracheostomy 
(PDT)

Introduction
Performing a tracheostomy for the airway can either be an 
open tracheostomy (i.e., surgical approach) or a percutane-
ous dilatation tracheostomy (PDT). Percutaneous dilata-
tional tracheostomy involves creating a tracheal stoma 
percutaneously before dilating it for the eventual placement 
of a tracheostomy tube. Studies have demonstrated no differ-
ences between the two techniques, although PDT has the 
slight advantage of less stomal infection. Another advantage 
is the ability to perform percutaneous dilatational tracheos-
tomy at the bedside, minimizing the need for patient trans-
portation or using Operating Room time. Most of the time, 
PDT is performed with moderate or deep sedation, and infre-
quently a neuromuscular blockade is needed. General 
Anesthesia is rarely if ever used. The indications for percuta-
neous tracheostomy are similar to those for surgical airway 
access. Tracheotomy and Tracheostomy are used interchange-
ably although they carry some differences.

Technique
Like any other invasive procedure, a preprocedural checklist 
is completed confirming informed consent, coagulation sta-
tus, review of bloodwork, history, physical examination, and 
current or recent medications. Additional equipment that is 
preferred to be available, electrocautery machine, open tra-
cheostomy kit, an airway box for emergent re-intubation in 
the event of inadvertent extubation (Fig. 15). There are differ-
ent commercially available kits to complete the PDT proce-
dure. E.g. Portex ULTRAperc Single Dilator kit (Smiths 
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Medical), Ciaglia Blue Dolphin kit using balloon dilation 
(Cook Medical), & Ciaglia Blue Rhino Percutaneous trache-
ostomy kit (Cook Medical). We commonly use the Ciaglia 
Blue Rhino percutaneous kit (Fig.  16), and the following 
steps apply to that kit specifically. The principle is similar, to 
dilate a tracheostomy tract percutaneously.

 1. The patient is positioned in the supine position with a 
hyperextended neck. Neck hyperextension is achieved by 
placing a shoulder roll behind the patient.

 2. Neck anatomy is palpated, and landmarks are marked 
using a skin marker. Those landmarks are thyroid carti-
lage, cricoid cartilage, and the suprasternal notch.

 3. Using an ultrasound to examine this space is rather 
optional. However, it helps in identifying those structures 
adequately, namely thyroid cartilage, cricoid cartilage, 
and tracheal rings. Additionally, ultrasonography helps in 
selecting the entry site and identifying vascular structures 
around it. Hence, the use of ultrasonography is strongly 
encouraged if pulsation is palpated around the entry site 
or the suprasternal notch.

Figure 15 A checklist for equipment and medications for bedside 
percutaneous dilatational tracheostomy
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 4. The kit is opened and prepped, including checking the 
balloon of the tracheostomy tube. While deflating the bal-
loon, it is encouraged to pull back on the balloon as much 
as to shrink the outer profile of the tube. The tracheos-

a

b

Figure 16 (a) Ciaglia Blue Rhino Percutaneous Tracheostomy Kit. 
(b) Contents of the Blue Rhino Tray Kit
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tomy tube is then loaded on the appropriate tracheos-
tomy loader, by matching the single digit of the 
tracheostomy loader to the size of the trach  – e.g., 28F 
dilator for the 8.0 tracheostomy tube.

 5. The operator should stand at the side of the patient that 
corresponds to the operator’s dominant hand.

 6. The neck is cleaned with povidone-iodine or 2% 
Chlorhexidine sticks, following the manufacturer recom-
mended instructions.

 7. A fenestrated drape is applied, exposing the surgical site.
 8. A topical anesthetic, 1% Lidocaine with epinephrine, is 

injected at the incision site and allowed adequate time. 
The epinephrine helps achieve vasoconstriction and mini-
mize site bleeding.

 9. The non-dominant hand of the operator is used to hold 
the skin taught before a surgical incision, about 2 cm in 
length, is made at the insertion site. Although a horizontal 
incision can be used, we prefer to use a vertical incision 
starting just below the cricoid cartilage. Such a vertical 
incision helps avoid the laterally located thyroid arteries 
and the external jugular veins. It also allows for reposi-
tioning of the insertion needle if need be. The incision can 
also be extended if the need arises.

 10. Blunt dissection of the subcutaneous fat to the pre- 
tracheal fascia is carried out with the operator’s dominant 
index finger or a hemostat clamp.

 11. Optimally, reexamination and palpation of the cricoid 
cartilage and the tracheal rings after blunt dissection is 
performed.

 12. The bronchoscopist, at the head of the bed, would have 
already inserted a flexible bronchoscope through the 
endotracheal tube into the tracheobronchial tree. The air-
way is suctioned as needed.

 13. The flexible bronchoscope is retracted slowly within the 
lumen of the endotracheal tube while observing for trans-
illumination. This allows for confirming the entry 
position.
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 14. The bronchoscope is advanced to the tip of the endotra-
cheal tube until only a rim of the ETT is within view.

 15. The ETT is loosened, and the bronchoscope with the ETT 
is slowly retracted as one unit while observing for transil-
lumination. Experienced bronchoscopists could observe 
for the bronchoscopic view of the cricoid cartilage and 
the subglottic shelf to avoid inadvertent extubation.

 16. Maintaining the bronchoscope within the ETT would 
help minimize any inadvertent needle injury and damage 
to the flexible bronchoscope. However, the use of dispos-
able bronchoscopes makes this step insignificant.

 17. The introducer needle with or without a saline-filled 
syringe is bounced off the wall of the trachea to ensure the 
intended puncture site is on an intercartilagenous mem-
brane and not on tracheal cartilage. If it was felt to be on a 
tracheal ring, the needle tip is tilted slightly caudad or 
cephalad to guide the needle’s tip on the intercartilagenous 
membrane to avoid any tracheal ring fracture. Tracheal ring 
fracture could lead to future tracheal or subglottic stenosis. 
Moreover, bouncing the needle off the tracheal wall would 
ensure an adequate central position. It is worth noting that 
there are two insertion needles in the kit. One with a cath-
eter-over-needle allowing the guidewire to be inserted 
through the catheter after removal of the needle. The other 
is a larger-gauge needle allowing direct insertion of the 
guidewire into the airway through the needle’s lumen.

 18. The entry point should be between first & second, or sec-
ond & third tracheal rings, at a location between 10 
O’clock and 2 O’clock. It is preferred to be as close to 
noon position as possible.

 19. The needle is inserted into the trachea under direct bron-
choscopic visualization and positioned caudad. It is 
important to ensure that the tip of the needle remains 
within the lumen of the airway and not advanced any fur-
ther to risk puncture to the posterior wall.

 20. The guidewire is inserted through the catheter or the 
lumen of the larger-gauge needle into the airway towards 
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the carina under direct bronchoscopic visualization. The 
needle or the catheter is then removed leaving the guide-
wire in place.

 21. The 14F punch dilator is inserted over the guidewire into 
the airway with or without twisting motion under direct 
bronchoscopic visualization. Focused attention is on pro-
tecting and avoiding any injury to the posterior wall. The 
punch dilator is then removed, leaving the guidewire in 
place.

 22. The one-step dilator, The Blue Rhino, with the white stiff-
ening catheter is held in a pincer position and inserted 
over the guidewire into the airway in a motion that fol-
lows the airway. This is done under direct bronchoscopic 
visualization while ensuring that the posterior wall is not 
in its path. The Blue Rhino is advanced up to the “skin- 
level” mark. It could be left in place for few seconds or 
removed immediately after reaching that mark. This 
motion could be repeated once if needed to ensure ade-
quate dilation.

 23. The Blue Rhino is then removed leaving the stiffening 
catheter and the guidewire in place.

 24. The appropriate size tracheostomy tube loaded on its 
dilator is inserted over the guidewire and the stiffening 
catheter into the airway under direct bronchoscopic visu-
alization. Adequate airway insertion is indicated by a 
two-step release felt as the balloon clears the stoma into 
the tracheal lumen. This is a personal observation, not 
documented by peer-reviewed sources. The author 
describes this as the “two-pop” feedback.

 25. The white stiffening catheter and the guidewire are then 
removed.

 26. The bronchoscope is then taken out of the ETT and 
inserted into the newly placed tracheostomy tube. 
Bronchoscopic visualization of the distal tracheal rings 
and the main carina confirms adequate placement of the 
tracheostomy tube within the tracheal lumen. The bron-
choscope is removed promptly.
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 27. The inner cannula of the tracheostomy tube is inserted, 
the balloon inflated, and the tracheostomy tube is con-
nected to the mechanical ventilator circuit. Ventilator 
graphics is monitored to ensure adequate ventilation with 
the return of delivered tidal volumes. The use of colori-
metric capnometry or end-tidal CO2 capnography is an 
additional optional step confirming correct positioning.

 28. The tracheostomy tube is either sutured to the skin or not. 
Clinical evidence is lacking to prefer one approach over 
the other. Published guidelines encourage using sutures. 
It is in the author’s opinion to avoid suturing the trache-
ostomy tube as the presence of sutures conveys a false 
sense of security if trach issues arise. If sutures are placed, 
they should be removed within few days.

 29. Tracheostomy ties are then placed around the patient 
neck, allowing enough space for two fingers to fit in snug-
gly. Avoid overtightening the tracheostomy ties as they 
could prevent blood supply and drainage when the neck 
muscles are contracted with neck movement or 
coughing.

 30. Post-tracheostomy care.

Pitfalls and Troubleshooting
• Bleeding:

Most of the bleeding that occurs during percutaneous 
tracheostomy is venous. Such venous bleeding usually 
stops with the insertion of the tracheostomy tube as it tam-
ponades such bleeding. In the event of arterial bleeding, 
 electrocautery could be used with special attention to the 
delivered FiO2 to avoid airway fire. More preferably, a 
hemostat could be applied to the bleeding vessel before it 
is ligated.

• Difficulty puncturing into the trachea:
Such difficulty in puncturing into the trachea could be 

encountered in the younger population. Further blunt dis-
section into the pre-tracheal fascia could help with this 
issue.
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• Mobile Trachea:
The larynx is a mobile structure, and hence pinning it 

down between the thumb and long finger of the non-
dominant hand would help when this is encountered. The 
free index finger of the non-dominant hand could be used 
to direct the insertion needle. More commonly, the index 
finger could be fixed onto the cricoid cartilage to guard 
against a sub-cricoid entry.

• Pliable Trachea:
The trachea could be pliable and would bow as the pres-

sure exerted on the insertion needle is transferred to the 
anterior tracheal wall. Exerting less pressure on the needle 
before its entry into the tracheal lumen might mitigate this.

• Difficulty inserting the single dilator or the tracheostomy 
tube into the trachea:

If this happens, then repeating the preceding step is 
essential and cannot be stressed enough. This ensures 
adequate opening of the puncture site or its adequate dila-
tion before re-entering the trachea

• Inadequate site:
If the needle puncture into the trachea was in a less 

than optimal location, then removing the large-bore nee-
dle or the catheter-over-needle and attempting again at a 
different location is reasonable. This is essentially impor-
tant before the punch dilator is inserted. Once used to 
open the entry point further indicates a commitment to 
the entry site.

• It is important to adequately choose the appropriate tra-
cheostomy tube size for the patient before the procedure. 
This minimizes any complications related to the procedure 
or the post-placement care of a tracheostomy tube.

5  Bronchoscopy

Introduction
Gustav Killian is considered the father of bronchoscopy. He 
was a German otolaryngologist in Heidelberg Germany. He 
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described the use of a laryngoscope to examine and remove 
a pork bone from the airways of 3 patients. He was credited 
with coining the term “Direct Bronckoscopie”. Bronchoscopy 
in its early days, the 1870s, was a rigid steel pipe inserted into 
the airways for the examination and removal of various for-
eign bodies. The development of fiberoptic imaging helped in 
the development of the Flexible Bronchoscope, which became 
commercially available in 1968. In the decades to follow, the 
use of flexible bronchoscopes surpassed the number of rigid 
bronchoscopes performed. Further advancement in the video 
image processing units led to further advancement in the 
design and reach of the flexible bronchoscope (Fig.  17). 
Single-use disposable bronchoscopes, developed by different 
manufacturers, are commercially available.

For this section, bronchoscopy will be referring to Flexible 
Bronchoscopy. The use of rigid bronchoscopes is limited to 
specially trained physicians.

Anatomy
The bronchoscopist must become familiar with the anatomy 
of the bronchoscope as it would allow for adequate use of the 
equipment. There is the actual bronchoscope and then there 
is the video processing unit along with a light source. The 
video processing unit is what allows for the projection of the 
bronchoscopic view onto a monitor. Thus, helping the bron-
choscopist and potentially learners to observe the inside of 
the airway during the diagnostic and therapeutic portions of 
the procedure. Although the video processing unit is usually 
operated by a bronchoscopy technician, this should not deter 
the clinician from having at minimum a basic understanding 
of its operation. The bronchoscope could be divided into (1) 
handle, (2) fiberoptic and light bundle, (3) tip. The handle 
(Fig. 18a) houses the angulating lever that controls the tip of 
the bronchoscope in a single plane of directions, a suction 
controller, several buttons for different functions, and a work-
ing channel that allows the insertion of instruments into the 
bronchial tree. It is worth remembering that the working 
channel and the suction channel are shared along the shaft of 
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the bronchoscope. At the left side of the handle, the fiberop-
tic and light cables emerge and are carried in a protected 
bundle to the image processing unit and transmission of the 
image. The tip of the bronchoscope, (Fig. 18b), has the work-
ing/suction channel, two light sources, and the miniaturized 
camera.

Figure 17 The Flexible Bronchoscope 
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Indications
The indications (Table 5) of bronchoscopy could be divided 
into diagnostic and therapeutic indications. Those could 
range from a simple inspection bronchoscopy, up to airway 
debridement and reestablishment of airway patency.

 (a) Diagnostic Bronchoscopy:

 (i) Mucus Plug removal.
 (ii) Foreign body retrieval.
 (iii) Symptoms and signs of respiratory diseases.
 (iv) Hemoptysis.
 (v) Lung transplant donors.
 (vi) Diagnosis of lung cancer.
 (vii) Diagnosis of thoracic lymphadenopathy.

 (b) Diagnostic and Therapeutic:

 (i) Hemoptysis.
 (ii) Airway obstruction.
 (iii) Lung cancer treatment.

a b

Figure 18 (a) The handle of the bronchoscope. (b) The tip of the 
bronchoscope
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Technique and Methods
As bronchoscopy allows access to the lower tracheobronchial 
tree, it must traverse the upper airway (pharynx and larynx) 
through either the nose or the mouth. Such trip to the lower 
airways could be through the natural orifices or bypassed 
with an artificial airway, e.g. Laryngeal mask airway (LMA) 
or an endotracheal (ET) tube. The first few steps will differ 
slightly based on the route of entry and whether an artificial 
airway is present or not.

 (a) Basic and Standard Pre-procedure Steps:

 (i) Standard Time-out protocol:
This step is important in any procedure performed. 

It allows the healthcare team to “pause” from what 
each team member is doing and focus on the proce-
dure. During this step, a checklist is completed before 
the procedure. The components of this checklist can 
vary among different institutions (Fig. 19). However, 
the correct patient, medical record number, date of 
birth, patient’s allergies, N.P.O status, planned 
procedure(s), and dispositions of the patient are 
reviewed. Any concerns from any member of the 
healthcare team are brought up and resolved at this 
critical step before the procedure. The importance of 
this step cannot be emphasized enough.

Table 5 Indications for bronchoscopy
Diagnostic Bronchoscopy: Diagnostic & 

Therapeutic:

   Mucus plug removal    Hemoptysis

   Foreign body retrieval    Airway obstruction

   Symptoms & Signs of respiratory 
diseases

   Lung cancer 
treatment

   Hemoptysis

   Diagnosis of lung cancer and thoracic 
lymphadenopathy

M. Alnijoumi



91

 (b) Airway Preparation:
This step is usually conducted by the bronchoscopy 

technician or the respiratory therapist. Depending on the 
route of entry, the airway is anesthetized with topical 
lidocaine. Topical lidocaine can be 1%, 2%, or 4%. Such 
application could be as viscous jell, liquid form, or nebu-
lized. Nebulization of lidocaine would allow the lidocaine 
to reach further down to the lower airways. This step is 
important as it allows for patient comfort and to conduct 
the procedure safely. This step could be minimized or 
skipped if the patient is deeply sedated with the presence 
of an artificial airway. However, if the LMA is the artifi-
cial airway, the application of topical anesthesia directly 
to the vocal cords via the bronchoscope is encouraged.

 (c) Patient Sedation:
Sedating a patient for bronchoscopy is important. It 

helps with patient comfort and allows the proceduralist 

Figure 19 Example of Time-Out protocol
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to complete the procedure with competency to achieve 
the intended results of the procedure. Based on local 
practices, this step is usually done by a healthcare team 
member with skills in sedation management or by the 
bronchoscopist. Sedation can be moderate or deep. 
Occasionally, general anesthesia might be needed with 
the presence of an anesthesiologist. Sedation manage-
ment is discussed somewhere else in this textbook (see 
chapter “Sedation and Analgesia Management”). It is 
worth noting that flexible bronchoscopy could be per-
formed in an awake patient in the hands of an experi-
enced operator.

 (d) Airway Evaluation:
This step represents the bulk of the procedure. In this 

step, the bronchoscopist steers the bronchoscopy through 
the upper airway, either through a natural orifice or an 
artificial airway, into the lower tracheobronchial tree.

The flexible bronchoscope is usually held in the left 
hand of the bronchoscopist (Fig. 20). Using the left hand 
would free up the right hand for handling any instru-
ments inserted through the working channel. The left 
hand should wrap around the bronchoscope handle com-
fortably. The thumb would be on the angulating lever, the 
index finger is used to press the suction valve and to 
operate the control buttons on the bronchoscope, while 
the remainder of the fingers would wrap around the 
handle of the bronchoscope.

There are three basic movements of the bronchoscope. 
The combination of which would lead to the smooth 
steering of the bronchoscope through the  tracheobronchial 
tree. Those three basic movements are used to break 
down the procedure for the aspiring bronchoscopist. 
With time they would “muscle memory” leading to the 
seamless steering of the bronchoscope.

Those movements are (1) rotation, which occurs at the 
wrist of the operator and allow the tip of the broncho-
scope to look either right or left and if needed can look 
posteriorly if twisted far enough. (2) flexion and exten-
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sion, which occur at the lever controlled by the operator’s 
thump. Flexion will lead the tip of the camera to look 
upwards while extension would direct the camera down-
wards. (3) advancement and retraction of the broncho-
scope in and out of the airway, which is usually handled 
by the right hand of the operator closer to the entry point 

Figure 20 Holding the Bronchoscope
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at the natural or artificial airway. Experienced bronchos-
copists could accomplish this through the left hand as 
well by movements at the left elbow.

Airway evaluation starts anatomically from the entry 
orifice describing the nasal cavity or the oral cavity, 
depending on the route of entry. Evaluation of the phar-
ynx is completed at this point. Before entering the tra-
cheobronchial tree, the larynx is evaluated with special 
attention to the vocal cords. Lidocaine should be instilled 
at the level of the vocal cords. Thereafter, patients who 
are moderately sedated would be asked to take a deep 
breath to allow for the abduction of the vocal cords, and 
thence easy transition of the bronchoscope into the tra-
chea. Upon entering the trachea, the subglottic space is 
visualized, followed by the upper trachea. As the bron-
choscope is advanced further distally, the lower trachea is 
evaluated until the main carina comes into view. The 
main carina divides the right from the left bronchial tree. 
The side to be examined first is the “normal side” for 
patients with expected anatomical or radiological pathol-
ogy based on the indication, leaving the “abnormal side” 
to be examined last. However, if no pathology was 
expected, the evaluation would start with the right side.

Evaluation of each bronchial tree involves a detailed 
description of the mucosa, anatomy of lobar airways and 
segments, any anatomical variation of such, presence or 
absence of secretions, or endobronchial masses. Presence 
of secretions warrants a description of the type of 
 secretions, their amount, viscosity, color, and if they were 
obstructing the airways or not.

This usually concludes the airway examination. 
However, if further diagnostic or therapeutic interven-
tions were carried out during the procedure, those 
deserve detailed descriptions.

It is worth noting that the presence of an artificial air-
way would limit the description of the oropharynx or 
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nasopharynx (for both LMA and ETT), and larynx and 
upper trachea including the subglottic space (for ETT).

 (e) Post-procedural Care:
Documentation is preferred to be immediate or soon 

after, describing the above findings. Documentation 
should include the indication for the procedure, diagno-
sis, sedation used if not documented by a separate pro-
vider who managed sedation, route of bronchoscope 
entry, bronchoscopic findings, endobronchial interven-
tions if any, condition of the patient post-procedure, and 
any complications that might have occurred. When seda-
tion is provided by the bronchoscopist, the medications 
used and their total doses should be documented. The 
type or model of the bronchoscope and its number 
should be noted. Such a numbering system is locally 
developed and adopted for tracking and infection 
control.

Since almost all bronchoscopies are performed with 
sedation, the patient should be monitored for at least 2 h 
to ensure the adequate return of vital signs to their pre- 
procedure baseline before the resumption of usual nurs-
ing care or discharge. Patients who are expected to take 
enteral nutrition are preferred to be NPO for 2 h post- 
procedure, as topical anesthesia of the upper airway 
increases the risk of aspiration. NPO status is not lifted 
unless the patient has an intact gag reflex, or as directed 
by the bronchoscopist or treating physician.

Pitfalls
Like all other procedures, some pitfalls should be kept in 
mind:

• Always maintain the bronchoscope in the center of the 
airway during the examination of the airway to minimize 
mucosal injury.

• Always maintain the shaft of the bronchoscope in a 
straight position. This would allow for proper transfer of 
the hand/wrist motion to the tip of the bronchoscope.
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• Maintain adequate orientation during tracheobronchial 
airway evaluation. Whenever in doubt, retract to the previ-
ously known landmark. It is not uncommon to return to 
the main carina to gain adequate orientation.

• Labelling landmark structures and segmental airway ori-
fices during bronchoscopic inspection would help with 
keeping track of your location while you are working your 
way through the tracheobronchial tree. This is important in 
solidifying segmental bronchial anatomy for the novices as 
they are learning the procedure.

• It is easy to delay documentation, however, the sooner you 
document, the more comprehensive and accurate your 
documentation would be.

6  Summary

Airway access is an important subject for the practicing clini-
cian. It is conducive to the preservation of life when those 
skills are needed. Besides the technical aspects, factual 
knowledge is equally important for the clinical decision. This 
chapter has covered different aspects of airway access, proce-
dures and methods involved. Continued practice and review 
are imperative to increase oneself preparedness.
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1  Introduction

This section will review the procedure of inserting a needle 
and catheter into the thoracic cavity to sample or drain fluid. 
Thoracentesis is reserved for elective indications rather than 
emergencies which are more readily treated with a chest tube 
thoracostomy or thoracotomy. Fluid can be aspirated for cul-
ture and cytology and a small diameter catheter can be 
placed for continuous drainage. As with any procedure, 
appropriate indications and contraindications must be con-
sidered and procedural consent must be obtained.

2  Indications

Indications for thoracentesis include the diagnosis and/or 
treatment of pleural effusion, empyema and retained hemo-
thorax requiring thrombolytic therapy [4]. One could also 
electively evacuate a pneumothorax using a thoracentesis 
catheter in lieu of a chest tube thoracostomy. A properly 
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placed catheter can differentiate the contents of pleural fluid 
and guide your management. While the evacuation of pus or 
blood from a chest tube is diagnostic of an empyema or 
retained hemothorax, respectively; it can also be therapeutic 
by allowing clinicians to infuse thrombolytic medications into 
the pleural cavity through the tube to facilitate evacuation 
and obviate the need for more invasive procedures such as a 
thoracotomy or video-assisted thoracoscopic surgery (VATS) 
[2, 6]. Antibiotics are no longer routinely recommended for 
either emergent or elective chest tube thoracostomy [1]. 
While not included in this discussion, ultrasound can be a 
very useful adjunct in correct thoracentesis insertion and 
catheter placement [3, 5].

3  Technique/Methods

3.1  Prepare the Patient

 (a) Perform a Time-Out to confirm the correct patient, pro-
cedure, side, medications/allergies and other concerns.

 (b) Direct assistants appropriately; i.e. nursing, residents, stu-
dents. Include respiratory therapy if the patient is on the 
ventilator or will need supplemental oxygen during con-
scious sedation.

 (c) Prepare any necessary medications; sedation (conscious 
or deep), analgesia (IV and local). Antibiotics are no lon-
ger recommended.

 (d) Position the patient in their hospital bed. If the patient 
can cooperate, sit them upright on the side of their bed 
with a table or Mayo stand and pillow to lean on. If not, 
roll them into a lateral decubitus position with the proce-
dure side up, all while maintaining necessary spinal pre-
cautions. Both positions may require sliding the patient 
closer to the provider’s side of the bed to minimize back 
strain. Likewise, raise or lower their bed to the most com-
fortable height for the provider.
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 (e) Use sterile, Chlorhexidine-based skin prep to create the 
sterile field around the ipsilateral procedure landmarks 
(Fig. 1).

Figure 1 Thoracentesis anatomic landmarks (Ahmad, S)
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3.2  Prepare Equipment and Yourself

 (a) Open your sterile equipment on a rolling bedside table 
(Fig. 2).

 (b) Open and prepare a pleural fluid collection bag, which 
will need to be connected to the catheter.

 (c) Don cap, mask, gown and glove yourself (or with the aid 
of your assistant).

 (d) Position equipment in the order you will need it (will 
make sense during procedure walkthrough, confirm w/ 
Fig. 2)

 1. Towels or surgical field drape
 2. Local anesthetic
 3. Scalpel #11 or #15 blade
 4. Gauze

Figure 2 Thoracentesis collection bag and tubing (Ahmad, S)
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 5. Introducer or spinal needle and sheath with aspiration 
syringe

 6. Collection vials
 7. Drainage or pigtail catheter
 8. Wound dressing or bandage

3.3  Procedure Walkthrough

 1. Lay towels or field sterile drape around your anatomic 
boundaries. The visible field should include the ipsilateral 
scapula, midline spine and enough clearance inferiorly 
over the diaphragm. Include extra towels on the bed to 
lay the equipment and catheters on the field without con-
taminating them.

 2. Use the marking pen to demarcate the anatomic land-
marks of your incision. In either upright or decubitus 
position, this will be along the mid-scapular line two fin-
ger breadths inferior to the scapular tip (Fig. 1). While not 
described here, ultrasound can be used to identify the 
fluid as well as follow diaphragm movement.

 3. With local anesthetic loaded in your syringe, infiltrate a 
skin wheal at your incision site (Fig. 3). You may also per-
form an optional intercostal block by palpating for the rib 
above, below and under your skin incision. Insert the local 
needle inferior to the ribs while aspirating. Infiltrate local 
anesthetic in these locations as long as you’re not within 
an intercostal artery. This will temporarily anesthetize the 
pleural lining which can be the most painful part of the 
catheter insertion for awake patients.

 4. Insert your introducer or spinal needle connected to a 
syringe into the skin incision above the rib while aspirat-
ing gently. Stay parallel to the floor and continue advanc-
ing until you aspirate fluid or blood (Fig. 4).

 5. If you wish to extract a sample of pleural fluid for labora-
tory studies, aspirate here and remove the syringe. Inject 
the fluid into your specimen vials (usually 2 or 3 are 
included in the kit).
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 6. Make a longitudinal incision or nick in the skin less than 
0.5 cm in length at your needle insertion site to accom-
modate the drainage catheter (Fig.  5). Use the gauze 
sponges to control bleeding.

 7. After confirming the correct location of your pleural fluid, 
withdraw the needle and syringe and insert the drainage 
catheter or pigtail into the same incision while aspirating 
gently (Fig. 6). Keep in mind, most pleural drainage cath-
eters only allow you to connect to a collection bag or 
chamber once the introducer needle inside it is com-
pletely removed. Once this is removed it cannot be rein-
serted as the valve shuts permanently.

 8. Connect the tubing to the side valve and your collection 
chamber/syringe/bag of choice and turn the three-way 
stopcock to open allowing the fluid to drain through your 
catheter (Fig. 7). The drainage catheter or sheath is not 
usually left within the pleural cavity and is removed after 
drainage.

Figure 3 Prepped skin local anesthetic infiltration (Ahmad, S)
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 9. If you have inserted a pigtail catheter, advance the cath-
eter to insure most of the curved distal tail of the catheter 
resides within the pleural cavity and remove the wire. 
Then follow step #8 and secure your pigtail catheter to 
the skin using an adhesive clasp provided.

 10. Apply a gauze or small bandage to your insertion site or 
a dressing if your catheter will remain in the pleural 
cavity.

 11. Obtain a chest radiograph to confirm position of catheter 
and success of your drainage procedure as well as to rule 
out a pneumothorax which can occur with sudden drain-
age of a significant amount of fluid.

Figure 4 Introducer needle with fluid aspirate. (Ahmad, S)
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4  Pitfalls/Troubleshooting

 1. Pneumothorax & Re-expansion Pulmonary Edema
Lung collapse may occur from inadvertent needle punc-

ture or drainage of a significant amount of fluid which may 
result in disruption of the lung-pleural interface or cause 
rapid lung expansion. A pneumothorax should be sus-
pected with the sudden onset of dyspnea or hypoxia. This 
can be confirmed by an immediate chest radiograph and 

Figure 5 Scalpel incision around introducer needle (Ahmad, S)
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treated with a tube thoracostomy. Pulmonary edema can 
also be suspected by chest radiograph and treated with 
diuresis if tolerated.

 2. Cannot identify fluid collection
This possibility can be avoided by using ultrasound (if 

available) to isolate the collection or a thorough physical 
exam to percuss the thoracic cavity. This will help to demar-
cate the different densities of air (lungs), liquid (effusion) 
and solid (diaphragm). It is important to position the 
patient either upright or in the lateral decubitus position so 
that their fluid collection lies in a dependent position.

Figure 6 Pigtail insertion (Ahmad, S)
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1  Introduction

This section will review the procedure of inserting a tube into 
a patient’s chest, or a chest tube thoracostomy. A thoracotomy, 
on the other hand, is the procedure of opening the pleural cav-
ity for exploration much like a laparotomy is the procedure of 
opening the abdominal cavity. A thoracostomy can be per-
formed emergently or electively; however, it should follow the 
same principles outlined below to ensure a good outcome and 
minimize the risk of complications. There are elective condi-
tions which can also be remedied with the placement of a 
thoracentesis catheter instead of a chest tube thoracostomy; 
i.e. pleural effusion, empyema, or retained hemothorax requir-
ing thrombolytic therapy [3]. As with any procedure, appropri-
ate indications and contraindications must be considered and 
informed procedural consent must be obtained.
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2  Indications

Emergent indications for a chest tube thoracostomy include 
life-threatening thoracic compartment syndrome from ten-
sion pneumothorax or massive hemothorax. Increased intra-
thoracic pressures can substantially compromise superior and 
inferior vena caval blood return to the heart which results in 
obstructive shock and must be relieved quickly to avoid car-
diac arrest. Elective indications for a chest tube thoracostomy 
also include a pneumothorax or hemothorax but without the 
presence of immediate life-threatening obstructive shock. 
One can clearly recognize how this procedure can be thera-
peutic, but a thoracostomy can also be diagnostic. A pleural 
effusion on an upright chest x-ray may consist of blood, 
serous fluid, chyle, pus or any combination thereof. A prop-
erly placed tube can differentiate the contents of pleural fluid 
and guide your management. In a trauma scenario, drainage 
of a hemothorax can be therapeutic not only for relieving 
intrathoracic pressures, but also for the auto-transfusion of 
evacuated blood using special equipment in the correct clini-
cal scenario; i.e. without contamination. While the evacuation 
of pus or blood from a chest tube is diagnostic of an empy-
ema or retained hemothorax, respectively; it can also be 
therapeutic by allowing clinicians to infuse thrombolytic 
medications into the pleural cavity through the tube to facili-
tate breakdown and clearance of the fluid collections and 
obviate the need for more invasive procedures such as a tho-
racotomy or video-assisted thoracoscopic surgery (VATS) [2, 
5]. More recent data suggests that bigger is not better, and 
most hemothoraces are more readily drained with smaller 
bore chest tubes; i.e. less than 28  Fr [4]. For reference, the 
French designation refers to the approximate tube circumfer-
ence in millimeters. Elective thoracostomy tubes can be 
placed in patients with coagulopathy or clotting disorders, but 
bedside clinical judgment must be used to assess the benefits 
of the procedure over risks of secondary hemorrhage and 
determine if the dyscrasia needs to be corrected chemically 
prior to the procedure. Antibiotics are no longer routinely 
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recommended for either emergent or elective chest tube tho-
racostomy [1].

3  Technique/Methods

3.1  Prepare the Patient

 (a) Perform a Time-Out to confirm the correct patient, pro-
cedure, side, medications/allergies and other concerns.

 (b) Direct assistants appropriately; i.e. nursing, residents, stu-
dents. Include respiratory therapy if the patient is on the 
ventilator or will need supplemental oxygen during con-
scious sedation.

 (c) Prepare any necessary medications; sedation (conscious 
or deep), analgesia (IV and local). Antibiotics are no lon-
ger recommended.

 (d) Position the patient in their hospital bed. This includes 
elevating or extending the ipsilateral upper extremity out 
of the surgical field. With the patient supine, raise or lower 
their bed to the most comfortable height for the 
provider.

 (e) Use sterile, Chlorhexidine-based skin prep to create the 
sterile field around the ipsilateral procedure landmarks 
(Fig. 1).

3.2  Prepare Equipment and Yourself

 (a) Open your sterile equipment on a rolling bedside table 
(Fig. 2).

 (b) Open and prepare pleural fluid collection chamber 
(Fig. 3). Keep sterile white cap on the end until just before 
you need to connect it to your chest tube. Fill the water 
seal chamber, connect to continuous wall suction and set 
pressure regulator to 30 cm H20. This will ensure a steady 
pressure through the system regardless of what the wall 
suction regulator is set to.

Chest Tube Thoracostomy
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Figure 1 Prepped chest tube landmarks (Ahmad, S)

Figure 2 Equipment layout (Ahmad, S)
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Figure 3 Pleural evacuation 3-chamber system (Ahmad, S)
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 (c) Don cap, mask, gown and glove yourself (or with the aid 
of your assistant).

 (d) Position equipment in the order you will need it (will 
make sense during procedure walkthrough):

 1. Towels or surgical field drape
 2. Marking pen
 3. Chest tube (curved or straight, no larger than 28 Fr)
 4. Curved Mayo scissors
 5. Large Kelley clamps ×2
 6. Local anesthetic needle and syringe
 7. Scalpel #15 blade
 8. Gauze sponges
 9. Small curved hemostatic clamp
 10. Syringe for pleural fluid sample collection
 11. 0-Silk suture
 12. Needle driver
 13. Vaseline gauze
 14. Zip ties (or other tube clamping ties)
 15. Skin tape

3.3  Procedure Walkthrough

 1. Lay towels or field sterile drape around your anatomic 
boundaries. The visible field should include the ipsilateral 
nipple, clavicle and shoulder head, lateral flank costal 
margin and posterior chest wall down to the bed. If you 
must use a smaller drape (Fig. 1) you should attempt to 
palpate those landmarks when identifying your tube 
insertion point. Include extra towels on the bed to lay the 
chest tube down on the field without contamination.

 2. Use the marking pen to demarcate the anatomic land-
marks of your incision. This should be just anterior to the 
mid-axillary line, at the 5 or 6th intercostal space which also 
correlates with the inframammary fold in men and women.

 3. Prepare your chest tube by first cutting off the pointed 
distal end to a flat edge. This point exists to facilitate ret-
rograde insertion of the tube through a thoracotomy inci-
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sion from the inside out where it can be clamped and 
withdrawn out of the chest wall and skin. A flat edge is 
easier to attach over the pleural drainage system’s adapter 
and secure with Zip ties.

 4. You have the option of cutting extra wedge-shaped drain-
age holes in your chest tube to facilitate evacuation of 
larger pleural fluid collections. However, these should 
only be cut along the radiopaque white line running the 
length of the tube. This allows them to be easily identified 
on a chest x-ray.

 5. Apply one Kelley clamp to the distal tip of the tube as 
shown in (Fig. 4). Measure the approximate intrathoracic 
length of your tube from the tip near the sternal notch to 
the skin exit incision with a slight bend to it. Place your 
second Kelley clamp at this part of the tube to guide your 
insertion depth.

 6. With local anesthetic loaded in your syringe, infiltrate a 
skin wheal at your incision site. Then perform an intercos-
tal block by palpating for the rib above, below and under 
your skin incision. Insert the local needle inferior to the 
ribs while aspirating. Infiltrate local anesthetic in these 
locations as long as you’re not within an intercostal artery. 

Figure 4 Clamp on chest tube (Ahmad, S)
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This will temporarily anesthetize the pleural lining which 
can be the most painful part of the tube insertion for 
awake patients.

 7. Make a vertical 1–2 cm incision using the #11 or #15 scal-
pel blade (Fig. 5). This should go through skin and subcu-
taneous fat. Use the gauze sponges to control bleeding.

 8. Use the small hemostatic clamp to bluntly dissect the sub-
cutaneous space to the thoracic wall including the inter-
costal muscles (Fig.  6). More important, aim your 
dissection superiorly and slightly posteriorly as this will 
be the ideal path of your chest tube to insure it tracks 
superior and posterior in the thoracic cavity and minimize 
the chances of an intraparenchymal lung injury or fissured 
placement. Dissect down to the superior margin of the rib 
above your skin incision site.

 9. With a good stable foot stance and using both hands, gen-
tly push the closed clamp through the intercostal muscles 
above the rib and into the thoracic cavity through the 
pleural lining. You will feel resistance followed by a quick 

Figure 5 Skin incision with #11 Scalpel (Ahmad, S)
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pop when you penetrate the cavity and may also release 
air and blood. Keep your clamp in place and open it as 
you withdraw to widen the hole in the pleural lining. It 
will always be smaller than you think and difficult to find 
once the clamp is removed.

 10. Once the insertion clamp is removed, use a single finger 
to bluntly enter the thoracic cavity through this same 
pleural defect and feel for the lung and diaphragm if pos-
sible. This serves to reassure yourself that you are in the 
thoracic and not abdominal cavity as well as allows you to 
sweep away any adhesions trapping the lung against the 
chest wall. Failure to perform this latter step increases the 
risk of lung injury from an intraparenchymal tube 
placement.

 11. With the Kelley clamps in proper position on your chest 
tube, insert the tube through the chest wall defect using 
the distal clamp as a handle (Figs. 4 and 7). Aim the tip 
posteriorly and superiorly and hub to the distal Kelley 
clamp position only if you meet minimal resistance. The 
distal clamp should remain on the tip of the chest tube as 

Figure 6 Clamp skin dissection (Ahmad, S)
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far as possible to insure adequate trajectory of the chest 
tube. Rotating the chest tube 360° after the distal clamp 
has been removed can sometimes confirm adequate 
placement without intraparenchymal or fissured trajec-
tory. Note the depth of chest tube insertion here with the 
centimeter hash markings on the tube at the level of the 
distal Kelley clamp.

 12. If you wish to extract a sample of pleural fluid for labora-
tory studies, attach your syringe at the distal cut-off end of 
the tube and remove your Kelley clamp.

 13. Remove the white cap from the pleural evacuation collec-
tion chamber tubing and firmly connect to the cut-off dis-
tal end of your chest tube. Now remove your distal Kelley 
clamp if not already done. Be sure to hold your chest tube 
in position as the heavier collection tubing may exert trac-
tion and withdraw it.

 14. Suture your tube in place by running through your skin 
incision then wrapping around the tube. Leave enough of 
a tail to use to close the skin once the tube is removed.

 15. Apply the Vaseline gauze around the tube at the skin inci-
sion to limit air leaks.

 16. Place additional padded gauze sponges between the tube 
and the chest wall to gently direct it away from the patient 

Figure 7 Chest tube insertion with clamp (Ahmad, S)
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in a anterior/lateral fashion. Apply skin tape to secure the 
tube to the chest wall leaving a portion of mesentery that 
helps offset the tube from the wall. Avoid the flexible 
foam-type tape as it does not withstand tension off the 
skin very well.

 17. Apply the Zip ties or similar tube securing devices both 
proximal and distal to the plastic tree connector between 
the chest tube and the pleural fluid evacuation tubing.

 18. Obtain a chest radiograph to verify the correct position of 
your tube and successful drainage of air and/or fluid.

4  Pitfalls/Troubleshooting

 (a) Incorrect insertion site
If your skin incision and subsequent chest wall insertion 

site are too low, you could inadvertently pass the chest tube 
into the abdominal cavity through the diaphragm. This 
reinforces the need for proper anatomic landmarks prior 
to any incisions or thoracic cavity penetration. It is impera-
tive that your chest wall insertion defect is large enough to 
accommodate your finger which sweeps within the pleural 
cavity ensuring that you are in the chest and that the lung 
is not scarred and adhered to the chest wall. The latter may 
allow you to penetrate the lung parenchyma with your 
chest tube which could result in significant hemorrhage 
from laceration of a pulmonary arterial branch or in a sig-
nificant air leak from a distal bronchial injury.

 (b) Chest tube is in the chest wall but outside of the pleural 
cavity

This is most likely to occur within morbidly obese 
patients with significant soft tissue between your skin 
incision and their chest wall. One can avoid this mistake 
by enlarging your skin incision enough to accommodate 
enough fingers and your chest tube and allow more defin-
itive access to the chest wall defect. Once this is identified 
you are more likely to insert the chest tube and clamp 
into the pleural cavity through the defect rather than tun-
nel within the subcutaneous extra-thoracic space.
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 (c) Chest tube will not advance; i.e. sentinel hole not inside 
pleural cavity

This often occurs because the chest tube trajectory is 
into the lung parenchyma or a lobar fissure, producing 
resistance to further advancement. Do not force the tube 
into position. If you have properly estimated the depth of 
insertion prior to place your tube as suggested, you will 
know how deep the tube should lie. By placing the clamp 
at the appropriate position and angle on the tip of your 
tube, you can facilitate passage along the posterior-lateral 
chest wall and align the tube’s trajectory towards the apex. 
A larger skin incision may also allow you to pass your fin-
ger alongside the chest tube within the pleural cavity for 
additional guidance. Some providers will roll the chest 
tube along its long axis after the clamp is removed to 
ensure it is not lodged within a fissure as they advance it.
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1  Introduction

The heart is surrounded by visceral and parietal pericardium, 
normally <1 mm thick, and a small amount of fluid between 
the two layers of pericardium (15–30 cc). Cardiac tamponade 
is a life-threatening condition when excess fluid accumula-
tion compresses the cardiac chambers leading to impaired 
diastolic filling and hemodynamic compromise [1]. Rapid 
percutaneous fluid removal and decompression of the peri-
cardial space can be life-saving. In this chapter, we discuss a 
practical approach of pericardiocentesis.
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2  Indications

The two main indications for pericardiocentesis is for treat-
ment of cardiac tamponade, and evaluation of the etiology of 
pericardial fluid.

 (a) Cardiac tamponade

Cardiac tamponade is a clinical diagnosis defined by 
hemodynamic instability in patients with pericardial effusion. 
There are also specific echocardiographic criteria to assess 
cardiac tamponade such as diastolic collapse of the right ven-
tricle, respiratory variation of mitral and tricuspid inflow and 
dilation of inferior vena cava. Patients with hemodynamic 
instability or echocardiographic evidence of cardiac tampon-
ade should undergo an urgent drainage of the pericardial 
effusion to improve the cardiac filling and hemodynamic 
status. The threshold amount of pericardial effusion that 
causes tamponade physiology will depend on the acuity of 
the pericardial fluid accumulation and stiffness of the pericar-
dium. In patients with slow accumulation of pericardial fluid, 
the pericardial sac can stretch and accommodate large 
amounts of fluid (2 liters or more) before developing tam-
ponade physiology [2]. On the other hand, in patients with 
rapid accumulation of pericardial fluid such as bleeding due 
to coronary perforation, a small amount of effusion can cause 
tamponade physiology as there is little compensatory stretch-
ing of the pericardium.

 (b) Diagnostic pericardial fluid sampling

Although the etiology of pericardial effusion can be diag-
nosed without pericardial fluid analysis in some instances, 
patients with suspected bacterial, tuberculous, or malignant 
pericardial effusion require pericardiocentesis to make the 
diagnosis and to better tailor the treatment.
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3  Equipment

A pericardiocentesis kit typically includes the following 
(Fig. 1)

 (a) 18-gauge needle
 (b) 0.035 inch guidewire
 (c) Dilator
 (d) 6 or 8 French pigtail catheters
 (e) Plastic drainage bag
 (f) Local anesthetic
 (g) Three-way stopcock

In addition to the kit above, we often utilize the micro- 
puncture needle and the guidewire (Cook Medical, 
Bloomington, IN) (arrow). Micro-puncture needle is a 
21-gauge needle that allows for smaller puncture. A standard 
7  cm micro-puncture needle will often suffice for apical 
approach. For subxiphoid approach, 12  cm needle may be 
necessary depending on the patient’s body habitus. After 

Figure 1 Equipment required for pericardiocentesis
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inserting the micro-puncture sheath over a 0.018-inch guide-
wire, an 0.035-inch standard guidewire is advanced, and the 
pericardial drain is placed over this guidewire.

4  Technique/Methods

Pericardiocentesis is typically performed under fluoroscopic 
and echocardiographic guidance at cardiac catheterization 
laboratory or in a hybrid operating room [3]. While a pericar-
diocentesis at bedside using only anatomic landmarks can be 
performed, it is not performed unless it is an emergent situa-
tion, with a critically ill patient rapidly deteriorating from the 
effusion that cannot be safely transported to the cardiac 
catheterization laboratory [4].

There are three approaches that can be utilized. Although 
the subxiphoid approach has been the standard method, the 
apical approach has increasingly been used with echocardio-
graphic guidance. Parasternal approach can be used in 
patients who are not suitable for subxiphoid or apical 
approach, however, it is considered a third option for most 
operators.

Pre-procedural assessment with the echocardiogram is 
essential to locate the size and distribution of the pericardial 
effusion. The subcostal/subxiphoid view can identify the 
amount of effusion accessible by the subxiphoid approach, 
located anterior to the right ventricle. Whereas the apical 
four chamber view is often used to assess the depth and size 
of the effusion that is approachable from transapical approach.

Although most pericardial effusions can be treated with 
percutaneous drainage, surgical approach may be necessary 
in patients with posterior effusion, loculated effusions, recur-
rent effusion, or pericardial hematoma with clot formation.

 (a) Subxiphoid approach

The patient is positioned either in a wedge position at 
30–45° angle or supine position depending on the operator’s 
preference. The needle is inserted 1 cm below and 1 cm left to 
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the xiphoid process (Fig. 2), however this may be adjusted to 
be more inferior in patients with larger body habitus to 
ensure a 30–45° angle results in the needle passing immedi-
ately beneath the costal margin. The needle is typically 
directed toward the left mid-clavicular line at 30–45° angle to 
the skin. The needle is advanced with continuous aspiration 
and directed immediately to the inferior costal margin until 
the pericardium is pierced and fluid is aspirated [2]. To ensure 
that no debris in the needle prevents aspiration of fluid and 
to anesthetize the sensitive peri-costal space, we recommend 
intermittent aspiration and injection of 1% lidocaine. In addi-
tion, we recommend advancement of the needle at a fixed 
trajectory until the costal margin is felt, then the needle tip 
may be directed under the costal margin to ensure the needle 
does not puncture abdominal or thoracic structures. If no 
fluid is aspirated, the needle should be withdrawn and redi-
rected rather than redirected in the body where cardiac struc-
tures may be inadvertently lacerated. The direction of the 
needle can be assessed under fluoroscopic guidance using the 
heart border or using the ultrasound.

 (b) Apical approach

The patient is positioned either in a wedge position at 
30–45° angle or supine position depending on the location of 

a b

Figure 2 (a) Draping and preparation when performing subxiphoid 
approach. (b) Pericardial fluid is removed from the drain using a 
larger syringe
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fluid and operator’s preference. The cardiac apex is identified 
using the ultrasound. The apex typically is free of overlying 
lung tissue. In addition, as the cardiac apex lacks major coro-
naries, this approach has the lowest risk of damaging the 
coronary arteries. The needle is inserted at the cephalic bor-
der of the rib to avoid injury to the neurovascular bundle 
running along the lower border of the ribs (Fig.  3). This 
approach is ideally performed ensuring the ideal trajectory 
using ultrasound guidance. We recommend the same inter-
mittent aspiration technique as described above.

 (c) Parasternal approach

Parasternal approach is used within 1 cm lateral to the left 
sternal border with the needle entry angle of 90° over the 
cephalic border of the fifth or sixth intercostal space. To pre-
vent injury of the left internal mammary artery, lateral punc-
ture (greater than 1  cm) should be avoided. In selected 

a b

Figure 3 (a) The location of needle entrance in transapical approach. 
The upper and lower border of the rib is marked to avoid injury to 
the neurovascular bundle. The micro-puncture dilator is connected 
to pressure transducer prior to dilation, to confirm the catheter posi-
tion. (b) Pericardial fluid is removed
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situations, right parasternal puncture can be performed if the 
fluid is more accessible from the right side.

5  Management After Pericardiocentesis

The specimen is typically sent for cell count, gram stain, bac-
terial and fungal culture and cytology. Other tests such as 
AFB stain, mycobacterial culture, adenosine deaminase, PCR 
study for viral infections can be considered depending on the 
clinical context. However, it should be noted that Light’s cri-
teria that is typically applied for assessment of pleural fluid is 
not reliable in discerning exudative and transudative pericar-
dial fluid.

The drain is sutured in position (Fig. 4) and can be inter-
mittently aspirated or continuously drained to gravity. At our 
institution, the drain is left to gravity and kept in place until 
the drain output is less than 50 cc over 24-h period. After the 

Figure 4 The drain is secured in place using a “purse string suture”
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drain output has decreased, a limited echocardiogram is per-
formed to confirm the resolution of the pericardial effusion. 
If there is significant residual pericardial effusion, patient 
motion can be encouraged and drain position can be adjusted 
for better drainage unless the effusion is loculated.

6  Complications

With the use of fluoroscopic and echocardiographic guidance, 
the complication rate is 1–2% in experienced operators’ 
hands [3]. The operator should discuss the possible complica-
tions with the patient prior to the procedure.

The most serious and immediate complications of pericar-
diocentesis are myocardial puncture or laceration, vascular 
injury (coronary, intercostal, internal mammary or intra 
abdominal), pneumothorax, air embolism and arrhythmia [5]. 
Other complications include pneumomediastinum, pneumo-
pericardium, liver laceration and bowel injury in patients 
with hiatal hernia.

7  Tips to Avoid Complications

Laceration usually occurs when the angle of the needle is 
changed within the tissue. Therefore, it is important to with-
draw the needle close to the skin before the needle is redi-
rected. It is important for the operator to check the needle 
and the guidewire position prior to serial dilation and place-
ment of the catheter. There are multiple maneuvers to check 
the needle and guidewire position.

 (a) Check the guidewire position under fluoroscopy. Make 
sure that the guidewire is within the cardiac silhouette 
but does not follow the course of a specific cardiac cham-
ber (Fig. 5).

 (b) Connect the needle or micropuncture dilator to a pres-
sure line and measure the pressure. This will confirm the 

T. Hirai et al.



133

pericardial waveform and rule out the right ventricular 
waveform (Fig. 6).

 (c) Small gentle contrast injection under fluoroscopy.
 (d) Visualization of guidewire using ultrasound (Fig. 7).
 (e) Injection of agitated saline through the needle under 

ultrasound visualization.
 (f) Soak a gauge with a small amount of pericardial fluid. If 

the fluid is non-hemorrhagic, “halo-sign” will be seen. On 
the other hand, there will be no “halo-sign” if it is bloody 
effusion or if the fluid was aspirated from a cardiac cham-
ber (Fig. 8).

 (g) Connect the needle to the telemetry leads. Monitor for 
ST elevation which suggests the needle is touching the 
myocardium.

Figure 5 Guidewire position is within the cardiac silhouette but is 
not within any cardiac chamber

Pericardiocentesis



134

It is recommended for the operator to confirm the needle 
and guidewire position with at least two different methods 
before committing to dilation of the tract. Usually, even if the 
needle and/or wire is in a cardiac chamber and not in the 
pericardial space, bleeding and perforations rarely occur if 
you simply remove the needle and/or wire and re-attempt 
placement in the pericardial space. At our institution, the 

Figure 6 Pericardial pressure tracing pre and post pericardiocen-
tesis
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position is typically confirmed using fluoroscopy and by 
obtaining the pressure waveform. If despite the above pre-
cautions are taken, the dilator or pigtail is inserted into a 

Figure 7 Guidewire position (arrows) confirmed by the echocar-
diogram

a b

Figure 8 (a) “halo sign” seen in patients with non-hemorrhagic 
pericardial effusion. (b) Hemorrhagic pericardial effusion without a 
“halo sign”
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cardiac chamber (typically right ventricle, rarely the right 
atrium or left ventricle), it is important not to remove the 
catheter to prevent further bleeding. The catheter should be 
kept inside and percutaneous closure using a ductal occluder 
device or surgical repair should be considered.
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1  Introduction

Abdominal paracentesis, synonymous with peritoneal tap or 
ascitic tap, is a routinely performed bedside procedure involv-
ing removal of peritoneal fluid from the peritoneal cavity 
using a needle for diagnostic and/or therapeutic purposes [1]. 
Normally the peritoneal cavity contains about 20 mL of fluid 
which is primarily secreted by the cells lining the visceral 
layer of the peritoneum. It helps in achieving frictionless 
motility of the bowels during peristalsis. Excess accumulation 
of this fluid is known as ascites [2]. Abdominal paracentesis is 
usually a safe and effective way to determine the cause of 
ascites and is performed by the physician at the bedside or by 
a radiologist in a radiology suite with ultrasound guidance [3]. 
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Physical exam-based detection of ascites followed by inser-
tion of a needle to drain the fluid can also be performed 
without using ultrasound assistance.

The collected ascitic fluid is evaluated for biochemical 
analysis, cytological contents, and microbiological organisms. 
These include cell counts with differential, gram stain and 
culture, albumin level, total protein level, lactate dehydroge-
nase level, glucose level, amylase level, flow cytometric analy-
sis and various other tests [4, 5]. Serum-to-ascites albumin 
gradient (SAAG) obtained by the subtraction of ascites albu-
min concentration from serum albumin concentration helps 
to determine if ascites is driven by portal hypertension or not. 
When the SAAG is ≥1.1 g/dL it is suggestive of portal hyper-
tension [6]. The result of this analysis helps in diagnosing vari-
ous conditions and illnesses.

2  Indications for Abdominal Paracentesis

The American association for the study of liver diseases 
(AASLD) is a leading organization of scientists and health care 
professionals working towards preventing and curing various 
liver diseases. AASLD provides practice guidelines which are 
evidence based and updated regularly by a panel of experts in 
hepatology. This includes recommendations regarding pre-
ferred approaches in diagnostic, therapeutic, and preventive 
aspects of medical care for individuals with liver diseases. The 
European association for the study of the liver (EASL) is also 
a key facilitator of excellence in liver research and liver-related 
clinical care. They assist physicians and healthcare providers 
with a range of state-of-the-art approaches for the diagnosis 
and treatment of liver diseases (Fig. 1).

Based on the current guidelines and recommendations 
provided by AASLD and EASL, the following are the com-
mon indications for paracentesis [4, 7].

 1. Evaluation of new onset ascites: AASLD recommends 
diagnostic abdominal paracentesis for all patients with 
new-onset ascites. This should help with providing infor-
mation regarding the etiology and guide further manage-
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ment of these patients by calculating the SAAG.  Fluid 
accumulation due to portal hypertension can be readily 
differentiated from fluid accumulation due to other causes.

 2. Hospitalized patients with ascites: Initial assessment must 
be made for all patients admitted to the hospital with cir-
rhosis associated ascites or new onset ascites. The rationale 
behind performing a paracentesis procedure in cirrhotic 
patients admitted to the hospital is mainly to assess sponta-
neous bacterial peritonitis (SBP). SBP is thought to be a 
leading cause of death in patients with chronic liver disease 
who have developed ascites. It is advisable to obtain an 
ascitic fluid sample for fluid analysis and culture before 
administration of antibiotics.

 3. Patients with ascites and signs and symptoms of infection: 
The ascitic fluid must be assessed for cell counts and sent 
for culture and sensitivity testing, since appropriate antibi-
otic treatment is necessary for treating patients with peri-
tonitis. A clinical diagnosis of peritonitis or the absence of 
it should be confirmed with fluid analysis.

 4. Patients who have had a paracentesis and subsequently 
develop signs and symptoms suggestive of infection, such 
as:

• Fever
• Leukocytosis

Patient with
ascites

New onset
ascites

All hospitalized
patients admitted

with ascites

All patients with ascites
and signs and 

symtoms of infection

Patients who have had a
paracentesis and subsequently
develop signs and symptoms

suggestive of infection

No major
contraindcations

(DIC)

Proceed with
paracentesis

Figure 1 Decision making tree to determine the need for paracen-
tesis among patients who present with ascites

Paracentesis



140

• Abdominal pain or tenderness
• Findings on physical examination suggestive of perito-

nitis: Inspection showing reduced movement of abdom-
inal muscles (silent abdomen), diffuse abdominal 
tenderness with voluntary or involuntary guarding and 
rigidity.

• Increased volume of ascites (on physical exam or radio-
logic studies)

• Unexplained encephalopathy
• Deteriorating liver function
• Acute kidney injury

 5. Therapeutic relief of symptoms in patients with refractory 
ascites, ascites causing respiratory distress or abdominal 
discomfort from ascites [8, 9].

Paracentesis is generally considered to be a safe proce-
dure, but it is recommended for the provider to discuss its 
risks and benefits with the patient, in order for the patient 
to make an informed decision and give consent for the pro-
cedure [5, 10].

3  Contraindications

 1. Absolute contraindications

 (a) Disseminated Intravascular Coagulation (DIC)
 (b) Acute abdomen requiring immediate intervention

 2. Relative contraindications:

 (a) Uncooperative patient
 (b) Cellulitis of the abdominal wall
 (c) Distended bowel
 (d) Distended bladder
 (e) Pregnancy
 (f) Abdominal surgeries on the abdomen with intra- 

abdominal adhesions [11]

Individuals with acute liver failure or cirrhosis, tend to 
develop thrombocytopenia and coagulopathy which increases 
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the risk of bleeding secondary to procedures. Studies have 
shown that major bleeding after paracentesis is quite rare 
despite thrombocytopenia or elevation in the international 
normalized ratio (INR). One such study included 612 patients 
who underwent large volume paracentesis having a platelet 
count of less than 50,000/μL but showed no major bleeding 
complications. There is no indication for routine use of blood 
products such as platelet concentrates or fresh frozen plasma 
in patients with such liver diseases [12].

4  Steps Involved in Performing Abdominal 
Paracentesis

The steps involved in performing bed-side paracentesis using 
ultrasound guidance have been detailed below.

 1. Preparation:

 (a) Informed written consent: The consent should be 
obtained after a detailed discussion with the patient 
about potential risks and benefits of the procedure, 
including alternative techniques for performing para-
centesis. The written consent should include the indi-
cation, benefits and potential risks associated with the 
procedure.

 (b) Patients should be asked to urinate if necessary, in 
order to empty the urinary bladder prior to 
procedure.

 (c) An additional assistant must be present to assist with 
the procedure once the individual performing the pro-
cedure has worn sterile gloves [13].

 2. Patient positioning and identifying the site of needle 
puncture:

 (a) The patient is asked to lie down in a supine position.
 (b) The head-end of the bed is elevated to 30–45°.
 (c) To determine the site of paracentesis, percussion of the 

abdominal wall is performed to find the point of maxi-
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mal dullness, usually sites of paracentesis include over 
the midline about 2 cm inferior to the umbilicus, right 
or left lower quadrant 2–3 cm lateral to the anterior 
rectus muscle avoiding the collateral vessels which run 
bilaterally close to the midline. One can also use the 
anatomical landmark by marking a site that is 3  cm 
medial and 3 cm cephalad to the anterior superior iliac 
spine as a point of reference. A bedside ultrasound 
machine, if available, is used to accurately identify 
prominent fluid pockets (Fig. 2).

 (d) Once the site is chosen, a skin marker is used to mark 
the point of entry, usually with an ‘X’ mark. While 
identifying the site of puncture, abdominal wall vessels 
and previous surgical scars should be avoided.

 3. Skin preparation:
Universal precautions are to be followed while per-

forming the procedure. Initially the needle entry point on 

Choosing the right
paracentesis

needle

Diagnostic? No

No

Yes

Yes

Use a 20-50ml
syringe Therapeutic

Large
volume

>6L

Caldwell 
needle (faster 
and effective)

Send fluid for
analysis

Angiocath
procedure

Figure 2 Algorithm to help choose the correct needle for paracen-
tesis
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the skin is sterilized using iodine, chlorhexidine, or ethanol. 
A drape is then used to form a sterile field around the 
marked site on the abdominal wall.

 4. Equipment selection:

 (a) Paracentesis kit (commercially available kits)
 (b) Iodine, chlorhexidine, or ethanol wipes
 (c) Skin marker
 (d) Sterile gloves
 (e) Sterile gauze (4×4 inches size)
 (f) Sterile drape with a central clearing
 (g) Sterile syringes (5  mL syringe for local anesthesia, 

20 mL syringe for diagnostic paracentesis)
 (h) Needles

• 18 gauge needle to draw the anesthetic solution
• 25 or 27 gauge and 1.5 inch long needle for admin-

istering local anesthetic
• 18 gauge and 1.5–3.5 inch long needle for 

paracentesis

 (i) 1% or 2% lidocaine 10 mL solution, with or without 
epinephrine

 (j) #11 blade scalpel
 (k) Face mask
 (l) Two blood culture bottles (one for aerobic and the 

other for anaerobic culture)
 (m) Red-top tube and purple-top EDTA tube (for lab 

work)
 (n) Multiple 1–2 L vacuum bottles, if therapeutic paracen-

tesis is performed
 (o) 3-way stopcock
 (p) Non-collapsible tubing for therapeutic paracentesis

 5. Choosing the paracentesis needle: (Fig. 3)

 (a) Diagnostic paracentesis: Use a 20 to 50  mL syringe 
with an 18 gauge needle. A 1.5 to 3-inch long needle 
can be utilized to perform the paracentesis.

 (b) Therapeutic paracentesis: The two commonly used 
needles include the Caldwell needle and angiocath 
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needle. The Caldwell needle is preferred for large vol-
ume paracentesis due to its larger bore size which 
facilitates faster drainage of ascitic fluid [14].

 6. Anesthetizing the entry site:
After reconfirming the point of entry using the bedside 

ultrasound, the skin around the marked area ‘X’ is anesthe-

Epigastric vessels

3.

1.

2.

Figure 3 Surface anatomical landmarks over the abdomen and sites 
of needle entry during paracentesis. Site 1 represents the location for 
needle entry in the midline over the linea alba, Sites 2 & 3 represent 
the locations for needle entry in the traditional lateral approach 
technique
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tized using lidocaine solution, a 5  mL syringe, and a 
1.5-inch-long needle; to infiltrate the skin and subcutane-
ous tissue. The needle is inserted into the skin using small 
increments of 3 to 4 mm. The plunger must be withdrawn 
before advancement to ensure the needle hasn’t traversed 
a blood vessel or a superficial vein. Then the skin and sub-
cutaneous tissue is carefully infiltrated with the local anes-
thetic while ensuring there is no active bleeding [15].

 7. Paracentesis needle insertion:

 (a) A scalpel blade is used to create a small nick of 0.5 cm 
depth over the anesthetized skin and subcutaneous tis-
sue, to ensure adequate space for the larger bore para-
centesis needle to enter the peritoneal cavity. Avoid 
making larger nicks to minimize leakage of ascitic fluid 
post-procedure.

 (b) The paracentesis needle should be inserted into the 
previously anesthetized skin using the Z-track tech-
nique. This technique ensures minimal leakage of 
ascitic fluid after the procedure is completed.

 (c) The Z-track technique is performed as follows: (Fig. 4)

 (i) The first step involves applying superficial traction 
on the skin using a gloved hand while avoiding 
displacement of deeper abdominal tissues. Gauze 
pads can be used to create this traction and usu-
ally 1.5–2 cm traction of the skin is adequate.

Skin entry site

Parietal peritoneum
entry site

Traction of the skin

Figure 4 Anatomical description of layers of abdominal wall and 
needle insertion during paracentesis
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 (ii) Using the other gloved hand, insert the 3.5 inch 
needle through the abdominal wall while continu-
ing to apply traction to the skin. The dominant 
hand is preferably used to insert the needle to 
apply graded and appropriate amount of 
pressure.

 (iii) Gently advance the needle while constantly aspi-
rating to look for any ascitic fluid return during 
the process. Generally, the proceduralist will expe-
rience a letting go sensation or a ‘pop’ as the nee-
dle penetrates the parietal peritoneum and enters 
the abdominal cavity. At this point the skin trac-
tion can be released, which allows the skin to slip 
back into its original position, this provides a seal 
to reduce the likelihood of post-procedure fluid 
leak.

Alternatively, to the Z-track technique, an 
angular mode of entry can be used to enter the 
peritoneal cavity. This involves entering the 
abdominal wall by inserting the needle at an angle 
rather than perpendicular to the skin to prevent 
leakage of fluid after procedure.

 (d) Advance the needle slowly, while gently aspirating the 
syringe with every advancement to look for fluid return 
into the syringe. The ultrasound probe can be used to 
direct the needle towards the pocket of fluid.

 (e) Once the needle has entered the peritoneal cavity, the 
bedside ultrasound can be used to confirm the location 
of needle. If the plan is to proceed with a large volume 
paracentesis, 25 to 50  mL of fluid should be initially 
obtained for fluid analysis at this time by withdrawing 
the fluid into the syringe connected to the needle.

 (f) If the flow of fluid gets interrupted or there is difficulty 
in withdrawing fluid, it is possible that the omentum or 
bowel wall has been suctioned into the bevel of the 
needle. At this point, the needle must be slightly 
 withdrawn, twisted, and reinserted at small increments 
to advance into a pocket of free fluid.
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 (g) For large volume paracentesis, the catheter that is over 
the needle is held in place while the needle is 
withdrawn.

 (h) The catheter is then connected to the vacuum bottle 
with the tubing and placed at a level lower than the 
patient’s abdomen to facilitate fluid drainage with 
gravity.

 (i) During large volume paracentesis, it is advised to moni-
tor the vitals of the patient at regular intervals. If more 
than 5 liters of fluid is removed, then it is recommended 
to infuse 10  g of albumin per liter of aspirated fluid. 
This is critical especially in case of cirrhotics who can 
develop hepato-renal syndrome following large vol-
ume paracentesis.

 (j) Once the required amount of fluid has been aspirated, 
the needle must be withdrawn from the abdominal cav-
ity in a rapid swift motion, while holding a 4×4 gauze 
piece at the site of needle entry. The gauze piece should 
be is held in place with constant pressure for 2 to 3 min.

 (k) A pressure dressing with tape is then applied over the 
puncture site.

 (l) Monitor for any further bleeding or fluid leak at the 
site for the next few minutes [16–18].

5  Analyzing Peritoneal Fluid

The peritoneal fluid obtained during the paracentesis is sent 
for the following analysis:

• Gram stain and culture
• Cell count with differential
• Fluid albumin
• Glucose level
• Lactate dehydrogenase (LDH) level
• Amylase level (if indicated)
• Bilirubin level (if indicated)
• Triglyceride level (if indicated)
• Cell cytology for ruling out malignancy (if indicated)
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• Acid-fast bacilli (AFB) stain (if indicated)

Concomitantly, blood is drawn to obtain the following 
parameters:

• Serum chemistry
• Serum albumin
• Serum LDH

The results from fluid analysis can help in diagnosing vari-
ous conditions, some of these interpretations have been listed 
below.

• Ascitic neutrophil count of >250 cells/μL is diagnostic of 
SBP. (Remember to subtract 1 neutrophil for every 250 red 
blood cells counted in the ascitic fluid)

• A SAAG of ≥1.1 is suggestive of portal hypertension, 
which usually occurs secondary to liver cirrhosis.

• When the fluid has a high amylase level of >200 IU/L, it 
suggests pancreatic inflammation causing leakage of pan-
creatic enzymes into the peritoneal space.

• Triglycerides of >200 mg/dL is suggestive of chylous asci-
tes, which can occur due to injury to major lymphatic ducts.

• Often bloody ascitic fluid tap is thought to be secondary to 
malignancy, sometimes malignant cells maybe identified 
on flow cytometry.

• AFB positive bacilli seen on fluid microscopy is pathog-
nomonic of Mycobacterium tuberculosis associated asci-
tes [19].

6  Complications

Paracentesis is generally considered to be a safe procedure 
but just like any invasive medical procedure it can be associ-
ated with complications.

 1. Bleeding: Insertion of needle or angiocath can cause injury 
to a blood vessel, leading to hemoperitoneum. Depending 
on the severity of bleed it can be managed with watchful 
waiting, angiographic embolization, or laparotomy. Packed 
red blood cells can be transfused if hemoglobin level sig-
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nificantly decreases. In cases where platelet counts are low 
or if the patient is coagulopathic; platelet concentrates or 
fresh frozen plasma can be transfused, respectively. Case 
reports have been described in patients with acute on 
chronic liver disease or in patients with cirrhosis where 
splenic injury and subsequent splenic hematoma was 
noted. Rarely abdominal wall hematomas resulting in 
shock has been reported.

 2. Ascitic fluid leakage: This is the most common complica-
tion associated with paracentesis and can take up to a few 
hours or sometimes few days to resolve by spontaneous 
healing of the needle tract created during the procedure. A 
colostomy bag is sometimes placed at the site to quantify 
the amount of fluid collected. The skin around the leak 
should be kept clean and dry to prevent skin irritation.

 3. Bowel perforation: It is a rare complication and usually 
seals by itself without any active intervention. Monitor the 
patient closely and watch for any signs of peritonitis such 
as fever, chills, leukocytosis, and abdominal pain or tender-
ness. Broad spectrum antibiotics are generally adminis-
tered for a period of 1 to 2 weeks.

 4. Hypotension: This may develop during or soon after the 
procedure, but it tends to be transient and occurs due to 
shifting of fluids from vascular space as result of loss of 
fluid from the third space. Albumin infusion is recom-
mended for large volume paracentesis.

 5. Infection: This is a rare complication noted in a minute 
number of patients who undergo paracentesis. Intra- 
abdominal infection is extremely rare while skin infections 
and cellulitis may be seen in cases where sterile techniques 
are not adopted. This can be minimized by following uni-
versal precautions and using sterile equipment during the 
procedure.

 6. Acute kidney injury: With large volume paracentesis when 
>10 liters of fluid is removed, it has been shown to cause 
 hypotension especially when albumin is not infused. 
Hepatorenal syndrome is another possible complication 
noted in case reports as a result of large volume paracente-
sis due to splanchnic vasoconstriction.
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7  Types of Kits Available

There are various commercially available paracentesis kits 
that contain the required equipment for paracentesis. If a 
large volume paracentesis is being planned, then a pre- 
assembled paracentesis kit is convenient instead of gathering 
individual equipment. In case a diagnostic tap is being per-
formed and the aim is to obtain a small volume of ascitic 
fluid, then individual items can be gathered for 
cost-effectiveness.

The paracentesis kits that are widely used are the ‘safety 
paracentesis kits’ without much difference between various 
commercial brands. The availability of kits may vary depend-
ing on cost and facility of medical practice. Kits may not 
contain items such as sterile gloves, gown, bouffant, face 
masks or shield and these may need to be collected sepa-
rately. Blood culture bottles should be arranged for if ascitic 
fluid is to be collected and sent for culture and sensitivity 
testing. The culture bottles are inoculated first when ascitic 
fluid is initially collected during the procedure, this decreases 
the risk of iatrogenic contamination by commensal 
organisms.

If performing a diagnostic tap when a small volume of 
fluid is collected, then only the following pieces of equipment 
are required [20].

• Drape
• Sterile gauze
• Betadine or alcohol based sterilizing agent/swab
• 10 mL syringe
• 18 gauge needle
• 1% lidocaine
• Tape

Some examples of commercially available kits include the 
Avanos, Arrow (Figs.  5 and 6), Haylard, GI supply, and 
Renova RP system. An advantage of the Renova RP system 
is that it contains a portable device into which the ascitic fluid 
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drains and it abates the need for bottles [21]. The portable 
system contains two bags into which the fluid drains and it 
prevents interruption that occurs when a bottle is at capacity 
and needs to be exchanged for a new one. The system allows 
for controlled rate of fluid removal which may improve toler-
ability for the patients [22].

8  Pitfalls of Paracentesis

Paracentesis is a bedside procedure and is generally consid-
ered to be safe. But there are potential challenges that may 
arise while performing the procedure.

 1. Difficulty in localizing the fluid pocket: In obese patients, 
the percussion method may not provide the most accurate 
localization of a fluid pocket. Physical examination may be 
hindered by body habitus or overlying bowel loops or 

Figure 5 The Arrow large volume safety paracentesis kit. This is a 
pre- assembled kit that contains all the necessary equipment to per-
form a paracentesis other than the protective wear for the operator
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organs. In general, an ultrasound should be used in order to 
identify the maximal sized fluid pocket for the safe aspira-
tion of ascitic fluid.

 2. Injecting local anesthetic: A skin wheal should be created 
at a planned skin entry site by injecting the local anesthetic 
solution using a narrow-gauge needle. The needle should 
be parallel to the skin instead of being perpendicular or at 
a large angle to help create the wheal. Once the wheal is 
created the needle is pulled out then reinserted in a per-
pendicular fashion to inject the solution along the pro-
posed tract of paracentesis needle insertion. If the local 
anesthetic solution is not injected appropriately then the 
patient will experience pain during the procedure and lead 
to poor tolerance and early termination of procedure.

 3. Lack of aspiration of fluid: When the paracentesis needle is 
being inserted, a constant suction on the syringe is main-
tained to detect the ascitic fluid as soon as the abdominal 

Figure 6 Sample cover of the Arrow paracentesis kit with its listed 
contents
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cavity is entered. Sometimes even after complete insertion 
of the needle there may not be any fluid aspirated into the 
syringe. This usually occurs due to angle of insertion of the 
needle, incorrect localization of fluid pocket or bowel loops 
obstructing the flow. Repositioning the needle and with-
drawing slightly can help overcome this challenge. Ideally 
ultrasound can be used to accurately advance the needle 
tip into the peritoneal cavity.

 4. Cessation of flow of ascitic fluid: The ascitic fluid flow rate 
may sometimes spontaneously decrease or completely 
subside, in such cases, try to reposition the catheter by 
withdrawing slightly and/or reposition the patient so that 
the fluid shifts into the area where the tip of the catheter is 
located. As the fluid pocket decreases in size, the rate of 
fluid collected will decrease. The flow may stop if the fluid 
pocket is drained completely, loops of bowel have 
obstructed fluid flow, premature removal of the catheter or 
kinking of the tubing. At times, the catheter tip can be 
blocked by formation of a blood clot from the blood that 
enters the catheter when the needle/catheter is initially 
inserted. At that point, one has no choice but to remove the 
catheter and use a new needle/catheter to be re-inserted 
into the existing tract. Prior to insertion, use an ultrasound 
to confirm that there is still an adequate amount of fluid 
remaining. Avoid inserting in a different site if possible. 
Less commonly, the stopcock may not be turned in the 
proper direction and this will prevent flow of ascitic fluid. 
Be mindful of this occurring when a new bottle is being 
exchanged for one that is full, during which the stopcock is 
operated to stop or direct the flow of fluid.

 5. Post-procedural ascitic fluid leak: This most commonly 
occurs due to insertion of a needle using improper Z-track 
technique or not using the technique at all. It can also 
occur when there is tense ascites and a small volume of 
ascitic fluid is collected for diagnostic purposes. Applying 
pressure dressing can prevent leakage but, in some cases 
when the leakage continues, a colostomy bag is applied at 
the site to measure the collected fluid and to protect the 
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surrounding skin. The fluid eventually stops leaking in 
most cases in hours to a few days. If the leakage is constant 
and prominent then a surgical suture can be applied at the 
site of leakage.
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1  Introduction

Lumbar puncture is a routine procedure performed as a diag-
nostic tool and/or as a therapeutic application for certain 
treatment protocols. Understanding the various approaches 
and techniques increases the likelihood of a successful lum-
bar puncture. This review discusses the origin of the lumbar 
puncture, approaches to patient positioning, differences in 
needle variants, use of imaging guidance, and complications 
related to the procedure. Lumbar puncture was first per-
formed in 1890 by Heinrich Ireneo Quincke when he inserted 
a needle between the third and fourth lumbar vertebra to 
collect the cerebrospinal fluid (CSF) from a 21-month-old 
child in a coma from suspected tuberculous meningitis [1]. 
This concept, with procedural improvements, continues to be 
the method of choice for collecting CSF samples, as well as 
obtaining measurements of intrathecal pressure, intrathecal 
drug administration, myelography, and spinal anesthesia [2].
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While many experienced practitioners can perform lumbar 
punctures at the patient’s bedside, not all patients are candi-
dates. Traditionally, locating both of the patient’s iliac crests by 
palpation and drawing an imaginary line, called Tuffier’s line, 
which crosses the L4-L5 joint space, can be used when 
attempting a blind puncture [3]. When patient body habitus 
prevents clinicians from palpating bony landmarks, an image-
guided approach to view spinal anatomy can be used [4]. The 
path of the needle can be visualized and controlled with fluo-
roscopy, computed tomography, or ultrasound. This decreases 
puncture attempts and redirection of the needle, as well as the 
number of traumatic or failed attempts, especially in patients 
with a larger body mass index [5]. In fact these patients should 
be directly referred to diagnostic imaging for fluoroscopy 
guidance to ensure a successful attempt [4].

2  Indications

• Diagnostic lumbar punctures were traditionally performed 
to obtain CSF for laboratory testing and analysis in 
patients suspected to have meningitis, however in recent 
years lumbar punctures are performed to diagnose a wide 
range of autoimmune, degenerative, and neoplastic dis-
eases [6]. A lumbar puncture is often ordered when 
patients present with vision changes, papillary edema, 
headache, altered mental status etc.

• A therapeutic lumbar puncture is performed in patients 
suspected to have an overproduction of spinal fluid result-
ing in intracranial hypertension, to accurately measure the 
CSF pressure, and subsequently drain fluid to relieve 
symptoms [7].

• A lumbar puncture is also used to administer medications 
within the intrathecal space.

 – Certain radiopaque contrast media can be injected, usu-
ally under image guidance, in order to better visualize 
the spinal cord and spinal nerves for any signs of nerve 
impingement but can also be used to evaluate for CSF 
leak if there is cause for perforation or rupture in the 
dura mater.
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 – Chemotherapy agents, such as Methotrexate or 
Cytarabine, can also be injected into the intrathecal space 
for treatment of Acute Lymphoblastic Leukemia, Burkitt 
Lymphoma/Leukemia, or Lymphoblastic Lymphoma [8].

 – A test bolus of Baclofen is injected into the intrathecal 
space in patients with spinal spasticity or patients with 
spinal cord injury to assess for symptom improvement. 
Depending on the results, the patient may be a candi-
date for an intrathecal baclofen pump [9].

 – Spinraza is an FDA approved treatment in patients with 
Spinal Muscle Atrophy and is injected into the intrathe-
cal space with 4 loading doses over the course of 
2 months and maintenance doses every 4 months there-
after [10].

3  Contraindications

Lumbar punctures are contraindicated in patients with 
increased intracranial pressure at the risk of cerebellar tonsil-
lar herniation, in patients with a platelet count below 
50×109/L, skin infection/rash in the area of needle placement 
[7, 11]. Image guided lumbar punctures involving ionizing 
radiation, such as fluoroscopy or computed tomography 
(CT), are contraindicated in women who are pregnant [4].

4  Anatomy, Positioning, and Needle 
Location

4.1  Anatomy

From superficial to deep the needle traverses the following 
layers prior to entry into the thecal space.

• Skin.
• Subcutaneous tissue- made up of adipose, connective tis-

sue, and blood vessels.
• Ligamentum Flavum- band of tissue connecting the ante-

rior aspects of adjacent lamina and helps to maintain 
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upright posture [12]. This is the site where the performing 
practitioner may feel a “pop” as the needle passes through 
the ligament and into the epidural space. This sensation is 
appreciated at a higher rate when an atraumatic needle is 
used, whereas the traumatic needle cuts through the tissue 
and the sensation is appreciated at a lesser rate.

• Epidural Space- the area superficial to the dura, contains 
fat and small blood vessels. This area is accessed for epi-
dural anesthesia and epidural blood patches [12].

• Dura Mater- the outer tough layer that covers the arach-
noid membrane, below which is the subarachnoid space 
containing CSF [12].

4.2  Position Techniques

When performing a lumbar puncture, the patient can be sit-
ting, prone, or in the lateral decubitus position, depending on 
the patient’s ability and cooperation. When measuring cere-
brospinal fluid pressure, the lateral decubitus position is the 
most accurate [1, 2]. When positioning for an image-guided 
approach with fluoroscopy or computed tomography, the 
patient is prone when possible [5].

4.3  Spine Level Location

The L3–L4 and L4–L5 interspinous spaces, below the level 
of the conus medullaris are the usual locations chosen for 
needle puncture [3, 13, 14]. For individuals receiving multi-
ple lumbar punctures (e.g., patients receiving scheduled 
intrathecal injections), alternating the level of injections is 
considered good practice to allow for tissue healing.

Lumbar puncture kit (Fig.  1): Basic lumbar puncture kit 
should include all the things as mentioned in the kit.
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5  Needle Variants

5.1  Needle Type

Two types of needles could be employed- traumatic and 
atraumatic [15]. The Quincke needle is a traumatic needle 
because of the sharp cutting tip. This allows for easier needle 
direction when advancing through the tissue, but increases 
the risk of developing a post lumbar puncture headache [16]. 
The Whittacre needle is an atraumatic needle and has a 
pencil- point or cone-shaped tip. These needles have a hole 
located near the distal tip on the side of the shaft, and are 
more difficult to advance through tissue [15]. The benefit of 

Figure 1 LP/Myelogram Sterile Tray: 1. Sterile Drapes/Towels, 2. 
Sterile 4″ by 4″ or 2″ by 2″ gauze, 3. Betadine prep solution with prep 
sponges, 4. Lumbar puncture kit with sterile test tubes, 5. Sterile 
marking pen, 6. Sterile labels, 7. Sterile bandage, 8. Radiopaque 
marking device, 9. Sterile drainage tubing, 10. Sterile manometer, 11. 
Spinal needle with size as needed for procedure, 12. 1% lidocaine for 
local anesthesia, 13. Empty syringe with blunt fill needle if perform-
ing myelography
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using an atraumatic needle is decreasing the risk of the 
patient developing a post procedure headache [1]. Most stan-
dard pre-packaged lumbar puncture kits come with a cutting 
needle to be exchanged for an atraumatic needle if the clini-
cian chooses to do so [1]. Despite data to suggest benefit to 
the use of atraumatic needles when performing lumbar punc-
tures, very few physicians regularly choose atraumatic nee-
dles likely due to lack of training and needle availability [17].

5.2  Needle Gauge

The general recommendation is to use needles that are at least 
22-gauge. Available data suggests use of larger size needles 
increase the chances of developing a post-procedure head-
ache [2, 15, 18]. The use of a smaller gauge needle, such as a 22 
or 25-gauge, albeit safer, will decrease the rate at which fluid 
is collected, and thereby increase the total procedure time.

6  Imaging Guided

6.1  Ultrasound Guidance

Ultrasound guidance and mapping of anatomical landmarks 
can be used to assist lumbar puncture [18]. This is currently 
the only alternative to image assisted lumbar punctures for 
patients with contraindications for ionizing radiation (e.g., 
pregnancy). Ultrasound has demonstrated the ability to pro-
duce reliable and accurate depictions of the lumbar spine 
anatomy, especially deep within subcutaneous tissues [19]. 
Although there are some studies supporting the use of ultra-
sound guidance in the clinic or emergency room, it is still not 
very widely used to guide a lumbar puncture [3].

6.2  Fluoroscopy Guidance (Fig. 2)

Direct visualization of the needle with intermittent fluoros-
copy during lumbar puncture, ensures a high level of success. 
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Figure 2 Technique for lumbar puncture
Step 1: The posterior lumbar spine region is prepped with betadine 
solution and draped with sterile drapes or towels
Step 2: Spot fluoroscopic image of interlaminar space (white arrow-
head) as target for lumbar puncture. The black arrows show the 
lamina. The white arrows correspond to pedicles
Step 3: Under fluoroscopic guidance, the interlaminar space (+) is 
identified with a radio-opaque marker
Step 4: 1% lidocaine is administered in the skin and subcutaneous 
structure for local anesthesia
Step 5: Initial Needle Placement: Fluoroscopy is used to localize skin 
entry point
Step 6: Once skin entry point has been localized, puncture the skin 
and position the needle so it is parallel with the fluoroscopy beam. 
Advance the needle into the thecal sac
Step 7: Once in the thecal sac, remove the stylette and free flow of 
CSF should be seen
Step 8: Once intrathecal access has been obtained, connection tub-
ing can be attached to the needle for CSF drainage. Mediations can 
be injected with via tubing or injecting straight into the needle. 
Replace stylette and remove needle when completed
Step 9: Once complete, clean skin prep solution from patient’s back 
and place sterile bandage over puncture site

Step 1

Step 3

Step 2
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Step 4

Step 5

Step 6Step 6

Step 7

Figure 2 (continued)
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It is the most commonly used method for guidance after a 
failed blind attempt [4]. Despite using ionizing radiation, 
fluoroscopic- guided technique to access the thecal sac is safer 
and more successful than blind attempts [5]. An attempt 
should be made to reduce patient dose with protective shield-
ing unless the anatomy of interest would be obscured. 
Likewise, any staff in the room during a radiographic guided 
attempt should also use personal protective shielding to 
reduce occupational radiation exposure.

6.3  CT Guidance

The use of CT for guided lumbar puncture offers the benefit 
of an anatomical map with complete visualization of the the-
cal sac, layers of soft tissue, and nearby bony structures to 

Step 8

Step 9

Figure 2 (continued)
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assist the clinician advance the needle tip with millimeter 
accuracy directly into the sac [5]. The downside to using CT 
for guidance is the increased cost involved and the lack of 
ability to obtain various angulations (that could be per-
formed by fluoroscopic guidance), especially in elderly peo-
ple to move the hypertrophic spinous processes and lamina 
off the needle trajectory.

7  Complications

7.1  Intrathecal Lidocaine

During the initial lidocaine injection, the performing practi-
tioner must be constantly aware of the depth at which the 
subcutaneous lidocaine is being injected. While it is necessary 
to adequately anesthetize the surrounding superficial tissue, 
there is a risk of inadvertently injecting lidocaine into the 
intrathecal space which could result in transient loss of sensa-
tion and power in the lower extremities.

7.2  Epidural Hematoma

Patients with underlying coagulopathy or on anticoagulation 
that has not been adequately reversed, are at an increased 
risk of developing an epidural/subarachnoid hematoma after 
a lumbar puncture procedure. The hematoma could create 
mass effect and impinge on the spinal cord or spinal nerves, 
possibly warranting urgent decompressive surgery [20].

7.3  Infection

Inadequate skin preparation or inadvertently contaminating 
the sterile field could result in infection. Special consider-
ation is needed when selecting an antiseptic for lumbar punc-
ture procedure. Chlorhexidine is contraindicated for lumbar 
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punctures and neurosurgical procedures, as it is neurotoxic 
and should not be introduced into the cerebrospinal fluid. 
Ideally, utilizing a povidone-iodine solution is recommended, 
unless contraindicated (due to allergy or adverse reaction). 
Iopropyl alcohol (60–90% concentration) is recommended if 
the patient is unable to tolerate an iodine-based solution, 
however alcohol is flammable and extra precautions must be 
taken to prevent injury [21]. Introducing a contaminate 
directly into the cerebrospinal fluid could cause meningitis. 
Be sure to check the sterile supplies or signs of compromise 
and immediately change sterile gloves if there is a question of 
contamination are good methods to implement in everyday 
practice to keep this risk to a minimum.

7.4  Post Lumbar Puncture Headache

A post lumbar puncture headache is the most common com-
plication caused by a persistent leak of CSF from the thecal 
sac into the surrounding tissues after needle penetration [14, 
15]. In the study conducted by Özdemir et al., headaches were 
reported in 41% of cases performed [2]. These type of head-
aches typically occur in the occipital and/or frontal areas 
within 5 days after a lumbar puncture and the symptoms are 
exacerbated within minutes of sitting or standing upright and 
improve with lying down [14, 16]. Instructing the patient to 
remain supine for 4 to 6 h after the procedure will reduce the 
risk of developing a post lumbar puncture headache [16]. 
Additionally, instructing the patient to stay hydrated and 
increase the amount of caffeine intake over the first few days 
can further reduce this risk. If after a few days the patient is 
still experiencing symptoms associated with an orthostatic 
headache, the next usual step is to perform an epidural blood 
patch. This is when an average of 20 to 30 mL of the patient’s 
own fresh, venous blood is injected into the epidural space. 
The normal clotting factors within the blood serve to “patch” 
the defect made in the thecal sac by the spinal needle and 
halting the leak of cerebrospinal fluid. Blood patches are 
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contraindicated in patients who have a fever, local infection 
at the needle access site, or have known bleeding disorders 
[22]. Different institutions will utilize various post procedure 
protocols for patients who recently received a lumbar punc-
ture as well as how to handle post procedure complications.

7.5  Needle Deformation

As the needle is advanced through the tissue, a number of 
situations can alter the physical shape of the shaft and bevel 
tip. If an aggressive technique is taken when trying to direct 
the needle tip instead of backing the needle out and redirect-
ing, the needle can become permanently deflected off the 
original axis, adding additional complications to any further 
attempts with the same needle [2]. Thin-walled atraumatic 
needles have the tendency to deflect off axis frequently and 
with more severity than the traumatic cutting needles because 
they are more flexible [15]. If the needle’s shaft or tip become 
compromised during an unsuccessful attempt, a new needle 
should be introduced before a second attempt to improve the 
chance of success.

8  Conclusion

The lumbar puncture is a common procedure performed to 
collect cerebrospinal fluid samples for evaluation, measure 
intracranial pressure and administer intrathecal medications. 
Currently many of these procedures are performed with 
imaging guidance, to increase the accuracy and make them 
safer. Hopefully the review of indications, contraindications, 
complications, types of needles used, implications of imaging 
guided approaches, associated radiation risks that have been 
discussed helps imaging departments, radiology employees, 
clinicians, and students to increase personal understanding of 
the procedure and overall patient care.
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1  Introduction

Accessing the intracranial space for both diagnostic and 
therapeutic purposes has been attempted for thousands of 
years. Archaeological evidence exists that even ancient 
human civilizations performed rudimentary intracranial 
access [1]. In the modern era, our efforts are more informed 
and refined, and these interventions are performed safely by 
thousands of practitioners worldwide. Although some sur-
geons and interventionalists perform these procedures in the 
operating room, all the procedures described in this chapter 
are safely, effectively, and routinely performed at the bedside 
as well. This chapter seeks to clearly outline safe and effective 
practices regarding: (1) the indications for bedside intracra-
nial access procedures, (2) the steps and important technical 
points for those procedures, and (3) common pitfalls and dif-
ficulties that can be faced.

Elevated intracranial pressure (ICP) can be a dangerous 
condition, and typically requires treatment. As a result, ICP 
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monitoring has become a critical component of the care of 
patients at risk for acutely pathological intracranial hyperten-
sion. The most common indication for invasive ICP monitor-
ing is traumatic brain injury (TBI), however patients with a 
wide range of intracranial pathology can benefit from ICP 
monitoring, including intracranial hemorrhages, ischemic 
stroke, cerebral edema, tumors, aneurysmal rupture, hydro-
cephalus, and others. However, obviously not all patients with 
conditions such as those listed above require ICP monitoring, 
thus the important question to start with is not “which condi-
tions require ICP monitoring”, but rather “which patients 
require intracranial pressure monitoring?”

As in most situations in neurocritical care, much of the 
answer to this question depends on the clinical judgment of 
an experienced physician who is capable of assessing and 
integrating all the relevant clinical and radiographic factors to 
make a decision. However, in the modern era we do have 
evidence to help inform these decisions, and general guide-
lines and principles to ensure we provide appropriate care. 
Perhaps the most appropriate place to begin the discussion 
on the indications for intracranial pressure monitoring is in 
the setting of traumatic brain injury.

The Brain Trauma Foundation has undertaken the task of 
performing systematic reviews of the literature and has syn-
thesized recommendations related to ICP monitoring based 
on different levels of evidence. Their most recent recommen-
dations have been published as part of the Guidelines for 
Management of Severe Traumatic Brain Injury, 4th edition 
[2]. While there is currently no Level I or II A evidence to 
recommend ICP monitoring as standard of care, there is 
Level II B evidence for using ICP monitoring information to 
reduce in-hospital and 2-week post-injury mortality in 
patients with severe TBI. Level II B evidence suggests that 
ICP above 22  mm Hg is the recommended threshold for 
treatment as it is associated with increased mortality, and 
Level III evidence suggests that a combination of ICP values, 
clinical data, and brain CT findings may be used to make 
management decisions. The inconclusiveness of this data 
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 suggests that the practitioner should take into consideration 
all available data to make a patient-specific decision. It also 
raises the point that the heterogeneity of the trauma popula-
tion and diseases makes standardizing treatment decisions a 
very challenging task.

These concepts can be extrapolated to other conditions as 
well: patients with enlarged ventricles and a concerning neu-
rologic exam may require cerebrospinal fluid (CSF) diversion 
and ICP monitoring. These two goals are closely related, but 
mentioned separately here because external ventricular drain 
(EVD) placement can be both diagnostic (measuring ICP, 
sampling CSF) and therapeutic (draining CSF, ability to 
administer intrathecal medications). However, an ICP moni-
tor (“Camino®” [Natus Medical Inc.; California, USA] or 
“bolt”) is purely diagnostic and lacks any direct treatment 
benefit from the intervention. Both an EVD and an ICP 
monitor are effective for measuring intracranial pressure, the 
decision of which option to use depends on multiple factors. 
Our priority for the following discussion is to provide practi-
cal guidance on using and interpreting these devices.

2  Intracranial Pressure Monitoring

Indications
While other modalities we will discuss exist to reliably 
achieve the same goal, a well fluid-coupled EVD is consid-
ered the standard of care for measuring intracranial pressure. 
An EVD is a narrow catheter placed through the skull and 
brain parenchyma in order to situate the tip of the catheter 
inside the ventricular system at the foramen of Monroe, 
roughly the center of the intracranial space. It is tunneled out 
through the skin and attached to a bedside drainage system. 
This drainage system is leveled at the tragus, which is an 
approximation for where the tip of the catheter is in order to 
avoid the siphon or antisiphon effects of gravity with the fluid 
column. The drainage system (“Becker drain”) can be 
attached to a transducer and an ICU bedside monitor to 
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 continuously measure ICP and then visualize the pressure 
waveform, however this requires drainage to be turned off. 
Conversely, the drainage system can also be left open to drain 
if the pressure exceeds a pressure set manually on the Becker 
drain, however this sacrifices continuous monitoring.

When open to drain, the Becker drain can be used to 
manually check a pressure by raising the setting to the maxi-
mum number and making note of where the meniscus of the 
fluid column settles relative to the scale at the side, similar in 
concept to measuring a pressure with a lumbar puncture 
manometer. Pressures are generally measured either in mil-
limeters of mercury (mmHg) or centimeters of water 
(cmH2O), and most Becker drains have both scales on the 
drainage system chamber. Both scales are valid, however we 
recommend routinely using one scale for consistency and 
clarity at an institution, and having a quick way to convert to 
the other system as needed. So-called “normal” ranges are 
roughly 5–20 mmHg, or 10–27 cmH2O. A “quick and dirty” 
way to convert mmHg numbers to cmH2O is to be able to 
quickly approximate what 5, 10, 15, and 20 mmHg correlate to 
in cmH2O. In fact, for these four values, remembering “2, 4, 6, 
8” can be a useful mnemonic, as adding 2 to 5 mmHg, adding 
4 to 10  mmHg, adding 6 to 15  mmHg, and adding 8 to 
20 mmHg roughly correlates with what the number would be 
in cmH2O.

As one might expect, significant variability in practice pat-
terns exist about how frequently an EVD (as opposed to an 
ICP monitor or Licox) is used as the ICP monitoring modal-
ity, and depends on comfort level, experience, risks, and clini-
cal factors. A patient with acute symptomatic hydrocephalus 
and dilated ventricles may need continuous CSF diversion 
more than intracranial pressure monitoring, whereas a patient 
without mass hematoma, but diffuse cerebral edema and slit- 
like ventricles may not get as much benefit from having even 
a perfectly placed catheter in collapsed ventricles, from a CSF 
diversion standpoint. The Neurocritical Care Society [3] and 
Society for Neuroscience in Anesthesiology and Critical Care 
[4] have issued a consensus statements which include 

M. O. Torres and S. B. Carr



177

evidence- based recommendations regarding EVD placement 
and management, and inform our institutional practice as 
described.

2.1  External Ventricular Drain Placement

Technique/Method
 1. Positioning

The patient should be supine with the head midline (not 
turned), and the head of bed elevated to 30°. If done at the 
bedside, the bed should be moved away from the wall to 
provide adequate space to efficiently maneuver and main-
tain a sterile field. A bedside table should be easily acces-
sible for the instruments and equipment, and the Becker 
drain should be set up prior to the procedure.

 2. Preparation
The cranial access kit (Fig.  1a) and EVD catheter 

(Fig.  1b) are opened in sterile fashion to create a sterile 
field on the bedside table. A generous sterile prep is per-

a b

c d

Figure 1 External ventricular drain equipment
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formed of the frontal region, at which point the procedur-
alist should don a hat, mask, sterile gown, and sterile 
gloves. A standard cranial access kit comes with 3 paper 
sterile white drapes, which can be placed on either side of 
the patient’s head, and at the top of the head where the 
proceduralist stands. Then the clear plastic drape is placed 
over the patient’s frontal region at Kocher’s point. Using 
the sterile ruler, measurements are made 11 cm posterior 
to the nasion and 3 cm lateral to the midline, where a mark 
is placed, and a 2–3 cm planned incision line is made ori-
ented anterior to posterior, centered over Kocher’s point. 
This point should lie at the intersection of the midpupillary 
line and the midpoint between the lateral canthus and 
external auditory meatus, 1 cm anterior to coronal suture 
(Fig. 2a–c). Local anesthesia with lidocaine with or without 
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Figure 2 EVD placement steps
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epinephrine 1:2000,000 is routinely provided and infil-
trated using a small-bore needle (Fig. 2d). Prior to making 
incision, ensure the twist drill is assembled and the guide is 
set to ~1.5 cm, and all instruments are ready to use (Fig. 2f, 
g). Since local anesthetic takes a few minutes to reach peak 
effect, this is a good time to prepare the sterile instruments 
and equipment.

 3. Procedure: Obtaining intracranial access
An incision is made with the 15 blade scalpel down to 

the skull and the belly of the scalpel blade can be used to 
scrape back and forth on the skull to elevate the pericra-
nium. A small Heiss self-retaining retractor is provided in 
a standard cranial access kit, and can be used to keep the 
scalp open and skull exposed if needed (Fig. 2e). Hemostasis 
can be achieved either by scalp tension produced by 
retractor placement, or if bleeding obscuring the field is 
still present, using hemostats, irrigation, or a disposable 
pen bovie. The twist drill is brought into the field and the 
tip is placed on the skull, perpendicular to the surface of 
the skull, pointed at the center of the head. Steady and 
firm, but not hard pressure is applied while rotating the 
drill handle forward. Three different bone consistencies 
are typically felt during drilling – the first being the hard 
cortical bone, followed by the softer/more irregular cancel-
lous bone, then inner cortical bone again, until the drill 
feels like it starts to “catch” a bit. This means the drill bit is 
starting to breach the inner cortex, which is a good time to 
stop drilling. Our technique is to then manually twist the 
silver drill head forward slowly with your hand, as the drill 
head will be “pulled” in more rapidly with rotation at this 
point, but a clear and full inner breach is necessary. Once 
the drill is all the way through, continue to slowly twist 
forward (to avoid bone dust/material from being delivered 
from the drill bit into the intracranial space) as you pull 
the drill out. The burr hole is rinsed with saline. At this 
point, use the blunt allen wrench provided to probe the 
hole to feel for whether the dura still needs to be opened. 
If so, one can use the 18-gauge needle to puncture and 
open the dura.
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 4. Procedure: Passing the catheter
Once confident the dura is open, bring the EVD cath-

eter (antibiotic-impregnated Bactiseal® [Codman Integra; 
San Diego, CA, USA] catheters are associated with lower 
risk of infection [5]) with the stylet in place into the sterile 
field. We favor tunneling the trocar posteromedially 5 cm 
away to lower the risk of infection [6], avoid a possible VP 
shunt tract, and avoid the contralateral side in case of a 
procedure is required contralaterally. If the trocar is placed 
through the skin prior to passing the EVD catheter, it can 
help minimize the potential inadvertent advancement/dis-
placement of the catheter that can happen with placing the 
EVD catheter prior to tunneling the trocar, which requires 
some degree of force and catheter manipulation. The EVD 
with the stylet is brought in and oriented so that the num-
bers (centimeters of length) are visible to the procedural-
ist. The EVD is then passed perpendicular to the skull, 
directed toward the contralateral medial canthus (Fig. 2h). 
The catheter should not be “hard passed” (with the stylet 
in place) more than 5–6 cm. When CSF egress is returned, 
the stylet is removed, the catheter can be soft passed 
another centimeter in depth, and the end of the catheter is 
pinched while the other hand should use a forceps to grab 
the catheter at the skull entrance to hold it in place. The 
catheter is attached to the trocar end, and the trocar pulls 
it through the skin. Make note of the number (depth) at 
the skull, as well as the number at the skin exit site to 
ensure that the catheter does not advance or back out dur-
ing securing.

 5. Procedure: Securing the catheter
We recommend cutting the catheter with a scissors from 

the trocar, and then attaching the white Luer lock adapter 
(Fig. 2j) with the Luer lock cap in place, and a tie should 
be secured around the connection to the adapter (Fig. 2k), 
and a cap placed on the Luer lock until ready to connect 
the catheter to the Becker drain. A running 3-0 nylon 
suture is used to close the incision (Fig.  2i); a separate 
galeal closure is not typically done for this procedure.  
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A second 3-0 nylon is used to secure the catheter, we find 
the most reliable method to secure the catheter and avoid 
the catheter from unintentionally being advanced or 
backed out is a U-stitch surrounding the exit site, snug 
without pinching off the catheter, followed by a modified 
Roman sandal technique [7].

 6. Procedure: Completion
At this point, an assistant should pass the clamped 

Becker drain drainage catheter (Fig. 1c, d) to the procedur-
alist with the cap removed, being careful not to touch the 
sterile connection tip, and the proceduralist removes the 
Luer lock cap and attaches the Becker drain tubing to the 
sterile EVD catheter Luer lock adapter (Fig. 2l). The drain 
should be ensured to be leveled correctly at the tragus, 
hung from/attached to an IV pole, and then unclamped to 
measure an opening pressure and ensure patency of the 
system.

Pearls and Pitfalls
• Preoperative platelet count and coagulation profile should 

be optimized and blood thinning medications assessed 
prior to placement to minimize risk of iatrogenic intracra-
nial hemorrhage

• Adequate space and attention to set-up can make main-
taining a sterile field and efficiency more smooth

• Ensuring the twist drill craniotomy hole is oriented in the 
exact direction the catheter needs to be passed is crucial 
for accurate placement, as the hole represents a cylinder 
which can deflect the bendable catheter as it passes 
through the skull

• Making note of the numbers showing the length at the exit 
points from the skull and skin can help ensure the catheter 
does not advance or retract during post-placement 
maneuvers

• Having multiple methods for identifying Kocher’s point is 
useful to confirm appropriate entry point, as head shapes 
and available landmarks can vary
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• If spontaneous CSF egress is not encountered by the time 
the catheter has been passed 5 cm, a syringe can be placed 
on the EVD end and gently aspirated to encourage or 
confirm CSF flow

• Generally, no more than 3 passes are attempted prior to 
leaving the catheter in place and sending the patient for 
CT scan to evaluate catheter position

• The procedure note should include number of passes, 
opening pressure, and appearance of CSF as relevant 
findings

2.2  Fiberoptic Intracranial Pressure Monitor 
(Camino, or “bolt”)

Technique/Method
 1. Positioning

Positioning is identical to EVD placement. The patient 
should be supine with the head midline and the head of 
bed elevated to 30°. If done at the bedside, the bed should 
be moved away from the wall to provide adequate space to 
efficiently maneuver and maintain a sterile field. A bed-
side table should be easily accessible for the instruments 
and equipment.

 2. Preparation
Procedural preparation is identical to EVD and Licox 

placement, with the exception that a ventricular catheter is 
not used. A separate ICP monitor kit (Fig. 3) is used with 
a cranial access kit, and a nonsterile bedside monitoring 
box. Of note, the twist drill bit is smaller for an ICP moni-
tor compared to the bit provided in the cranial access kit 
to place an EVD, thus the drill bit from the ICP monitor 
kit is used instead. The nonsterile bedside ICP monitor 
box should be attached to an IV pole and turned on and 
ensured to be functioning.

 3. Procedure: Obtaining Intracranial Access
Using the correct drill bit, the cranial access process is 

identical to that of an EVD/Licox placement.
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 4. Procedure: Monitor Placement
The ICP monitor housing often comes with a white 

washer screwed on the tip which is used for infants. This 
should be removed for non-infant patients. When the dura 
is confirmed to be penetrated, the monitor housing is 
screwed into the skull until finger tight. The white plastic 
should be twisted to loosen, and the blunt metal stylet 
should be advanced to ensure clear passage, and resecured. 
At this point, an assistant (or nurse) at the bedside holds 
the cord plug adaptor in close proximity to the procedural-
ist, and the proceduralist stays sterile but advances the 
black fiberoptic plug into the female end of the cord sys-
tem the nurse holds. There is a small screw on this compo-
nent that should face upward, which should stay sterile. A 
small plastic screwdriver is included in the ICP monitor 
set, and is used to gently twist the screw slightly in either 
direction necessary to zero the system. The white screw top 
on the monitor housing is then loosened, the metal stylet 
removed, and the fiberoptic catheter is advanced until the 

Compression cap

Bolt Spacer

Safety stop

Transducer
connector

Drill bit Zero
adjustment tool

Hex wrench

Stylet

Transducer air vent

Pressure transducer

1 cm markings
up to 10cm Strain relief sheath

Red depth indicator

Figure 3 Intracranial pressure monitor (Camino [8]) equipment
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double hatch marks are at the level of the white screw top, 
and the screw top is tightened. Ensure the pressure has a 
good waveform and makes sense with the patient’s situa-
tion, then advance the plastic sheath over the white screw 
top.

 5. Procedure: Conclusion
An untied 3-0 nylon U-stitch can be left untied in place 

and wrapped around the ICP monitor to save a separate 
suture at the time of removal. The base of the housing can 
be wrapped with sterile petroleum, chlorhexidine, or 
betadine-soaked gauze, and the components can be 
wrapped with sterile Tegaderm to prevent nonsterile entry 
into adjoining components (housing, sheath, fiberoptic).

Pearls and Pitfalls
• The most difficult part of ICP monitor placement is getting 

the fiberoptic system zeroed and placed, which can require 
very subtle changes to the adjustment screw and a steady 
hand from the assistant

• Giving the fiberoptic cord a gentle 180° turn and securing 
across it with tape can help to ensure that during patient 
turning/moving for scans, routine nursing care that the 
catheter being occasionally tugged will not pull the fiber-
optic straight out.

• Pressure drift can occur over time, thus ICP monitors’ 
pressure reading should be read with some skepticism the 
longer a monitor has been in place (generally greater than 
a week)

2.3  Brain Oxygenation Monitoring (Licox®, 
Integra; San Diego, CA, USA)

Indications
Patients with elevated intracranial pressure may lose cerebral 
autoregulation which could lead to decreased perfusion and 
oxygen delivery [2]. This can result in metabolism fails and 
cell death. Although brain tissue oxygenation monitoring is 
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not standard of care, there are some studies [9–11] that sug-
gest improved outcomes when brain tissue oxygen monitor-
ing is used to detect tissue hypoxia and treat accordingly. The 
Licox system is used to monitor the perfusion status of cere-
bral tissue local to sensor placement.

Technique/Method
 1. Positioning

Positioning is identical to EVD placement. The patient 
should be supine with the head midline and the head of 
bed elevated to 30°. If done at the bedside, the bed should 
be moved away from the wall to provide adequate space to 
efficiently maneuver and maintain a sterile field. A bed-
side table should be easily accessible for the instruments 
and equipment.

 2. Preparation
The intracranial access kit and Licox kit are opened in 

sterile fashion to create a sterile field on the bedside table. 
A generous sterile prep is performed of the frontal region 
The Licox monitor is usually placed at Kocher’s point, 
although placement may vary based on the specific area 
that would like to be monitor. Local anesthesia is infil-
trated using a small-bore needle. Prior to making incision, 
ensure the twist drill is assembled and the guide is set to 
~1.5 cm, and all instruments are ready to use.

 3. Procedure: Obtaining intracranial access
Obtaining intracranial access via twist drill craniotomy 

is identical to EVD placement.
 4. Procedure: Monitor placement

The bolt is placed into the skull and secured. The stylet 
is passed through the bolt to probe the space and ensure a 
clear path. The introducer is inserted in the burr hole and 
secured to the bolt. The guidewire is removed from the 
oxygen monitor introducer and the Licox oxygen monitor-
ing probe is placed into the introducer and 2 cm deep into 
the intracranial space. The probe is then secured to the 
introducer with the compression cap. Care must be taken to 
not overtighten to cap as this may fracture the probe - finger 
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tight should be enough. A 3-0 nylon suture can be used in a 
figure of eight fashion around the bolt entry site to approxi-
mate the skin and obtain hemostasis, if necessary.

 5. Procedure: Completion
Petroleum impregnated gauzes are wrapped around the 

bolt over the skin to maintain the area occluded and moist. 
4x4’s is then opened and wrapped over the screw and sili-
cone tubing attachment and then secured with tape.

Pearls and Pitfalls
• The practitioner must be cognizant that the parameters 

obtained by the monitor reflect only those of the tissue 
local to the sensor

• Care must be taken to avoid overtightening of the com-
pression cap as this may fracture the probe. Conversely, a 
loose cap may allow for movement of the sensor and pro-
voke a so-called “drift effect” where the sensor moves 
along its parenchymal tract and provides variable, and 
possibly unreliable values.

3  Subdural Drainage

Indications
Patients with symptomatic subdural hematomas (SDH) pro-
ducing pathologic mass effect can benefit from evacuation of 
the hematoma. While acute hemorrhages consist of firm or 
formed clot and generally require craniotomy for evacuation 
when necessary, over time the hematoma breaks down and 
liquifies, and liquid subacute to chronic subdural hematomas 
can often be drained through a twist drill craniostomy and 
either subdural drain placement or subdural evacuating port 
system (SEPS) placement. Typically, subdural drains and 
SEPS are only used for chronic or late subacute SDH, which 
are hypodense to brain on CT and ideally homogeneous in 
density, as mixed density SDH are less likely to be success-
fully evacuated via this method [12]. The indications for 
either subdural drain placement or SEPS drain placement are 
essentially the same.
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3.1  Subdural Drain

Technique/Method
 1. Positioning

Essentially identical to EVD placement. The patient 
should be supine with the head turned 30° to the contralat-
eral side and the head of bed elevated to 30°. If done at the 
bedside, the bed should be moved away from the wall to 
provide adequate space to efficiently maneuver and main-
tain a sterile field. A bedside table should be easily acces-
sible for the instruments and equipment, and the Becker 
drain should be set up and primed with sterile saline prior 
to the procedure.

 2. Preparation
The cranial access kit and EVD catheter are opened in 

sterile fashion to create a sterile field on the bedside table. 
A generous sterile prep is performed of the frontal region, 
at which point the proceduralist should don a hat, mask, 
sterile gown, and sterile gloves. A standard cranial access 
kit comes with 3 paper sterile white drapes, which can be 
placed on either side of the patient’s head, and at the top 
of the head where the proceduralist stands. Then the clear 
plastic drape is placed over the patient’s frontal region. 
Generally, the entry point for the drain will be at the level 
of the superior temporal line and 0–1 cm anterior to the 
coronal suture. This may vary depending on the location of 
the hematoma. Local anesthesia is infiltrated using a 
small-bore needle. Prior to making incision, ensure the 
twist drill is assembled and the guide is set to ~1.5 cm, and 
all instruments are ready to use.

 3. Procedure: Obtaining intracranial access
An incision is made with the scalpel down to the skull 

and the belly of the scalpel blade can be used to scrape 
back and forth on the skull to elevate the pericranium. A 
small Heiss self-retaining retractor is provided in a stan-
dard cranial access kit, and can be used to keep the scalp 
exposure open and skull exposed if needed. Hemostasis 
can be achieved either after retractor placement tension, 
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or if bleeding obscuring the field is still present, using 
hemostats, irrigation, or a disposable pen bovie. The twist 
drill is brought into the field and the tip is placed on the 
skull, perpendicular to the surface of the skull, pointed at 
the center of the head. Steady and firm, but not hard pres-
sure is applied while rotating the drill handle forward. 
Three different consistencies are typically felt  – the first 
being the hard cortical bone, followed by the softer/more 
irregular cancellous bone, then inner cortical bone again, 
until the drill feels like it starts to “catch” a bit. This means 
the drill bit is starting to breach the inner cortex, which is 
a good time to stop drilling. Once the outer cortex is 
breached, the hand drill can be angled approximately 45° 
posteriorly to create an angled twist drill hole. This allows 
the catheter to enter the intracranial space tangentially, 
avoiding unintentional catheter penetration of the cortex. 
Once the drill is all the way through, continue to slowly 
twist forward (to avoid bone dust/material from being 
delivered from the drill bit into the intracranial space) as 
the drill is pulled out. The craniostomy hole is rinsed with 
saline. At this point, the blunt allen wrench provided is 
used to probe the hole to feel for whether the dura still 
needs to be opened. If so, one can use the 18-gauge needle 
to puncture and open the dura.

 4. Procedure: Passing the catheter
An EVD catheter is used as a subdural drainage cath-

eter, but instead of the holes in the tip draining CSF from 
the ventricle, the catheter is placed in the subdural space. 
With the stylet inserted all the way down the catheter, the 
tip can be slightly bent to create a “hockey-stick” angle. 
The tip of the catheter is then inserted through the twist 
drill hole with the stylet in to provide rigidity. Once the 
catheter tip is passed into the subdural space the stylet is 
stabilized with the non-dominant hand and the dominant 
hand is used to slowly advance the catheter over the stylet 
and into the subdural space. Minimal to no resistance 
should be felt when advancing the catheter. Resistance 
may indicate intraparenchymal passage or passage into the 
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epidural space. The catheter length advanced into the sub-
dural space depends on the posterior extent of the subdu-
ral collection relative to the catheter’s entry point. The 
catheter end is then placed below the level of the head to 
test for fluid egress. Usually, dark, so-called “motor oil” 
fluid is drained. The trocar is then used to create a postero-
medial subcutaneous tunnel with the exit site approxi-
mately 5  cm away from the entry site. The catheter is 
attached to the trocar and, while securing the catheter at 
its entry point to avoid pull-out, is then advanced through 
the subcutaneous tunnel. Make note of the number 
(depth) at the skull, as well as the number at the skin exit 
site to ensure that the catheter does not advance or back 
out during securing.

 5. Procedure: Securing the catheter
Identical to that of EVD placement. We recommend 

cutting the catheter with a scissors from the trocar, and 
then attaching the white Luer lock adapter with the Luer 
lock cap in place, and a suture should be used around the 
connection to the adapter. A running 3-0 nylon suture 
can be used to close the incision, a separate galeal closure 
is not typically done for this procedure. A second 3-0 
nylon is used to secure the catheter, we find the most reli-
able method to secure the catheter and avoid the catheter 
from unintentionally being advanced or backed out is a 
U-stitch surrounding the exit site, snug without pinching 
off the catheter, followed by a modified Roman sandal 
technique [7].

 6. Procedure: Completion
At this point, an assistant should pass the clamped 

Becker drain drainage catheter to you with the cap 
removed, being careful not to touch the sterile connection 
tip, and the proceduralist removes the Luer lock cap and 
attaches the Becker drain tubing to the sterile EVD 
 catheter Luer lock adapter. The chamber is usually set 
approximately 20 cm below the tragus to create a siphon 
effect and facilitate drainage.

Intracranial Access



190

3.2  Subdural Evacuating Port System (SEPS) 
Placement

Technique/Method
 1. Positioning

Positioning is identical to that of a subdural drain and 
EVD placement.

 2. Preparation
Preparation for the procedure is identical to that of a 

subdural drain, with the exception being SEPS drain kits 
(Fig. 4a–c) contain the necessary instruments and equip-
ment, and one does not require a ventricular catheter or 
separate cranial access kit. Of note, the twist drill for a 
SEPS drain is larger bore than that of a standard cranial 
access kit (Fig. 4b).

 3. Procedure: Obtaining intracranial access
Obtaining intracranial access via twist drill craniostomy 

is identical to that of a subdural drain – however the twist 
drill hole is placed perpendicular to the skull and not 
angled as in a subdural drain (Fig. 4d–g).

a b c d

e f g h

Figure 4 SEPS drain equipment & placement steps
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 4. Procedure: Screw placement
Once the dura is confirmed to be open, the SEPS screw 

is then placed inside the burr hole and turned clockwise 
until finger tight. The silicone tubing is then placed on the 
screw. The suction reservoir bulb is attached, compressed, 
and then closed (Fig. 4h). A 3-0 nylon suture can be used 
in a figure of eight fashion around the screw entry site to 
approximate the skin and obtain hemostasis, if necessary.

 5. Procedure: Completion
Petroleum impregnated gauzes are wrapped around the 

screw over the skin to maintain the area occluded and 
moist. 4×4’s is then opened and wrapped over the screw 
and silicone tubing attachment and then secured with tape.

Pearls and Pitfalls
Subdural drain

• Tangential entry into the subdural space avoids intrapa-
renchymal passage.

• As the practitioner becomes more experienced, a certain 
“feel” for accessing the subdural space is developed. This 
helps to ensure safe catheter placement.

• Despite no definitive guidelines for chamber leveling, the 
practitioner must keep in mind that decompression that is 
too rapid may create a sudden pressure differential which 
may cause contralateral SDH or even upward herniation. 
Nausea/vomiting, bradycardia, diaphoresis, and any change 
in neurologic exam should prompt immediate CT 
imaging.

SEPS drain

• The threaded end of the SEPS screw housing is slightly 
tapered, which means that the same twist drill hole cannot 
be re-used if initial screw placement is unsuccessful.

• Inappropriate position and ineffective dural opening are 
the most common causes of SEPS failure, along with locu-
lation of the SDH

• SEPS may also be used to relieve tension pneumocephalus 
after intracranial surgery

Intracranial Access
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1  Introduction

Point-of-care ultrasound (POCUS) is a term used to describe 
bedside ultrasound examination performed by healthcare 
providers with the goal of answering specific diagnostic ques-
tions to guide management or successful completion of an 
invasive procedure. The incorporation of POCUS in nearly 
every medical and surgical specialty has revolutionized medi-
cine over the past decade. It has dramatically expanded in use 
and is now routinely employed to aid clinical decision making 
for a variety of clinical situations. Unlike standard ultraso-
nography where performance of the scan and interpretation 
of the results is delayed, intensivists utilizing POCUS are able 
to immediately obtain, interpret, and apply their findings to 
treat critically ill patients at the bedside. In 2011, the Expert 
Round Table on Ultrasound in ICU unanimously agreed that 
general critical care ultrasound and “basic” critical care echo-
cardiography should be mandatory in the curriculum of 
intensive care unit physicians [1]. The Accreditation Council 
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for Graduate Medical Education (ACGME) now mandates 
knowledge of POCUS as part of critical care fellowship 
training.

2  Basics of Ultrasonography

2.1  Echogenicity

Basic understanding of ultrasonography starts with familiar-
ization of ultrasound terminology and knobology. 
Echogenicity refers to the ability of a tissue to reflect or 
transmit ultrasound waves. A visible contrast in echogenicity 
between two adjacent structures allows for identification of 
specific anatomy [2]. Various anatomic structures can be 
characterized based on the echogenicity as either anechoic, 
hyperechoic, or hypoechoic (Table 1).

2.2  Probe Selection

Most of the POCUS machines interface with at least two dif-
ferent types of probes (linear and phased array). It is impor-
tant to understand the function and limitations of each probe 
before selecting a probe for a specific examination. The most 
important difference between the linear and phased array 
probes is the frequency of ultrasound waves arising from the 
probe (Table 2). The linear probe emits a higher frequency 
that results in greater detail of imaged structures but a signifi-
cant decrease in tissue penetration. This makes it an ideal 

Table 1 Echogenicity

Echogenicity
Appearance on 
ultrasound

Example anatomic 
structures

Anechoic black on screen Veins, Arteries

Hyperechoic white on screen Pleura

Hypoechoic gray on screen Adipose tissue

A. Krvavac et al.
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probe for visualization of superficial structures such as ves-
sels and the pleura. The phased array emits a much lower 
frequency that allows significantly deeper tissue penetration 
with much less detail. This makes the phased array ideal for 
evaluation of deeper structures such as the heart. A curvilin-
ear probe has become increasingly popular, but is not avail-
able on all ultrasound machines. The curvilinear probe 
provides reasonably good tissue penetration like the phased 
array but also has a much larger footprint that allows for easy 
scanning [3, 4].

Table 2 Probe selection
Probe Linear Phased array Curvilinear

Frequency 5–15 MHz 1–5 MHz 2–5 MHz

Depth of  
penetration

Poor Good Good

Footprint Moderate Small Large

Resolution Good Poor Moderate

Photo of  
probe

Photo of US 
beam

Point of Care Ultrasound
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2.3  Positioning and Probe Control

When performing POCUS examination, the ultrasound 
machine is placed on the same side of the patient as the 
examiner. This allows for easier operation and adjustment of 
the controls with the free hand. The probe is applied to the 
patient with sufficient gel for adequate conduction of sound 
waves. The base of the hand applying the probe rests on the 
patient to help stabilize the ultrasound image. Modern 
POCUS machines automatically set gain, which controls the 
brightness of the image by amplifying the ultrasound signal. 
Despite automatic adjustment by the machine, occasional 
adjustment of gain is necessary to enhance the ultrasound 
image. The appropriate depth is adjusted to place the ana-
tomic target in the center of the screen [4, 5]. There are four 
terms that describe adjustment of the probe in the topo-
graphic plane (Fig. 1) [5].

3  Vascular Ultrasound

Vascular POCUS, including techniques using ultrasound to 
guide vascular access procedures and deep vein thrombosis 
detection, can be particularly useful to minimize complica-
tions and guide therapeutic decisions [6–8]. The linear probe 
should be used for vascular POCUS.  High-frequency from 
the linear probe provides a high level of detail that is neces-
sary for proper evaluation of superficial vascular structures.

a b c d

Figure 1 Probe movement: (a) sliding, (b) rotating, (c) tilting, (d) 
rocking

A. Krvavac et al.
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3.1  Vascular Access

The use of ultrasound guidance for central venous access has 
become a standard of care that is supported by multiple 
guidelines [9, 10]. Ultrasound guided placement of internal 
jugular and femoral vein catheters reduced failure rates and 
complications whilst improving patient comfort [6–8]. The 
vascular ultrasound may be employed to mark the site prior 
needle stick or in real-time to guide the needle. We will focus 
on preferred technique of real-time ultrasound use through-
out the insertion and cannulation of vessel as it is associated 
with lower failure rates and complications [11]. A brief ultra-
sound inspection of the target vessel and surrounding struc-
tures prior to attempted central venous access procedure can 
help identify the best location and possible contraindications. 
These may include the presence of a venous thrombus in the 
vein, overlying soft tissue infection, or unfavorable anatomy. 
Once the appropriate site is selected, it should be sterilely 
prepped and the ultrasound probe draped in a sterile sheath.

For internal jugular central venous access, the ultrasound 
is performed with the proceduralist at the head of the bed 
looking towards the feet with the patient in a Trendelenburg 
position, to maximize the diameter of the vein and reduce the 
risk of air embolism. The ultrasound probe is held in the non-
dominant hand, allowing the dominant hand to perform the 
other parts of the procedure. The probe is placed on the ante-
rior neck at the junction of the sternal head of the sternoclei-
domastoid muscle and the clavicle. Then the probe is slid 
cephalad to find the best view and approach (i.e., identifying 
vein lateral to the artery rather than on top of the artery). To 
obtain a transverse or short-axis view of the vessel, the probe 
marker is pointed towards the midline of the patient. The 
longitudinal or long-axis view is obtained by identifying the 
internal jugular vein in transverse view and then rotating the 
probe 90° until it runs parallel to the vein.

Appropriate identification of the internal jugular vein is 
confirmed by applying gentle pressure to the neck with the 
probe. Pressure results in collapse of the internal jugular vein 
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while the carotid artery remains round and pulsatile (Fig. 2). 
Under ultrasound guidance, the site is anesthetized before 
advancing the needle into the internal jugular under direct 
ultrasound visualization. As the needle is advanced, negative 
pressure is applied in order to aspirate venous blood once the 
vessel wall is punctured. The combination of concurrent aspi-
ration of blood and direct visualization of the needle within 
the vessel lumen indicate successful cannulation. The probe is 
often set aside briefly at this point, while the guidewire is 
advanced through the needle, in the usual fashion.

At this point, the ultrasound probe is employed once again 
to visualize the vasculature and confirm accurate positioning 
of the guidewire. Confirmation of appropriate guidewire 

Figure 2 Ultrasound examination of internal jugular vein. Red 
Circle: Right Common Carotid Artery; Blue Circle: Right Internal 
Jugular Vein

A. Krvavac et al.
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position is vital to verify that vein rather than artery has been 
cannulated before dilation and insertion of the central 
venous catheter. Ideally the guidewire is traced from the skin 
entry site down by sliding and tilting the probe caudally along 
the vessel until it dives under the clavicle. Once the central 
venous access line has been inserted and the wire withdrawn, 
a lung ultrasound can be performed to rule out complication 
pneumothorax. This is discussed further later in this chapter.

The same technique can also be used for femoral and sub-
clavian venous access with real-time ultrasound guidance to 
improve success rate [6–8, 12]. The common femoral vein is 
best imaged in the transverse or short access just below the 
inguinal ligament. It should be visualized medially to the 
artery (in contrast to the internal jugular which is lateral to 
the artery), but can run posteriorly to the artery as we move 
further from the inguinal ligament. The subclavian vein can 
be visualized in the transverse and longitudinal axis. However, 
unlike the internal jugular and common femoral veins, it may 
not be easily compressible. In these cases, scanning for venous 
valves, observation of respirophasic changes, or Doppler 
scanning with compression of the ipsilateral arm can assist in 
proper distinction of the vein and artery.

Lastly, real-time ultrasound guidance can also be expended 
to patients with difficult peripheral intravenous catheter and 
arterial catheter placement. Ultrasound guidance improves 
success rate in both and reduced complication rates in arte-
rial catheter placement [13, 14].

3.2  Deep Venous Thromboembolism Screening 
and Diagnosis

The immediate assessment of veins for potential deep venous 
thrombosis (DVT) can be particularly helpful for clinicians 
when a pulmonary embolism (PE) is suspected. Evidence of 
DVT is confirmed in 70% of cases with positive angiographic 
evidence of PE, although only 50% of patients with DVT are 
diagnosed with PE [15]. An emergency department study 
utilizing combination of vascular, lung, and cardiac POCUS 
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yielded a 90% sensitivity and 86.2% specificity in diagnosis of 
PE [16]. Similarly, an inpatient study utilizing the same com-
bination of POCUS examinations, noted a potential decrease 
in the need for CT pulmonary angiography (gold standard for 
diagnosis of PE) by 58.3% [17]. Therefore, the use of POCUS 
by trained intensivists to assess for DVT can provide useful 
and immediate information about the possibility of PE.

3.3  Two-Point DVT Screen

The two-point DVT screen provides immediate feedback 
with a high accuracy to aid in therapeutic decision-making 
[18]. A comparison of two-point DVT POCUS performed by 
trained critical care physicians and fellows versus a formal 
vascular studies yielded a 95% diagnostic accuracy and 
reduced time-delay by an average of 13.8  h [19]. The two- 
point DVT screen is performed with the same linear probe as 
used to obtain vascular access. As described by the name, the 
two-point DVT screen involves scanning of only two high 
yield points (the common femoral vein and the popliteal 
vein). Although not as rapid, a three point DVT screen or 
more extensive screening can be done to slightly improve 
diagnostic accuracy [18, 20].

The leg is externally rotated with the patient in supine posi-
tion. The two-point DVT screen starts with evaluation of the 
common femoral vein (CFV). The vein is scanned in the trans-
verse axis with the transducer placed perpendicular to the 
skin and centered over the vein (Fig.  3a). It is important to 
scan below the inguinal ligament so that compression will be 
possible. Once properly identified the vein is scanned for 
echogenic structure within the lumen. If no echogenic struc-
ture is evident to suggestive of thrombus then, a compression 
maneuver is performed. Sufficient compression should be 
applied to deform the adjacent artery with the transducer 
perpendicular to the skin and centered over the vein (Fig. 3b). 

A. Krvavac et al.
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A normal vein should be completely compressible. In a 
patient with a symptomatic DVT, inability to compress the 
vein portends a positive predictive value of 94–97%, while full 
compression of both sites nearly excludes DVT with a nega-
tive predictive value of 98–99% [21, 22]. Although the addi-
tion of Doppler is common place in formal vascular studies, it 
does not add significant improvement in accuracy over com-
pression in POCUS and is therefore not routinely used [23].

After scanning the CFV, the second point to be evaluated 
in a two-point DVT screen is the popliteal vein (PV). The 
knee is flexed approximately 45–60° with the leg remaining 
externally rotated with the patient in supine position. The 
probe is placed in the popliteal fossa and the vein is scanned 
in the transverse axis with the transducer placed perpendicu-
lar to the skin and centered over the vein (Fig.  4a). 
Anatomically, the PV is superficial to the popliteal artery. The 
PV is properly identified and scanned for echogenic structure 
within the lumen before compression testing is performed in 
similar fashion (Fig. 4b).

a b

Figure 3 Common femoral vein and artery. (a) Without compres-
sion; (b) With Compression; Red Circle: Artery; Blue Circle: Vein

Point of Care Ultrasound
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4  Lung Ultrasound

Ultrasound utilizes the variation in acoustic impedance of 
different tissues for direct visualization. Acoustic impedance 
is a measure of resistance of particles to mechanical vibra-
tions such as ultrasound waves [2]. When ultrasound waves 
reach the interface between different mediums such as fluid 
and soft tissue, some of the waves are absorbed while some 
are reflected. The interface between soft tissue and air 
reflects almost 99.9% of the ultrasound waves due to vast dif-
ference in the acoustic impedance between these surfaces, 
making it virtually impenetrable to US waves [2]. Hence 
structures beneath the pleural surface in the air-filled lung 
are not directly visualized and results in reverberation arti-
facts. The difference in the acoustic impedance and greater 
fraction of reflection results in a hyperechoic image. Hence, 
the interface between pleural surface and air-filled lung 
appears hyperechoic (white band) as seen in Fig. 5.

Most lung POCUS is performed with the phased array as 
the small footprint allows the probe to fit in between rib 
spaces to image the lung. However, the detail provided by the 
linear probe is the preferred method for imaging of the pleu-
ral surface.

a b

Figure 4 Popliteal vein and artery. (a) Without compression; (b) 
With Compression; Red Circle: Artery; Blue Circle: Vein

A. Krvavac et al.
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4.1  Normal Lung Ultrasound Patterns

4.1.1  Lung Sliding

As detailed above, the interface of the pleural surface and the 
lung air boundary appears hyperechoic (as a white band) [3]. 
This is referred to as the pleural line and represents the appo-
sition of the parietal and visceral pleura. The dynamic motion 

Figure 5 Lung ultrasound: pleural line. Dotted line: Rib Shadow; 
Red arrow: Pleural Line
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of the visceral and parietal pleura with respirations gives the 
appearance of “lung sliding”. M-mode image at the location of 
lung sliding will present the “seashore sign” [2] M-mode is a 
time motion display of ultrasound waves along the set one- 
dimensional line. When utilized to image the pleura, M-mode 
will reveal horizontal straight lines generated by the motion-
less layers of subcutaneous tissue above the pleural line and 
a sandy appearance beneath the pleural line is caused by the 
motion of lung sliding (Fig.  6a). M-mode image in  location 
without lung sliding reveals horizontal straight lines through-
out and is referred to as “stratosphere sign” (also called “bar-
code sign”) (Fig. 6b) [2, 24].

4.1.2  A-Lines

The reverberating artifacts described above produced by 
bouncing of echo between the pleural line and probe result in 
A-lines when normally aerated lung is scanned. A-lines are 
gradually fading, regularly spaced (equal to the distance 
between the skin and the pleural space), horizontal, motion-
less lines like the pleural lines (Fig. 7) [2, 3]. However, since 
A-lines are produced by the presence of air beneath the pleu-
ral surface, they are seen in both normally aerated lung as 
well as pneumothorax.

a b

Figure 6 M-Mode of pleura. (a) Seashore sign indicating normal 
lung sliding; (b) Stratosphere sign/Barcode sign – indicating lack of 
pleural apposition i.e. Pneumothorax. Blue arrows: Pleural Line

A. Krvavac et al.
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4.2  Abnormal Lung Ultrasound Patterns

4.2.1  Pneumothorax

The first reported use of ultrasound in the detection of pneu-
mothorax was published by Wernicke in 1987 [24]. Today, 
POCUS is widely adopted in emergency departments and 
intensive care units for evaluation of pneumothorax. Even the 
Focused Assessment with Sonography in Trauma (FAST) has 
now been modified to E-FAST (Extended FAST) to include 
lung ultrasound. This is largely because POCUS has been dem-
onstrated to be superior to chest radiography for detection of 
pneumothorax. A meta-analysis of reviewing role of ultra-
sound and chest radiography in the diagnosis of pneumothorax 
showed that ultrasound had a pooled sensitivity of 78.6% and 
specificity of 98.4% while chest radiography had a pooled sen-
sitivity of only 39.8% and specificity of about 99.3% [25].

Figure 7 A-Lines. A-line measures equal distance from pleural line 
as probe from pleural line. Red Line and Arrow: Pleural Line; Blue 
Line and Arrow: A-Line
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As noted previously, the linear probe is most helpful in 
evaluating superficial structures such as pleural lines and 
should therefore be utilized when using POCUS to rule out 
pneumothorax. Air in a pneumothorax will typically rise to 
the least dependent area of the chest and scanning should 
therefore be performed in the anterior region of chest 
between the second to fourth intercostal spaces in the midcla-
vicular line in a supine patient or semi-recumbent patient. 
The Probe is placed in the sagittal plane with the indicator 
pointing cephalad and the chest region is scanned cephalo-
caudal starting from the second intercostal space.

The presence of lung sliding and/or M-mode with “sea-
shore sign” effectively rules out pneumothorax with a nega-
tive predictive value of about 99–100% [26–28]. However, the 
absence of lung sliding does not automatically confirm pneu-
mothorax. Lung sliding is absent in conditions where the 
pleural surfaces are not opposed such as pneumothorax. But, 
absence of lung sliding can also occur with pathologies that 
result in reduced air entry into the lung such as acute respira-
tory distress syndrome, status asthmaticus, or occlusion of a 
mainstem bronchus. Furthermore, lung sliding can be absent 
when the pleural surfaces are adhered to each other (i.e. 
pleurodesis). Using POCUS presence of a lung-point can be 
identified on occasion to confirm the diagnosis of pneumo-
thorax. Lung-point is the border of the pneumothorax where 
normal lung sliding is noted. It can be identified laterally in 
patients with large pneumothorax after scanning of the ante-
rior chest revealed absence of lung sliding. Lung point has a 
100% specificity, effectively ruling in pneumothorax [28, 29].

4.2.2  B-Lines

B-lines are produced by the difference of acoustic impedance 
of an object compared to its surroundings. They are vertical 
artifacts projecting from the pleural surface to the bottom of 
the ultrasound screen (comet-tail artifact or laser beam 
 artifact) (Fig. 8) [30]. This sonographic entity is caused by the 
juxtaposition of alveolar air and septal thickening. Up to two 
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B-lines can normally be seen moving synchronously with 
pleural sliding in each intercostal space. The finding of three 
or more B-lines in an intercostal space indicates a pathologic 
process resulting in thickening of the septum between the 
secondary pulmonary lobules.

The pathology can be narrowed depending on the distribu-
tion of pulmonary B-lines. For example, lobar pneumonia 
exhibits increased B-lines in the affected lung while pulmo-
nary edema or ARDS results in a diffuse increase in B-lines 
in both lungs. In cardiogenic pulmonary edema, the number 
of B-lines directly correlates with the severity of pulmonary 
edema [2]. B-lines are usually homogeneously distributed, 
with no significant pleural abnormalities and with associated 
pleural effusions when caused by cardiogenic pulmonary 
edema. Non-cardiogenic pulmonary edema conditions such 
as ARDS results in areas of the lung with B-lines interspersed 
with areas of consolidation and normal lung.

Due to the accumulation of air within the pleural space, 
B-lines or comet-tail artifacts are absent in pneumothorax. 

Figure 8 B-Lines
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Therefore, evidence of B-lines like the presence of pleural 
siding can be used to rule out pneumothorax. The presence of 
at least one B-line has a negative predictive value of 
98–100%, effectively ruling out pneumothorax [29, 31].

4.2.3  Pleural Effusions

The space between the visceral and parietal pleura contains a 
minimal amount of pleural fluid under normal circumstances. 
Accumulation of excess fluid in the pleural space can result 
in respiratory failure, especially in critically ill patients. 
Common causes of pleural effusion in critically ill patients 
include decompensated congestive heart failure, volume 
overload, pulmonary infections, malignancies, and decom-
pensated cirrhosis [32]. Although the diagnosis can be made 
by physical examination, patient factors such as obesity, posi-
tioning, and mechanical ventilation can pose a challenge. In 
these cases, lung ultrasound plays a crucial role in the timely 
diagnosis of pleural effusion.

POCUS helps with the confirmation, quantification, and 
characterization of pleural effusions. Pleural effusions are 
typically represented by an anechoic space between the pleu-
ral lines (Fig. 9). However, various pathologies can result in a 
more complex appearance on POCUS as a result of fibrin 
strands or increased echogenic densities [33]. For example, 
long standing pleural effusions commonly seen with conges-
tive heart failure, cirrhosis or nephrosis can develop complex 
appearance without septa referred to as echogenic swirling 
[34]. Conversely, the presence of infection in the pleural space 
resulting in an empyema displays a complex appearance with 
thick septa and fibrin strands.

After prompt identification of pleural effusion or pneumo-
thorax, POCUS can be used for guidance of thoracentesis or 
chest tube placement. Utilization of POCUS increases the 
rate of success and reduces the frequency of complications 
[35, 36].
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4.2.4  Consolidation

Alveolar consolidation is identified by two signs on 
POCUS.  An image resembling the appearance of liver 
beneath the pleural line is referred to as “hepatization” or “tis-
sue sign.” This is primarily seen in trans-lobar consolidation. 
Scanning consolidated lung may reveal a fractal line, an 
irregular hyperechoic line separating the consolidated and 
normally aerated lung. When present, this is referred to as 
“shred sign” and indicates non-trans lobar consolidation [37]. 
Scanning may also reveal linear hyperechoic artifacts within 
the consolidation, representing air bronchograms. The cen-
trifugal movement of air bronchogram of more than 1 milli-
meter defines dynamic air bronchograms. Dynamic air 
bronchogram are suggestive of inflamed lungs likely in the 
setting of pneumonia. The presence of heterogeneous echotex-

Figure 9 Pleural effusion. Red arrow: Diaphragm. Blue arrow: 
Pleural Effusion
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ture of lung, thickened pleura, B-lines and  consolidated lung 
with shred sign is suggestive of multifocal pneumonia with 
acute respiratory distress syndrome [37, 38].

Consolidated appearance of the lung is also seen in atelec-
tasis. Atelectasis can result from external compression such as 
a pleural effusion (compressive atelectasis) or as a result of 
endobronchial obstruction (resorptive atelectasis). The 
appearance of atelectatic lung may be difficult to distinguish 
from consolidated lung. Atelectatic lung is associated with 
lack of lung sliding and presence of lung pulse, from transmis-
sion of cardiac rhythm vibrations across the poorly aerated 
lung [38].

4.2.5  BLUE Protocol

Bedside lung ultrasound in emergencies (BLUE) protocol 
was developed by French intensivist Daniel Lichtenstein [39]. 
It is a fast protocol (less than 3 min) implemented to elicit the 
etiology of acute respiratory failure. The patient is examined 
in a semi-recumbent position and three points are scanned on 
each side of the lung. The points can be identified by laying 
two hands across the patient’s chest as seen in Fig.  10. The 
first is the upper anterior point which corresponds to the base 
of the ring and middle finger of the upper hand and overlies 
the upper lobe. The second is the lower anterior point which 
corresponds to the middle of the palm of the lower hand and 
overlies the middle lobe/lingual. The third is the posterior 
lateral alveolar pleural point which corresponds to the inter-
section of horizontal line at the lower anterior point and 
vertical line at the posterior axillary line and overlies the 
lower lobe [39].

The lungs are evaluated for presence or absence of lung 
sliding, A-lines, B-lines, pleural effusions, and consolidations. 
BLUE protocol offers an overall accuracy of 90.5% in deter-
mining etiology of acute respiratory failure [39].
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5  Cardiac Ultrasound

Basic critical care echocardiography is an integral part in the 
evaluation and management of critically ill patients. It allows 
critical care physicians to qualitatively evaluate cardiac func-
tion and anatomy to answer very specific clinical questions 
with immediate clinical implications such as cardiac tampon-
ade, right ventricular strain, and left ventricular systolic func-
tion [40]. The American College of Chest Physicians identifies 
five standard views for basic critical care echocardiography 
which are discussed in the detail below (Table 3).

Critical care echocardiography is performed with a phased 
array probe. The probe marker is placed on the right side of 

Figure 10 BLUE protocol scanning points
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Table 3 Transthoracic views

View
Probe  
position

Probe 
marker 
position

Imaging 
plane of 
heart

Most useful 
for

First
parasternal 
long-axis

Left 
sternal 
border 
at third 
to fifth 
intercostal 
space

Right 
shoulder

Sagittal 
plane

LV size and 
function
LV outflow 
tract diameter
Pericardial 
effusion
Evaluate MV 
and AV

Second
parasternal 
short-axis

Left 
sternal 
border 
at third 
to fifth 
intercostal 
space

Left 
shoulder

Transverse 
plane

Evaluate MV
LV function
RV volume 
and pressure

Third
apical four- 
chamber

Mid- 
axillary 
line at 
sixth to 
seventh 
intercostal 
space

Left 
shoulder

Coronal 
plane

LV, RV size 
and function
LV/RV ratio
Evaluate MV 
and TV
LVOT  
VTI -estimates 
stroke volume 
(*apical five-
chamber view)

Fourth
subcostal 
long-axis

Inferior 
to the 
xiphoid 
process/
sternum

Left Coronal 
plane

LV and RV 
function
Pericardial 
effusions
Accessible 
during CPR 
and may be 
only view in 
patients with 
difficult body 
habitus

Fifth
inferior 
vena cava 
longitudinal

Inferior 
to the 
xiphoid 
process/
sternum

Cephalad “Transverse 
plane of 
IVC”

Volume status
Fluid 
responsiveness

A. Krvavac et al.



215

the ultrasound screen. On most newer POCUS machines, this 
is done by changing the exam mode to cardiac. The patient is 
positioned in supine or slight left lateral decubitus position 
when possible. The complete examination should be per-
formed in the described sequence below. Some views may fail 
due to patient position, body habitus, or operator skill. 
Nevertheless, all views should be attempt as on may yield 
critical data even if others cannot be obtained.

5.1  Transthoracic Views

5.1.1  Parasternal Long-Axis View

The probe is placed at the left sternal border between the 
third to firth intercostal space with the probe marker pointing 
towards the right shoulder. The intercostal space yielding best 
images depends on patient body habitus and anatomy. The 
probe is adjusted by tilting so that the image bisects the aortic 
valve (AV), mitral valve (MV), and left ventricle (LV) in the 
long axis. In many instances the right ventricular (RV) out-
flow tract is also visualized at the base of the ultrasound 
image. The various structures are labeled below in Fig. 11.

5.1.2  Parasternal Short-Axis View

From the parasternal long-axis view, the probe is rotated 90° 
in a clockwise fashion so that the probe marker is pointing 
towards the left shoulder to obtain the parasternal short-
axis view. This reveals a cross-sectional view of the LV at the 
papillary muscle level (transverse plane of the heart). By 
tilting the probe on an axis between the left hip and right 
shoulder, cross-sectional views are obtained at different lev-
els of the heart, from the aorta to the LV apex. For example, 
tilting all the way to the aortic level reveals the RV outflow 
tract and can be used to visualize clots in transit. The mitral 
valve level reveals the fish-mouth appearing MV. The papil-
lary muscle level reveals the round LV cavity with its papil-
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lary muscles at the 4 and 7 o’clock positions and crescent 
shaped RV cavity. The various structures described are 
labeled below in Fig. 12.

5.1.3  Apical Four-Chamber View

The probe is slid from the previous position down and later-
ally to the midclavicular line at approximately the sixth- 
seventh intercostal space. With the probe marker still pointing 
towards the left shoulder, the probe is slowly tilted and 
rocked until the intraventricular septum is oriented vertically 
on the ultrasound image. Next, the probe can be rotated 
slightly to open up the widest diameter of both ventricles and 
obtain an optimal apical four-chamber view. In this coronal 
plane of the heart the two ventricles, two atria, MV, and tri-

Figure 11 Parasternal long-axis. RV: Right Ventricle, LV: Left 
Ventricle, LVOT: Left Ventricular Outflow Tract, LA: Left Atrium. 
Blue Arrows: Open Mitral Valve Leaflets. Green Arrow: Closed 
Aortic Valve
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cuspid valve (TV) can be visualized and evaluated. The 
 various structures described are labeled below in Fig.  13. 
Tilting down slightly more reveals the LV outflow tract (api-
cal five- chamber view), which is used to evaluate stroke vol-
ume and fluid responsiveness.

5.1.4  Subcostal Long-Axis View

The probe is slid just inferior to the xiphoid process with the 
prober marker pointing towards the patients left side. Some 
pressure may need to be applied as the probe is tilted down 
below the xiphoid process/sternum to obtain the subcostal 
long-axis view. The view is adjusted by tilting and rotating 
until all four chambers can be visualized. However, in this 
case the RV will be the base of the ultrasound image. The 
various structures described are labeled below in Fig. 14. The 
subcostal long-axis view is ideal to visualize pathologies 
involving the pericardial space.

Figure 12 Parasternal short-axis. RV: Right Ventricle, LV: Left 
Ventricle. Blue Arrows: Papillary Muscles
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5.1.5  Inferior Vena Cava Longitudinal View

The last view is obtained by tilting the probe back up to a 
perpendicular position from the subcostal long-axis view. 
Next, the probe is rotated counterclockwise at the same posi-
tion (inferior to the xiphoid process) until the probe marker 
is pointing towards the patient’s head. The probe is slightly 
tilted to the right from this position to obtain a longitudinal 
view of the inferior vena cava (IVC). This view is used to 
assess IVC for volume status and fluid responsiveness. 
Rocking the probe slightly inferiorly may reveal IVC empty-
ing into the right atrium. The various structures described are 
labeled below in Fig. 15.

Figure 13 Apical four-chamber view. RV: Right Ventricle, LV: Left 
Ventricle, RA: Right Atrium, LA: Left Atrium. Blue Arrow: Tricuspid 
Valve. Green Arrow: Mitral Valve
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Figure 14 Subcostal long-axis view

Figure 15 Inferior vena cava longitudinal view. Blue Arrow: Inferior 
Vena Cava. Red Arrow: Right Atrium. Green Arrow: Hepatic Vein

Point of Care Ultrasound
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5.2  Utility of Cardiac POCUS

The introduction of bedside ultrasound allows critical care 
physicians to immediately identify and potentially intervene 
on life threatening causes of shock. Emergencies such as tam-
ponade, massive pulmonary embolism, and severe valve or 
left ventricular failure can be identified in minutes so that 
lifesaving treatment can be initiated. Furthermore, cardiac 
ultrasound can be used to categorize shock (hypovolemic, 
distributive, obstructive, or cardiogenic) and guide 
management.

5.2.1  Left Ventricular Systolic Function

A global assessment of left ventricular systolic function can 
be inferred from the degree of inward LV wall motion, myo-
cardial thickening, longitudinal motion of the mitral annulus, 
and overall geometry of the LV. The left ventricular ejection 
fraction (LVEF) is often used as a surrogate for global LV 
function and is defined as the LV stroke volume divided by 
LV end-diastolic volume [Ejection Fraction % (EF%) = Stroke 
Volume (SV)/End-Diastolic Volume (EDV) × 100%]. LVEF 
is assessed in a semi-quantitively way in basic critical care 
echocardiography using visual estimation. In this case the LV 
function is described as hyperdynamic (EF ≥70%), normal 
(EF  =  55–69%), or reduced (EF  <55%). When LVEF is 
depressed, the dysfunction is further described as mild (45–
54%), moderate (30–44%), or severe (<30%) (Table 4).

Table 4 LV systolic function
LV systolic function LVEF % (estimated or measured)
Hyperdynamic ≥70

Normal 55–69

Mildly reduced 45–54

Moderately reduced 30–44

Severely reduced <30

LV left ventricle, LVEF left ventricular ejection fraction
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Although visual estimation of EF from multiple views is 
sufficient for most clinical scenarios in the intensive care unit, 
certain occasions or inability to obtain multiple views call for 
different assessment. Global assessment of LV function can 
also be obtained from single linear measurements in the 
parasternal long-axis and apical four-chamber views [41].

In the parasternal long-axis view, a gross assessment of LV 
function can be measured by measuring fractional shortening 
(FS) of the left ventricle. This is done by using M-mode on the 
LV cavity to measure the left ventricular end-diastolic diam-
eter (LVEDD) and left ventricular end-systolic diameter 
(LVESD) (Fig. 16). Fractional shortening is then calculated as 
follows [FS%  =  (LVEDD  – LVESD)/LVEDD × 100%]. In 
men, a FS of 25–43% is normal and FS of <15% indicates 
severely impaired LV function. In women, a FS of 27–54% is 
normal and FS of <16% indicates severe impairment [42]. 
Multiplying the fractional shortening percentage by 2 will 
give a rough estimation of the LVEF.

Figure 16 Fractional Shortening in parasternal long-axis view. 
LVIDd: Left Ventricular End-Diastolic Diameter, LVIDs: Left 
Ventricular End-Systolic Diameter. FS: Fractional Shortening
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In the apical four-chamber view, the mitral annular plane 
systolic excursion (MAPSE) can be measured using 
M-mode to estimate LV function. MAPSE is obtained by 
directing the M-mode pick at the septal (lateral) mitral 
annulus and measuring the apical excursion in millimeters 
(mm) (Fig.  17). A MAPSE of >10  mm correlates with a 
normal EF of >55% [43].

Limitations of linear measurements such as FS and 
MAPSE include regional wall motion abnormalities, off axis 
measurements, and angulation of the intraventricular septum 
in elderly patients.

5.2.2  Fluid Responsiveness

Cardiac POCUS is used to measure both static and dynamic 
parameters to help determine volume status and guide 
 resuscitation. Although static parameters are useful in deter-
mining volume status, they do not predict fluid responsive-
ness and should therefore be substituted with dynamic 
measurements to guide resuscitation. Furthermore, the 
POCUS findings should be taken within the clinic context. 
Fluid responsiveness should not imply need for fluids in an 
otherwise stable patient.

Figure 17 Mitral annular plane systolic excursion (MAPSE) in api-
cal four-chamber view
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Static Parameters:
The simplest POCUS measurement in assessment of vol-

ume status is the inferior vena cava (IVC) diameter. The IVC 
diameter is measured from the inferior vena cava longitudi-
nal view in either 2-D or M-mode. The diameter is measured 
perpendicular to the long axis of the IVC proximal to the 
hepatic vein (approximately 1–3 cm from the RA) (Fig. 18). 
Once a good image is obtained the IVC diameter is measured 
during exhalation in spontaneously breathing patient. Then 
the patient is asked to sniff so that that collapse of the IVC 
with decrease in intrathoracic pressure can be evaluated to 
estimated right atrial (RA) pressure (Table 5) [44].

Static measurements of the IVC diameter have important 
limitations. IVC diameter may be dilated in young athletic 

Figure 18 Inferior vena cava diameter
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patients and correlation with CVP in mechanically ventilated 
patients is poor. Nevertheless, a significant decrease in IVC 
diameter of <1.2 cm and collapsibility of the IVC does sug-
gest hypovolemia in patients undergoing positive-pressure 
ventilation [45]. These static measurements do not predict 
fluid responsiveness but changes in IVC diameter can be 
used as a dynamic measure to assess fluid responsiveness in 
patients with positive-pressure ventilation. Fluid responsive-
ness assessments are performed to predict the efficacy of 
intravenous volume expansion on improvement in stroke 
volume.

Dynamic Parameters:
The IVC distensibility index is the simplest dynamic mea-

surement to predict fluid responsiveness in mechanically ven-
tilated patients. It is calculated by measuring the IVC diameter 
during inspiration and expiration in a patient with positive-
pressure ventilation and passive inspiration/full  synchrony 
with the ventilator. Additional requirements before measure-
ments are obtained include: tidal volume of ≥8 mL/kg, sinus 
rhythm, and absence of right heart failure. The IVC diameter 
measurements are obtained in the same manner as described 
above and IVC distensibility is calculated as follows: IVC 
Distensibility Index  =  [(IVC DiameterInspiration – IVC 
DiameterExpiration)/(IVC DiameterExpiration)] × 100%. In this case 
an index >18% predicts fluid responsiveness [46].

Table 5 Estimated right atrial Pressure based on IVC diameter

IVC diameter
% Collapse of IVC 
with sniff

Estimated RA 
pressure

Spontaneous 
respirations

<2.1 cm >50% 3 (0–5) mmHg

>2.1 cm <50% 15 (10–20) mmHg

Positive-pressure 
ventilation

≤1.2 cm <10 mmHg

IVC inferior vena cava
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Aortic blood flow changes before and after passive leg 
raising is another dynamic measurement used to predict 
fluid responsiveness. Although it is more cumbersome and 
technically challenging to perform, it offers more valuable 
information (estimated stroke volume) and can be used for 
both spontaneously breathing and mechanically ventilated 
patients. The stroke volume (SV) can be calculated by mea-
suring the LVOT cross-sectional area (CSA) and LVOT 
velocity-time integral (VTI) [SV  =  LVOT CSA × LVOT 
VTI] [47].

LVOT CSA is calculated by obtaining the diameter of the 
LVOT in the parasternal long-axis view during mid systole. 
The measurement should be taken at the junction of the aor-
tic valve cusps and LVOT as shown in Fig.  19. [LVOT 
CSA = (Diameter LVOT/2)2 × π] or [LVOT CSA = (Diameter 

LVOT)2 × 0.785].
The LVOT VTI is measured in the apical five-chamber 

view. This view can be obtained by tilting the probe down in 
the apical four-chamber view until the LVOT opens as pic-
tured in Fig. 20. Once obtained, the pulse wave (PW) Doppler 

Figure 19 Measuring LVOT diameter

Point of Care Ultrasound



226

is placed near the aortic annulus with the beam aligned as 
close as possible to direction of flow. Incomplete alignment of 
>20° can significantly alter the results. Once properly posi-
tioned the LVOT tracing is obtained as shown in Fig. 20.

Once both measurements are obtained, stroke volume can 
be quickly calculated. The cardiac output can then be calcu-
lated as follows: [Stroke Volume (SV) × Heart Rate 
(HR) = Cardiac Output (CO)]. Furthermore, the LVOT VTI 
can be used as a dynamic measurement to predict volume 
responsiveness. In this case, the LVOT VTI is measured 
before and after a passive leg raise (PLR). The PLR mobi-
lizes blood from the lower limbs, increases venous return and 
increases SV that is reflected in a change of the LVOT 
VTI. Increases in LVOT VIT or SV by more than 12.5% dur-
ing PLR predict increase in SV with further intravenous fluid 

Figure 20 Measuring LVOT velocity-time integral
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bolus (i.e. fluid responsiveness) [48, 49]. As mentioned 
 previously, this aortic blood flow variability can be used in 
spontaneously breathing and mechanically ventilated 
patients. However, PLR can be difficult to perform in patients 
with lower extremity bandages or fractures. Furthermore, 
pregnancy or abdominal compartment syndrome resulting in 
compression of the IVC will blunt venous return of blood 
during PLR and limit validity of the results.

5.2.3  Tamponade

Tamponade is a clinical diagnosis that is established by com-
bining multiple sources of information. Clinical signs include 
tachycardia, tachypnea, hypotension, pulsus paradoxus (or 
reverse pulsus paradoxus in positive pressure ventilation), 
electrical alternans, and low voltage on electrocardiograms. 
Tamponade is a direct result of increased intrapericardial 
pressure that leads to the collapse of cardiac chambers and 
decreased venous return. Systolic right atrial systolic and dia-
stolic right ventricular collapses occur when intrapericardial 
pressures exceed in intracavitary pressures [50].

Pericardial effusions are the most common cause of tam-
ponade. Acute development of pericardial effusion results in 
a more significant increase in intrapericardial pressure due to 
lower pericardial compliance. A chronic increase in intraperi-
cardial fluid allows for higher pericardial compliance due to 
the slow increase in pericardial pressure. Therefore, acute 
pericardial effusion or more likely to lead to the development 
of tamponade. The evaluation of pericardial effusion can be 
done immediately with the use of cardiac POCUS. A pericar-
dial effusion can be distinguished from a pleural effusion by 
locating the aorta. Effusions that are in between the aorta 
and cardiac free wall are pericardial in origin.

Echocardiographic criteria for the diagnosis of tamponade 
include right atrial systolic collapse, right ventricular diastolic 
collapse, and variation in left and right ventricular inflow 
velocities during respiration. Evaluation of atrial collapse is 
summarized in Table 6.
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Variation in left and right ventricular inflow velocities dur-
ing respiration is performed with pulse wave (PW) doppler. 
In the apical four-chamber view, the PW doppler is placed 
over the tricuspid valve to evaluate RV inflow velocities and 
above the mitral valve to evaluate LV inflow velocities. The 
velocity is measured during inspiration and expiration as 
noted in Fig. 21. Exaggerated respiratory variation of >40% in 
the RV inflow tract or >25% in the LV inflow tract is indica-
tive of tamponade physiology. This method is not well studied 
in mechanically ventilated patients and its utility is therefore 
limited to spontaneously breathing patients. Additionally, 
similar variability in velocities can sometimes be seen in 
patients with severe obstructive lung disease, pulmonary 
embolism, RV infarction, or profound hypovolemia [50, 51].

Although echocardiographic criteria for the evaluation of 
tamponade is helpful it is by no means necessary to make a 
diagnosis.

Figure 21 Pulse Wave (PW) Doppler of mitral inflow for evaluation 
of cardiac tamponade
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5.3  Right Ventricular Function and Pulmonary 
Embolism

POCUS is frequently utilized in patients with known acute 
pulmonary embolism (PE) to guide therapy. Furthermore, 
evaluation of the RV for significant strain and impaired func-
tion can be used to work up undifferentiated shock or raise 
concern for acute PE. POCUS or formal echocardiography is 
rarely diagnostic of PE, unless a clot is visualized in the right 
sided chambers or pulmonary artery. Evaluation of the right 
ventricular focuses on morphology and function.

RV morphology is best evaluated from the apical four- 
chamber view. The relative RV/LV area ratio is ≤0.6. An RV/
LV area ratio ≥ 1.0 indicates severe RV dilation. The paraster-
nal short-axis is also used to evaluate RV morphology and 
can give some insight into RV volume and/or pressure over-
load when abnormal. The RV shares the intraventricular 
septum with the dominant LV. The relationship between LV 
and RV pressure can alter the appearance of the septum in 
the parasternal short-axis as depicted in Fig. 22. RV volume 

Figure 22 Flattening of the intraventricular septum
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overload results in septal flattening (leftward shift of the sep-
tum resulting in D-shaped LV) only during diastole. On the 
other hand, RV pressure overload results in persistent septal 
flattening during both systole and diastole.

The RV function can be evaluated with POCUS when 
morphology is abnormal or PE is suspect. In the apical four- 
chamber view, measurement of the tricuspid annular plane 
systolic excursion (TAPSE) is performed using M-mode to 
estimate RV function. TAPSE is obtained by directing the 
M-mode pick at the septal (lateral) tricuspid annulus and 
measuring the apical excursion in millimeters (mm) (Fig. 23). 
A TAPSE of <1.6 cm correlates with abnormal or decreased 
RV function [44].

6  Focused Assessment Sonography 
in Trauma (FAST)

FAST is an ideal POCUS exam that is performed in order to 
quickly detect pneumothorax or free fluid in the chest and 
abdomen. It is indicated in patients with blunt or penetrating 
trauma to the thorax or abdomen. FAST can also be utilized 
in the intensive care unit to evaluate critically ill patients with 
unexplained hypotension. In comparison to CT, FAST is cost- 
effective, portable, rapid, and easily repeatable for serial 

Figure 23 Tricuspid Annular Plane Systolic Excursion (TAPSE) in 
apical four-chamber view
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monitoring. However, it is less accurate in diagnosis of spe-
cific etiologies and extensive bowel gas, subcutaneous air, and 
patient body habits increase difficult of the exam [52].

FAST is performed with the low frequency probe (phased 
array or preferably curvilinear array because of its larger 
footprint) with the patient in the supine position. The exam 
mode is set to abdomen. This is important as probe and 
marker orientation are 180° opposite in abdomen and cardiac 
modes. The classic FAST, utilized in the evaluation of trauma 
patients, includes four views: subxiphoid, right upper quad-
rant, left upper quadrant, and pelvis. The extended FAST, 
which is outlined in detail below, also incorporates scanning 
of the anterior chest. Extended FAST (Table 7) is more com-

Table 7 Extended focused assessment sonography in trauma views

View Probe position
Structures 
seen

Pathologies 
found

Anterior 
chest
(extended 
FAST)

Anterior chest on 
each side at second 
or third intercostal 
space
Slide caudally
M-mode if no lung 
sliding evident

Pleural 
line/lung 
sliding

B-lines
Absent lung 
sliding
barcode sign

Subxiphoid Inferior to xiphoid 
process/sternum
Probe marker 
to left shoulder 
(opposite of 
subcostal long-axis)

Cardiac 
chambers

Pericardial 
effusion

Right 
upper 
quadrant

Right midaxillary 
line
Probe maker 
cephalad
Slide cephalad 
and rotate 
counterclockwise 
(scan below and 
above diaphragm)

Liver
Right 
Kidney
Right 
hemi- 
diaphragm

Pleural 
effusion
Consolidated 
lung
Free fluid in 
Morison’s 
Pouch (in 
between right 
kidney and 
liver)

(continued)
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monly utilized in the evaluation of hemodynamically unsta-
ble patients in the intensive care unit [53]. All views should be 
scanned when performing the exam and serial examination 
should be performed if patient clinical condition continues to 
deteriorate.

7  Conclusion

POCUS can provide intensivists with rapid answers to spe-
cific diagnostic questions, guide management, and improve 
successful completion of invasive procedures. Once mastered, 
POCUS can be used to obtain difficult venous access, screen 
and diagnose venous thromboembolism, elicit etiology of 
respiratory failure, evaluate cardiac function, and identify 
causes of hemodynamic instability. These broad applications 
with important clinical implications have led to a rapidly 
expanding incorporation of POCUS in intensive care units.

Table 7 (continued)

View Probe position
Structures 
seen

Pathologies 
found

Left upper 
quadrant

Left posterior 
axillary line
Probe maker 
cephalad
Slide cephalad and 
rotate clockwise 
(scan below and 
above diaphragm)

Spleen
Left 
Kidney
Left hemi- 
diaphragm

Pleural 
effusion
Consolidated 
lung
Free fluid 
around spleen

Pelvis Above the pubic 
bone
Probe maker 
cephalad 
(longitudinal view)
Slide probe 
slightly cephalad 
and rotate 90° 
(transverse view)

Bladder
Pouch of 
Douglas 
(females)
Recto- 
vesical 
pouch 
(males)

Free fluid 
posterior to 
bladder
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1  Introduction

Transcranial Doppler (TCD) is a valuable imaging tool in the 
assessment of wide variety of intracranial pathologies such as 
stenosis or occlusion within major intracranial vessels, evalu-
ation of sickle cell disease to determine stroke risk, detection 
of right to left Cardiac shunt, evaluation of collateral path-
ways of intra cranial blood flow and arteriovenous malforma-
tions pre and post neurointervention, assessment of cerebral 
hemodynamics after trauma, stroke or migraine, and as an 
adjunct to the clinical diagnosis of brain death. Most common 
indication of transcranial Doppler is in the detection and fol-
low up of vasospasm involving the cerebral vessels after sub-
arachnoid hemorrhage (SAH) due to aneurysm rupture. 
Serial transcranial Doppler ultrasonographic examinations 
accurately detect the presence of vasospasm and allow for 
optimizing of medical therapy for vasospasm before the 
patient becomes symptomatic [1].

CT Angiography (CTA), MR Angiography (MRA) and 
Ultrasound (US) are all utilized for evaluation of cerebral 
vessels. Non contrast CT is routinely used of diagnosis of 
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subarachnoid hemorrhage. CT has higher resolution, pro-
vides rapid diagnosis, lower cost than MRA, and wider avail-
ability but requires radiation exposure. CT is the largest 
contributor to medical radiation exposure among the U.S. 
population [2]. In addition, repetitive administration of iodin-
ated intravenous (IV) contrast can have deteriorating effect 
on the kidneys [3]. Digital subtraction angiography consid-
ered the gold standard for diagnosis of vasospasm, is however 
invasive, cannot be performed bedside, associated with radia-
tion and nephrotoxic effects from IV contrast and cannot be 
frequently repeated [4]. MRI is expensive and is not readily 
available compared with CT and US. MRI also requires long 
scan times that can last up to an hour with some patients 
needing anesthesia which has its own risks. It may be chal-
lenging for acutely ill patients to remain immobile during the 
duration of the scan leading to motion artifacts and a non- 
diagnostic study.

For these reasons US should be considered when appro-
priate for follow-up studies. US is radiation free, inexpensive 
and well-tolerated by patients. Most importantly, ultrasound 
is portable and can be performed bedside.

In this chapter we will discuss the basic principles of 
Doppler ultrasound, compare the imaging and nonimaging 
transcranial Doppler equipment currently available, proto-
cols and techniques for performing transcranial Doppler 
imaging as well as avoiding potential pitfalls. We will discuss 
important clinical applications of transcranial Doppler, with 
emphasis on evaluation of cerebral vasospasm following 
SAH.

2  Doppler Ultrasound Concepts

‘Ultrasound’ is sound at frequencies above the upper limit of 
human hearing (approximately 0.02  MHz). Diagnostic US 
imaging involves frequency range of 2 to 18 megahertz [5]. In 
creating an ultrasound image, sound pulses are transmitted 
into tissue by a ‘transducer’, where they reflect from various 
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structures, the extent depending to various factors including 
the density of the structure and are captured by the same 
transducer, postprocessed to form an image. ‘Grey scale 
images’ consist of different shades of brightness proportional 
to the extent of signal received from various structures.

If the reflecting source is in motion either toward or away 
from the transducer, the frequency of the sound waves 
received will be higher or lower than the frequency at which 
they were emitted, respectively called ‘Doppler Shift’ [6]. A 
Doppler shift equation is utilized by the machine to indirectly 
calculate the velocity of the blood [6]. This information can 
also be used to create color blood flow maps of the 
vasculature.

A spectral Doppler waveform (Fig. 1) is a visual display of 
blood flow velocities within a small sample volume within a 
blood vessel on transcranial color Doppler technique that is 
represented as a time velocity curve throughout the cardiac 
cycle [7]. Peak Systolic Velocity (PSV), End Diastolic 
Velocities (EDV) can be measured from the waveform and 
these values are used to calculate the Mean Flow Velocity 
[MFV=PSV+(EDV × 2)/3] and Resistive Index [RI = (PSV – 
EDV)/PSV] [8]. Resistive Index is a measure of resistance to 

Velocity scale

Figure 1 Components of Transcranial Color Doppler (TCCD). 
Peak systolic and diastolic velocities (orange arrows) are calculated 
from spectral waveform and displayed on right top corner (orange 
box)
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the flow of blood into an organ. Low-resistance spectral 
waveforms are characterized by continued forward diastolic 
flow throughout the cardiac cycle with a slower increase in 
flow velocity with the onset of systole [7] (Fig.  2). Arteries 
that supply vital organs such as cerebral arteries characteristi-
cally have a low-resistance waveform.

Angle of insonation: The angle between the direction of 
the ultrasound beam and the in-line axis of the vessel is ‘angle 
of insonation’ (Fig. 3). Blood flow velocity is most accurate 
when this angle is zero. This is impossible to achieve unless an 
intra vascular probe is used and angles between zero and 60° 
are considered acceptable. Increasing insonation angles is 
associated with false decrease in recorded velocities. Angle 
correction can be applied to compensate for decreases in 
velocity [6]. It should be noted that velocities obtained with 
Doppler imaging equipment may be lower than those obtained 
with non-imaging equipment. Per ACR–AIUM–SPR–SRU 

a

b

Figure 2 Low resistance waveforms are seen in intracranial vessels 
where forward flow during diastole is essential (a). Note the entire 
flow in systole and diastole is above the baseline. High resistance 
waveform is seen in extremities where there is reversal of flow dur-
ing diastole (b)
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practice parameter for the performance of transcranial 
Doppler ultrasound, angle correction should not be applied if 
velocity reference standards have been previously acquired 
with nonimaging TCD methods which are not angle cor-
rected [9].

Pulsatality index (PI): the Gosling PI (Systolic Flow 
Velocity – Diastolic Flow Velocity/Mean Flow Velocity) [10] 
is based on the fact that when Intra Cranial Pressure (ICP) 
increases, diastolic flow velocity is affected more than systolic 
flow velocity, hence increase in PI. Many authors have indi-
cated that PI is not reliable in assessing ICP and can be influ-
enced by many extracranial factors [11, 12]. PI is influenced 
by cerebral perfusion pressure (CPP), pulse amplitude of 
arterial pressure, cerebrovascular resistance and heart rate. PI 
Is considered to describe CPP more accurately than ICP [13]. 
In general, if PI  >2.0, with normal Mean Arterial Pressure 
and PaCO2 >30, there is a concern for elevated ICO [14, 15].

6090
15

Direction of blood flow in the vessel Doppler angles

Figure 3 Doppler angle-the angle between the direction of blood 
Flow and the direction of transmitted sound wave should be 30–60°. 
Less than 30° can cause reflection of sound waves and no Doppler 
shift is recorded at 90°
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3  TCD Equipment and the Technique

Two types of TCD equipment are currently available: non- 
duplex (non-imaging) and duplex (imaging) devices. 
Nonduplex TCD technique is performed without visual guid-
ance but with well-established criteria to identify vessels of 
interest, using a pulsed wave adjustable 2-MHz transducer to 
record range-gated velocity measurements at selected depths 
within the skull [16]. Machines post process the measure-
ments to display a color-coded spectral analysis of the vessel 
being interrogated, but no image of the vascular anatomy is 
produced (Fig. 4a). These machines are used for bedside US 
in neuro ICU.

a

b

Figure 4 (a) Transcranial Doppler images obtained with Natus® 
nonduplex, 2 MHz, ‘pencil’ TCD transducer. (b) Transcranial Color 
Doppler images obtained with Phillips D5–1, duplex, phased-array, 
2–3-MHz, sector transducer. This transducer has larger footprint and 
heavier than Natus® nonduplex, 2 MHz, TCD transducer
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Duplex imaging devices also called Transcranial Color 
Doppler (TCCD). Circle of Willis can be directly visualized, 
and individual vessels can be selected to obtain blood flow 
velocity and spectral waveform. This mode of transcranial 
Doppler is performed in the Radiology Department on their 
dedicated machines with a specific post processing software 
to display real time color Doppler image of the vessels. A 
phased- array, 2- to 3-MHz, sector transducer is used (Fig. 4b).

3.1  Comparison of TCD to TCCD

Both doppler devices are compared on Table 1. TCD trans-
ducer is lightweight and the controls on the monitor are 
simple. TCCD is more complex to perform with the investiga-
tor continuously handling the knobs to freeze, analyze, and 
store velocity measurements, while holding the transducer 
steady with the other hand. TCD examinations take less time 
than TCCD examinations. Neish AS et al. have reported that, 
the average TCD took 29 min, compared with an average of 
43  min for TCCD [17]. Benefits of TCCD includes shorter 
learning curve relative to TCD, greater confidence to the 
interpreting physician as the vessels are directly visualized 
and may reveal incidental findings such as vascular malfor-
mation or aneurysm.

Time- averaged mean maximum velocity (TAMM) is 
obtained on TCD machines by calculating the mean of the 
maximum velocities within an envelope trace over numerous 
cardiac cycles [18]. TAMM is usually higher than the mean 
maximum velocities recorded on TCCD (time average of the 
maximum -TAMx, time average peak -TAP) [19]. Although 
angle-corrected velocity measurements obtained with TCCD 
may be more accurate than non- angle-corrected velocity 
measurements obtained with TCD, it is important to con-
sider that, for some applications, such as evaluating children 
with sickle cell anemia, clinical guidelines regarding normal 
versus abnormal or conditional velocities were validated in 
large clinical trials using TCD. For this reason, if comparing 
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TCCD measurements with TCD becomes necessary to 
assess disease stability angle correction on TCCD should not 
be performed [9, 16].

Table 1 Comparison of non-imaging TCD and imaging TCCD tech-
niques (Refs. [16, 17])

Transcranial Doppler (TCD)
Transcranial Color Doppler 
(TCCD)

Smaller footprint lightweight 
transducer

Wider 2.5 cm foot print, Bulkier

Easy controls on monitor More effort to analyze and save 
velocity measurements.

Shorter duration study 10–15 more minutes of 
acquisition and postprocessing 
than TCD (17)

Blind approach, investigator 
relies on an audible Doppler 
signal and continuous velocity 
readout to optimize the angle 
of insonation and maximize the 
velocity measurement. Because 
there is no image of the vessel 
being interrogated, angle 
correction is not possible.

Vessels can be directly 
visualized. Information for the 
waveform is obtained from 
a small sample volume that 
is placed in the center of the 
vessel by the sonographer. 
Optimization of the angle of 
insonation, and angle correction 
can be performed to get 
accurate velocities.

Time- averaged mean 
maximum velocity (TAMM) is 
recorded.

Time average of the 
maximum -TAMx and/or 
Time Average Peak -TAP 
measurements are recorded.

Validated velocity-based 
stroke-risk categorizations, 
through large prospective 
clinical trials were performed 
using TCD equipment

Measurements obtained on 
TCCD cannot be compared to 
results described on literature. 
Velocities obtained TCCD may 
be lower than those obtained 
with TCD. Velocities obtained 
without angle correction may be 
close to standardized values.
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4  Technique

Performing TCD and TCCD ultrasonography requires exper-
tise obtained by training and practice. The examination can 
be performed at the bedside or dedicated ultrasound exami-
nation room with the operator seated at the head of the bed. 
Patient is requested to lie still in supine position or turn head 
to the side if necessary.

In infants open fontanelles provides excellent acoustic 
window for visualization of intracranial circulation (Fig.  5). 
Higher frequency (5–15  MHz) sector, curvilinear or linear 
probes are used to perform doppler. TCCD is preferred over 
TCD in children for precise localization of targeted intracra-
nial vessels. Criteria for localization and depth of intracranial 
vessels to be visualized via TCD are not well established for 
children.

Figure 5 TCCD images in infants through anterior fontanelle 
shows excellent visualization of intracranial arteries as well as supe-
rior grayscale visualization of intracranial structures
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After fontanelle closure, the 2 available acoustic windows 
are the temporal bone and the foramen magnum. The trans-
temporal window allows optimal visualization of the circle of 
Willis; the Middle Cerebral Artery (MCA), Anterior cerebral 
artery (ACA), posterior cerebral artery (PCA) and the distal 
internal carotid artery (ICA). Optimum location to scan is 
the thinnest portion of the temporal bone (the pterion), 
cephalad to the zygomatic arch and anterior to the ear [8, 9]. 
We perform TCCD examinations using a 6-mm sample vol-
ume to obtain atleast 3 velocity measurements along the 
Proximal, mid and distal MCA, at 2 depths within the ACA, 
PCA, the distal ICA (Fig. 6a).

The transducer is placed in the midline below the occiput 
and angled cephalad to allow visualization of the Vertebral 
and Basilar arteries via the Foramen Magnum for transfo-
raminal approach (Fig.  6b). Sometimes the transducer is 
placed on the closed eyelid for visualization of occipital 
artery and cavernous portion of the ICA -transorbital 
approach (Fig. 6c) [8, 19].

b

a

c

Ophthalmic A

ACA-A1 ACOM
MCA-M1

PCOM

PCA
ICA M2

Basilar A

Vertebral A

Figure 6 Acoustic windows for imaging intracranial vessels after 
fontanelle closure: Transtemporal (a), Trans occipital (b), 
Transorbital (c)
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As mentioned before, TCD is performed without vessel 
visualization. The operator relies on an audible Doppler sig-
nal and continuous velocity readout to optimize the angle of 
insonation and maximize the velocity measurement. Because 
the actual vessels are not visualized, correction for angle of 
insonation cannot be applied. Since the MCA and PCA 
course towards the transducer, the angle of insonation is 
small and it is no significant effect on velocity is obtained [20]. 
However, ACA courses perpendicular to the angle of 
insonation and velocities obtained from this vessel are not 
accurate on TCD [16]. Normal velocities of the visualized 
cerebral vessels and expected depth of the vessels are 
detailed on Table 2.

Despite excellent safety profile, there are a few biosafety 
concerns related to diagnostic ultrasound use that the oper-
ator needs to be aware of. Focused energy deposition from 
the ultrasound beam can result in increased temperature 
within the tissues as well as mechanical injury to the cells. 

Table 2 On non-imaging TCD vessels are identified by approxi-
mate depth and the directionality of blood flow through the given 
acoustic window (Ref. [8])

Artery
Acoustic 
window

Transducer 
orientation

Depth 
in mm Flow direction

MCA Transtemporal Neutral, 
Facing 
Forward

35–60 Toward

ACA Transtemporal Anterior 60–75 Away

PCA Transtemporal Posterior 60–75 Toward

VA Transforaminal Superior, 
oblique

45–75 Away

BA Transforaminal Superior 70–120 Away

OA Transorbital Slightly 
Medial

40–50 Toward

MCA middle cerebral artery, ACA anterior cerebral artery, PCA 
posterior cerebral artery, VA vertebral artery, BA basilar artery, OA 
occipital artery
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This  concern is even higher with transorbital imaging where 
the eye because of relatively low perfusion and slow dissipa-
tion of heat is at higher risk of thermal injury. Machine set-
tings should be maintained at lowest output power without 
compromising the diagnostic quality of the images and scan-
ning times should be kept short [21].

5  Clinical Applications of TCD

5.1  Vasospasm

Vasospasm is a secondary consequence of SAH and is associ-
ated with high mortality and morbidity [22]. Additional 
sequala of SAH and vasospasm is delayed cerebral infarction 
(DCI) also associated with disability and death [23]. Cerebral 
vasospasm—the narrowing of the cerebral arteries after 
SAH—is a common complication that occurs in up to 70% of 
patients and can be seen with radiographic and ultrasound 
imaging [24]. Cerebral vasospasm may be present in some 
patients as early as in the first 24  h of SAH but more fre-
quently begins 3–4 days after an aneurysm rupture, reaching 
a peak after 7–10  days and resolving spontaneously after 
21  days [25] (Fig.  7). Bedside TCD and TCCD can detect 
vasospasm before the patient develops ischemic neurological 
deficits or cerebral infarction. Elevated TCD velocities initi-
ate and guide, treatment of vasospasm [26]. In addition, it is 
important to remember that multiple intracranial vessels may 
be affected by vasospasm and both anterior and posterior 
circulation should be interrogated.

The pooled sensitivity of TCD for the detection of vaso-
spasm has been reported to be 67% and 82% for TCCD per 
metaanalysis published by Mastantuono JM et  al. [27]. 
Increases in flow velocity correspond to cross-sectional diam-
eter decreases in vessel lumen resulting from vasospasm. The 
more severe the vasospasm, the higher the flow velocity. 
Threshold PSV and MFV values for Mild, Moderate and 
Severe vasospasm on TCCD used in our institution are 
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a b c

d e

f g

Figure 7 39 years old women with subarachnoid hemorrhage- seen 
on non-contrast CT (a) as high-attenuation blood in the Sylvian fis-
sures (yellow arrows) and the interhemispheric fissure (blue arrows). 
Post contrast maximum intensity projection (MIP) axial images 
show a ACOM artery saccular aneurysm (arrow on image b) and a 
smaller aneurysm arising from M2 (arrow on image c). Patient dem-
onstrated moderate spasm of left MCA on TCCD on day 4 (d), 
which was also seen on CTA head from the same day. See narrowed 
MCA vessels compared to CTA from day 1 (arrows on image e). The 
patient also demonstrated mild vasospasm and severe vasospasms 
on serial TCCD’s performed over 14 days post initial diagnosis (f, g)
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adapted from the article published by Kirsch et al. and shown 
in Table  3 [8]. Apart from vessel narrowing, flow velocity 
obtained on TCCD is also influenced by patient factors such 
as hypertension, hypervolemia and hyperemia [4]. Ratio 
between the MFV of the middle cerebral artery and extracra-
nial internal carotid artery, also called Lindegaard ratio was 
developed to correct for these confounders [28]. These ratios 
take precedence over the absolute values of MFV in assess-
ment of vasospasm. A Lindegaard ratio of 3–6 is indicative of 
mild to moderate vasospasm, and a ratio greater than 6.0 is 
indicative of severe vasospasm (Table 3, Fig. 8). Cutoff PSV 
and MFV values for anterior and posterior circulation is 
shown on Table 3 (Figs. 9 and 10). Additional ratios have been 
developed for anterior and posterior circulation to exclude 
the effect of confounders. Sloan’s hemispheric ratio, is the 
ratio of MFV of the ACA to MFV of distal ICA. A ratio of 
=/>4 is highly concerning for vasospasm [29]. Soustiel’s poste-
rior circulation index is calculated as the ratio of the MFV of 
the basilar artery to MFV of the extracranial vertebral artery. 
A ratio =/> 2 is considered concerning for vasospasm [30].

Table 3 Vasospasm criterias for intracranial vessels (Refs. [8, 
28–31])

Artery
PSV (cm/
sec)

MFV (cm/
sec) Ratios

MCA Mild 200–
250
Moderate 
250–300
Severe 
>300

Mild:120–
150
Moderate: 
150–200
Severe >200

Lindegaard Ratio (MFV 
MCA/MFV EICA:
Mild: 3–4.5
Moderate 4.5–6.0
Severe >6

ACA >120 >80 Sloan ratio (MFV ACA/
MFV EICA) >4.0

PCA >120 >85

VA >60

BA >50 Soustiel’s posterior 
circulation index >2.0 
(MFV BA/MFV EICA)
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A baseline TCD and TCCD are obtained after initial diag-
nosis of SAH on CT or MRI. In our institution daily follow-
 up of US via bedside TCCD is performed for 14 days after 
initial diagnosis of SAH. As mentioned previously, given the 
differences in recorded mean velocities between TCD and 
TCCD, the measurements obtained by imaging and non 
imaging techniques should not be compared, instead indi-
vidual trends on TCD and TCCD should be monitored 
separately.

Lindegaard ratio: MFV MCA/MFV Extracranial ICA = 185/57=3.2
a b

Figure 8 In this patient with hypovolemia, the absolute MCA 
velocity is not indicative of vasospasm (a). However, Lindegaard 
ratio is 3.2 is indicative of mild to moderate vasospasm. Note, 
although visually the waveforms look similar for both MCA and 
ICA (b), the scales are set differently, the velocities of MCA are 
significantly higher than ICA

a b

Figure 9 Patient with subarachnoid hemorrhage and ACA veloci-
ties of 150 cm/s, consistent with vasospasm (a). Which was seen on 
CTA performed subsequently (arrow) (b)
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5.2  Stenosis

TCD is a great adjunct to DSA or CTA for diagnosis and 
follow-up of major intra cranial vessels diagnosis before and 
after neurointervention. The MFV thresholds and ratio’s to 
diagnose 50% stenosis with high accuracy is not well estab-
lished. The Stroke Outcomes and Neuroimaging of 
Intracranial Atherosclerosis (SONIA) trial compared the 
performance of TCD against invasive angiography for identi-
fication of ≥50% intracranial stenosis and demonstrated that 
TCD could reliably exclude the presence of intracranial ste-
nosis (negative predictive value >80%) (Fig. 11). The follow-
ing MFV cut-offs on TCD were used for identification of 
≥50% stenosis (SONIA criteria) for MCA: MFV >100 cm/s 
and VA/BA MFV >80 cm/s [32]. The commonly used cut-off 
values for the diagnosis of moderate (>50%) stenosis in vari-
ous intracranial arteries is published by Bathala et al. [31].

5.3  Acute Ischemic Stroke

TCD has application in both diagnosis and management of 
acute ischemic stroke. For the diagnosis of acute ischemic 
stroke, the sensitivity and specificity of TCD depends on the 

a b

Figure 10 Patient with subarachnoid hemorrhage and PCA veloci-
ties of 122 cm/s, consistent with vasospasm (a). Normal basilar artery 
waveform seen in the same patient (b)
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location of circulatory deficit. Most reliable results are noted 
in the anterior circulation. Demchuk et  al., [33] noted an 
overall sensitivity of 83% and specificity of 94% in angio-
graphic confirmed arterial occlusion. The sensitivity of TCD 
in diagnosing ischemic stroke was 94% for proximal ICA, 
93% for MCA, 56% for terminal VA and 60% for BA.

After the initial MRA and thrombolytic therapy for acute 
stroke, there is no good mechanism to monitor flow. TCD can 
monitor and grade residual blood flow after thrombolytic 
therapy using the Thrombolysis in Brain Ischemia (TIBI) 
grading system. (0  =  absent, 1  =  minimal, 2  =  blunted, 
3 = dampened, 4 = stenotic, 5 = normal). Stolz et al., [34] in 
their meta-analysis noted that clinical improvement at 48 h 
correlates with recanalization on TCD measurements. 
Correlation was also noted with improved functional capacity 
at 3  months. Mortality benefit was also noted with patent 
MVA as opposed to occluded MCA 2 h after thrombolytic 
therapy. Alexandrov et al., [35] demonstrated that TIBI grad-
ing system on TCD can also detect early post thrombolytic 
re-occlusion (<2 h) which can occur in a third of the patients. 
Such early re-occlusion after thrombolysis is associated with 
higher inpatient mortality and poor functional outcomes at 
3 months.

a b

Figure 11 Left mid MCA demonstrates persistent narrowing 
(arrow) with elevated velocities (red box), consistent with stenosis 
(a). Moderate stenosis of MCA was seen on MIP axial MRA (b)
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5.4  Traumatic Brain Injury

Mild CT findings associated with a reduced Diastolic Flow 
Volume (Fd)  <25  cm/s and/or increased PI values >1.25 on 
TCD at the time of admission indicated a high risk of neuro-
logical deterioration within the first week after Traumatic 
Brain Injury in study conducted by Bauzat et al. [36]. These 
cut offs accurately predicted neurologic worsening with 90% 
sensitivity and 91% specificity [36]. TCD as a bedside moni-
toring tool compliments initial CT scan and could improve 
the early screening of mild to moderate TBI patients in the 
emergency setting, thus allowing the initiation of appropriate 
treatment and management [11].

5.5  Brain Death Evaluation

Brain stem death is usually a clinical diagnosis utilizing clini-
cal examination and confirmatory testing such as 
EEG. Occasionally, circumstances such as brain stem injury, 
paralytics, sedative medications, or hypothermia may pose 
challenges to accurate clinical examination [37]. Under such 
circumstances, TCD may be used as a confirmatory test for 
cerebral circulatory arrest which precedes brain stem death.

For confirmation of cerebral circulatory arrest, one of the 
following waveforms must be observed in the BA, bilateral 
ICA, and bilateral MCA on two examinations at least 30 min 
apart [38] (Fig. 12):

 1. An oscillating waveform (zero net flow)
 2. Small systolic spikes of <200  ms duration and <50  cm/s 

PSV with no diastolic flow
 3. Disappearance of previously registered Doppler flow 

signals

It must be mentioned that operator experience is impor-
tant in reliably deriving conclusions using TCD for cerebral 
circulatory arrest. A good acoustic window may sometimes 
be obtained by repeated attempts at testing even if the initial 
attempt demonstrated suboptimal window.
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Sensitivity and specificity of TCD for cerebral circulatory 
arrest have been shown to be 89–100% and 97–100%, respec-
tively [29, 39].

5.6  Sickle Cell Disease

Patients with sickle cell disease (SCD) may have neurologic 
injury in the form of infarction or intracranial bleed. The 
pathophysiology is stenosis and occlusion of distal ICA, proxi-
mal MCA and ACA by sickle cells and their adherence to the 
vascular endothelium. TCD can be particularly helpful in 
subclinical infarction (Fig.  13). Asymptomatic children with 
SCD with CBF-V >200  cm/s have been shown to have an 
increased risk of stroke [40]. Blood transfusion in such chil-
dren may reduce the risk of stroke by >90% [41]. TCD screen-
ing of children with SCD aged 2–6  years is recommended 
every 6–12 monthly. Involving measurement of the time-

Figure 12 In a patient suspected with brain death, TCCD in right 
MCA area demonstrates an oscillating waveform (arrow) with small 
systolic spikes of <50 cm/s and no definite diastolic flow
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averaged mean maximum CBF-V in bilateral MCA, bifurca-
tion, distal ICA, ACA, PCA, and BA [42]. Patients with a time 
averaged mean maximum CBF-V of >200  cm/s in bilateral 
MCA, distal ICA, ACA, PCA and BA are recommended to 
receive blood transfusion to prevent stroke [42, 43].

6  Conclusion

TCD and TCCD (imaging) techniques allow measurement of 
blood flow velocity in the major intracranial vessels. Both 
techniques offer unique advantages and can complement 
each other along with other imaging modalities for detection 
and follow-up of cerebral vasospasm. For successful perfor-
mance and accurate interpretation, the operator should be 
empowered with adequate training, understanding the con-
cepts of Doppler and working knowledge of TCD equipment. 
Because not all vasospasm is necessarily symptomatic, the 
finding must be correlated with a clinical neurologic exami-
nation to determine the appropriate therapy.

a b

Figure 13 In a 3-year-old with Sickle Cell Disease demonstrates 
elevated velocities in Right MCA on TCCD (a) with stenosis dem-
onstrated on MRA (arrow) (b)
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1  Introduction

Cervical traction is a cornerstone for the treatment of acute 
cervical spine injuries. Providing weighted traction to the 
cervical spine can reduce fracture/dislocations, restore and 
maintain normal spinal alignment as well as temporally 
immobilizing the spine until definitive treatment can be per-
formed, whether that be open reduction and fixation or pro-
longed halo vest immobilization [1]. The endpoint of cervical 
traction is to decompress the spinal cord and nerve roots in 
order to prevent secondary, delayed spinal cord injury related 
to spinal instability.

2  Indications, Contraindications, and Caveats

• A patient with an unstable cervical spinal injury must be 
immobilized by external orthoses or sandbags until cervi-
cal traction can be performed.
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• Cervical traction is indicated for immobilization and/or 
reduction of an unstable cervical spinal injury (displaced 
fracture, unilateral/bilateral facet fracture/dislocations, liga-
mentous injury), as well as for decompression of the spinal 
cord or nerve roots secondary to spinal misalignment [1].

• The patient must be awake and cooperative. Neurological 
examination during traction is essential to ensure weight 
tolerance and prevent the development of a new neuro-
logic deficit.

• Concomitant radiographs are necessary to sequentially 
assess traction/reduction and to correlate imaging to the 
patient’s neurological exam during the procedure.

• Pin sites should not be over skull fractures or prior skull 
defects.

• Cervical traction should not be performed if: (1) there is 
another unstable injury rostral to the target level, (2) there 
is a significant traumatic disc herniation with associated 
neurological deficit, and (3) if there is a definitive, com-
plete ligamentous injury at any cervical spine level [2–5]. 
MRI should be obtained when appropriate to rule out a 
compressive lesion which could put the patient at risk for 
neural element impingement with traction

• Traction can be applied using either Gardner-Wells tongs 
or a halo ring; generally in patients who are going to be 
treated long term or post-operatively with halo fixation, a 
halo ring is used as the traction modality, otherwise 
Gardner- Wells tongs are used

3  Procedure: Cervical Traction/Closed 
Reduction with Garner-Wells Tongs

 1. Pre-medication

Short-acting opiates and muscle relaxants should be avail-
able and may be used. Opiates will ameliorate pain related to 
manipulation of the acute injured spine while muscle  relaxants 
can “loosen” spasmodic spine musculature to allow for easier 
manipulation. The authors prefer the use of IV fentanyl and 
IV valium for this phase of the procedure.
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 2. Preparation

Necessary supplies include: gloves, clippers, betadine oint-
ment, local anesthetic and a cervical traction cart or the 
equivalent for your institution. For Gardner-Wells tongs 
(Fig. 1), necessary equipment consists of: tongs and rope, bed 
frame bars, pulley, pins, and weight.

Figure 1 Gardner-Wells tongs
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Start by placing the vertical bars on each side of the bed 
attachments and connect the vertical bars with a horizontal 
bar (Fig. 2). Apply another bar perpendicular to the horizon-
tal bar (this will act as a pivot point to rotate and adjust the 
angle of the pulley, we will refer to this as the pivot bar) and 
apply a short bar perpendicular to that bar (this will serve as 
the pulley attachment point, we will refer to this as the pulley 
bar) (Fig. 3). Attach the pulley (Fig. 4).

 3. Patient positioning

The patient is positioned supine in bed with the neck in the 
neutral position. Now, adjust the pivot bar and the pulley bar 
until the pulley is parallel to the horizontal axis of the 
patient’s spine. This will be, in most instances, the starting 
position.

Figure 2 Step 1: Bed frame base
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Figure 3 Step 2: Pivot bar and pulley bar in place

Figure 4 Step 3: Pulley attached
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 4. Pin placement

Pin sites are dependent on the intended type of traction. 
The ideal pin sites for neutral traction are directly above the 
external auditory meatus, approximately 3  cm above the 
pinna, at the superior temporal line. If attempting to induce 
flexion or extension, the pins should be placed either 2–3 cm 
anterior or posterior to that point, respectively [6]. Once the 
adequate site is identified, the area is cleaned with alcohol 
prep followed by iodine prep. The area is infiltrated with local 
anesthetic. The authors prefer a 2.5 cc infiltration of 1% lido-
caine at each pin site. The pins are covered with iodine oint-
ment and screwed into placed. Both pins are tightened at the 
same time until an adequate level of torque is achieved, in 
which the tongs are tightly secured to the patient’s head. The 
rope from the tongs is then passed through the pulley and 
secured to the weight hanger with a knot (Fig. 5).

Figure 5 Step 4: Tongs secured
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 5. Traction/reduction

Start the critical portion of the procedure by obtaining a 
baseline lateral x-ray. As a general rule of thumb, initial 
weight is dependent on the level of injury and is calculated as 
(3–5  lbs × # of cranial levels) [1]. This initial weight can be 
added, a neurologic exam is done, and an x-ray is obtained to 
evaluate the alignment. Additional weight can be added 
every 10–15  min. It is our practice to add weight in incre-
ments of 2.5 lbs and to not surpass more than 5 lbs per num-
ber of level treated. Despite that, definitive consensus on the 
ideal weight per level or a maximum amount of weight has 
not been established. The pulley angle can be adjusted to 
modify the amount of flexion/extension added and the 
amount of weight can be adjusted to increase distraction. It is 
important to obtain X-rays after every adjustment to ensure 
distraction is being applied safely. Once adequate traction/
reduction is achieved, the patient is left in the supine position 
with the adequate weight. We routinely obtain repeat x-rays 
2  h post-procedure as changes in muscle tone may induce 
delayed motion of the cervical spine and may altered the trac-
tion/reduction.

4  Post-procedural Care

• Patients must be admitted to a neurological ICU and 
should have frequent neurological checks (every hour).

• Adequate pain control is essential.
• Repeat imaging should be routinely obtained, including 

any time there is patient transfer or adjustments in weight 
or pulley angle.

• Inspect pin torque daily and adjust as necessary. Generally 
the pins are re-tightened the day after placement to ensure 
they remain secure

• Routinely clean the pin sites with hydrogen peroxide twice 
a day.

• Beware of pressure injuries related to patient immobiliza-
tion (especially the occiput which can be pulled against the 
bed) in the supine position and treat accordingly.

Cervical Traction
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5  Case Presentation

A 62 y/o gentleman presented to our institution after suffer-
ing a ground level fall while hunting. CT of the cervical spine 
revealed a comminuted Hangman’s fracture with resultant 
grade 2 anterolisthesis of C2–3 (Fig. 6a and b). He was neuro-
logically intact but had severe neck pain. Gardner-Wells 
tongs were placed with the intention to distract and extend 
the neck in order to rotate C2 anteriorly in a sagittal plane, 
hence the pins where placed 3 cm above the EAM and 2 cm 
anterior. The pre-traction x-ray is presented in Fig. 7a. 6  lbs 
(3 lbs × 2 levels) was selected as the initial weight (Fig. 7b). 
Weight was sequentially increased, and the pulley was 
adjusted as to increasingly distract and flex the spine to revert 
the misalignment (Fig.  7c). The patient tolerated traction 
well, and no changes in alignment were obtained past 16 lbs, 

a b

Figure 6 (a) Sagittal CT cervical spine bone window without con-
trast demonstrating unstable C2 injury with grade anterolisthesis at 
C2–3. (b) Axial CT cervical spine bone window without contrast 
demonstrating bilateral C2 pedicle fractures as classically described 
for Hangman’s fracture

M. O. Torres and S. B. Carr
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so this was deemed our final weight (Fig. 7d). The patient had 
immediate improvement of his neck pain and remained neu-
rologically intact post-operatively. He later underwent poste-
rior cervical instrumentation and fusion from C1 to C3, 
traction was removed, and he did not require external ortho-
ses for stabilization.

a b

c d

Figure 7 (a) Pre-traction lateral cervical spine x-ray with Gardner- 
Wells tongs in place. Notice grade 2 spondylolisthesis of C2–3. (b) 
Initial 6 lbs of weight have been added. Notice reduction of spondy-
lolisthesis to grade 1. (c) A total of 10 lbs have been added, as well 
as slight flexion of the neck. (d) Final x-ray demonstrating adequate 
reduction and near-normal alignment at the C2–3 level

Cervical Traction
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1  Introduction

Analgo-sedation in the NCCU is a challenging proposition 
given conflicting objectives and varied indications [1], need-
ing to balance an adequate sedation depth with preservation 
of the capacity to perform neurological examinations. 
Furthermore, patients with cognitive dysfunction are more 
prone to restlessness and agitation [1]. It is indeed a fine line 
as both over- and under-sedation incur complications and 
there is no evidence to support any particular sedation proto-
col over another, if at all [2]. Further confounding the issue, 
most existing research on analgesia and sedation in the criti-
cal care setting have included general intensive care unit 
(ICU) patients with different pathophysiologies from those 
with neurological injury [3].
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2  Indications

Indications for analgesia and sedation in the NCCU can be 
subdivided into general indications and neuro-specific indica-
tions. The former comprises indications generalizable to all 
ICU patients such as: pain reduction, anxiolysis, ventilator 
synchrony, hemodynamic stabilization or blunting of stress 
response [4]. The latter includes conditions wherein sedatives 
are a treatment upon itself, such as status epilepticus or ICP 
crises [5] (Table 1).

A majority of critically ill patients will suffer pain and 
anxiety [6, 7] during their admission, which if uncontrolled 
may lead to long term complications such as post-traumatic 
stress disorder, chronic pain and lower quality of life even 
years after discharge [6]. It is recommended to attempt anal-
gesia prior to sedation, as pain itself may be a cause for agita-
tion [6, 8].

Table 1 Analgo-sedation indications, general vs neurocritical spe-
cific [5–7]. Pathologies such as traumatic brain injury, increased 
intracranial pressure and status epilepticus may require deep seda-
tion or induced coma as therapy and are discussed elsewhere in this 
text

General indications
Neurocritical specific 
indications

Anxiety Status epilepticus

Intubation Intracranial pressure 
(ICP) crisis

Ventilator dys-synchrony Paroxysmal sympathetic 
hyperactivity

Prior to painful interventions

Pain (with or without attendant 
catecholaminergic response)

Paralytic administration

Targeted temperature management
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3  Drug Selection

The ideal regimen in the NCCU would achieve the minimum 
analgosedation necessary to ensure care delivery, patient com-
fort and pain minimization [6, 8]. Of note, sedation intensity 
carries a dose-dependent relationship with delirium, mortality 
and prolonged intubation [4, 6], while light sedation leads to 
decreased rates of tracheostomy, and length of mechanical 
ventilation [6]. In the interest of preserving the neurological 
exam, the ideal regimen would preferably exhibit short onset 
and offset and have a short terminal half- life [6]. Thus, drug 
selection is an exquisite affair in the NCCU wherein mecha-
nisms of action, half-lives, side effects and metabolic pathways 
of elimination are to be accounted for when selecting an agent.

Ketamine, a nonbarbiturate phencyclidine derivative has 
gained recent attention due to opioid-sparing effect and abil-
ity to provide neuroprotection with minimal side effects in 
the NCCU.  Analgesic effects are observed at lower plasma 
concentrations than those that produce psychomimetic 
effects. At lower doses, ketamine has little effect on blood 
pressure [9]. The fear that ketamine could raise the ICP in 
brain injured patients has been disproved in some clinical 
studies and has been utilized as part of an ICP management 
protocol in others [10].

Benzodiazepines deserve special mention, as they are 
noted to have high tissue accumulation and may prolong 
awakening times [5]. Thus, some consider dexmedetomidine 
or propofol preferable agents [6]. The authors usually employ 
midazolam when there is a clear primary indication i.e. 
neuro-specific conditions.

4  Pharmacological Agents for Sedation 
and Analgesia

When starting medications for analgesia or sedation, patient 
specific factors should be taken into account. These include 
but are not limited to hepatic, cardiac, and kidney function at 
the time of initiation. Select agents are listed in Table 2 with 
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their pharmacologic properties as well as adverse effects. 
Choosing which agent to start is part of practicing medicine 
in the grey zone as there is no clear cut answer for NCCU 
patients.

5  Tools for Objective Measuring of Sedation 
and Analgesia

The Richmond Agitation and Sedation Scale (RASS) [17] 
and the Riker Sedation-Agitation Scale (SAS) [18] are com-
monly utilized for sedation scoring in the NCCU. The RASS 
(see Table  3) is commonly utilized as this scale included 
NCCU patients at its inception [17]. Most sedation policies or 
procedures titrate sedative medication based on a RASS 
goal, which may aid in the minimization of total dosage [19]. 
The RASS or SAS goal is determined based on patient spe-
cific factors and should be defined in medication orders.

The most common pain scores utilized in mechanical ven-
tilated ICU patients include the behavioral pain scale (BPS) 

Table 3 Richmond agitation and sedation score [17]

Score Term
+4 Combative

+3 Very agitated

+2 Agitated

+1 Restless

0 Alert and calm

−1 Drowsy

−2 Light sedation

−3 Moderate sedation

−4 Deep sedation

−5 Unarousable
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[20] and the Critical Care Pain Observation Tool (CPOT) 
[21]. When using the BPS, it is suggested to treat pain greater 
than or equal to six. Severe or unacceptable pain is a score 
greater than two in the CPOT score (see Table 4). These scor-
ing tools can be utilized for initiation of medications on an as 
needed basis or for use when titrating continuous infusions.

6  Sedation Interruptions

Sedation interruptions have been described as safe [19], how-
ever conflicting data has emerged when comparing said inter-
ventions to targeted light sedation [6] and notably major 

Table 4 Critical care pain observation tool [21]
Indicator Score Description
Facial expression 0 Relaxed, neutral

1 Tensed

2 Grimacing

Body movements 0 Absence of movements

1 Protection

2 Restlessness

Compliance with 
ventilator
OR
Vocalization

0 Tolerating ventilator

1 Coughing but tolerating

2 Fighting ventilator

0 Talking in normal tone or no 
sound

1 Sighing, moaning

2 Crying out, sobbing

Muscle tension 0 Relaxed

1 Tense, rigid

2 Very tense or rigid
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studies on daily sedation interruption involved patients 
receiving primarily benzodiazepines [22]. Furthermore, most 
studies on sedation interruptions have not included patients 
with acute brain injury, on which data on sedation interrup-
tions is scant [23].

There are cases wherein abrupt sedative cessation may be 
deleterious, e.g. ICP crisis. In one study, sedation interruption 
led to increased ICP and lactate to pyruvate ratio as per 
microdialysis in subarachnoid hemorrhage and traumatic 
brain injury patients [23]. Some authors have found in favor 
of targeted minimal sedation for these patients [19].

7  Pitfalls

Analgosdation in the NCCU is a balancing act. Over-sedation 
is associated with increased lengths of stay and mortality, as 
well as worse long term recovery [2], while under-sedation 
may lead to long-term sequelae [6, 8]. The former also mars 
the neurological exam, which may lead to underdetection of 
neurological complications.

Additionally, sedatives are noted to decrease cerebral 
blood flow, this is often accompanied with a commensurate 
decrease in CMRO2. However, systemic effects of several 
sedatives and analgesics include systemic hypotension which 
may exacerbate secondary injury [5], thus careful monitoring 
of vital signs is paramount in order to avoid complications.

8  Summary

• The goal of sedation in the NCCU is to achieve patient 
comfort and optimal care delivery while administering the 
least amount of analgosedation possible.

• Drug selection must take patient factors such as primary 
indication, mechanisms of action and elimination, half-life 
and therapeutic goal, e.g. RASS −1 to 0.

• A common side effect of sedatives or analgesic is hypoten-
sion, which is to be promptly treated in order to avoid 
complications such as secondary brain injury.
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1  Introduction

Intracranial Hypertension (IH) is a commonly encountered 
condition in the Neuro-critical Care Unit (NCCU). Left 
untreated, it carries a high mortality (80–100%) [1]. Normal 
values of Intracranial Pressure (ICP) vary with age. Most 
adults and older children have values of 10–15 mmHg, while 
that of young children and infants ranges between of 3–7 mmHg 
and 1.5–6 mmHg, respectively [2]. As per recent Brain Trauma 
Foundation guidelines, ICP values higher than 22 mmHg are s 
associated with high mortality and warrant treatment [3]. 
However, a temporal component of the area under curve may 
also play a role, one study found ICP more than 20 mmHg for 
more than 20% of the monitoring time could be a more accu-
rate definition for IH [4]. Persistent elevation in ICPs more 
than 40 mmHg is life threatening. Therefore, urgent, and timely 
intervention is a keystone for management.
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1.1  Pathophysiology of Raised ICP

The Brain is encased within the rigid calvarium, with very 
little reserve (60–80 mL in young, 100–140 mL in elderly) [2] 
for expansion (Fig. 1). Based on the Monro-Kellie doctrine [1, 
2, 5], the sum volume of brain, CSF and blood is constant and 
any increase in one component must cause a proportional 
decrease in the other component. During the initial phase of 
injury, up to 30 mL of intracranial volume expansion is com-
pensated by CSF and venous blood movement out of the 
cranial vault. Intracranial compliance is determined by the 
compressibility of the expanding constituents. Blood and CSF 
are non-compressible (as in intracranial haemorrhage or 
acute hydrocephalus) and cause rapid rise in intracranial 
pressure however, brain parenchyma is more compressible 
and the rise in ICP happens gradually (as in tumours or other 
space occupying lesions).

The ICP waveform (Fig. 2) is pulsatile with respiratory and 
cardiac cycle correlates. Amplitude of respiratory waves var-
ies between 2 and 10 mmHg due to changes in intrathoracic 
pressure and the variation is obscured with elevated 
ICP. Amplitude of the cardiac component of the ICP wave 
varies between 1 and 4 mmHg due to pressure dynamics and 
forms three waveforms. When ICP is elevated (Fig.  3), P2 

Figure 1 Normal intracranial contents: Brain tissue, CSF and Blood
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Figure 2 Normal ICP waveform

Figure 3 Waveform in elevated ICP
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component is elevated and assumes the shape of arterial 
pulse (P2  >  P1), also the cardiac waveform amplitude 
increases while the respiratory waveform amplitude decreases 
along with rounding off the waveform. Due vigilance to such 
changes in waveforms can lead to early intervention and 
timely management.

Historically, elevated ICP can lead to characteristic wave-
forms known as Lundberg A, B and C waves (Fig. 4). These 
waveforms are not seen frequently in the bedside monitors as 
they are plotted over time and are not the individual wave-
form patterns. The goal is not to wait for pathological wave-
forms to develop to initiate treatment but to treat the 
underlying cause of raised ICP and prevent brain herniation. 
Lundberg C waves are related to blood pressure variation 
and are of no pathological significance.

While ICP monitoring is a useful tool to measure cerebral 
compliance, the necessity is to maintain cerebral perfusion 
pressure (CPP) in the brain. CPP is the difference between the 
mean arterial pressure (MAP) and the Intracranial Pressure 
(ICP). (CPP = MAP-ICP). It is recommended to maintain a 
CPP goal of 50–70 mmHg. The cerebral circulation is capable 
of self regulation in which there is a change in the intracranial 
vessel diameter to maintain a constant cerebral blood flow 
(CBF) over a wide range of cerebral perfusion pressure (CPP) 
and metabolic factors especially PaCO2 (Fig. 5).

Figure 4 Elevated ICP with characteristic waveforms
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In the absence of available CBF monitoring, CPP is used 
as a surrogate marker for CBF [2, 3]. Overtreatment of CPP 
could lead to hyperaemia and vasogenic edema while under-
treatment could lead to ischemia especially when autoregula-
tion has failed due to underlying brain injury.

Metabolic factors regulating the CBF are CO2, potassium, 
adenosine, nitric oxide and prostaglandins. Elevated CO2 
causes lowering of pH which leads to arteriolar dilation which 
in turn increases CBF and raises ICP [2]. For every 1 mmHg 
rise in the PaCO2, CBF increases by 4%. On the other hand, 
hypoxia with PaO2 below 50  mmHg and hypoglycaemia 
decreases cerebral blood flow [6] Statins have been proven to 
improve autoregulation of the nitric oxide reserves [7].

1.2  Etiology of Elevated ICP: [8–12]

There are multiple causes of elevated ICP as However, in the 
acute setting the most common cause of elevated ICP is cere-
bral edema from traumatic brain injury, ischemic or hemor-
rhagic stroke (Table 1).

Figure 5 Cerebral autoregulation curve
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1.3  Clinical Features: Table 2 [13–15]

Clinical features in raised ICP vary according to the cause 
and location of the acute setting; clinical features are com-
mon, irrespective of the mechanism of injury. Nausea and 

Table 1 Causes of raised ICP
1. Increased brain volume
   (A) Cerebral edema from strokes, trauma
   (B) Hyperammonemia
   (C) Uremia
   (D) Hyponatremia
   (E) Rapid correction of hypernatremia

2. Increased blood flow:
   (A) Hypercarbia causing vasodilation
   (B) Hyperdynamic circulations
   (C) Arterio-venous malformations
   (D) Venous stasis from thrombus, tumors, and epidural or 

subdural bleeds

3. Increased csf production:
   (A) Ependymal tumors

4. Decreased CSF absorption:
   (A) Obstructive hydrocephalus
   (B) Ventriculitis/meningitis
   (C) Blood clots
   (D) Granulomatous inflammation
   (E) Spinal tumors

5. Mass affects:
   (A) Tumors
   (B) Abscess
   (C) Bleeds
   (D) Blood clots

6. Other causes: Generally seen in the outpatient set up
   (A) Idiopathic hydrocephalus-
   (B) Tetracyclines
   (C) Oral contraceptives
   (D) Hypervitaminosis A
   (E) Craniosynostosis

N. Arora and C. S. Pingili
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vomiting, dizziness, headache and blurred vision are early 
symptoms of raised ICP.  New anisocoria >1  mm, dilated 
pupils, lateral rectus palsy and worsened weakness or ataxia 
are also the early signs. Decreasing level of consciousness 
related to compression upon thalamus and brainstem is an 
alarming sign of potentially life threatening raised ICP due to 
cerebral edema. Focal deficits (hemiplegia, global or expres-
sive aphasia, severe dysarthria, neglect, gaze preference, and 
a visual field defect) results from direct insults to the cortex 
or subcortical areas. Herniation syndromes are the worst 
dreadful complications of the elevated ICP, and immediate 
treatment is essential to prevent irreversible damage (Tables 
3 and 4).

1.4  ICP Monitoring: [1, 2, 8, 13, 16]

ICP monitoring serves as the cornerstone for better manage-
ment of acute neurological injuries. The ideal system should 
be simple, inexpensive, accurate, reliable and with minimal 
complications. The invasive transducer monitoring system 

Table 2 Symptoms and signs in raised ICP
Symptoms Comments
Headaches Worse in the morning hours 

and with bending, coughing/
straining

Nausea/vomiting Projectile vomiting

Diplopia and/or anisocoria Due to sixth and/or third 
nerve palsy

Papilledema May not develop for several 
days

Downward deviation of eyeballs 
(Sunset eyes)

Due to lesion in dorsal 
midbrain

Cushing’s triad: Elevated blood 
pressure, bradycardia, and 
abnormal breathing pattern.

Brain herniation (Usually a 
late sign)

Intracranial Hypertension in Intensive Care Unit
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Table 3 Herniation syndromes
Type of herniation/
definition

Structures 
involved Symptoms/signs

1.  Sub-falcine 
Herniation 
(herniation of 
anterior fossa 
contents under 
falx)

Cingulate gyrus Asymptomatic
Headache
Loss of attention and 
apathy.
Contralateral leg 
weakness due to ACA 
circulation kinking is a 
late finding. Measured 
radiologically by shift of 
septum pellucidum away 
from midline.

2.  Descending 
central 
herniation 
(Structures 
move down 
through the 
tentorium 
cerebelli)

Diencephalon
Uncus
Pituitary stalk
Bilateral PCA

Central DI
Posturing (flexion/
extension)
Cortical blindness
Duret hemorrhages (due 
to shearing of perforators 
from basilar artery)
Periodic breathing 
pattern

3.  Ascending 
central 
herniation 
(infratentorial 
lesions cause 
structures to 
move upwards)

Thalami
Midbrain
SCAs
Cerebral 
aqueduct

Posturing
Acute hydrocephalus
Asymmetric pupils

4.  Trans-calvarial 
herniation 
(Brain mater 
herniates 
through defect 
in skull)

Vary according 
to site

Vary according to site 
involved
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Table 3 (continued)
Type of herniation/
definition

Structures 
involved Symptoms/signs

5.  Uncal herniation 
or Lateral 
trans-tentorial 
herniation 
(medial 
temporal lobe 
herniates further 
medially)

Third nerve
Crus cerebri
PCAs

First, compress the 
ipsilateral third nerve 
(parasympathetic) 
leading to the dilated 
pupil.
Later, compress the 
motor part of the 
ipsilateral third nerve: 
leading to downward 
and outward gaze from 
fourth and sixth nerve 
activity.
Ipsilateral crus cerebri 
compression leads to 
contralateral weakness.
Contralateral cerebral 
crus compression leads 
to false localizing 
signs of ipsilateral 
weakness. (Kernohan’s 
phenomenon)
Ipsilateral PCA 
involvement with 
contralateral 
homonymous 
hemianopsia: usually not 
apparent due to altered 
mentation.
Brain stem compression 
with worsening pressure: 
Flexion posturing.

(continued)
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with use of EVD with catheter placement in the ventricular 
system is considered the gold standard. Detailed discussion 
about the ICP monitoring system and EVD placement is 
done in a separate chapter. Other invasive systems with 
 catheter placement in subarachnoid, epidural or subdural 
locations have less utility in clinical practice. Main complica-
tion of invasive systems is the risk of infection and hemor-
rhage and antibiotic and silver impregnated catheters have 
been developed to mitigate that risk. Non-invasive  monitoring 
systems using ultrasound technique measuring optic nerve 
sheath diameter, use of transcranial doppler, pupillometry or 
EEG are some of the techniques which have some evidence 
for ICP estimation but would need long term validation in 
clinical trials (Table 5).

1.5  Indications for ICP Monitoring Devices [3]

Considerable variability exists in the clinical practice about 
the placement of ICP monitoring devices. However, it is gen-
erally accepted that severe acute neurological injury with the 
potential to raise ICP merits ICP monitoring. Specific guide-
lines have been published for severe traumatic brain injury. In 
severe TBI cases with a normal CT scan, ICP monitoring is 
indicated if two or more of the following features are noted 
at admission: (1) Age over 40 years, (2) Unilateral or bilateral 
motor posturing, or (3) Systolic blood pressure <90 mmHg.

Table 3 (continued)
Type of herniation/
definition

Structures 
involved Symptoms/signs

6. Tonsillar 
herniation 
(terminal result 
of any type of 
herniation)

Cerebellar 
tonsils herniate 
through the 
foramen 
magnum
Medulla

Respiratory arrest
Cushing’s triad

ACA anterior cerebral artery, PCA posterior cerebral artery, SCA 
superior cerebellar artery, DI diabetes insipidus
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Table 5 Non-invasive modalities for ICP estimation
Technique Rationale
Optic Nerve Sheath diameter 
(ONSD): Measured with linear 
transducer probe (13–7.5 MHz) 
positioned over closed eyelid 
and at 3 mm depth from 
posterior pole of eyeball. 
Diameter of 4.5–5.5 mm 
indicates raised ICP.

Screening tool

Transcranial Doppler (TCD) Based on Gosling’s Pulsatility 
Index (PI), ICP can be 
calculated. ICP = 10.93 × PI – 
1.28.

Near Infra-red Spectroscopy 
(NIRS)

Based on principle of light 
absorption to detect changes 
in concentration of oxygen 
and deoxyhemoglobin. More 
evidence is needed before its 
use is justified.

Electroencephalogram (EEG) Neurophysiological changes 
precede ICP changes and 
certain components of EEG 
power spectrum analysis may 
be useful in correlating with 
ICP prediction

Pupillometry There is an inverse association 
between ICP and pupillary 
reactivity exists. Cannot 
provide direct ICP value.

Visual Evoked Response 
(VER): N2 wave found at 70 ms 
represent cortical phenomenon.

Relationship between raised 
ICP and a shift in latency of 
the N2 wave.

(continued)
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1.6  Role of Fundoscopy: [17–22]

Fundoscopy for detection of papilledema is a fundamental 
ophthalmologic technique a neurologist should know. 
Papilledema is the bulging of the optic disc which can be 
acute or chronic. Non-ICP related pathologies such as central 
retinal arterial or venous occlusion, congenital anomalies, 
and optic neuritis from infectious and inflammatory causes 
can also cause papilledema. For the purpose of this chapter, 
the discussion of papilledema would be limited to ICU 
related conditions only. Fundoscopic examination of the ret-
ina for papilledema is one useful, non-invasive bedside test to 
screen for elevated ICP and recurrence of ICP after discon-
tinuation of an EVD or after hemicraniectomy. Papilledema 
can often be a delayed clinical sign from ICP especially in 
patients with epidural hematoma involving the vertex region 
compressing the superior sagittal sinus. Not all patients with 
ICP will have papilledema. Papilledema can be unilateral or 
bilateral. In patients with brain bleeds, especially from aneu-
rysmal bleeds, papilledema can happen within hours (16%) 
and is most of the time ipsilateral. Ironically, TBI patients 
only have a 3.5% chance of having papilledema despite ele-

Technique Rationale

Venous Opthalmodynamometry CRV pressure measurement 
or ophthalmodynamometry 
showed good correlation with 
invasive ICP monitoring but it 
was not useful for continuous 
monitoring.

Tympanic membrane 
displacement (TMD): Cochlear 
fluid would affect stapedial 
excursions and TMD measured 
in response to auditory 
stimulation would represent the 
ICP.

Screening tool. Does not 
provide specific ICP value. 
Need intact middle ear 
apparatus.

Radiological techniques CT/MRI criteria

Table 5 (continued)
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vated ICP, and the absence of a swollen disc doesn’t correlate 
with the existing ICP. Papilledema can often be delayed by 
2  weeks in TBI patients, usually a consequence of hydro-
cephalus and cerebral edema.

1.7  Management: [3, 23–28]

The management of raised ICP requires timely vigilance and 
due diligence to prevent the ongoing secondary injury. For a 
list of possible interventions for ICP management see Table 6. 

Table 6 General measures for management of raised ICP
Measures Method Rationale
Bed position 30–45° HOB 

elevation
Increases venous 
return outflow 
from cranial 
vault and also 
reduces mean 
carotid pressure 
but no net 
change in CBF

Neck Position Keep neck 
straight, avoid 
tight ties around 
neck

Avoid 
constriction of 
jugular venous 
outflow

Maintain airway and 
adequate oxygenation, 
intubation if need.

Goal PaO2 
>60 mmHg or 
O2 saturation 
>90%

Hypoxia causes 
further ischemic 
brain injury

Temperature 
modulation (Goal: 
Normothermia-37–37.5 °C)

Acetaminophen
Cooling 
measures (Non- 
invasive devices 
or invasive 
devices)

Maintain 
normothermia.
Fever increases 
metabolic 
demand and 
increases CBF 
and ICP which in 
turn exacerbates 
cerebral edema.

(continued)
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Measures Method Rationale

Hyperventilation Mechanical 
ventilation with 
goal PaCO2 
30–35 mmHg

Lowers ICP 
by reducing 
PaCO2 which 
causes cerebral 
vasoconstriction 
thus reducing the 
cerebral blood 
volume (CBV) 
and cerebral 
blood flow 
(CBF) [29].
Use briefly for 
clinical evidence 
of raised ICP 
(neurologic 
deterioration) 
or chronically 
for documented 
raised ICP 
unresponsive to 
other measures.

Glucose control
(Goal 140–180 mg%)

Insulin therapy Hyperglycemia 
causes increased 
oxidative load, 
cerebral edema 
and hemorrhagic 
transformation 
of ischemic 
stroke and 
inflammation. 
Hyperglycemia 
exacerbates 
cerebral 
edema and 
perihematomal 
cell death in ICH 
which leads to 
worse clinical 
outcomes.

Table 6 (continued)
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These measures are based on simple rationales and cannot 
replace the more definitive therapies. Definitive treatment of 
the underlying cause is pivotal to successful management of 
elevated ICP (Table 7). CSF diversion with EVD placement 
allows CSF drainage and decreases intracranial volume. 
Surgical approach in the form of hemicraniectomy has been 
shown to decrease mortality in the short term but no long- 
term difference [3]. Tiered approach to the ICP management 
is shown in the Fig.  6. The strategy is three-pronged (1) 
Maintain ICP less than 22 mmHg (2) Definite treatment of 
underlying cause (Tumor, hemorrhage, hematoma) (3) 
Maintain CPP >50–70  mmHg. The latter is achieved with 
MAP augmentation with fluids, pressors, oral midodrine, and 
reducing the PEEP on the ventilator.

1.8  Surgery [30–32]

Decompressive hemicraniectomy and surgical evacuation of 
the inciting aetiologies will be the key treatment strategies in 
the management of elevated ICP especially in patients with 
compressive tumours and hemispheric strokes with a positive 

Measures Method Rationale

Antiepileptic therapy Antiepileptic 
drugs

Decrease cortical 
irritability in high 
risk injuries

Treatment of hypotension 
(Goal SBP >90 mmHg)

Norepinephrine, 
Phenyleprine, 
Epinephrine

Normalize 
intravascular 
volume and 
maintain 
euvolemia

Treatment of Malignant 
hypertension

Labetalol, 
Nicardipine, 
Hydralazine

Treatment of 
underlying 
condition for 
goal SBP.

Table 6 (continued)
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Table 7 Definitive measures for management of raised ICP
Measures Drugs Rationale
Sedation, analgesia 
with or without 
paralytics

Combination 
of short acting 
opioid (Fentanyl 
or remifentanil), 
propofol +/− 
vecuronium/
rocuronium

Reduce agitation 
which decreases 
metabolic demand, 
improves ventilator 
synchrony, decreases 
sympathetic 
responses 
(hypertension and 
tachycardia)

Osmotic therapy 
(Goal serum 
osmolality up to 
320 mmol/L)

Mannitol
Hypertonic saline 
(3%, 23%)

Expands plasma 
volume, improves 
rheologic properties 
of blood, cause 
fluid shift into 
intravascular space 
via osmotic gradient.

CSF diversion with 
EVD insertion

none Decrease the CSF 
volume

Surgical treatment 
(Hemicraniectomy/
Craniotomy)

none Specific indications 
per pathological 
condition

Medical Coma 
(Complete cerebral 
activity suppression)

Pentobarbital Decrease metabolic 
rate and CBV and 
hence ICP reduction. 
Continuous EEG 
monitoring is a must.

Abdominal 
Decompression

Laparotomy Help in ICP 
reduction in some 
cases when other 
measures fail [28]

impact on the short term and long-term prognosis. 
Decompression surgeries have improved survival in ICH 
patients too but its effects on long-term prognosis are still 
debated.
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1.9  Mannitol [33–35]

Mannitol is a sugar alcohol that is filtered at the glomerulus 
and not reabsorbed from the renal tubules. It acts like an 
osmotic diuretic i.e.; it leads to free water clearance and 
increases serum osmolality. Mannitol reduces the blood vis-
cosity and causes expansion of plasma which in turn decreases 
cerebral oxygen delivery (rheological effect). Since mannitol 
does not cross the blood-brain barrier, there is an osmotic 
gradient between the brain and intravascular space which 
leads to reduction in brain tissue volume. Effects can be seen 
as early as within 10–15 min, peak in 20–120 min and lasts for 

Patient with acute severe brain 
injury with monitoring device in 

ICP >22 mmHg for more than 5 minutes, EVD 
readings correct and confirmed correct catheter 
l

Tier 1: General measures 
(Table 6), Hyperosmotic 
therapy: Mannitol, HTS 
(Table 8), CSF drainage

Tier 3: Optimize 
sedation/paralytics, 
pentobarbital coma, 
Experimental therapies.

Tier 2: Definitive 
treatment: 
Craniotomy/Hemicraniect
omy (Table 7)

Goals:  

1. PCO2: 30-35 mmHg

2. PO2 >60 mmHg, 

3. Serum Sodium: upto
160 mEq/L

4 . CPP: 50-70 mmHg

5 . Normothermia

Figure 6 Simplified tiered management protocol for raised ICP. In 
practice, combination of approaches is used to appropriately control 
ICP. Role of multimodal monitoring is not included in the current 
practice

Intracranial Hypertension in Intensive Care Unit



308

1–5 h. This drug is contraindicated in patients with acute kid-
ney injury with oliguria or anuria, pulmonary edema (osmotic 
diuresis could flood the low-pressure chambers in the pulmo-
nary venous system), severe dehydration, acute congestive 
heart failure, allergy to mannitol. There is a risk of crystal 
deposition in-vivo which is eliminated using an 0.22 micron 
in-line filter. It is advised to taper this drug instead of abruptly 
stopping the scheduled infusions. Mannitol can cross the pla-
centa and to date, there are no recommendations to and 
against the use of this drug in the pregnant population. 
Dosing for mannitol is given in Table 8.

Hypertonic Saline (HTS): [34, 36] HTS works by creating the 
osmotic fluid shifts from intracellular space to intravascular 
space with subsequent expansion of the intravascular volume, 
this increases blood pressure, cardiac output and cerebral 
blood flow. Normal plasma osmolarity is 280–295  mOsm/L 
while HTS osmolarity is 1026–8008  mOsm/L depending on 
the concentration (3–23.4%). HTS has better short-term 
outcomes in controlling ICP but over all there is no long-term 
difference in the clinical outcomes as compared to mannitol. 
It can be given as a bolus or continuous infusion and both 
have been found to be effective. However, in emergency 
situations like transtentorial herniation and elevated ICP, a 
bolus of 23.4% was found to be most effective. Commonly, 
bolus of 3% 250  mL HTS is given, followed by continuous 
infusion of 3% HTS at 50–100 mL per hour, with a goal of 
increasing the serum sodium by approximately 5  mEq/L in 
the first hour and maintaining the serum sodium between 145 
and 155  mEq/L thereafter. For practical purposes, the 
maximum allowed serum sodium is 
160  mEq/L.  Hyperchloremia is associated with renal 
complications and must be avoided where possible. There is a 
risk of rapid correction of hyponatremia and pontine 
myelinolysis too. Like mannitol, HTS is also considered a 
category C drug in pregnancy and should be used only if really 
needed.
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There is a potential role of osmolytes such as 8.4% sodium 
bicarbonate and hypertonic lactate in the management of 
elevated ICP. However, further research is warranted before 
these could be used in clinical practice [37, 38].

Table 8 Commonly used medications with doses
Medication/Route/
Duration

Dose and 
monitoring

Side effects/
complications

Mannitol (20% or 
25%)/peripheral 
access/90 min–6 h

1 g/kg bolus 
(0.5–1.5 g/kg) over 
5–15 min followed 
by 0.5 g/kg q4–6 h.
Monitor serum 
osmolality.a

Dehydration
Hypotension
Acute kidney injury
Rebound ICP 
elevation
Electrolyte 
disturbances

Hypertonic saline 
(HTS)b/central 
access/90 min–4 h

3%: 5 mL/
kg bolus over 
5–20 min (central 
line preferred)
23%: 30 mL over 
5–10 min (only 
through central 
line)

Pulmonary edema
Heart failure
Acute kidney injury
Hypernatremia, 
hyperchloremia 
acidosis.
Osmotic 
demyelination 
with rapid sodium 
increase

Pentobarbital/central 
or peripheral/long 
acting

3–7 mg/kg bolus 
followed by 
1–5 mg/kg/h 
continuous 
infusion

Hypotension
Inability to follow 
neurological 
examination.
Respiratory 
depression and 
mucus plugging

aMannitol should be avoided when serum osmolality becomes 
>320 mOsm/L or specifically if osmolar gap >20. Osmolar gap = cal-
culated osmolality (mOsm/kg) - measured osmolarity (mOsm/L). It 
is a measure of serum mannitol level and its clearance. Calculated 
Osmolality  =  (Na  ×  2  +  glucose/18)  +  (blood urea nitrogen 
[BUN]/2.3)
bHTS is available in 2%, 3%, 7.5% and 23.4% concentrations
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1.10  Sedation: [16, 27, 39]

Pain, agitation, seizures, fevers, and shivering all contribute to 
elevated ICP.  While opiates have been proven to increase 
ICP in patients with intact cerebrovascular autoregulation, 
fentanyl has an analgesic and sedative property with a short 
half-life and is a useful drug in the management of ICP 
surges. Propofol is another drug used in the NCCU with seda-
tive and antiepileptic properties. Both these mechanisms are 
exploited by clinicians in the management of ICP surges. 
Propofol however has no benefit on 6-month survival or neu-
rological outcome. Cisatracurium [29] as a bolus or as an 
infusion is a well-tested strategy in the management of ICP 
surges. Ketamine will not worsen the ICP and on the other 
hand has good neuroprotective, antiseizure, analgesic, and 
sedative properties [40]. Pentobarbital coma is often used as 
a last resort in the management of refractory ICP. Less than 
20% of all NCCU admits with ICP issues end up on this pro-
tocol. Barbiturates work by reducing brain metabolism and 
oxygen consumption and decreasing not just the CPP but also 
the ICP. However, there is no long-term clinical benefit from 
this protocol. Pentobarbital can complicate the clinical pic-
ture with hypotension, bone marrow suppression, severe 
ileus, and dilated cardiomyopathy. Propylene glycol is one 
additive in the pentobarbital infusion that will contribute to 
high anion gap acidosis [41, 42]. Midazolam also works by 
reducing cerebral metabolism and antiseizure properties and 
helps reduce the ICP [43]. Most of the sedatives and analge-
sics reduce the MAP and CPP. This will be counterproductive 
as this will worsen cerebral perfusion. MAP augmentation 
should be achieved with fluid boluses and maintenance doses, 
as-needed use of vasopressor drugs, oral midodrine. PEEP on 
the ventilator should theoretically increase the intrathoracic 
pressures and reduce the venous return from the brain and 
indirectly contribute to ICP surges. However, a search of lit-
erature doesn’t reveal any direct correlation between higher 
PEEP and ICP surges.
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1.11  Temperature Modulation

Hypothermia is well known to reduce the ICP, but the overall 
prognosis is not altered [44]. Normothermia is recommended 
in the management of ICP. Therapeutic hypothermia reduces 
ICP but leads to high mortality and poor functional 
outcome.

2  Lumbar Drain (LD)

An external lumbar drain can be used to estimate and control 
the ICP. There are case reports that support the use of LD 
with a good neurological outcome at 6  months. The risk of 
infection is around 4% [45].

2.1  Future Directions

The management of ICP continues to evolve but not much 
therapeutic advances have been made in this field. 
Multimodality monitoring could potentially modulate the 
outcomes as more targeted physiology directed treatments 
are provided. Threshold to initiate such treatments can vary 
from patient to patient which could provide a more person-
alised approach to medicine [46, 47]. One of the important 
randomized clinical trial determining the comparative effec-
tiveness of ICP and brain tissue oxygen (PbtO2) in patient 
with TBI is underway [48].Whether multimodality monitors 
comprising of ICP, CBF, PbtO2, cerebral metabolism, and 
electrocortical activity have a role in patient management 
still needs to be determined in large clinical trials however as 
per the current evidence these modalities improve the neuro-
logic variables without any improvement in patient outcomes 
[49, 50].
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1  Introduction

Sepsis is one of the most common causes of morbidity and mor-
tality in patients admitted to the ICU [1]. It is essential to recog-
nize the early signs of sepsis and manage the patients in a timely 
manner before irreversible multi-organ dysfunction ensues [2, 3]. 
In simple terms, when one mentions sepsis, it becomes indispens-
able to look for the source of infection. Management of sepsis is 
challenging in NCCU as drugs should be able to cross the blood-
brain barrier and the medication doses should be adjusted. Quite 
often, the therapy is initiated empirically and later on tapered 
according to the specific organisms cultured. Neuro-intensivist is 
often faced with the complex issue of differentiating nosocomial 
infections related to the neurosurgical procedures from other 
non- infectious causes. This requires due diligence on the part of 
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the neuro-intensivist to be familiar with the various sources of 
infections and choosing the right antibiotics.

1.1  Definitions

• Fever in the Intensive Care Unit (ICU): Any temperature 
that exceeds the normal daily diurnal variation could be 
considered as fever. However, fever in ICU is measured 
numerically as body temperature more than 38.3  °C 
(101  °F) in immunocompetent patients and more than 
38 °C (100.4 °F) for immunocompromised patients [4].

• Systemic Inflammatory Response Syndrome (SIRS):  
Table 1

Physiologic response of the host to noxious processes 
either infectious or non-infectious (trauma, surgery, acute 
inflammation, ischemia or reperfusion, or malignancy) 
which helps to limit and possibly eliminate the source of 
the process [5]. The incidence of SIRS is more than 80% in 
the medical or surgical intensive care unit [3]. The exact 
incidence of SIRS in NCCU is still unknown however it 
can be implied that the incidence could be much higher.

• Sepsis: Life-threatening organ dysfunction caused by a dys-
regulated host response to infection [1]. The latest defini-
tion of sepsis excludes SIRS from the definition because of 
the overall prevalence of SIRS in the hospitals, irrespective 
of the patient’s location. Also, the all-cause adjusted mor-
tality rate for sepsis with and without SIRS is identical [2].

In the critically ill patients with suspected sepsis in medi-
cal or surgical intensive care units, SIRS criteria have been 
compared to the Logistic Organ Dysfunction system 

Table 1 Systemic Inflammatory Response Syndrome (SIRS)
Body temperature >38 or <36 °C

Heart rate more than 90 beats/min

Respiratory rate more than 20 breaths/min or pCO2 <32 mmHg

White Cell Count >12,000 or <4,000/μL or over 10% immature 
forms or bands

SIRS is defined as presence of any 2 or more of the above criteria
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(LODS) and Sequential Organ Failure Assessment (SOFA) 
score. SOFA score has been found superior to SIRS criteria 
and relatively easier to calculate compared to LODS. An 
increase in the SOFA score with the first 2 days of admis-
sion carries an increased mortality rate of 50% [6]. A modi-
fied version of the SOFA score called Quick SOFA 
(qSOFA) has been developed to identify organ dysfunc-
tion. However, the utility of this score is questionable in 
NCCU since most patients present with altered mental 
status satisfying one of the three criteria mentioned 
(Table 2). Since the qSOFA score cannot be applied as a 
gold standard in NCCU because most of the patients pres-
ent with low GCS and tachypnea, to begin with, the author 
encourages to apply SOFA score, clinical exam, sequential 
inflammatory markers, radiology, and microbiological anal-
ysis to make a true determination about sepsis.

• Neurogenic fever (NF)  or Central fever [7]: Non- infectious 
cause of elevated body temperature found in patients with 
neurological injuries. The exact pathophysiology of neuro-
genic fever is still unknown but it is presumed to be due to 
injury in the hypothalamus which disrupts the set-point 
temperature. It is reported that patients with NF have a 
high temperature which is resistant to common antipyretic 
medications and have relative bradycardia, absence of 
perspiration, no diurnal variation in the temperature curve 
(Plateau-like temperature curve) that could continue for a 
few days to weeks. Patients could have altered mentation 
with varying degrees of unawareness during this time and 
may have fluid-electrolyte disturbance related to diabetes 
insipidus. Infectious causes of fever should be ruled out 
before considering this diagnosis.

• Sympathetic storming [7, 8]: In patients with severe brain 
injury, especially in severe traumatic brain injury, there is 

Table 2 Quick Sequential Organ Failure Assessment (qSOFA) 
score (1 point for each)
Respiratory Rate ≥22/min

Change in mental status

Systolic Blood Pressure ≤100 mmHg

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)
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an exaggerated response of the hypothalamic mediated 
sympathetic activation leading to a surge of catechol-
amine. This phenomenon happens episodically and causes 
a calm individual to turn into a chaotic state. There is an 
alteration in consciousness, diaphoresis, tachycardia, tachy-
pnea, hyperthermia, posturing, and agitation.

2  Measurement of Body Temperature [9, 10]

Fever is the most common sign in NCCU. More than 75% of 
the NCCU admissions have a fever during their ICU stay. 
While mentioning fever, it is essential to mention the location 
where the temperature is taken. Surface body temperature is 
a less reliable source than the core body temperature. To 
define fever a Tmax above 37.5 °C is fever. Temperature below 
35 °C is hypothermia. Tmax more than 41 °C is called hyperpy-
rexia. A pulmonary artery thermistor is the most sensitive 
tool to detect body temperature. A probe on the eardrum will 
give an exact temperature of the hypothalamus. However, 
both are invasive. A probe in the Foley catheter is equally 
effective as any other invasive tool and the detection of tem-
perature is independent of urine output. Rectal temperatures 
are a few tenths slower than the core temperature [1, 2].

It is essential to treat patients with fever without delay. 
Identifying true sepsis is challenging in NCCU due to the 
presence of various non-infectious causes of fever. However, 
one must not delay the investigations to the diagnosis of 
 sepsis and timely initiation of life-saving antibiotics. Every 
hour of delay in antibiotics increases mortality by 8% [2].

3  Causes of Fever in Intensive Care Unit 
(ICU)

Fever in ICU could be due to infectious or noninfectious 
causes. Infectious causes require early identification and 
prompt treatment to improve the outcome. Below we discuss 
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in detail about important causes of fever, appropriate antibi-
otics and the certain clinical pearls which are important dur-
ing the management of fever.

4  Infectious Causes of Fever (Table 3)

1. Meningitis: [11, 12]
Meningitis is an inflammatory disease of the leptomeninges 
(arachnoid and pia mater), characterized by an abnormal 
number of white blood cells in the cerebrospinal fluid (CSF). 
Meningitis in NCCU could be either community-acquired or 
nosocomial.

(a) Community-acquired meningitis (CAM):  The common 
pathogens causing CAM are listed in the Tables 4, 5 and 6. 
CAM pathogens are usually classified on the age of the host 
but these pathogens usually exhibit a crossover into all age 
groups. Comorbid conditions that make a host 
immunocompromised like diabetes, organ transplants hosts, 

Table 3 Infectious causes of fever [10]
1.  Meningitis: (a) Community-acquired (Bacterial, Viral, Fungal) 

(b) Nosocomial (related to EVD, VPS, post-operative) (c) 
Traumatic Brain Injury related

2. Sinopulmonary infections

3. Oropharyngeal infections

4. Cardiovascular infections: Endocarditis

5. Intra-abdominal infections

6. Genito-urinary tract infections

7.    Musculoskeletal infections: (a) Septic arthritis (b) 
Osteomyelitis (c) Cellulitis (d) Necrotizing fasciitis

8. Bloodstream infection: Catheter-related

9. Skin and soft tissue infection

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)
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and patients on biologics are all at risk of bacterial, viral and 
fungal meningitis.

The majority of the cases of CAM are managed on the 
medical floors or in the medical ICU.  If there is a concern 
about patients developing hydrocephalus, increased intracra-
nial pressure along with clinical symptoms like altered men-
tation or seizures, such patients are better served in NCCU 
where they could be monitored and frequent neurological 
examinations performed. Though rare, vasculopathy is one of 
the complications of infectious meningitis which could cause 
ischemic strokes [19].

• Bacterial Meningitis: In the United States and Europe, the 
incidence of bacterial meningitis has declined in the past 
10–20 years to 0.7–0.9 per 100,000 persons per year [11]. 
The incidence of meningococcal meningitis has decreased 
following the introduction of serogroup A and C meningo-
coccal vaccines, however, in spite of pneumococcal conju-
gate vaccine, incidence of pneumococcal meningitis has 
not decreased due to serotype replacement [20]. Table  4 
[11, 12] shows the common causes of bacterial meningitis 
along with associated risk factors.

• Viral meningitis [13, 14]: Unlike bacterial meningitis 
where the etiological agent varies with age and immune 
status of the patient, viral meningitis on the other hand 

Table 5 Common causes of Viral Meningitis [13, 14]
COMMON VIRUSES: (a) Herpesvirus 1 and 2 (b) Enterovirus 
(most common) (c) Epstein-Barr virus (EBV) (d) Varicella 
Zoster virus (VZV) (e) HIV  (f) Lymphocytic Chorio- 
meningitis Virus (LCV) – the patient is exposed to rodent 
droppings

IMMUNOCOMPROMISED PATIENTS : Cytomegalovirus 
(CMV)

TRAVEL ASSOCIATED VIRUSES: (a) St. Louis encephalitis 
virus (b) West Nile virus (c) Tick Borne encephalitis virus

BLOOD TRANSFUSION/ORGAN TRANSPLANT: West Nile 
virus, Rabies virus

C. S. Pingili and N. Arora
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generally affects the pediatric and younger group of the 
patient population and the risk comes down as age 
advances. Most cases of viral meningitis resolve as aseptic 
meningitis with no residual sequelae but some strains like 
HSV-1/2 and West Nile virus can cause long-term disabil-
ity. Table 5 shows the common viruses responsible for the 
community acquired viral meningitis.

• Fungal Meningitis [15–18]: Fungal Meningitis is a very rare 
phenomenon and the exact incidence of these infections is 
still unknown. Fungal infections usually are indolent to 
begin with and difficult to eradicate unless the source is 
removed. Common causes of fungal meningitis are 
described in Table 6 along with important features. Table 7 
[21–23] shows the fungal pathogens, means of diagnosis 
and treatment strategy. Candida is the usual pathogen. IV 

Table 6 Common causes of Fungal Meningitis [15–18]
Agent Source Comments
Cryptococcus Infected bird 

droppings or 
unwashed 
raw fruit.

Immunocompromised state is a 
major risk factor.

Coccidioides Infected bird 
droppings.

More common in Southwestern 
US. Life threatening disease and 
fatal without treatment.

Histoplasma Infected 
bird or bat 
droppings.

More common in Ohio and 
Mississippi River basins.
Spore inhalation causes 
pulmonary symptoms. 
Hematogenous spread to CNS.

Aspergillus Decaying 
leaves and 
compost

Invades tissues and 
vessels. More common in 
immunocompromised

Mucormycosis Decaying 
leaves and 
compost

Invades blood vessels (angio- 
invasive). Diabetes and 
immunocompromised patients 
is a risk factor. Rhinocerebral 
disease is more common.

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)
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Table 7 Fungal Meningitis [21–23] pathogens, means of diagnosis 
and treatment strategy
Fungal Species and 
important facts Diagnosis Treatment facts
Candida species
   Device removal is 

mandatory
   C. krusei and 

tropicalis is resistant 
to azoles

   C. auris is an 
emerging infection – 
resistant to all 
antifungal agents.

Diagnosis is based 
on cultures (CSF/
blood)

The common 
cause of device- 
associated NVM.
Initial treatment 
is with IV 
amphotericin 
and flucytosine 
followed by 
long-term oral 
fluconazole.

Histoplasma
   History of bird 

droppings and bats 
exposure.

   Central and the 
eastern USA.

CSF/serum/urine 
antigen testing
Serum or CSF 
antibody test
Blood/CSF/Bone 
marrow biopsy 
cultures

Itraconazole/
Posaconazole is 
the drug of choice.
H.capsulatum 
is resistant to 
Echinocandins
High dose 
fluconazole can 
be used
Voriconazole – 
less effective than 
itraconazole

Blastomyces
   More prevalent in 

midwestern USA

CSF/Blood 
cultures
Skin biopsy
Serology is not 
useful
Urine and serum 
antigen

For CNS 
infections: 
IV liposomal 
Amphotericin 
for 6 weeks then 
AZOLE drug for 
1 year
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Table 7 (continued)

Fungal Species and 
important facts Diagnosis Treatment facts

Coccidioidomycosis
   More prevalent in 

Southern California/
Arizona (Sandiego 
and Tucson area)

Antigen in serum/
urine/CSF
CSF/blood/urine 
cx
Serological 
testing with 
EIA followed 
by confirmation 
with ICA 
Immunodiffusion 
tests

High dose 
fluconazole  orally
Itraconazole
Intrathecal 
amphotericin in 
the first trimester 
of pregnancy 
because azoles are 
teratogenic in the 
first trimester
This fungus 
is resistant to 
echinocandins.

Aspergillus CSF culture
Serum/BAL 
galactomannan 
has diagnostic and 
prognostic value

IV Amphotericin 
for CNS infections 
followed by 
voriconazole as a 
step-down
Posaconazole, 
Itraconazole are 
alternative agents

Mucormycosis
   Affects 

immunocompromised 
and Diabetics, IV 
drug users

   Generally spreads as 
severe Rhino-orbital-
cerebral invasive 
infections

   Very high mortality

Needs surgical 
debridement
IV Amphotericin 
with either 
Echinocandin or 
posaconazole
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Liposomal amphotericin and IV flucytosine is the sug-
gested initial regimen followed by oral azole drugs as a 
step-down therapy. Amphotericin can cause chills. Rigors, 
renal failure, hyponatremia, hypokalemia, hypomagnese-
mia, and hypocalcemia [24]. Liposomal amphotericin, flu-
cytosine, and azole group of drugs achieve very good CSF 
levels. Echinocandins on the other hand have no CSF 
penetration [25]. Candida lusitaniae is universally resistant 
to amphotericin [26]. Candida tropicalis and Candida kru-
sei are resistant to fluconazole [27]. Voriconazole achieves 
good CSF penetration and is the drug of choice for inva-
sive aspergillosis [28]. However, if a patient cannot tolerate 
this drug, then liposomal amphotericin can be used. 
Transient visual disturbances, renal failure, and hyper or 
hypokalemia are few observed side effects besides drug-
drug interactions. Candida auris is an emerging infection 
and the organism is universally resistant to all antifungal 
drugs known to us [29].

5  Management of Bacterial Meningitis

Bacterial meningitis carries a very high mortality (70%) and 
morbidity [11]. Streptococcus pneumoniae, Neisseria menin-
gitidis and Haemophilus influenzae are the leading cause of 
meningitis in most of the patient population with the excep-
tion of the neonates [12]. These three pathogens spread from 
person to person in close vicinity and colonize the nasal and 
oral mucosa, from where they spread to the blood brain bar-
rier. Streptococcus pneumoniae is the leading pathogen in 
this group and its CSF MIC is different from that of the 
peripheral cultures. Table  8 [30, 31] provides a detailed 
approach to the antimicrobial selection for the various bacte-
rial pathogens. The incidence of later two microbes ebbed 
significantly with universal vaccination precautions. 
Meningococcus (MCM) has a more fulminant course of all 
the known pathogens and patients often decompensate 
within a few hours. Bacteremia is the major issue with CNS 

C. S. Pingili and N. Arora



329
Ta

bl
e 

8 
Tr

ea
tm

en
t 

of
 b

ac
te

ri
al

 m
en

in
gi

ti
s 

[3
0,

 3
1]

M
ic

ro
be

s
D

ia
gn

os
is

A
nt

im
ic

ro
bi

al
 o

f 
ch

oi
ce

A
lt

er
na

ti
ve

 d
ru

gs
St

re
pt

oc
oc

cu
s 

pn
eu

m
on

ia
e 

(M
IC

 <
0.

1 
μg

/m
L

)

C
SF

 P
C

R
B

lo
od

 c
ul

tu
re

s
Q

T
L

U
ri

ne
 a

nt
ig

en

IV
 P

en
ic

ill
in

, I
V

 
A

m
pi

ci
lli

n
C

ef
tr

ia
xo

ne
, C

ef
ot

ax
im

e 
 

V
an

co
m

yc
in

 
  Pe

ni
ci

lli
n 

re
si

st
an

t 
(M

IC
 >

0.
1 
μg

/m
L

), 
th

ir
d-

ge
ne

ra
ti

on
 

ce
ph

al
os

po
ri

n 
su

sc
ep

ti
bl

e 
(M

IC
 <

2 
μg

/m
L

)

IV
 C

ef
tr

ia
xo

ne
/I

V
 

C
ef

ot
ax

im
e

V
an

co
m

yc
in

, C
ef

ep
im

e,
 

M
er

op
en

em
, L

ev
of

lo
xa

ci
n/

M
ox

if
lo

xa
ci

n

 
  C

ep
ha

lo
sp

or
in

 
re

si
st

an
t 

(M
IC

 ≥
2 
μg

/
m

L
)

IV
 V

an
co

m
yc

in
 A

lo
ne

IV
 V

an
co

m
yc

in
 +

 
C

ef
tr

ia
xo

ne
 2

 g
 t

w
ic

e 
da

ily
L

in
ez

ol
id

M
er

op
en

em
/Q

ui
no

lo
ne

s 
O

th
er

 
T

ha
n 

C
ip

ro
fl

ox
ac

in
IV

 D
ex

am
et

ha
so

ne
 F

or
 4

 D
ay

s 
[3

2]

H
ae

m
op

hi
lu

s 
in

fl
ue

nz
ae

C
SF

 P
C

R
B

lo
od

 c
ul

tu
re

s
Q

T
L

IV
 C

ef
tr

ia
xo

ne
Q

ui
no

lo
ne

s
D

ox
yc

yc
lin

e
M

ac
ro

lid
es

IV
 D

ex
am

et
ha

so
ne

 F
or

 4
 D

ay
s 

[3
2]

(c
on

ti
nu

ed
)

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)



330
Ta

bl
e 

8 
(c

on
ti

nu
ed

)

N
ei

ss
er

ia
 m

en
in

gi
ti

di
s

M
IC

 <
0.

1
M

IC
: 0

.1
 T

O
 1

In
to

le
ra

nt
 T

o 
B

et
a 

L
ac

ta
m

s

C
SF

 P
C

R
B

lo
od

 c
ul

tu
re

s
IV

 P
en

ic
ill

in
H

ig
h 

D
os

e 
IV

 P
en

ic
ill

in
 

O
r 

C
ef

tr
ia

xo
ne

U
se

 C
hl

or
am

ph
en

ic
ol

C
ef

tr
ia

xo
ne

M
SS

A
C

SF
 P

C
R

/
C

ul
tu

re
s

B
lo

od
 c

ul
tu

re
s

N
af

ci
lli

n
C

ef
tr

ia
xo

ne
, C

ef
ot

ax
im

e,
 

V
an

co
m

yc
in

M
R

SA
V

an
co

m
yc

in
 M

IC
 <

2
V

an
co

m
yc

in
 M

IC
 >

2

C
SF

 P
C

R
C

ul
tu

re
s

N
as

al
 s

w
ab

 P
C

R
B

lo
od

 c
ul

tu
re

s

IV
 V

an
co

m
yc

in
 w

it
h 

a 
tr

ou
gh

 le
ve

l >
15

U
se

 I
V

 L
in

ez
ol

id
, 

D
ap

to
m

yc
in

 W
it

h 
R

if
am

pi
n 

O
R

 c
an

 b
e 

us
ed

 in
tr

at
he

ca
l, 

IV
 

su
lf

am
et

ho
xa

zo
le

- 
tr

im
et

ho
pr

im

IV
 L

in
ez

ol
id

, D
ap

to
m

yc
in

 
W

it
h 

R
if

am
pi

n 
or

 c
an

 b
e 

us
ed

 
in

tr
at

he
ca

l, 
IV

 s
ul

fa
m

et
ho

xa
zo

le
- 

tr
im

et
ho

pr
im

M
ic

ro
be

s
D

ia
gn

os
is

A
nt

im
ic

ro
bi

al
 o

f 
ch

oi
ce

A
lt

er
na

ti
ve

 d
ru

gs

C. S. Pingili and N. Arora



331

L
is

te
ri

a 
M

on
oc

yt
og

en
es

C
SF

 P
C

R
/

C
ul

tu
re

s
B

lo
od

 c
ul

tu
re

s

IV
 P

en
ic

ill
in

 –
 e

ve
n 

if
 a

 p
at

ie
nt

 h
as

 P
N

C
 

an
ap

hy
la

xi
s 

– 
w

e 
su

gg
es

t 
to

 d
es

en
si

ti
ze

 t
he

 p
at

ie
nt

 
an

d 
us

e 
P

N
C

Su
lf

on
am

id
es

, I
V

 V
an

co
m

yc
in

A
m

in
og

ly
co

si
de

s
M

ox
if

lo
xa

ci
n

P
se

ud
om

on
as

C
SF

 P
C

R
/

C
ul

tu
re

s
B

lo
od

 c
ul

tu
re

s

IV
 C

ef
ep

im
e,

 I
v 

M
er

op
en

em
IV

 A
zt

re
on

am
, I

V
 Q

ui
no

lo
ne

s

A
m

p-
C

 O
rg

an
is

m
s 

(M
Y

SP
A

C
E

)
M

or
ga

ne
lla

, Y
er

se
ni

a 
en

te
ro

co
lit

ic
a,

 
Se

rr
at

ia
, P

ro
te

us
 

vu
lg

ar
ia

, P
ro

vi
de

nt
ia

, 
A

ci
ne

to
ba

ct
er

, 
E

nt
er

ob
ac

te
r

C
SF

 P
C

R
/

C
ul

tu
re

s
B

lo
od

 c
ul

tu
re

s

IV
 C

ef
ep

im
e,

 I
v 

Q
ui

no
lo

ne
s

IV
 S

ul
fo

na
m

id
es

, I
V

 
C

ar
ba

pe
ne

m
s

St
ro

ng
yl

oi
de

s
Se

ro
lo

gy
St

oo
l n

uc
le

ic
 a

ci
d 

am
pl

if
ic

at
io

n
B

lo
od

 c
ul

tu
re

s 
fo

r 
se

co
nd

ar
y 

in
fe

ct
io

ns

Iv
er

m
ec

ti
n

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)



332

and systemic manifestations. The latter usually manifests as 
systemic shock, multi-organ dysfunction and adrenal gland 
hemorrhage with antecedent Addisonian crisis. Meningococcus 
B and C are the common stereotypes to infect American chil-
dren and adolescents. There are two vaccines approved to 
date. One is the meningococcal conjugate vaccine and the 
other is the serogroup B vaccine (MENB). CDC recommends 
a conjugate vaccine at the age of 11 or 12 years and a booster 
dose at 16 years. MENB vaccine can be given as a single dose 
between 16–23 years of age. Patients with complement defi-
ciencies (C5-C9, properdin, factor H, factor D, or are taking a 
complement inhibitor such as Eculizumab or Ravulizumab- 
cwvz) and those with functional or anatomic asplenia will 
need a booster dose every 3 years with the MENB vaccine. 
Household contacts and other close contacts of patients with 
meningococcal meningitis should be treated with post 
 exposure prophylaxis with ceftriaxone or ciprofloxacin or 
rifampin [33]. Patients with MCM should be kept in droplet 
isolation for 24 h after which the isolation can be safely dis-
continued because the antimicrobials will effectively bring 
down the nasopharyngeal bacterial colonial burden.

Two types of vaccines against Streptococcus pneumoniae 
are available: older pneumococcal polysaccharide vaccine 
(PPSV) and newer pneumococcal conjugate vaccines (PCV). 
PPSV is composed of 23 pneumococcal capsular polysaccha-
rides, and it covers the most antigens of streptococcus pneu-
moniae. However, since children less than 2 years of age do 
not respond to it, it is not suitable for them. PCV contains 
pneumococcal capsular polysaccharides linked to a carrier 
protein that allows the immune system of infants to produce 
antibodies. The recommendation is to use PCV in the chil-
dren’s routine immunizations. There are two types of PCV 
available with a different number of serotypes: PCV10 and 
PCV13. The efficacy of these vaccines is about 75% [34].

Haemophilus influenzae (Hib) like Streptococcus pneu-
moniae not only cause meningitis but also sino-pulmonary 
infections and also fatal epiglottitis in pediatric patients. The 
polysaccharide protein conjugate vaccine has eliminated this 
menace. To date there is no strain replacement in the Hib group 
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making the vaccine offer stable herd immunity, which so far is 
not possible with the meningococcal and streptococcal species.

Lumbar puncture (LP) is a mandated procedure in the 
management of CAM.  Administration of IV antibiotics 
should not be delayed for the sake of an LP as it takes nearly 
4 half-lives of the antibiotics to achieve therapeutic levels in 
the CSF and early antibiotics will not significantly alter the 
CSF chemistry and microbiology. There is no cut off for the 
WBC count to clinch a diagnosis of meningitis but counts 
greater than 500 cells/mm3 with neutrophil predominance, a 
low CSF glucose with CSF glucose, serum glucose ratio less 
than 0.5 and elevated protein greater than 45  mg% with a 
positive gram stain and cultures are the defining features of 
bacterial meningitis [35]. Table  9 shows the CSF findings 

Table 9 CSF findings based on the etiological agent [11–18]

Etiology WBC × 106

Cell type 
dominating

CSF: 
Serum 
glucose 
ratio 
(normal 
>0.5)

Protein 
(mg%) 
(Normal 
15–45 mg%)

Bacterial 100 – 5k Polymorphs <0.5 50–200

Viral 10–300 Polymorphs 
in the early 
course. 
But mostly 
Monocytes.
CSF could be 
bloody with 
HSV

>0.5 40–800

Cryptococcus 10–200 Monocytes <0.5 50–300

Parasite- 
migrating 
larvae carry 
bacteria with 
them

Eosinophilic  
plus high 
polys. CSF 
culture is 
usually 
polymicrobial
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based on the etiologic agent. The risk of serious complica-
tions including brain herniation with the LP is around 1.2%. 
A routine CT scan of the brain is not needed in every patient 
with CAM. Only those patients with new onset seizures, focal 
neurological deficits, papilledema, immunocompromised 
hosts and those with a history of known CNS lesions should 
undergo a screening CT scan before an LP.

Listeria is one organism that can infect patients at their 
extreme ages but also any immunocompromised host. 
Contrary to the convention, this microbe gains entry into the 
host’s CNS by the oral route [36]. Meat, poultry, coleslaw, 
unpasteurized milk and produce contaminated in the soil are 
all responsible for outbreaks of Listerial meningitis. Pregnant 
patients are one special group at risk and the pathogen can 
cross the placenta. Ampicillin with or without gentamycin is 
the drug of choice and the author of this text recommends to 
desensitize the patients if there is a documented history of 
IGE mediated life threatening reaction to Penicillins. IV van-
comycin, Meropenem and Sulfonamides are the other options. 
Limited research supports the use of linezolid and rifampin 
[11, 36–39].

The use of IV Dexamethasone is highly debated in the 
management of meningitis. Literature supports the use of IV 
dexamethasone for 4  days only in proven cases of 
Streptococcus pneumoniae and Hib meningitis. Steroids 
should preferably be given before the first dose of the antibi-
otics. Steroids confer a very poor prognosis in the Listeria 
meningitis.

Regardless of the etiology, all patients with CAM should 
receive blanket coverage with IV Ceftriaxone, IV Vancomycin 
and IV Acyclovir +/− IV ampicillin awaiting CSF results. In 
patients with life threatening allergies to Penicillins, the alter-
natives are IV Meropenem, IV levofloxacin, IV Sulfonamides. 
Antibiotics are then tailored based on the CSF yield. Final 
duration of antibiotics usually varies from a week to a few 
months depending on the presence or absence of ventriculitis, 
meningoencephalitis, rhombencephalitis and intracranial 
abscesses. Tuberculous meningitis is usually treated for a year. 
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Unless there is no clinical improvement or worsening of the 
clinical symptoms, there is no need for a repeat LP and or 
imaging [20, 40, 41]. Table 10 [36–39] shows the CSF penetra-
tion of different antibiotics along with common side effects.

Table 10 Antibiotics and CSF penetration
Class of 
antibiotics CSF penetration

Side effects to 
monitor

Sulfonamides- 
oldest available 
antibiotics

Best CSF penetration 
of all drugs

Hyperkalemia
Hepatitis
Pancreatitis
Renal failure
Bone marrow 
suppression
Steven Johnson 
syndrome/
Toxic epidermal 
necrolysis

Beta Lactams Drugs of choice
Good levels achieved 
at higher doses 
without side effects
Piperacillin/
Tazobactam has poor 
CSF penetration

Hepatitis
Interstitial nephritis
Bone marrow 
suppression
Anaphylaxis
Fevers
33% risk of clinical 
seizures
Imipenem, 
Aztreonam and 
Cefazolin are the 
major epileptogenic 
beta lactams
Cefepime 
rarely causes 
encephalopathy 
with EEG changes 
of triphasic waves
Symptoms resolve 
after withdrawing 
the drug

(continued)
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Table 10 (continued)
Class of 
antibiotics CSF penetration

Side effects to 
monitor

Fluoroquinolones Lipophilic drugs with 
good CSF penetration 
irrespective of 
the meningeal 
inflammatory state
MOXIFLOXACIN – 
has no renal 
penetration

Seizures risk is 
lower compared to 
beta-lactams
QTc prolongation 
with Macrolides, 
Amiodarone 
and other 
antiarrhythmic 
drugs.
Tendon rupture
Aortic aneurysm 
rupture
Exacerbation of 
myasthenia gravis

Macrolides Lipophilic drugs 
with high molecular 
mass inhibit CSF 
penetration

Arrhythmias

Tetracyclines Lipophilic drugs
Doxycycline and 
Minocycline have 
good CSF penetration
Tigecycline has poor 
CSF penetration and 
no renal penetration

Photosensitivity 
even after 
discontinuation of 
the drugs
Fatal hepatitis in 
pregnant patients
Intracranial 
hypertension
Severe GERD

Vancomycin Good penetration Renal failure
Thrombocytopenia
Vasculitis

Tiecoplanin Poor Not recommended 
for CNS infections
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Table 10 (continued)
Class of 
antibiotics CSF penetration

Side effects to 
monitor

Linezolid Good Bone marrow 
suppression
Peripheral 
neuropathy
Optic neuropathy
SSRI syndrome

Daptomycin Poor – but can be 
used at higher doses 
for MRSA infections

Inactivated by 
surfactant and is not 
used for pneumonia 
treatment

Metronidazole Good Irreversible 
peripheral 
neuropathy
Pontine damage

Clindamycin Good Clostridium difficile 
diarrhea

Azoles Good QTc Prolongation
Hepatic inhibition

Echinocandins Poor No renal 
penetration

Amphotericin Good Renal failure
Hypotension
Electrolyte 
abnormalities
shivering

Acyclovir/
Ganciclovir

Moderate Renal failure – can 
be prevented with 
IV Fluids
Bone marrow 
suppression

Cidofovir Poor Not recommended 
for CNS infections
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(b) Nosocomial ventricular meningitis (NVM) [12, 21–23, 
42–46]
NVM is a complication following neurological surgeries, TBI, 
EVD insertions, spine surgeries with retained hardware and 
prosthetic device implants in the spine (3.6–20%). Insertion 
of external ventricular drainage (EVD) is a very common 
procedure performed in the NCCU for the management of 
hydrocephalus and intracranial pressure monitoring in 
patients with acute neurological or neurosurgical injuries. A 
major complication of this procedure is nosocomial meningi-
tis or ventriculitis (NVM) with a reported incidence of 
2–27% [47, 48]. Infection of the skin and soft tissues at the 
EVD insertion site is more common than meningitis/ventric-
ulitis. One needs to be aware that true ventriculitis is a poten-
tially life-threatening condition with a very high mortality 
rate. The risk of NVM increases with the frequency of cathe-
ter flushing and manipulation and the insertion technique 
itself. Catheter leaks and repositioning on the other hand is 
not a proven risk of contracting NVM. The longer the EVD 
stays in situ, the higher the risk of NVM with a peak inci-
dence occurring from day 7 to day 14. EVD complication is 
not only permitted to NVM but also cerebritis, and brain 
abscess formation. Contamination, EVD catheter coloniza-
tion, and a full-blown NVM is the usual clinical spectrum 
observed with these devices. The most common causative 
pathogens for NVM are listed in Table 11. Diagnosing NVM 
is a clinical challenge and clinicians should be aware of the 
concepts of contamination, colonization, and a culture proven 
true NVM (Table 12). A contaminated sample usually has an 
isolated positive growth with no CSF or clinical findings of 
infection. Colonization on the other hand will have positive 
cultures with borderline CSF findings but no clinical manifes-
tations other than fevers. NVM will have CSF changes and 
positive cultures and there will be clinical decline too. Most of 
the NCCU patients’ CSF is hemorrhagic, to begin with, and 
this is usually complicated with an inflammatory leukocytosis. 
The latter is a universal finding complicating CSF analysis in 
these groups of patients. A CSF should be sent for analysis on 
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Table 11 Common organisms causing NVM [12, 21–23, 42–46]
Agent Source Comments
Coagulase-negative 
staphylococci 
(Staphylococcus 
epidermidis)

Skin flora Most common

Staphylococcus aureus Skin flora Along with S.epidermidis, 
account for 70% of NVM

Gram-negative 
rods (Klebsiella, E. 
coli, Pseudomonas, 
enterobacter, 
acinetobacter)

Various 
routes

Increasing prevalence due 
to antibiotic useNeonates 
and adults

Anaerobes Aspiration Rare cause

Candida spp Skin or 
mucosa

Very rare cause, 
more common in 
immunocompromised 
patients

Table 12 Correlation of evidence of NVM with symptoms, signs, 
laboratory and imaging findings [12, 21–23, 42–46]

Nosocomial ventriculitis/meningitis

Correlation with 
ventriculitis/
meningitis

SYMPTOMS
New-onset Headaches, nausea, lethargy or 
change in GCS, seizures

Strong/moderate

SIGNS
Erythema, tenderness over the shunt site, 
peritonitis in patients with VP shunts, pleuritis 
in patients with VPl shunts, bacteremia in a 
patient with VA shunts

Strong/Weak

Cell counts, protein, and sugars in the CSF Weak/Moderate

CSF cultures
Cultures should be held for 10 days for 
Propionibacterium acnes

Strong/Moderate

(continued)
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all patients with suspected NVM and repeat samples at least 
twice a week or more as the clinical situation demands.

Initiation of antibiotics is almost always empirical as is the 
practice elsewhere. Early initiation of broad-spectrum antibi-
otics should be based on the patient’s immune status and 
facility’s antibiogram. Every 1 h delay in initiating the right 

Table 12 (continued)

Nosocomial ventriculitis/meningitis

Correlation with 
ventriculitis/
meningitis

Shunt or drain cultures if removed for 
infection

Strong/Moderate

Shunt or drain cx if removed for some other 
reason

Weak/Moderate

Blood cultures in VA shunts Strong/High

Blood cultures in VP  and Pleural shunts Weak/Low

LABORATORY:
   CSF pleocytosis with positive cultures
   Hypoglycorrhachia and elevated CSF 

protein
   Growth of a contaminant (e.g., coagulase- 

negative staphylococcus) in enrichment 
broth only or on just 1 of multiple cultures 
in a patient with normal CSF and no fevers

   CSF sample growing staph, fungus, and gram 
negative rods

   CSF galactomannan and Beta-D-glucan for 
fungal infections

   CSF lactate and procalcitonin
   Detection of β-D-glucan and galactomannan 

in CSF may be useful in the diagnosis of 
fungal ventriculitis and meningitis

Strong/High
Strong/High
Weak/Low
Strong/Moderate
Strong/Moderate
Weak/Moderate
Strong/Moderate

IMAGING:
MRI with contrast
CT abdomen/USG in patients with V-P shunts 
and abdominal symptoms

Strong/Moderate
Strong/Moderate
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antibiotics carries a mortality rate of 8% [49]. NVM doesn’t 
cause significant meningeal inflammation; hence antibiotics 
should be given based on CNS dosing. Initial antibiotics 
should cover MRSA and gram-negative rods including the 
AMP-C group of microbes. To start with, IV Vancomycin and 
IV Cefepime should cover the majority of the pathogens 
excluding Stenotrophomonas. The latter is usually sensitive to 
sulfonamides, levofloxacin, ceftazidime, and minocycline. 
Patients with hemodynamic instability are better started on a 
combination of IV Vancomycin and IV Meropenem. 
Anaerobic coverage is rarely needed. Imipenem-cilastatin is 
generally not a preferred drug given the risk of seizures. 
Patients with a severe allergy to Penicillin (PNC) should 
receive IV quinolones instead of cefepime. The rate of cross- 
reaction between PNC and carbapenems is usually minimal 
and not prohibitive [50, 51]. Aztreonam on the other hand has 
no beta-lactam ring in its chemical structure and the risk of a 
cross-reaction with PNC is negligible. Aztreonam on the 
other hand shares the same side chain as ceftazidime and 
clinicians are advised not to use either of these drugs if the 
patient has a documented IgE mediated reaction to one of 
these drugs [52, 53]. For patients allergic to vancomycin, the 
other options will be high dose daptomycin [54], 
sulfamethoxazole- trimethoprim, linezolid, and doxycycline.

If CSF cultures are positive, antibiotics should be tailored 
based on cultural sensitivities. MRSA cultures are usually 
positive within the first 48 h unless the patient received prior 
anti-MRSA coverage. If the CSF cultures are positive for 
MRSA and the MIC for vancomycin <2, then the patient can 
be treated with IV vancomycin aiming for a trough of 15–20.
If the MIC of the microbe >2, then the MRSA is considered 
resistant to vancomycin. Linezolid/Daptomycin/
Sulfamethoxazole-Trimethoprim/Doxycycline can be tried. 
Clinicians should be aware that daptomycin has variable 
 penetration into the blood-brain barrier and blood CSF bar-
rier even in inflamed meninges. If a patient never received 
anti- MRSA coverage and the CSF cultures are negative for 
MRSA, then Vancomycin can be safely discontinued. Patients 
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on IV vancomycin should be monitored for renal dysfunction, 
dropping platelets, and a vasculitis rash. Ceftaroline is a fifth- 
generation cephalosporin with anti-MRSA activity but is 
mainly approved for skin and soft tissue infections and 
MRSA pneumonia. This drug has been tried in combination 
with other drugs for MRSA endocarditis but to date, there 
are no documented clinical trials [30].

If the gram-positive cocci turns out to be MSSA, then van-
comycin can be switched to IV ceftriaxone 2 gm twice a day. 
Patients who grow streptococcus in the CSF should be 
treated based on the MIC to the antibiotics. A MIC≤0.06 for 
PNC, it is considered to be a sensitive strain. If the MIC is 
>0.06, the strain should be considered PNC resistant and 
must be treated with a third-generation cephalosporin or 
vancomycin if the patient is allergic to cephalosporins. If the 
MIC ≤0.5 for cephalosporins then the strain is considered 
sensitive and resistant if the MIC >1, in the latter case, the 
microbe should be treated with vancomycin, linezolid, doxy-
cycline [31, 32]. IV dexamethasone 0.15 mg/kg every 6 h for 
four days can be used for the first 4  days of infection with 
streptococcus, but this generally applies to CAM [55–57]. 
Cephalosporins can cause encephalopathy, neuropathy, 
myelosuppression, hepatitis, rash, fevers, and interstitial 
nephritis [58].

Gram-negative rod NVM is often caused by Pseudomonas, 
Klebsiella, and the AMP-C group of organisms [45]. CNS 
doses of Cefepime covers the entire spectrum of microbes 
stated above except Stenotrophomonas [59]. Quinolones 
achieve excellent CSF penetration and cover the entire spec-
trum of gram-negative rods stated above [21]. Contrary to the 
belief, the risk of seizures is less frequent with quinolones 
compared to beta-lactams. Quinolones on the other hand can 
prolong QTC when given with other QTc prolonging drugs. 
Quinolones can cause phototoxicity, tendon ruptures,  seizures, 
peripheral neuropathy, aortic dissection, dysglycemia, and 
C.difficile infection [59, 60]. Quinolones are generally contra-
indicated in pregnancy and pediatric patients.
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Sulfonamides are the oldest antibiotics in the market with 
broad-spectrum activity and most of the nosocomial patho-
gens are still sensitive to this class of drugs. This class of drugs 
is still efficacious in treating AMP-C organisms [61]. Of all 
classes of antibiotics, the Sulfonamide group achieves the 
highest CSF concentrations. However, sulfonamides are 
given in a dextrose solution which is not encouraged in the 
NCCU. Besides this, sulfonamides can cause life-threatening 
Stevens-Johnson reactions and hyperkalemia. Hyponatremia, 
myelosuppression, hepatitis, pancreatitis, and renal failure are 
other side effects of the sulfa group [62].

Device removal will enhance the pace of microbial clear-
ance, achieving CSF sterility, and clinical improvement. 
However, this may not be possible in every clinical scenario. 
Patients with coagulase negative staphylococcal infection can 
be managed with EVD retention and CNS dosing of antibiot-
ics. However if the CSF cultures continue to stay positive and 
the patient continues to stay symptomatic, then device 
removal is a rule rather than an exception. EVD should be 
removed in all patients with gram-negative rods infection and 
fungal NVM [45]. The decision for EVD reimplantation is 
based on a case by case basis and if needed can be reinserted 
on the same day of explanation. There’s no consensus on the 
total duration of treatment and is a very debated topic. 
Primary ventriculitis is usually treated for 2–3  months like 
brain abscess but NVM on the other hand is treated for 10 to 
14 days clubbed with clinical, chemical, and microbiological 
improvement [45, 63]. The use of antibiotic-impregnated 
catheters is a highly debated topic and to date, there is no 
consensus on the clinical benefits of these catheters in reduc-
ing the incidence of NVM [64–66]. The 2017 IDSA guidelines 
have outlined a systemic approach to this problem based on 
the strength of recommendations and quality of evidence 
using the GRADE (Grading of Recommendations 
Assessment, Development, and Evaluation) system [67]. 
Table 12 shows the IDSA recommendations on the evidence 
of clinical features, laboratory studies and imaging on the 
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NVM management. Figure  1 shows the flowchart for the 
management of the NVM.

6  AMP-C Group of Organisms

AMP-C groups of microbes are gram-negative rods that 
belong to the Enterobacteriaceae family. Clinicians often 
encounter these pathogens in the NCCU. Microbiologically 
they look sensitive to the third generation cephalosporins 
like ceftriaxone, ceftazidime, cefotaxime, and cefixime. 
However, this is only in-vitro susceptibility, and in vivo these 
microbes develop resistance to the third-generation cephalo-

Patient with EVD with suspicion of
NVM with other suspicious sources

Obtain CSF sample for gram 
stain and culture.

Culture: Blood, urine, sputum,
look for other sources of fever,
treat accordingly.

Culture positive NVM: Positive CSF
culture and Purulent CSF (>300 PMN/mm3 
cells, CSF glucose/serum glucose ratio <0.4, 
CSF lactate >2.1 mmol/L), clinical decline

Start with BSA (GP and GN bacteria)
Vancomycin** + 4th generation 
cephalosporins *.  Add ampicillin if patient
>50y or immunocompromised. Duration: 2 
weeks.

Continue BSA, Repeat cultures

Consider discontinuing BSA, look 
for other causes

If inadequate response to antibiotic,
replace EVD and antibiotics  according to
culture sensitivity and resistance testing.

Intraventricular antibiotics (Vancomycin
for GPC, aminoglycosides for GNR)

No

Yes

If no response

Isolated growth, no CSF
abnormalities, no clinical s/s

Positive cultures, some CSF
abnormalities, fever

Contamination Colonization
Yes

MRSA MSSA

Vancomycin
Linezolid
Daptomycin
Sulfamethoz

axole-

Culture growth

GNR

Ceftriax
one

V

Cefepi
me

Quinol

No

No growth

Figure 1 Approach to a patient with suspected NVM
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sporins. The ideal regimen for these microbes should be 
Cefepime, carbapenems, quinolones, and sulfamethoxazole- 
trimethoprim. These microbes are remembered by the acro-
nym MYSPACE (Table 8).

(c) Traumatic Brain injury related Meningitis [13, 45]:
4% of all head injuries end up with basilar skull fractures. 
This represents a fourth of all the skull fractures. Otorrhoea 
and rhinorrhoea is CSF leak from the ear and the nose 
respectively. 45% of the basilar skull fractures are associated 
with CSF leak but the risk of meningitis is 5% and prophylac-
tic antibiotics have no clinical significance unless the patient 
is getting an ICP monitoring device or unless the CSF leak is 
prolonged with clinical deterioration. CSF leak can occur any 
time from day 1 to day 3 and the risk of meningitis is high 
during the first week. Cases of meningitis after TBI have 
been documented months to years after the initial insult [68, 
69]. Fever, nuchal rigidity, and altered sensorium is the clini-
cal triad used for the diagnosis of meningitis, but these signs 
are all non-specific in patients with TBI or those with 
SAH. CSF lactate is a better indicator of meningitis than the 
CSF WBC, but lactate is also elevated in other clinical condi-
tions like seizures and strokes. A sensitivity of 98% for the 
CSF lactate comes down to 45% with the use of antibiotics. A 
CSF lactate of 35 mg/dl has been postulated as a cut off to 
differentiate between bacterial and aseptic meningitis. 
Antibiotic administration before LP will raise the sugars and 
bring down the protein levels but the leucocytosis and the 
neutrophil count are usually not altered. Gram stain and cul-
ture sensitivities are all affected by prior use of antibiotics 
before LP, but this should not be a reason to hold the antibi-
otics PCR is 100% sensitive and specific for most of the 
causative pathogens even in those on antibiotics. Since PCR 
will not include all the microbes, it should not replace CSF 
cultures [31, 42, 67].

Acute traumatic CSF fistulae carry a very high meningitis 
risk of 30.6% before surgical correction of the dura mater 
with a cumulative risk of 80% at 10 years follow up. 
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Recurrence of CSF leak is 7% after surgical repair but the 
risk of recurrent meningitis is very high in this group at 30%. 
This is one subgroup of patients where the risk of infection is 
significantly improved with prophylactic antibiotics [68].

2. Sino-pulmonary infections 
Sinusitis can develop from prolonged use of a nasogastric 
tube, gingivitis, dental abscesses and retropharyngeal 
abscesses. Lemierre’s syndrome is thrombosis of the internal 
jugular vein (IJV) with septic metastasis and is usually a com-
plication of sino-pharyngeal infections. It is often overlooked 
in NCCU patients, especially the intubated ones. Orotracheal 
infections carry a lesser risk of sino-pulmonary infections 
compared to nasotracheal intubations. Pseudomonas and 
other gram-negative pathogens are the major culprits [55]. 
CT angiogram of the neck will show filling defects in the 
internal jugular vein. Fusobacterium necrophorum is the 
usual pathogen and is inherently resistant to metronidazole 
despite being an anaerobe. This bacterium usually responds 
well to 4–6  weeks of IV ampicillin-sulbactam combination. 
Hypercoagulable states should be ruled out and the patient 
should be anticoagulated for 4 to 6 weeks [56, 57]. The retro- 
pharyngeal abscess is either a complication of an upper respi-
ratory tract infection (URTI) or from pharyngeal trauma and 
needs surgical correction followed by a 7–10  day course of 
antibiotics based on the culture sensitivities [58, 70].

Pulmonary infections are the major sites of infection in 
clinical practice including the NCCU. 20% Of the community- 
acquired pneumonia patients end up in the ICU and the risk 
of ventilator-associated pneumonia (VAP) is 3% per day on 
the ventilator and the mortality rate with VAP is almost 70%. 
Patients with low GCS have a high risk of aspiration, com-
pounded by cranial nerve palsies, prolonged Intubations, 
nasogastric feeds, clinical and subclinical seizure activity, 
Percutaneous feeding tube placements, and overall debilita-
tion. The above-mentioned clinical picture also predisposes 
them to nosocomial infections. A full-blown respiratory tract 
infection usually presents with fever, increased endotracheal 
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secretions, increasing need for a higher FiO2 on the ventila-
tor, tachypnoea, hypotension, and worsening leukocytosis. 
Blood cultures are rarely positive in less than 10% of patients. 
Blood cultures are still recommended because when positive 
will decide the exact duration of antibiotics. Parapneumonic 
effusions if exudative will need aggressive antibiotics and a 
bedside chest tube or surgical drainage. Daptomycin is inhib-
ited by the surfactant of the alveoli and is contraindicated in 
the management of pneumonia and is not proven effective 
even in patients with septic metastasis to the lungs [61]. 
Aspiration pneumonia is usually treated with drugs with sig-
nificant anaerobic coverage like Ampicillin/Sulbactam or 
Piperacillin/Tazobactam or clindamycin. However, the latest 
data suggests no additional benefit from anaerobic coverage 
unless there is a complication like an empyema or abscess 
formation. Aspiration pneumonitis on the other hand is 
treated conservatively and doesn’t mandate antibiotic cover-
age [62–65].

The MRSA PCR assay demonstrated 88.0% sensitivity 
and 90.1% specificity, with a positive predictive value of 
35.4% and a negative predictive value of 99.2%. Any patient 
with pneumonia and a negative MRSA PCR on the nasal 
swab need not be treated with an anti-MRSA regimen. On 
the other hand, any patient with multilobar pneumonia and 
significant pleural effusion In summer should be treated as a 
case of MRSA pneumonia until proven otherwise [66, 67].

Pleural effusions are either transudative or exudative and 
at times inconclusive. Fluid analysis is based on the Light’s 
criteria or the two-point or three-point criteria in the clinical 
context [25, 71] Table 6. Treatment of empyema usually man-
dates surgical wash followed by antibiotics. Antibiotics should 
never be delayed for the planned surgery. Post obstructive 
Pneumonia from a lung mass requires anaerobic coverage. 
Lung abscess is usually a complication of aspiration. Besides 
Staphylococcus, Streptococci, and gram negative rods, anaer-
obes like peptostreptococcus, Bacteroides, Fusobacterium, 
and Prevotella [26, 28].
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3. Oro-pharyngeal infections: Sinusitis from a Nasogastric 
tube, gingivitis, dental abscesses and retropharyngeal 
abscesses, Internal jugular vein thrombosis (Lemierre’s 
syndrome) from recent oropharyngeal infections are often 
overlooked in NCCU patients, especially the intubated ones. 
Orotracheal infections carry a lesser risk of sino-pulmonary 
infections compared to naso-tracheal intubations. 
Pseudomonas and other gram-negative pathogens are the 
major culprits [31, 32, 55]. Lemierre’s syndrome is thrombosis 
of the internal jugular vein with septic Mets and is usually a 
complication of nasopharyngeal infections. CT angiogram of 
the neck will show filling defects. Fusobacterium necrophorum 
is the usual pathogen and is inherently resistant to 
metronidazole despite being an anaerobe. This bacterium 
usually responds well to 4–6  weeks of IV Ampicillin/
Sulbactam. Hypercoagulable states should be ruled out and 
the patient should be anticoagulated for 4 to 6 weeks [56, 57]. 
Retro pharyngeal abscess is either a complication of a URTI 
or from pharyngeal trauma and needs surgical correction 
followed by a 7–10  day course of antibiotics based on the 
culture sensitivities [58, 70].

4. Infective endocarditis (IE) is not a common complication 
in the NCCU.. However, patients with IE often present with 
septic metastasis to the brain and spine. Staphylococcus and 
Pseudomonas coverage is mandated in addition to anaerobic 
coverage in any brain abscess patient. Despite medical 
advancements, IE carries a mortality of 25%. Clinicians 
should be watchful for tetanus and botulism in IV drug users 
(using black tar heroin). Botulism presents with descending, 
symmetric paralysis, diplopia, dysarthria, dysphagia, and 
respiratory failure with diaphragmatic palsy but sparing of 
the sensory system. Tetanus usually presents with a stiff neck 
and trismus. Respiratory muscle spasticity is the cause of 
mortality.

The Duke’s criteria are still applicable in the diagnosis of 
IE (Table 13) [14, 69].
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Table 13 Modified Duke’s Criteria [14, 69]
Confirmed clinical IE: Presence of only 2 Major Criteria OR 1 
Major Criteria and 3 Minor Criteria OR only 5 Minor Criteria
Possible IE: Presence of 1 major and 1 minor criterion or 3 
minor clinical criteria
Rejected IE: Definite alternate diagnosis made OR Resolution 
of clinical symptoms after <= 4 days of treatment OR No 
pathological evidence of IE is noted at pathology or autopsy 
with <= 4 days of treatment OR clinical criteria for definitive or 
possible IE not met
Definite diagnosis of  IE based on pathological findings: 
vegetations or valvular abscess seen OR microbiological 
cultures or histology of vegetation

Major criteria Minor criteria

1.  Positive blood culture for 
typical infective endocarditis 
organisms (S. viridans or S. 
bovis, HACEK organisms, S. 
aureus without other primary 
site, Enterococcus), from 2 
separate blood cultures or 2 
positive cultures from samples 
drawn >12 h apart, or 3 or a 
majority of 4 separate cultures 
of blood (first and last sample 
drawn 1 h apart)

2.  Echocardiogram with 
oscillating intracardiac mass 
on valve or supporting 
structures, in the path 
of regurgitant jets, or on 
implanted material in the 
absence of an alternative 
anatomic explanation, or 
abscess, or new partial 
dehiscence of prosthetic valve 
or new valvular regurgitation

3.  Single positive blood culture 
for Coxiella burnetii or anti- 
phase 1 IgG antibody titer 
>1:800

1.  Predisposing heart condition 
or intravenous drug use

2.  Temperature >38 °C 
(100.4 °F)

3.  Vascular phenomena: 
arterial emboli, pulmonary 
infarcts, mycotic aneurysms, 
intracranial bleed, 
conjunctival hemorrhages, 
Janeway lesions

4.  Immunologic phenomena: 
glomerulonephritis, 
Osler nodes, Roth spots, 
rheumatoid factor

5.  Microbiological evidence: 
positive blood culture but 
does not meet a major 
criterion as noted above 
or serological evidence 
of active infection with 
organism consistent with 
endocarditis (excluding 
coag neg staph, and other 
common contaminants)
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5. Clostridium difficile induced diarrhea (CDI) is uncommon 
in the NCCU compared to the MICU. CDI is more common 
in the MICU with an overall incidence of roughly 4%. Up to 
20% of ICU patients that develop the symptomatic disease 
will progress to fulminant colitis with a mortality rate of 
nearly 60%. The spores of C. difficile are difficult to eradicate 
and can be isolated from environmental swabs taken from a 
patient’s room months after discharge. Every antibiotic 
including Metronidazole can put the patient at risk of CDI. 
Clindamycin and Quinolone exposure is the leading cause of 
CDI.  Use of proton pump inhibitors, enteral feeding, and 
mechanical ventilation all increase the risk of CDI. Watery 
diarrhea is a universal clinical presentation with and without 
fever and or abdominal cramps. Cessation of diarrhea without 
treatment suggests an ominous sign of toxic megacolon. 
ELISA test for Toxin A and B is what should be ordered for 
confirmation and this test carries 90% sensitivity. ELISA test 
for the Glutamate dehydrogenase (GDH) is an indirect test 
with high specificity but if positive will need the toxin ELISA 
test for confirmation. Oral vancomycin is the drug of choice 
irrespective of the severity of clinical presentation, irrespective 
of the albumin levels, serum creatinine, and WBC count. IV 
Vancomycin achieves very poor stool concentrations. Oral/IV 
Metronidazole achieves good stool concentrations. Cessation 
of antibiotics if possible is important. Oral Vancomycin should 
be started at 125 mg q 6 hrs irrespective of the severity of the 
illness and can be escalated to 500 mg every 6 h for 2 weeks 
total. Recurrent CDI can retreat with oral vancomycin again 
with a tapering regimen. Oral Fidaxomicin is not inferior to 
oral vancomycin but is expensive. However, Fidaxomycin is 
bactericidal compared to oral Vancomycin which is 
bacteriostatic. Probiotics have no role in the management of 
CDI.  Colectomy is suggested for patients with toxic 
megacolon. Use of oral cholestyramine for toxin debulking is 
not suggested as this will bind to the oral vancomycin and 
brings down the drug levels in the stool [65, 72–74].

Ascending cholangitis, cholecystitis, perforated viscus, 
diverticular abscess, tubo-ovarian abscess, Fournier’s gan-

C. S. Pingili and N. Arora



351

grene all require the prompt surgical evacuation of the source 
of infection. The latter needs toxin inhibiting drugs like 
clindamycin in addition to broad-spectrum beta-lactams and 
or quinolones combined with Metronidazole.

6. The risk of a urinary tract infection (UTI) increases by 5% 
per day with an indwelling Foley catheter. The incidence of 
UTI is almost up to 30% in hospitalized patients. Catheter-
associated UTI (CAUTI) is a leading cause of morbidity, 
mortality and prolonged stay in the units. 50% of the patients 
will have asymptomatic bacteriuria and candiduria by the 
fifth day of catheter insertion. Fever, flank/suprapubic pain, 
urinary symptoms, hematuria and or pyuria, and a change in 
the GCS in patients aged above 65 should suggest CAUTI. 
Foley should be present for a minimum of 48 h for a diagnosis 
of CAUTI and at least 103 Colony- forming units of microbes 
in cultures. Avoiding or early discontinuation of the Foley 
catheter, closed drainage, and dependent drainage, and pro-
tecting the drainage port will help reduce the incidence of 
CAUTI in the units. These are all category 1B recommenda-
tions. Routine use of Foley catheter is not indicated even in 
patients with urinary incontinence (category 1 B). E Coli 
followed by candida and Enterococcus are the most common 
microbes cultured in the urine. A dipstick test is not a reliable 
indicator for CAUTI and the presence or absence of nitrite 
on the dipstick should not guide the antibiotic regimen 
because not all gram- negative rods test nitrite positive on the 
dipstick. Treating asymptomatic bacteriuria carries no clinical 
significance and there is no observed mortality benefit. Use 
external condom catheters and intermittent catheterizations 
in patients with spinal cord injuries, spastic bladders, and 
those with a meningomyelocele. Moxifloxacin, Tigecycline, 
and echinocandins have no UTI penetration and should not 
be used in the management of UTIs. Silver alloy urinary cath-
eters have no impact on the incidence of CAUTI and so is the 
impact of Nitrofurazone coated catheters [75–77].
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7. Musculoskeletal infections:
Septic joints are usually unusual in the NSICU.  Fever with 
joint swelling, pain and tenderness with mobility or joint 
examination with elevated WBC are the usual findings. 
Bacteremia is unusual. Joint aspiration usually shows a 
cloudy synovial fluid with WBC >50 k and polymorphs pred-
moninance. Patients should be taken to the operating room 
for a joint wash followed by a week to 4 weeks of IV or oral 
antibiotics depending on the pathogen.

8. Catheter related bloodstream infections: [35–41]
Every febrile patient should have 2 sets of blood cultures 
drawn from two different sites of the body and never from 
the existing peripheral venous accesses. Both sets should be 
drawn as soon as possible and an intercultural delay between 
the two sets carries no clinical significance. The risk of con-
taminated blood cultures is as high as 20% if drawn from an 
existing peripheral venous access. If CVC is the suspected 
source of sepsis, then a set of blood cultures should be drawn 
from the CVC and one set from the periphery. At least 20 mL 
of blood should be drawn for each bottle. In patients with dif-
ficult venous access and limited blood, the draw is hardly 
possible, then it’s better to culture the blood in the aerobic 
bottles because most of the clinically significant pathogens 
are facultative anaerobes. If blood cultures from the CVC site 
are positive 120 min earlier than the peripheral cultures, then 
CVC site infection is the cause of sepsis here. Otherwise rou-
tine culture of the catheter tips and CVC line cultures carries 
no clinical significance. More than 25% of the catheter tip 
cultures are just contamination. As long as the CVC insertion 
technique is sterile, the site of insertion does not influence the 
risk of line-related infections. CVC infections with yeast/
MRSA and gram negative rods mandate device removal. An 
infection with other gram positive cocci is usually managed 
with device retention and frequent blood cultures to assess 
sterility and clinical improvement. We recommend all device 
removal in patients with line sepsis.
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9. Skin and soft tissue infection: The overall incidence of skin 
and soft tissue infections (SSTI) getting admitted to the ICU is 
less than 7% and the exact numbers admitted to the NCCU is 
very low. Streptococci and Staphylococci are the common skin 
flora responsible for SSTI. Besides clostridial species, almost 
any other microbe can cause SSTI.  Diabetic patients need 
additional pseudomonal coverage and patients with open 
wounds will need anaerobic coverage. Crepitus is a late sign 
and is found in only about 18% of cases of Necrotizing fasciitis 
(NF). Although crepitus and blistering are the most specific 
signs of necrotizing soft tissue infection, they are not sensitive. 
NF patients are disproportionately more toxic compared to 
the physical findings. Computed tomography and magnetic 
resonance imaging (MRI) might be useful in cases where a 
diagnosis is doubtful. Asymmetrical fascial thickening, fat 
stranding, and gas tracking along fascial planes are important 
imaging findings. Computed tomography scans are estimated 
to have a sensitivity of 80% for detecting necrotizing soft 
tissue infections. The sensitivity of MRI is 100% with a 
specificity of 86% in NF. NF patients need debridement and 
repeat debridement if needed based on the clinical course. The 
initial antibiotic regimen should include MRSA and other 
gram- positive and anaerobic coverage with toxin inhibiting 
antibiotics like clindamycin. Ceftaroline is the fifth generation 
cephalosporin approved for MRSA activity for SSTI [66].

Toxic shock syndromes (TSS) are usually either Staphylococcal 
or streptococcal. Staphylococcal toxic shock syndrome usually 
presents with a retained nasal or any other surgical packing or 
with the use of a tampon. An external sign of cellulitis is 
usually absent but skin rash will present as diffuse 
erythroderma and blood cultures are negative. Besides the 
removal of the offending agent, treatment usually includes an 
anti-MRSA regimen with either Clindamycin or linezolid for 
toxin inhibition and sometimes immunoglobulins. 
Streptococcal toxic shock syndrome on the other hand is a 
sequel to SSTI and is associated with bacteremia, multi-organ 
dysfunction, and carries higher mortality [78, 79].
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7  Non-infectious Causes of Fever in NCCU

Non-infectious causes of fever need special attention in 
NCCU as 23–47% of the fevers in the NCCU could be non-
infectious [80]. The Table  14 shows various non-infectious 
causes of fever.

Most noninfectious disorders except drug fever or transfu-
sion reactions do not cause temperature rise more than 
38.9  °C (102  °F); any temperature above this is considered 
infectious etiology, and diagnostic workup should be done. 

Table 14 Non-infectious 
causes of fever [80]

Alcohol/drug withdrawal

Acalculous cholecystitis

Adrenal Insufficiency

Drug fever/Drug reaction

Deep Venous thrombosis

Decubitus ulcer

Fat emboli

Gout/pseudogout

Myocardial Infarction

Mesenteric Ischemia

Postoperative fever  
(48 h postoperative)

Post-transfusion fever

Pancreatitis

SIRS (Ischemic/Hemorrhagic 
stroke, SAH, TBI, malignancy)

Transplant rejection
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Drug fever is quite uncommon in NCCU, this diagnosis is 
considered in unexplained fever in a patient receiving 
b- lactam antibiotics, procainamide, or diphenylhydantoin. It 
is characterized by high spiking temperatures, shaking chills, 
relative bradycardia, leukocytosis, and eosinophilia. 
Atelectasis in itself does not cause fever unless associated 
with pulmonary infection.

50% of the patients with ischemic stroke also suffer from 
hyperpyrexia. The latter carries a very poor prognosis. Central 
fevers are always a diagnosis of exclusion and are the most 
common aberration in the vitals noted in the NCCU. These 
fevers are persistent with no diurnal or nocturnal variation, 
persistently high grade, peaks higher compared to microbial 
fevers culminating in a higher fever burden. Patients on the 
other hand do not appear toxic. Brain bleed patients, espe-
cially those with intraventricular extension and patients with 
deeper grey matter bleeds and subarachnoid bleeders are at 
an exceedingly high risk of central fevers. Central fevers are 
often resistant to antipyretics [6, 8, 24, 35, 80–82]. Non- 
infectious causes of fever demand appropriate work up based 
on the suspected source of fever.

8  Protocol for Fever Management in NCCU

Figure 2 shows a simplified flowchart for fever management. 
Infectious or non-infectious causes should be thoroughly 
considered in order to provide the appropriate treatment.

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)



356

References

 1. Sakr Y, et  al. Sepsis in intensive care unit patients: worldwide 
data from the intensive care over nations audit. Open Forum 
Infect Dis. 2018;5(12):ofy313. https://doi.org/10.1093/ofid/ofy313.

 2. Abe T, Yamakawa K, Ogura H, et al. Epidemiology of sepsis and 
septic shock in intensive care units between sepsis-2 and sepsis-3 
populations: sepsis prognostication in intensive care unit and 
emergency room (SPICE-ICU). J Intensive Care. 2020;8:44.

 3. Marik PE, Taeb AM.  SIRS, qSOFA and new sepsis defini-
tion. J Thorac Dis. 2017;9(4):943–5. https://doi.org/10.21037/
jtd.2017.03.125.

 4. Ogoina D. Fever, fever patterns and diseases called ‘fever’  – a 
review. J Infect Public Health. 2011;4(3):108–24. https://doi.
org/10.1016/j.jiph.2011.05.002.

 5. Kaukonen K-M, Bailey M, Pilcher D, Cooper DJ, Bellomo 
R. Systemic inflammatory response syndrome criteria in defin-

Fever with temperature > 38.3 °C/101 °F

Cultures: Blood (2 sets), urine, sputum, CSF if indicated

Infectious cause suspected (Table 3) Non-infectious cause suspected

Treat underlying cause (Table 14)

Start BSA empirically for 48-72hours, Look for 
source, Wait for cultures

Cultures positive

Antibiotics to tailor according to 
culture sensitivity. 

Fever resolve by 48-72h

High suspicionLow suspicion

Cultures negative
Stop BSA

Yes

Continue antibiotics for 7-14 

No

Continue antibiotics and look for unusual 
causes, consider Anti-fungal treatment, 
abdominal imaging, non-infectious causes.

BSA: Broad spectrum antibiotics, CSF: Cerebrospinal Fluid.

Figure 2 Approach to fever in NCCU

C. S. Pingili and N. Arora

https://doi.org/10.1093/ofid/ofy313
https://doi.org/10.21037/jtd.2017.03.125
https://doi.org/10.21037/jtd.2017.03.125
https://doi.org/10.1016/j.jiph.2011.05.002
https://doi.org/10.1016/j.jiph.2011.05.002


357

ing severe sepsis. N Engl J Med. 2015;372(17):1629–38. https://
doi.org/10.1056/NEJMoa1415236.

 6. Ferreira FL. Serial evaluation of the SOFA score to predict out-
come in critically ill patients. JAMA. 2001;286(14):1754. https://
doi.org/10.1001/jama.286.14.1754.

 7. Goyal K, Garg N, Bithal P. Central fever: a challenging clinical 
entity in neurocritical care. J Neurocrit Care. 2020;13(1):19–31. 
https://doi.org/10.18700/jnc.190090.

 8. Hocker SE, Tian L, Li G, Steckelberg JM, Mandrekar JN, 
Rabinstein AA.  Indicators of central fever in the neuro-
logic intensive care UNIT.  JAMA Neurol. 2013; https://doi.
org/10.1001/jamaneurol.2013.4354.

 9. Fever, fever patterns and diseases called ‘fever’  – a review. 
ScienceDirect. https://www.sciencedirect.com/science/article/pii/
S1876034111000256. Accessed 21 Dec 2020.

 10. Marik PE. Fever in the ICU. Chest. 2000;117(3):855–69. https://
doi.org/10.1378/chest.117.3.855.

 11. Bacterial Meningitis. https://www.idsociety.org/practice- 
guideline/bacterial- meningitis/. Accessed 31 Jan 2021.

 12. Meningitis | Home | CDC.  Apr. 22, 2020. https://www.cdc.gov/
meningitis/index.html. Accessed 13 Oct 2020.

 13. Eljamel MS, Foy PM. Acute traumatic CSF fistulae: the risk of 
intracranial infection. Br J Neurosurg. 1990;4(5):381–5. https://
doi.org/10.3109/02688699008992759.

 14. Nishimura RA, et  al. 2014 AHA/ACC guideline for the man-
agement of patients with valvular heart disease: a report of the 
American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines. J Am Coll Cardiol. 
2014;63(22):e57–185. https://doi.org/10.1016/j.jacc.2014.02.536.

 15. Agarwal R, Kalita J, Marak RSK, Misra UK. Spectrum of fungal 
infection in a neurology tertiary care center in India. Neurol Sci. 
2012;33(6):1305–10. https://doi.org/10.1007/s10072- 012- 0932- 1.

 16. Salaki JS, Louria DB, Chmel H.  Fungal and yeast infections 
of the central nervous system: a clinical review. Medicine 
(Baltimore). 1984;63(2):108.

 17. Pfaller MA, et al. Candida krusei, a Multidrug-Resistant oppor-
tunistic fungal pathogen: geographic and temporal trends from 
the ARTEMIS DISK antifungal surveillance program, 2001 to 
2005. J Clin Microbiol. 2008;46(2):515–21. https://doi.org/10.1128/
JCM.01915- 07.

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)

https://doi.org/10.1056/NEJMoa1415236
https://doi.org/10.1056/NEJMoa1415236
https://doi.org/10.1001/jama.286.14.1754
https://doi.org/10.1001/jama.286.14.1754
https://doi.org/10.18700/jnc.190090
https://doi.org/10.1001/jamaneurol.2013.4354
https://doi.org/10.1001/jamaneurol.2013.4354
https://www.sciencedirect.com/science/article/pii/S1876034111000256
https://www.sciencedirect.com/science/article/pii/S1876034111000256
https://doi.org/10.1378/chest.117.3.855
https://doi.org/10.1378/chest.117.3.855
https://www.idsociety.org/practice-guideline/bacterial-meningitis/
https://www.idsociety.org/practice-guideline/bacterial-meningitis/
https://www.cdc.gov/meningitis/index.html
https://www.cdc.gov/meningitis/index.html
https://doi.org/10.3109/02688699008992759
https://doi.org/10.3109/02688699008992759
https://doi.org/10.1016/j.jacc.2014.02.536
https://doi.org/10.1007/s10072-012-0932-1
https://doi.org/10.1128/JCM.01915-07
https://doi.org/10.1128/JCM.01915-07


358

 18. Favel A, et al. Susceptibility of clinical isolates of Candida lusita-
niae to five systemic antifungal agents. J Antimicrob Chemother. 
2004;53(3):526–9. https://doi.org/10.1093/jac/dkh106.

 19. Mook-Kanamori BB, Geldhoff M, van der Poll T, van de 
Beek D.  Pathogenesis and pathophysiology of pneumococcal 
meningitis. Clin Microbiol Rev. 2011;24(3):557–91. https://doi.
org/10.1128/CMR.00008- 11.

 20. Harrison LH, Trotter CL, Ramsay ME.  Global epidemiology 
of meningococcal disease. Vaccine. 2009;27(Suppl 2):B51–63. 
https://doi.org/10.1016/j.vaccine.2009.04.063.

 21. Safadi S, Mao M, Dillon JJ. Ceftriaxone-induced acute encepha-
lopathy in a peritoneal dialysis patient. Case Rep Nephrol. 
2014;2014:108185. https://doi.org/10.1155/2014/108185.

 22. Triplett JD, Lawn ND, Chan J, Dunne JW. Cephalosporin-related 
neurotoxicity: metabolic encephalopathy or non-convulsive sta-
tus epilepticus? J Clin Neurosci. 2019;67:163–6. https://doi.
org/10.1016/j.jocn.2019.05.035.

 23. Lengerke C, et  al. Low tigecycline concentrations in the cere-
brospinal fluid of a neutropenic patient with inflamed meninges. 
Antimicrob Agents Chemother. 2011;55(1):449–50. https://doi.
org/10.1128/AAC.00635- 10.

 24. Nierman DM.  Core temperature measurement in the inten-
sive care unit. Crit Care Med. 1991;19(6):818–23. https://doi.
org/10.1097/00003246- 199106000- 00015.

 25. Leers MPG, Kleinveld HA, Scharnhorst V. Differentiating tran-
sudative from exudative pleural effusion: should we measure 
effusion cholesterol dehydrogenase? Clin Chem Lab Med. 
2007;45(10):1332–8. https://doi.org/10.1515/CCLM.2007.285.

 26. Chung and Goetz. Anaerobic infections of the lung. Curr 
Infect Dis Rep. 2000;2(3):238–44. https://doi.org/10.1007/
s11908- 000- 0041- 9.

 27. Bartlett JG. How important are anaerobic bacteria in aspiration 
pneumonia: when should they be treated and what is optimal 
therapy. Infect Dis Clin N Am. 2013;27(1):149–55. https://doi.
org/10.1016/j.idc.2012.11.016.

 28. Baddour LM, et  al. Infective endocarditis in adults: diagno-
sis, antimicrobial therapy, and management of complications: 
a scientific statement for Healthcare Professionals from the 
American Heart Association. Circulation. 2015;132(15):1435–86. 
https://doi.org/10.1161/CIR.0000000000000296.

 29. Passaro DJ, Werner SB, McGee J, Mac Kenzie WR, Vugia 
DJ.  Wound botulism associated with black tar heroin among 

C. S. Pingili and N. Arora

https://doi.org/10.1093/jac/dkh106
https://doi.org/10.1128/CMR.00008-11
https://doi.org/10.1128/CMR.00008-11
https://doi.org/10.1016/j.vaccine.2009.04.063
https://doi.org/10.1155/2014/108185
https://doi.org/10.1016/j.jocn.2019.05.035
https://doi.org/10.1016/j.jocn.2019.05.035
https://doi.org/10.1128/AAC.00635-10
https://doi.org/10.1128/AAC.00635-10
https://doi.org/10.1097/00003246-199106000-00015
https://doi.org/10.1097/00003246-199106000-00015
https://doi.org/10.1515/CCLM.2007.285
https://doi.org/10.1007/s11908-000-0041-9
https://doi.org/10.1007/s11908-000-0041-9
https://doi.org/10.1016/j.idc.2012.11.016
https://doi.org/10.1016/j.idc.2012.11.016
https://doi.org/10.1161/CIR.0000000000000296


359

injecting drug users. JAMA. 1998;279(11):859–63. https://doi.
org/10.1001/jama.279.11.859.

 30. Widmer AF. Sterilization of skin and catheters before drawing 
blood cultures. J Clin Microbiol. 2003;41(10):4910;-author reply 
4910. https://doi.org/10.1128/jcm.41.10.4910.2003.

 31. van Zanten ARH, Dixon JM, Nipshagen MD, et  al. Hospital- 
acquired sinusitis is a common cause of fever of unknown ori-
gin in orotracheally intubated critically ill patients. Crit Care. 
2005;9(5):R583–90.

 32. Salord F, et al. Nosocomial maxillary sinusitis during mechani-
cal ventilation: a prospective comparison of orotracheal versus 
the nasotracheal route for intubation. Intensive Care Med. 
1990;16(6):390–3. https://doi.org/10.1007/BF01735177.

 33. Meningococcal Vaccination | CDC, Aug. 13, 2019. https://www.
cdc.gov/vaccines/vpd/mening/index.html. Accessed 1 Feb 2021.

 34. Mańdziuk J, Kuchar EP. Streptococcal Meningitis. In:  StatPearls. 
Treasure Island (FL): StatPearls Publishing; 2020.

 35. van de Beek D, et  al. ESCMID guideline: diagnosis and 
treatment of acute bacterial meningitis. Clin Microbiol Infect. 
2016;22:S37–62. https://doi.org/10.1016/j.cmi.2016.01.007.

 36. Lecuit M.  Understanding how Listeria monocytogenes targets 
and crosses host barriers. Clin Microbiol Infect. 2005;11(6):430–
6. https://doi.org/10.1111/j.1469- 0691.2005.01146.x.

 37. Morosi S, Francisci D, Baldelli F.  A case of rhombencephalitis 
caused by Listeria monocytogenes successfully treated with 
linezolid. J Infect. 2006;52(3):e73–5. https://doi.org/10.1016/j.
jinf.2005.06.012.

 38. Nguyen THM, et  al. Dexamethasone in Vietnamese adoles-
cents and adults with bacterial meningitis. N Engl J Med. 
2007;357(24):2431–40. https://doi.org/10.1056/NEJMoa070852.

 39. van de Beek D, de Gans J.  Dexamethasone in adults with 
community- acquired bacterial meningitis. Drugs. 2006;66(4):415–
27. https://doi.org/10.2165/00003495- 200666040- 00002.

 40. Leimkugel J, et  al. An outbreak of serotype 1 Streptococcus 
pneumoniae meningitis in northern Ghana with features that are 
characteristic of Neisseria meningitidis meningitis epidemics. J 
Infect Dis. 2005;192(2):192–9. https://doi.org/10.1086/431151.

 41. Hsu HE, et  al. Effect of pneumococcal conjugate vaccine on 
pneumococcal meningitis. N Engl J Med. 2009;360(3):244–56. 
https://doi.org/10.1056/NEJMoa0800836.

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)

https://doi.org/10.1001/jama.279.11.859
https://doi.org/10.1001/jama.279.11.859
https://doi.org/10.1128/jcm.41.10.4910.2003
https://doi.org/10.1007/BF01735177
https://www.cdc.gov/vaccines/vpd/mening/index.html
https://www.cdc.gov/vaccines/vpd/mening/index.html
https://doi.org/10.1016/j.cmi.2016.01.007
https://doi.org/10.1111/j.1469-0691.2005.01146.x
https://doi.org/10.1016/j.jinf.2005.06.012
https://doi.org/10.1016/j.jinf.2005.06.012
https://doi.org/10.1056/NEJMoa070852
https://doi.org/10.2165/00003495-200666040-00002
https://doi.org/10.1086/431151
https://doi.org/10.1056/NEJMoa0800836


360

 42. Viral meningitis: background, pathophysiology, etiology. Mar 
2020 [Online]. Available: https://emedicine.medscape.com/
article/1168529- overview. Accessed 13 Oct 2020.

 43. Logan SAE, MacMahon E.  Viral meningitis. BMJ. 
2008;336(7634):36–40. https://doi.org/10.1136/bmj.39409.673657.
AE.

 44. Griffiths MJ, McGill F, Solomon T.  Management of acute 
meningitis. Clin Med. 2018;18(2):164–9. https://doi.org/10.7861/
clinmedicine.18- 2- 164.

 45. La Russa R, et  al. Post-traumatic meningitis is a diagnostic 
challenging time: a systematic review focusing on clinical and 
pathological features. Int J Mol Sci. 2020;21(11):4148. https://doi.
org/10.3390/ijms21114148.

 46. Nau R, Sörgel F, Eiffert H.  Penetration of drugs through 
the blood-cerebrospinal fluid/blood-brain barrier for treat-
ment of central nervous system infections. Clin Microbiol Rev. 
2010;23(4):858–83. https://doi.org/10.1128/CMR.00007- 10.

 47. Beer R, Lackner P, Pfausler B, Schmutzhard E. Nosocomial ven-
triculitis and meningitis in neurocritical care patients. J Neurol. 
2008;255(11):1617–24. https://doi.org/10.1007/s00415- 008- 0059- 8.

 48. Arabi Y, et al. Ventriculostomy-associated infections: incidence 
and risk factors. Am J Infect Control. 2005;33(3):137–43. https://
doi.org/10.1016/j.ajic.2004.11.008.

 49. Mimoz O, et al. Chlorhexidine compared with povidone-iodine 
as skin preparation before blood culture: a randomized, con-
trolled trial. Ann Intern Med. 1999;131(11):834. https://doi.
org/10.7326/0003- 4819- 131- 11- 199912070- 00006.

 50. Linsenmeyer K, Gupta K, Strymish JM, Dhanani M, Brecher 
SM, Breu AC.  Culture if spikes? Indications and yield of 
blood cultures in hospitalized medical patients. J Hosp Med. 
2016;11(5):336–40. https://doi.org/10.1002/jhm.2541.

 51. Falagas ME, Kazantzi MS, Bliziotis IA. Comparison of utility of 
blood cultures from intravascular catheters and peripheral veins: 
a systematic review and decision analysis. J Med Microbiol. Jan. 
2008;57(1):1–8. https://doi.org/10.1099/jmm.0.47432- 0.

 52. Blot F, et  al. Earlier positivity of central-venous- versus 
peripheral- blood cultures is highly predictive of catheter-related 
sepsis. J Clin Microbiol. Jan. 1998;36(1):105–9. https://doi.
org/10.1128/JCM.36.1.105- 109.1998.

 53. Gowardman JR, Robertson IK, Parkes S, Rickard CM. Influence 
of insertion site on central venous catheter  colonization and blood-

C. S. Pingili and N. Arora

https://emedicine.medscape.com/article/1168529-overview
https://emedicine.medscape.com/article/1168529-overview
https://doi.org/10.1136/bmj.39409.673657.AE
https://doi.org/10.1136/bmj.39409.673657.AE
https://doi.org/10.7861/clinmedicine.18-2-164
https://doi.org/10.7861/clinmedicine.18-2-164
https://doi.org/10.3390/ijms21114148
https://doi.org/10.3390/ijms21114148
https://doi.org/10.1128/CMR.00007-10
https://doi.org/10.1007/s00415-008-0059-8
https://doi.org/10.1016/j.ajic.2004.11.008
https://doi.org/10.1016/j.ajic.2004.11.008
https://doi.org/10.7326/0003-4819-131-11-199912070-00006
https://doi.org/10.7326/0003-4819-131-11-199912070-00006
https://doi.org/10.1002/jhm.2541
https://doi.org/10.1099/jmm.0.47432-0
https://doi.org/10.1128/JCM.36.1.105-109.1998
https://doi.org/10.1128/JCM.36.1.105-109.1998


361

stream infection rates. Intensive Care Med. 2008;34(6):1038–45. 
https://doi.org/10.1007/s00134- 008- 1046- 3.

 54. Huber LC, Schibli A.  Low yield, high costs. Chest. 
2020;158(3):1284. https://doi.org/10.1016/j.chest.2020.04.014.

 55. Stein M, Caplan ES.  Nosocomial sinusitis: a unique subset of 
sinusitis. Curr Opin Infect Dis. 2005;18(2):147–50. https://doi.
org/10.1097/01.qco.0000160904.56566.4a.

 56. Eilbert W, Singla N.  Lemierre’s syndrome. Int J Emerg Med. 
2013;6(1):40. https://doi.org/10.1186/1865- 1380- 6- 40.

 57. Ramirez S, et  al. Increased diagnosis of Lemierre syndrome 
and other fusobacterium necrophorum infections at a children’s 
hospital. Pediatrics. 2003;112(5):e380. https://doi.org/10.1542/
peds.112.5.e380.

 58. Jain H, Knorr TL, Sinha V.  Retropharyngeal abscess. Treasure 
Island: StatPearls Publishing; 2021.

 59. Kalanuria A, Zai W, Mirski M. Ventilator-associated pneumonia 
in the ICU.  Crit Care. 2014;18(2):208. https://doi.org/10.1186/
cc13775.

 60. Zhang D, Yang D, Makam AN. Utility of blood cultures in pneu-
monia. Am J Med. 2019;132(10):1233–8. https://doi.org/10.1016/j.
amjmed.2019.03.025.

 61. Zainah H, Zervos M, Stephane W, Chamas Alhelo S, Alkhoury 
G, Weinmann A. Daptomycin failure for treatment of pulmonary 
septic emboli in native tricuspid and mitral valve methicillin- 
resistant Staphylococcus aureus endocarditis. Case Rep Infect 
Dis. 2013;2013:1–4. https://doi.org/10.1155/2013/653582.

 62. Metlay JP, et  al. Diagnosis and treatment of adults with 
community- acquired pneumonia. An official clinical practice 
guideline of the American Thoracic Society and Infectious 
Diseases Society of America. Am J Respir Crit Care Med. 
2019;200(7):e45–67. https://doi.org/10.1164/rccm.201908- 1581ST.

 63. Müller F.  Oral hygiene reduces the mortality from aspiration 
pneumonia in frail elders. J Dent Res. 2015;94(3 Suppl):14S–6S. 
https://doi.org/10.1177/0022034514552494.

 64. Poster presentations  – advanced trainee research. Australas J 
Ageing. 2016;35:42–59. https://doi.org/10.1111/ajag.12338.

 65. Eljaaly K.  Changes in therapy recommendations in the 2019 
ATS/IDSA guidelines for community-acquired pneumonia. 
2019.

 66. Dangerfield B, Chung A, Webb B, Seville MT.  Predictive 
value of Methicillin-Resistant Staphylococcus aureus (MRSA) 
nasal swab PCR assay for MRSA pneumonia. Antimicrob 

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)

https://doi.org/10.1007/s00134-008-1046-3
https://doi.org/10.1016/j.chest.2020.04.014
https://doi.org/10.1097/01.qco.0000160904.56566.4a
https://doi.org/10.1097/01.qco.0000160904.56566.4a
https://doi.org/10.1186/1865-1380-6-40
https://doi.org/10.1542/peds.112.5.e380
https://doi.org/10.1542/peds.112.5.e380
https://doi.org/10.1186/cc13775
https://doi.org/10.1186/cc13775
https://doi.org/10.1016/j.amjmed.2019.03.025
https://doi.org/10.1016/j.amjmed.2019.03.025
https://doi.org/10.1155/2013/653582
https://doi.org/10.1164/rccm.201908-1581ST
https://doi.org/10.1177/0022034514552494
https://doi.org/10.1111/ajag.12338


362

Agents Chemother. 2014;58(2):859–64. https://doi.org/10.1128/
AAC.01805- 13.

 67. Vardakas KZ, Matthaiou DK, Falagas ME. Incidence, character-
istics and outcomes of patients with severe community acquired- 
MRSA pneumonia. Eur Respir J. 2009;34(5):1148–58. https://doi.
org/10.1183/09031936.00041009.

 68. Beeching NJ, Crowcroft NS.  Tetanus in injecting drug users. 
BMJ. 2005;330(7485):208–9.

 69. Habib G, et  al. 2015 ESC Guidelines for the management of 
infective endocarditis: the Task Force for the Management of 
Infective Endocarditis of the European Society of Cardiology 
(ESC). Endorsed by: European Association for Cardio-Thoracic 
Surgery (EACTS), the European Association of Nuclear 
Medicine (EANM). Eur Heart J. 2015;36(44):3075–128. https://
doi.org/10.1093/eurheartj/ehv319.

 70. Chen XH, et al. The diagnosis and treatment strategy for patients 
with severemultispace abscesses in neck. Lin Chuang Er Bi Yan 
Hou Tou Jing Wai Ke Za Zhi. 2016;30(17):1388–93. https://doi.
org/10.13201/j.issn.1001- 1781.2016.17.012.

 71. Light RW, Macgregor MI, Luchsinger PC, Ball WC.  Pleural 
effusions: the diagnostic separation of transudates and exu-
dates. Ann Intern Med. 1972;77(4):507–13. https://doi.
org/10.7326/0003- 4819- 77- 4- 507.

 72. Riddle DJ, Dubberke ER. Clostridium difficile Infection in the 
Intensive Care Unit. Infect Dis Clin N Am. 2009;23(3):727–43. 
https://doi.org/10.1016/j.idc.2009.04.011.

 73. Honda H, Dubberke ER.  The changing epidemi-
ology of Clostridium difficile infection. Curr Opin 
Gastroenterol. 2014;30(1):54–62. https://doi.org/10.1097/
MOG.0000000000000018.

 74. Al Momani LA, Abughanimeh O, Boonpheng B, Gabriel JG, 
Young M. Fidaxomicin vs vancomycin for the treatment of a first 
episode of clostridium difficile infection: a meta-analysis and sys-
tematic review. Cureus. 2018;10(6):e2778. https://doi.org/10.7759/
cureus.2778.

 75. Hooton TM, et  al. Diagnosis, prevention, and treatment of 
catheter-associated urinary tract infection in adults: 2009 
International Clinical Practice Guidelines from the Infectious 
Diseases Society of America. Clin Infect Dis. 2010;50(5):625–63. 
https://doi.org/10.1086/650482.

 76. Letica-Kriegel AS, et al. Identifying the risk factors for catheter- 
associated urinary tract infections: a large cross-sectional study 

C. S. Pingili and N. Arora

https://doi.org/10.1128/AAC.01805-13
https://doi.org/10.1128/AAC.01805-13
https://doi.org/10.1183/09031936.00041009
https://doi.org/10.1183/09031936.00041009
https://doi.org/10.1093/eurheartj/ehv319
https://doi.org/10.1093/eurheartj/ehv319
https://doi.org/10.13201/j.issn.1001-1781.2016.17.012
https://doi.org/10.13201/j.issn.1001-1781.2016.17.012
https://doi.org/10.7326/0003-4819-77-4-507
https://doi.org/10.7326/0003-4819-77-4-507
https://doi.org/10.1016/j.idc.2009.04.011
https://doi.org/10.1097/MOG.0000000000000018
https://doi.org/10.1097/MOG.0000000000000018
https://doi.org/10.7759/cureus.2778
https://doi.org/10.7759/cureus.2778
https://doi.org/10.1086/650482


363

of six hospitals. BMJ Open. 2019;9(2):e022137. https://doi.
org/10.1136/bmjopen- 2018- 022137.

 77. Lam TBL, Omar MI, Fisher E, Gillies K, MacLennan 
S.  Types of indwelling urethral catheters for short-term cath-
eterisation in hospitalised adults. Cochrane Database Syst 
Rev. 2014;(9):CD004013. https://doi.org/10.1002/14651858.
CD004013.pub4.

 78. Ross A, Shoff HW.  Toxic Shock Syndrome. In:  StatPearls. 
Treasure Island (FL): StatPearls Publishing; 2020.

 79. Schmitz M, Roux X, Huttner B, Pugin J.  Streptococcal toxic 
shock syndrome in the intensive care unit. Ann Intensive Care. 
2018;8:1–10. https://doi.org/10.1186/s13613- 018- 0438- y.

 80. Rabinstein AA, Sandhu K.  Non-infectious fever in the neuro-
logical intensive care unit: incidence, causes and predictors. J 
Neurol Neurosurg Psychiatry. 2007;78(11):1278–80. https://doi.
org/10.1136/jnnp.2006.112730.

 81. Simon LV, Newton EJ.  Basilar skull fractures. In:  StatPearls. 
Treasure Island (FL): StatPearls Publishing; 2020.

 82. Sakushima K, Hayashino Y, Kawaguchi T, Jackson JL, Fukuhara 
S.  Diagnostic accuracy of cerebrospinal fluid lactate for differ-
entiating bacterial meningitis from aseptic meningitis: a meta- 
analysis. J Infect. 2011;62(4):255–62. https://doi.org/10.1016/j.
jinf.2011.02.010.

Sepsis and Fever in the Neuro-Critical Care Unit (NCCU)

https://doi.org/10.1136/bmjopen-2018-022137
https://doi.org/10.1136/bmjopen-2018-022137
https://doi.org/10.1002/14651858.CD004013.pub4
https://doi.org/10.1002/14651858.CD004013.pub4
https://doi.org/10.1186/s13613-018-0438-y
https://doi.org/10.1136/jnnp.2006.112730
https://doi.org/10.1136/jnnp.2006.112730
https://doi.org/10.1016/j.jinf.2011.02.010
https://doi.org/10.1016/j.jinf.2011.02.010


365© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
N. Arora (ed.), Procedures and Protocols in the Neurocritical 
Care Unit, https://doi.org/10.1007/978-3-030-90225-4_17

1  Introduction

Status Epilepticus (SE) is a common medical and neurologi-
cal emergency worldwide. Treatment is primarily aimed at 
aborting the seizures emergently and requires a targeted 
treatment approach to reduce patient morbidity and mortal-
ity [1]. Based on the population studies, SE has an incidence 
of 9.9 to 41 cases per 100,000 people annually in the US, with 
a bimodal distribution with peaks occurring at ages >50 years 
and in younger population <10 years of age [2, 3]. Depending 
on the etiology of SE, in-hospital mortality of SE ranges 
between 10–37%, and increases further up to 50% in those 
over 80  years of age [4]. According to the International 
League Against Epilepsy, the etiology of SE may be divided 
into two groups: (1) known or symptomatic and (2) unknown 
or cryptogenic [5]. The symptomatic group can be further 
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subdivided into acute and chronic. In general, acute symp-
tomatic causes of SE are generally more common and tend to 
be associated with higher rates of morbidity and mortality 
than chronic etiologies [6]. Of the acute symptomatic etiolo-
gies, stroke followed by metabolic disturbances and hypoxia 
tends to be the most common. Whereas, chronic epilepsy, low 
antiepileptic drug levels, or medication noncompliance fol-
lowed by a remote history of trauma, tumor, or chronic CNS 
infection are the most common causes of status epilepticus 
among chronic causes [1, 7]. Other less common but impor-
tant etiologies include autoimmune disease, drug toxicity or 
withdrawal, and alcohol abuse [8].

Traditionally, SE was defined as continuous seizure activ-
ity lasting ≥30 min, or two or more seizures without recovery 
of consciousness lasting longer than 30  min [9]. However, 
most seizures are brief and last less than 5 min and resolve 
spontaneously [10]. Moreover, evidence from animal data has 
shown that permanent neuronal injury likely occurs after 
30 min of continuous seizure activity as passed [11]. Similarly, 
pharmacoresistance, especially to benzodiazepines, increases 
as seizure duration increases [12, 13]. Therefore, a more 
operational definition of SE was proposed by International 
League against Epilepsy (ILAE) in 2015 – “SE is a condition 
resulting either from the failure of the mechanisms responsi-
ble for seizure termination or from the initiation of mecha-
nisms which lead to abnormally prolonged seizures (after 
time point t1). It is a condition that can have long-term con-
sequences (after time point t2), including neuronal death, 
neuronal injury, and alteration of neuronal networks, depend-
ing on the type and duration of seizures” [5]. For generalized 
convulsive status epilepticus (CSE), t1 is estimated to be 
5 min, and t2 is 30 min. These time points are different for 
focal SE (t1 is considered 10 min and t2 is 60 min) and less 
clearly defined for absence SE. Hence, a more widely accepted 
definition of SE includes (i) continuous clinical and/or elec-
trographic seizure activity, or (ii) recurrent seizure activity 
without recovery (returning to baseline) between seizures; 
lasting for ≥5 min [1].
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Based on the seizure semiology, SE can broadly be catego-
rized into two categories: Convulsive status epilepticus (CSE) 
and Non-convulsive status epilepticus (NCSE) [14]. CSE 
accounts for 37% to 70% of SE and includes generalized 
onset CSE, with recognized symmetrical tonic-clonic motor 
activity and impaired consciousness or may evolve from focal 
onset seizures to bilateral CSE [8]. One particular type of 
focal motor SE, called Epilepsia partialis continua (EPC), 
presents with focal motor seizures with preserved awareness. 
On the other hand, NCSE is characterized by a lack of con-
vulsive motor movements as seen in CSE but presents with 
continuous or fluctuating alteration in mentation associated 
with evidence of characteristic electroencephalographic 
(EEG) patterns [1, 15]. CSE may evolve to NCSE in approxi-
mately 14–20% of patients with subsequent loss of clinical 
component [16, 17]. The prevalence of NCSE can be as high 
as 37% in patients who are evaluated for fluctuating levels of 
consciousness on continuous EEG monitoring [18].

SE can also be categorized based on the responsiveness to 
medications as Refractory Status epilepticus (RSE) and 
Super refractory status epilepticus (SRSE). RSE is defined as 
continuous seizure activity not controlled by appropriately 
chosen and dozed first-line (such as benzodiazepines) and 
second-line (such as fosphenytoin) antiepileptic drugs [19]. 
SRSE is defined either as status epilepticus not controlled by 
third-line intravenous (IV) anesthetic agents or as status epi-
lepticus continuing for 24  h or longer after anesthesia is 
administered, or recurs after weaning anesthetic agents [20]. 
RSE is seen in approximately 9–43% of all cases of status 
epilepticus with a reported in-hospital mortality of 15–33% 
[19, 21, 22]. However, the exact incidence of SRSE cannot be 
determined accurately due to a low number of such patients 
and a lack of prospective studies. It has been observed that 
approximately 4–12% of patients with SE may eventually 
progress to SRSE with in-hospital mortality reported to be as 
high as 40–54% [23–25].

The urgency of treating SE is of paramount importance as 
the response to treatment and prognosis deteriorates with 
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increased duration of seizure activity. Hence, the current 
chapter focuses on a stepwise approach and provides an algo-
rithmic protocol for the management of SE, based on the 
available evidence and current clinical practices.

2  Treatment Algorithm for Management 
of Convulsive Status Epilepticus

The principal goal of management is to emergently abort 
both clinical and electrographic seizures, often warranting 
aggressive treatment. A staged approach to treatment has 
been advocated, with different drugs used in early (stage I), 
established (stage II), refractory (stage III), and super- 
refractory status epilepticus (stage IV) [26]. These stages 
overlap with phases of treatment defined by the American 
Epilepsy Society: 0–5 min identified as the patient stabiliza-
tion phase, 5–20  min identified as the initial therapy phase, 
20–40  min identified as the second therapy phase, and 
40–60 min identified as the third therapy phase [14]. To limit 
morbidity and SE related adverse events, definitive control of 
SE should be established within 60 min of onset [1].

 1. Stabilization phase: 0–5 min
The initial management of SE includes an assessment of 

cardiorespiratory function in conjunction with measures to 
achieve seizure control. Treatment should mirror other 
resuscitation approaches like airway protection, hemody-
namic resuscitation, intravenous access, along with direct 
and close supervision of the patient [27]. The following 
steps are recommended as part of the initial management 
of SE patients:

• Evaluate and stabilize cardiocirculatory function
•  Ensure airway patency and administer supplemental 

oxygen via nasal cannula/mask (Airway protection 
may be facilitated by noninvasive methods initially, but 
early intubation can be performed based on the clinical 
necessity and acuity)

• Obtain IV access
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• Check fingerstick glucose
•  Administer IV thiamine 100 mg × 1 before giving dex-

trose (in patients with suspected alcohol abuse or mal-
nourished individuals)

• Give D50W 50 ml IV if low/unknown glucose
•  Continuous monitoring: O2 saturation, HR, BP, EKG, 

ETCO2 (if possible)
•  Order blood tests: complete blood count, comprehen-

sive metabolic profile, creatine kinase, calcium, magne-
sium, phosphorus, troponin, blood gases, and hCG (in 
females)

•  Consider toxicological screen (blood and urine) and 
drug level monitoring of antiepileptic drugs (AED) (if 
a patient is on known therapy)

Further studies should be guided by the diagnostic 
workup warranted and to rule out other treatable causes 
of SE. For example, in patients without a history of epi-
lepsy or in whom seizures have occurred in conjunction 
with head trauma, computed tomography (CT) of the head 
should also be obtained once a patient is stable. Magnetic 
resonance imaging (MRI) of the brain with and without 
contrast (if possible) and diagnostic lumbar puncture 
along with early initiation of antibiotics, if indicated, can 
be considered once seizures have stopped and the patient 
is stable [28]. It is important to emphasize that these diag-
nostic studies are selected depending on the patient’s his-
tory and physical examination and should be ordered 
based on the clinical situation.

 2. Initial therapy phase: 5–20 min
The initial therapy phase should begin when the seizure 

duration reaches 5 min and should conclude by the 20-min 
mark when a response (or lack of response) to initial ther-
apy should be apparent. A benzodiazepine specifically IM 
midazolam (when IV access is not available), IV loraze-
pam, or IV diazepam is recommended as the initial therapy 
of choice, given their demonstrated efficacy, safety, and tol-
erability (Class of recommendation I, Level of evidence A) 
[14]. Initial therapy should be administered as an adequate 
single full dose rather than broken into multiple smaller 
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doses, and should not be given twice except for IV loraze-
pam and diazepam. Benzodiazepines carry the risk of 
hypotension, excessive sedation, and decreased respiratory 
drive. Table 1 summarizes the first-line treatment options 
used during the initial therapy phase of SE.

• Prehospital setting:
The recommendations for the management of epileptic 

seizures apply equally to the prehospital management of 
SE to ensure cardiorespiratory stability and to prevent or 

Table 1 First line anti-epileptic drugs indicated for use in early 
Status Epilepticus
Drug of choice with 
IV access 
established T1/2 (h)

Alternative (No 
IV access) Tmax (h)

1. IV lorazepam 
(0.1 mg/kg/dose, 
max: 4 mg/dose, can 
repeat dose once 
after 3–5 min), or
2. IV diazepam 
(0.15–0.2 mg/kg/
dose, max: 10 mg/
dose, can repeat 
dose once after 3–5 
min)

1–20
40  
(33–45)

1.  IM midazolam 
(10 mg if 
body weight 
>40 kg, 5 mg 
if body weight 
13–40 kg, single 
dose)

2.  Rectal 
diazepam 
0.2–0.5 mg/
kg (maximum 
dose 20 mg).

3.  Intranasal 
or buccal 
midazolam 
(10 mg, single 
dose).

0.25 (0.15–1.5)
~1.5 
(1.18 ± 0.56)
IN: 0.15 (0.1–
0.35)
Buccal: 0.5 
(0.25–1.5)

If none of the 
above 2 options are 
available:
1. IV phenobarbital 
(15 mg/kg/dose, 
single loading dose)

~79  
(53–118)

T
1/2 Elimination half-life, Tmax time to maximum concentration, IN 

intranasal
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minimize the risk of injuries [29].  Benzodiazepines, specifi-
cally IV lorazepam and IM midazolam, are safe and effec-
tive (Class of recommendation I, Level of evidence A) 
when administered by paramedics for the treatment of 
out-of-hospital SE in adults [30–32]. Other options avail-
able for use in the field or by family members at home 
include rectal diazepam (0.2–0.5 mg/kg, max dose 20 mg), 
buccal or nasal midazolam (5–10 mg) [29]. Use of benzodi-
azepines in the prehospital setting has been shown to ter-
minate seizures in 43–59% cases with SE, en-route to the 
hospital, with less need for respiratory support on arrival 
to the emergency department and need for ICU subse-
quently [30].

If seizure activity persists despite treatment with benzo-
diazepines, the patient is considered to be in stage II or 
established SE, and a second-line IV AED should be initi-
ated immediately.

 3. Second therapy phase: 20–40 min
The second-therapy phase should begin when the sei-

zure duration reaches 20 min and should conclude by the 
40-min mark when a response (or lack of response) to the 
second therapy should be apparent [14]. Approximately 
40% of patients with convulsive SE do not respond to ben-
zodiazepines and progress to established or stage II SE, 
which requires the use of second-line AEDs for the cessa-
tion of seizure activity. The following AEDs can be used, in 
no specific order, for the management of established SE:

•  IV Fosphenytoin/phenytoin: 20 mg PE/kg IV at 150 mg/
min; max 2000 mg. An additional dose of 5–10 mg/kg 
IV (max 500 mg) can be given if still seizing. If fosphe-
nytoin is not available, IV phenytoin can be adminis-
tered at a dose of 20  mg/kg IV at 50  mg/min; max 
2000 mg.

•  IV Valproic acid/Sodium Valproate: 40  mg/kg, max 
dose 3000 mg, should be administered over 5–10 min. 
If still seizing, an additional dose of 20 mg/kg IV (max 
1500 mg).
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•  IV Levetiracetam: 40–60 mg/kg IV (over 15 min); max 
4500 mg.

•  IV Lacosamide: 200–400 mg in a single dose, adminis-
ter over 10 min.

•  Because of adverse events, IV phenobarbital is used as 
a reasonable second-therapy alternative if none of the 
above therapies are available. It is given at a dose of 
15 mg/kg, max dose 1500 mg. If a patient is still seizing, 
an additional dose of 5–10 mg/kg can be administered.

•  In patients with a known diagnosis of epilepsy, who 
have been on an AED at baseline, it is reasonable to 
administer an IV bolus of the same AED (if available) 
before initiating an additional agent. The rationale is to 
achieve higher than normal target concentrations of 
the AED, utilizing additional doses, to achieve the ces-
sation of seizure activity.

Dosing considerations, mechanism of action, and 
adverse effects of second-line anti-epileptic drugs avail-
able for treating SE are summarized in Table 2.

 4. Third therapy phase: 40–60 min
If seizure activity continues despite treatment with ben-

zodiazepines and one second-line IV ASD, with or without 
additional doses, the patient is considered to be in refrac-
tory SE (RSE) or stage IV SE. Management of RSE is pri-
marily composed of seizure suppression, treating the 
underlying etiology of the seizures, managing and prevent-
ing complications [33]. Continuous IV anesthetic agents 
are typically used to treat RSE. In general, the following 
principles should be applied for managing patients in RSE.

•  It is recommended that patients be started on continu-
ous EEG monitoring, if not on it already, especially 
while these medications are being used [34]. Initiation 
of continuous EEG monitoring within 1 h of onset of 
SE is recommended, especially if there is a concern 
that a patient is in NCSE or has failed to appropriately 
regain consciousness within 60 min after a convulsive 
event [1].
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•  Another important aspect of management to be con-
sidered is airway protection. If the patient has not been 
intubated for airway protection by this point, it is rea-
sonable to consider intubation (rapid sequence induc-
tion and intubation) to facilitate anesthetic management 
of ongoing seizures, as the use of anesthetic agents can 
cause respiratory depression [28].

•  Cardiovascular monitoring is recommended with the 
use of continuous infusions of anesthetic agents. 
Vasopressor agents may be required due to the 
increased risk of hypotension and cardiopulmonary 
depression related to these medications [1].

•  As far as duration of anesthetic treatment is concerned, 
it is not known for how long these agents should be 
administered to control seizures. However, it is recom-
mended to maintain a continuous infusion for 24–48 h 
before weaning [1].

•  The four major IV anesthetics used for refractory sta-
tus epilepticus are midazolam, propofol, pentobarbital, 
and ketamine [1]. It should be noted that the drugs 
used in RSE have an insufficient level of evidence for 
use in RSE (level U) [29]. However, a combination of 
propofol and midazolam in continuous infusion may 
lower the required dose, hence reduces the risk of side 
effects without altering the efficacy of these agents for 
controlling seizures.

•  If the continuous infusion of the first anesthetic agent 
chosen fails, then switching to a different agent is 
recommended.

•  A second line AED started or chosen earlier should be 
continued.

•  Patients who are hemodynamically stable and in non- 
convulsive RSE (i.e. absence of prominent motor 
symptoms) or focal RSE can be managed less aggres-
sively with the use of additional boluses of AEDs (val-
proate, levetiracetam, lacosamide, fosphenytoin) before 
starting continuous infusions of anesthetic agents.
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•  Continuous EEG monitoring should be used to guide 
drug titration towards a goal of electrographic seizure 
suppression or optimal duration of treatment.

•  Due to the lack of prospective studies, there is no con-
sensus with regards to the extent of seizure suppression 
needed to treat SE.  Studies have shown inconsistent 
results on mortality, risk of breakthrough seizures, and 
functional outcome in patients treated for RSE with 
anesthetic agents with a goal for seizure suppression vs. 
burst suppression.

•  In clinical practice, the goal is to achieve electrographic 
burst suppression, characterized by 1–2 s bursts of cere-
bral activity interspersed by 10 s interval of background 
suppression [35].

•  Additional studies like lumbar puncture should be per-
formed and both serum and CSF samples should be 
sent for autoimmune and paraneoplastic antibodies if 
no clear etiology can be found at this point.

•  Fever should be treated appropriately.
•  IV antibiotics can be started in case of high suspicion 

for infection.

Table 3 summarizes the mechanism of action, doses, and 
adverse effects of anesthetic agents used for the treatment 
of refractory and super-refractory status epilepticus.

 5. Fourth therapy phase: >60 min
Stage IV SE or super refractory SE (SRSE) is defined as 

SE not controlled by third-line intravenous (IV) anesthetic 
agents and continues for 24  h or longer despite using 
appropriate doses of anesthetic agents, including those 
cases that recur upon reduction or withdrawal of anesthe-
sia [20]. The primary aim of treatment during this phase is 
to control seizure activity, as in earlier stages of SE, along 
with limiting the effects of ongoing neurotoxicity from 
ongoing seizure activity. Another important aspect of man-
agement of SRSE includes avoiding or treating the sys-
temic complications from prolonged unconsciousness due 
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to continuous seizure activity and prolonged anesthesia 
[20]. A stepwise protocol for the management of SRSE, 
including alternative therapies available, has been men-
tioned below:
•  Continue workup to identify the cause of SE, as treat-

ment of underlying etiology can successfully terminate 
seizures.

•  Neuroimaging, if not already performed, and prefera-
bly brain MRI should be obtained.

•  With regards to medications, the first step should be to 
maximize the continuous infusions of anesthetic agents 
already being used, followed by adding or switching to 
another anesthetic agent. Pentobarbital and ketamine 
(refer to the doses mentioned in Table 3) are the most 
common medications used as continuous infusions 
during stage IV SE.

•  Pentobarbital or ketamine dose should be titrated 
based on continuous EEG monitoring to achieve burst 
suppression.

•  Due to the lack of prospective studies on the treatment 
of SRSE, the optimal duration of anesthesia is unknown. 
However, it is recommended to maintain patients in 
burst suppression on continuous EEG for a minimum 
of 24–48 h before beginning to wean off medications. If 
seizures recur then continuous infusion should be 
restarted and titrated again to achieve burst 
suppression.

•  Attention should be paid to hemodynamic parameters, 
fluid balance, antithrombotic therapy, skincare, and 
respiratory care including chest physiotherapy.

•  Anesthetic agents, particularly pentobarbital, can cause 
immunosuppression. Hence, patients should be moni-
tored for nosocomial infections with a low threshold to 
initiate broad-spectrum antibiotics until culture results 
become available.

•  Invasive BP and hemodynamic monitoring should be 
employed to guide therapy for the management of 
hypotension from prolonged use of anesthetic agents.
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•  If seizures continue to persist despite the above mea-
sures or tend to recur even after multiple attempts to 
withdraw or re-initiate therapy, one or more of the fol-
lowing alternative therapies can be used (no strong 
evidence to guide the best treatment is available):

 (i) Consider adding other AEDs
• Clobazam (loading dose: 20–40  mg; mainte-

nance dose: 20–60 mg/d divided BID) [36]
• Topiramate (loading dose: 200–400  mg PO/

NG; maintenance dose: 300–1600 mg/d) [37]
• Perampanel (loading dose: 6–12  mg; mainte-

nance dose: upto 12 mg/d) [38]
• Oxcarbamazepine (loading dose: 600–1200 mg; 

maintenance dose: 600–2400  mg/d divided 
BID [36]

 (ii) Magnesium 4 g IV bolus followed by 2–6 g/h infu-
sion (keep serum levels ~3.5 mmol/l) [39]

 (iii) Pyridoxine 100–400  mg/d IV or via orogastric 
tube [40]

 (iv) Immunotherapy: Methylprednisolone 1  g/d IV 
for 5  days followed by prednisone 1  mg/kg/d 
orally for 1 week. Alternatively, IVIg can be used 
0.4 g/kg/d for 5 days or plasmapheresis for 5 ses-
sions [41, 42]

 (v) Hypothermia: Therapeutic hypothermia with 
goal temp between 32–36 °C for <48 h. The target 
temperature can be achieved by the use of an 
endovascular cooling device [43, 44]. 
Cardiovascular and coagulation parameters, bio-
chemistry and acid-base balance, serum lactate, 
and physical examination must be monitored 
carefully.

 (vi) Ketogenic diet: A 4:1 ketogenic diet is recom-
mended (fat: carbohydrate) with total restriction 
of glucose initially. It is contraindicated in pyru-
vate carboxylase and β-oxidation deficiency 
[45–47]
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 (vii) Neurosurgical resection of the identifiable epi-
leptogenic focus. Some success has been reported 
with urgent surgery (cortical or lobar resection, 
functional hemispherectomy, callosotomy, multi-
ple subpial transections) for treating focal-onset 
SRSE [48, 49].

 (viii) Electroconvulsive therapy: Daily sessions for 
3–8 days [50]

  (ix) Vagal nerve stimulation or deep brain stimula-
tion or repetitive transcranial magnetic stimula-
tion [51, 52].

• Non Convulsive Status Epilepticus (NCSE)
NCSE is treated on the same lines as CSE with a focus 

on suppressing seizures emergently to prevent secondary 
neuronal injury. Hence, it is important to utilize continu-
ous EEG monitoring early to detect patients in NCSE due 
to a lack of motor symptoms [34]. There is no standard 
definition for NCSE that exists currently. However, a 
working definition has been recommended to diagnose 
NCSE based on electroclinical criteria, also called Salzburg 
criteria [15]. The electrographic criteria established for 
NCSE (in patients without known epileptic encephalopa-
thy) is as follows: (1) epileptiform discharges >2.5 Hz or 
(2) epileptiform discharges at 0.5 to 2.5  Hz or rhythmic 
delta/theta activity (>0.5  Hz) and one of the following 
characteristics: (i) EEG and clinical improvement after a 
benzodiazepine or IV antiepileptic trial, or (ii) subtle clini-
cal ictal phenomena during the EEG patterns mentioned 
above, or (iii) typical spatiotemporal evolution. In patients 
with known epileptic encephalopathy, a diagnosis of 
NCSE is assessed by either an increase in frequency or 
prominence of epileptiform features when compared with 
the patient’s baseline EEG findings, or when epileptiform 
abnormalities occur with a clear change in clinical status. 
Regarding the use of medications, there is no strong evi-
dence to guide the treatment of NCSE. However, benzodi-
azepines are recommended as first-line IV AEDs to 
control seizures as in CSE [18]. Once seizures become 
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prolonged and progress to refractory NCSE, despite using 
a benzodiazepine and another second line AED in appro-
priate doses, the decision to escalate treatment further 
should be made after weighing potential benefits of 
aggressive treatment (e.g. rapid termination of seizures, 
prevention of seizure-induced secondary brain injury) vs. 
potential risks (hypotension, prolonged mechanical venti-
lation, and risks of infection).

3  Drugs Used for Treatment of Status 
Epilepticus

Pharmacology of commonly used antiepileptic drugs, includ-
ing the anesthetic agents used in refractory and super refrac-
tory SE, along with their doses and adverse effects have been 
discussed and summarized in Tables 1, 2, and 3. Other less 
studied drugs like IV magnesium sulfate, pyridoxine, and 
other AEDs (clobazam, topiramate, perampanel) have also 
been discussed earlier.

4  Current Evidence

Status epilepticus is a neurological emergency that requires 
immediate treatment to limit neurological injury from ongo-
ing seizure activity. A staged approach for management of 
status epilepticus has been advocated by the Neurocritical 
care society (NCS), American Epilepsy Society (AES), and 
ILAE (see Fig.  1) [1, 14, 29]. As per the Neurocritical care 
society guidelines, IV benzodiazepines should be the agent of 
choice for emergent initial therapy. In the 1998 Veterans 
Affairs status epilepticus study, 4 drugs-lorazepam, pheno-
barbital, phenytoin, and diazepam followed by phenytoin, 
were studied and compared with each other for controlling 
seizures in overt or subtle SE [17]. The results showed that 
lorazepam was more successful than phenytoin in aborting 
status epilepticus in patients with CSE and no significant dif-
ference was observed in comparisons among other arms of 
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• Stabilize patient (circulation, airway, breathing)

• Obtain IV access

• Give supplemental O2 via nasal cannula/mas k and consider 

intubation in case of respiratory/airway compromise. 

• Check fingerstick glucose

• Give thiamine 100mg IVx1 prior to dextrose

• Give D50W 50ml IV if low/unknown glucose

• Initiate continuous monitoring: O2 , HR, BP, EKG

• Send labs: CBC, electrolytes, liver and renal panel, urine and 

serum toxic screen, AED drug levels. 

Treat with one of the following:
1) Valproic acid 40mg/kg IV (max dose 3000mg) 
2) Levetiracetam 40-60mg/kg IV (max dose 4500 mg) 

3) Phenobarbital 15mg/kg IV (max dose 1500mg) 
4) Fosphenytoin 20mg PE/kg IV (max dose 2000mg, max rate 
150mg PE/min) or, Phenytoin 20 mg/kg IV (max rate 

50mg/min). If no effect, can give additional dose 510 mg/kg IV -

5) Lacosamide 200-400mg IV over 5 min(need EKG pre/post)

Choose from the following (may be used in combination): 
1) Midazolam: Load 0.2mg/kg IV. Repeat q5mins until seizures 
stop (max load 2mg/kg). Maint. infusion 0.05-2 mg/kg/hr 

2) Propofol: Load 2mg/kg IV. Repeat q5mins until seizures stop 

(max load 10mg/kg). Maint. Infusion range 20–250 mcg/kg/min

0-5 mins 

Stabilization phase

5-20 mins           

Initial therapy 

phase

20-40 mins      

Second therapy 

phase/Established 

SE

Pre-Hospital management:

• Rectal diazepam (0.2–0.5 
mg/kg, max dose 20mg)

• IM/Buccal/nasal 
midazolam10 mg

• If IV access available, can use 

lorazepam 4 mg x 1, may 
repeat a dose if still seizing. 

Treat with one of the following:

• IV lorazepam (0.1 mg/kg/dose, max: 4mg/dose, can repeat 

dose once after 3-5 mins). 

• IV diazepam (0.15-0.2 mg/kg/dose, max: 10mg/dose, can 
repeat dose once after 3-5 mins)

• IM midazolam 10 mg, single dose 

Alternatives

• Diazepam 0.2–0.5 mg/kg PR

(maximum dose 20 mg)

• IV phenobarbital 15-20 mg/kg

• Intranasal/ buccal midazolam  
5-10 mg

Check anti-convulsant levels  
post-load and rebolus if -

needed .

40-60 mins         

Third therapy 

phase/Refractory SE

40 -60 mins         

Third therapy 

phase/Refractory SE

Choose from the following (may be used in combination): 
1) Ketamine: Load 0.5-4mg/kg IV. Repeat q5mins until seizures 
stop (max load 4.5mg/kg). Maint. infusion at 0.3-5 mg/kg/hr. 

2) Pentobarbital: Load 5mg/kg IV (max rate 50mg/min). Repeat 
q5mins until seizures stop (max load 20mg/kg). Maint. infusion 

1-10 mg/kg/hr.

Titrate infusion to stop 

seizures or induce burst 
suppression for >24-48 hrs 

Repeat burst suppression for 
24-48hrs. 

Consider alternative therapies
- M agnesium, steroids, IVIG, 
Ketogenic diet, hypothermia,

etc.

If seizures persist

If seizures persist

If seizures persist

INTUBATE (RSI)
Start continuous EEG 
monitoring

If seizures persist

Figure 1 Status Epilepticus Treatment Protocol

the trial. In another study examining out-of-hospital use of 
benzodiazepines found that administration of IM midazolam 
was non-inferior to IV lorazepam in terminating seizures 
before arrival to the emergency department in patients with 
status epilepticus [31, 32]. However, IM midazolam was noted 
to be superior and more efficacious than IV lorazepam in 
patients without established IV access. Hence, in adults IM 
midazolam, IV lorazepam, IV diazepam (with or without 
phenytoin), and IV phenobarbital have been recommended 
as drugs of choice for stopping seizures lasting at least 5 min, 
with similar efficacy (level of evidence – A) [14].
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The results of a meta-analysis, evaluating the efficacy of 5 
different antiepileptic drugs (phenytoin, phenobarbital, val-
proic acid, levetiracetam, and lacosamide) for management of 
benzodiazepine resistant SE showed that the rate of seizure 
cessation was higher with valproate (75.7%) and  phenobarbital 
(73.6%) as compared to levetiracetam (68.5%) and phenyt-
oin (50.2%) [53]. As per the position statement by ILAE, 
phenytoin/fosphenytoin, phenobarbital, valproate, levetirace-
tam, and lacosamide; appear to be effective in the treatment 
of definite or established SE, with no clear indication for the 
preferred use of one drug over another [29]. In general, the 
efficacy of each subsequent AED added decreases after initi-
ating the first AED. One randomized controlled trial showed 
that the efficacy of the first AED in aborting CSE was 55.5%, 
efficacy of the second AED 7.0%, and efficacy of the third 
AED was only 2.3%. In a more recent randomized controlled 
trial, the safety and efficacy of three different AEDs (leveti-
racetam, fosphenytoin, and valproate) were compared in 
patients with established status epilepticus. No statistically 
significant difference was observed in efficacy or primary 
safety outcomes within each group, and treatment success 
was seen in approximately 50% of patients [54]. Hence, any 
of the three drugs (levetiracetam, fosphyentoin, valproate) 
can be considered as a potential second-line drug for 
benzodiazepine- refractory SE.  Physicians should choose 
AEDs based on the subtypes of SE  – focal vs. generalized 
SE.  Phenytoin/fosphenytoin, lacosamide, brivaracetam, car-
bamazepine have been noted to effective in suppressing focal 
seizures as compared to sodium valproate which is more effi-
cacious in controlling generalized seizures. On the other 
hand, AEDs like levetiracetam, phenobarbital, and topira-
mate have been used for the management of both focal and 
generalized onset seizures. More recently, brivaracetam has 
been introduced as an adjunct AED in the management of 
focal epilepsy with anecdotal reports regarding its efficacy in 
the management of status epilepticus [55–57]. IV brivarace-
tam has shown to have a faster and unrestricted passage 
across the blood barrier accounting for faster onset of action 
with a peak in brain concentrations within minutes, as com-
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pared to levetiracetam [58, 59]. Also, brivaracetam has a 15- 
to 30-fold increased affinity for synaptic vesicle protein 2A 
(SV2A) as compared with levetiracetam, which accounts for 
its superior anticonvulsant efficacy and less psychiatric 
adverse effects [60]. However, further studies are required in 
a controlled setting to compare its efficacy as compared to 
levetiracetam in the management of status epilepticus.

With regards to the management of refractory and super- 
refractory SE, there is a lack of robust data supporting a 
specific anesthetic agent over another owing to the rarity of 
this condition and the difficulty of performing randomized 
trials. Alternatively, additional boluses of second line AEDs 
can be attempted before starting anesthetic agents. As per the 
Neurocritical care society guidelines for the management of 
SE, intermittent boluses of sodium valproate, levetiracetam, 
and phenytoin/fosphenytoin may be considered to suppress 
seizures if not previously used, before switching to continu-
ous infusions of anesthetic agents [1]. Alternatively, the use of 
IV lacosamide at a loading dose of 200–400 mg, either as a 
single dose or intermittent boluses, has shown to be effective 
at stopping CRSE (Level of Evidence C) [61]. As per the 
ILAE, the choice of anesthetic agent should depend on 
patient characteristics, availability of medications, experience, 
and comfort level of the treating physician [29]. Midazolam is 
recommended as the first choice of agent in these patients, 
either as monotherapy or combined with propofol. Ketamine 
may also be useful, particularly in patients with hemody-
namic compromise. Although ketamine is unlikely to sup-
press seizures when used as monotherapy, it is usually 
combined with another anesthetic agent for the treatment of 
RSE.  Pentobarbital is often reserved as a last option for 
patients with RSE and SRSE due to its unfavorable safety 
and tolerability profile. There is also insufficient evidence for 
other AEDs (brivaracetam, levetiracetam, fosphenytoin) in 
the management of CRSE. Other alternative therapies like 
Adrenocorticotropic hormone, IVIg, corticosteroids, magne-
sium sulfate, and pyridoxine have been used in special situa-
tions but have not been studied for the management of 
CRSE.

Status Epilepticus



388

5  Future Directions

Significant advances have been made in the management of 
status epilepticus in recent years. However, morbidity and 
mortality from status epilepticus continue to remain high. 
Future care of patients with SE can be improved by increas-
ing awareness amongst physicians and paramedical staff 
about the importance of earlier detection and immediate 
treatment of seizures to prevent pharmacoresistance associ-
ated with prolonged seizures. Clinical research should be 
focused on early seizure termination in the prehospital set-
ting to limit seizure duration and reducing the risk of progres-
sion to SE.  Emphasis should be given towards conducting 
randomized trials focusing on the safety and efficacy of new 
drugs in patients with RSE and SRSE. Studies are needed to 
study the effects of early use of anesthetic agents, complica-
tions from prolonged use of such agents, defining and stan-
dardizing treatment goals including optimal duration of 
treatment to burst suppression vs. seizure suppression in 
refractory and super refractory SE.
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1  Introduction

Several detrimental metabolic and inflammatory processes 
occur within the brain secondary to elevated temperatures, 
including but not limited to oxidative stress [1] local ischemia, 
inflammation, DNA damage, thermal pooling, apoptosis, and 
protein denaturation [2, 3], extending the lesioned area [4] 
likely leading to worse outcomes over several outcome mea-
sures [5].

Hypothermia has been shown to decrease the incidence of 
said detrimental processes as well as that of resulting seizures 
[2] While the initial neurologic insult is destructive to cere-
bral parenchyma, secondary injury prevention is one of the 
tenets of neurocritical care [6, 7] which may be in part medi-
ated by hyperthermia [2].
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2  Indications and Contraindications 
(Table 1)

Targeted temperature management offers benefits in several 
neurological injury states. Therapeutic hypothermia is indi-
cated in patients not following commands after cardiac arrest, 
regardless of presenting rhythm [8, 11–13] as well as for reac-
tive control of medically resistant intracranial pressure in TBI 
[4].

Induced normothermia or hypothermia have also shown 
benefit in several neurological injuries [9, 14] such as: isch-
emic stroke and hepatic encephalopathy. Induced normother-
mia has shown benefit in SAH [9, 14] sepsis [15] and may 
decrease inflammatory related injury in the lung [2].

Contraindications include significant hemorrhage or infec-
tion, hemodynamic instability despite vasopressors, underly-
ing terminal condition, patient awakens and follows 
commands [16, 17]. Other considerations include pre-existing 
illness precluding meaningful recovery or if continuing care 
would not be within the patient’s wishes [16].

Indications for Therapeutic
Hypothermia

Indications for Therapeutic
Normothermia

Contraindications for
Therapeutic Hypothermia

Cardia carrest regardless of
presenting rhythm

Acute ischemic stroke Against patient’s stated
wishes

Medically refractory ICP in TBI Subarachnoid Hemorrhage Patient awakens and follows
commands

Intracerebral Hemorrhage Severe sepsis or
hemodynamic instability
despite pressors

Pre-existing or terminal
illness precluding meaningful
recovery

Table 1 Indications and contraindications for targeted temperature 
management [8–10]
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3  Techniques for Targeted Temperature 
Management

Hypothermia and rewarming are achieved through a variety 
of heat exchange methods [18]. There is no established supe-
riority of surface vs endovascular cooling in outcomes or side 
effects [18]. Servo-controlled, self-adjusting mechanisms 
which adjust cooling fluid temperature in accordance to tar-
get and core temperatures are preferable [4, 10].

4  Conventional Methods

Cold crystalloid infusion is a cost-effective and readily avail-
able method to induce hypothermia. However it is not as 
effective for maintenance of a set temperature, there is a risk 
for overshooting the set cooling target [19] and risk of fluid 
overload [4]. A 30  cc/kg up to 2  L bolus of 4° saline or 
Ringer’s lactate [4, 19] in addition to ice packs or cold com-
presses may be utilized as a coadjuvant during the induction 
phase.

5  Surface Cooling (SFC)

SFC consists of applying cooling pads directly on the patient’s 
skin [18, 20]. Air cooling and cooling blankets are ineffica-
cious [16, 20]. Adjustable temperature feedback-loop systems 
with liquid recirculating pads are commercially available. 
Devices include, but are not limited to: Arctic Sun (Bard, 
Medivance, Louisville, CO) Criticool (Belmont Medical 
Technologies, Billerica, Massachusstes), and STX surface pad 
system (Zoll, Pittsburgh, Pennsylvania). SFC can be readily 
initiated, and cooling rates are estimated about 1.5 °C/h with 
closed loop water recirculation systems [20].
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SFC is a relatively simple procedure, necessitating only the 
application and connection of cooling pads to the patient and 
connecting the tubing to the appropriate console [21]. 
Complications include possible increased risk for skin damage 
due to immobility and thermal injury [22]. Additionally SFC is 
slowed in obese patients due to insulating properties of adi-
pose tissue and an increased mass to surface area ratio [20].

6  Endovascular Cooling

EVC involves central vein cannulation with a specialized 
catheter (Figs. 1 and 2) equipped with a fluid-circulating heat 
exchanger connected to a matching console [8] EVC cooling 
speed is estimated at about 1.2 °C/h [12] Some of the major 
endovascular cooling systems on the market include the 
InnerCool RTx® Endovascular cooling system (Phillips 
Healthcare, Andover, Massachusetts) and the Thermoguard 
XP system as well as the Zoll The Thermogard XP® (Zoll, 
Pittsburgh, Pennsylvania) [23, 24].

Suture
Antiseptic Distal cooling balloon Dilator

Scalpel

I.V. Catheter

Syringe
Used needle holder Guidewire x2

Cooling fluid circulation ports
Infusion ports

Figure 1 Intravascular cooling catheterkit
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Advantages of EVC involve less temperature variability 
[22, 25–27], one meta analysis showing a trend towards 
improved outcomes [28], notwithstanding more frequent 
post-hypothermia fever [18]. Techniques and complications 
of central catheter placement may be found elsewhere in this 
text (chapter Vascular Access).

7  Other Methods

Procedures such as extracorporeal membrane oxygenation or 
hemodialysis incur in heat loss from the circulating extracor-
poreal blood, and have been deployed as TTM devices with 
success [29, 30]. Esophageal cooling devices also have shown 
promise and have been FDA approved [31]. New methods 
are being developed non-invasive Intranasal cooling and 
automated cold peritoneal lavage are currently under investi-
gation [30, 32, 33].

Figure 2 A serpentine balloon above, collapsed, below deployed, 
thus increasing surface area available for heat exchange. Photo 
Courtesy Joanne Neubauer
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8  Protocol

TTM is best applied as a protocol drive therapy [34], and can 
be divided into 3 distinct phases; induction, maintenance and 
rewarming, each presenting distinct management challenges 
(Fig. 3).

8.1  Induction

The induction phase comprises the beginning of therapeutic 
hypothermia induction up to the achievement of goal 
temperature.
TTM is to be initiated as soon as patient eligibility is deter-
mined [36, 37]. Combining cooling methods provides the 

Confirm Eligibility

Rule out sepsis ans obtain baseline CBC and cultures
Rule out active bleeding

Initiate Cooling as soon as Possible

Select target temperature 33 vs 36°C
Apply core temperature sensing probe

Initiate Shivering Prophypaxis and Sedation
May infuse 30cc/Kg chilled crystalloidmsoultion
Apply cooling pads and/or intravascular device

Initiate EEG monitoring
Metabolic rate decreases, less CO2 is produced, adjust ventilator

settings

Induction

Maintenance

Rewarming

Maintain hypothermia for a minimum of 24h
Monitor cardiac rhythm

Maintain appropriate sedation
Monitor and treat shivering

Chemistry q4-12h, periodic ABGs
Periodic liver enzyme monitoring
Inuslin resistance may develop

Frequent skin examination for thermal skin injury if surface cooling

Avoid rapid rewarming, no faster than 0.25-0.5C°/h
Hyperkalemia may develop as K+ shifts into extracellular fluids

insulin resistance abates, adjust insulin dosage
Once achieved, maintain normothermia

Metabolic rate increases, more CO2 is produced, adjust ventilator
settings

No routine antibiotics
No routine anticonvulstans
TTM is does not preclude

cardiac catheterization

Targets:
32-36ºC
O2 Saturation 92-98%
PaCO2 35-40mmHg
MAP >65mmHg
Systolic BP >90mmHg
Potassium 3.0-3.5 mmol/L
Normomagnesemia

Figure 3 Hypothermia protocol [11, 14, 17, 35, 36]
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most rapid induction, such as a rapid infusion of 30–40 cc/kg 
4 °C crystalloid in combination with initiating SFC or EVC 
with a feed-back loop regulated device [16]. As surface tem-
perature is unreliable in these patients core temperature 
monitored in these patients via bladder, esophageal, endovas-
cular, or rectal probe [36].

Of note, shivering and peripheral vasoconstriction are 
more likely to occur during the induction phase, as the thresh-
old for shivering is about 35.5 °C, and that of vasoconstriction 
about 36.5 [38] Thus, shivering is an expected complication of 
induction which may delay achievement of target tempera-
ture [39], especially if SFC is being employed.

Sedation as well as shivering prophylaxis and treatment 
must be initiated in this phase [2, 37]. Cold-induced diuresis 
may cause hypokalemia, hypomagnesemia and hypophos-
phatemia as well as volume depletion which must be moni-
tored and replaced accordingly [16]. Insulin resistance 
develops and hyperglycemia appears, necessitating monitor-
ing and treatment [2, 16].

Skin counter warming is effective even in SFC [16, 36] as 
skin mean temperature afferent input accounts for about 
20% of the centrally mediated shivering and vasoconstriction 
response [39]. Given decreased drug clearance observed in 
TTM, short acting sedatives are preferred. In one study com-
paring propofol-remifentanil vs midazolam-fentanyl, the for-
mer demonstrated earlier awakening and more ventilator 
free days [40]. Notably the half life of benzodiazepines is 
known to be prolonged in hypothermia [16].

8.2  Maintenance

Comprises the time between target temperature being 
reached and the initiation of rewarming.
Patients should be kept at goal temperature for a minimum of 
24 h [4, 22], although a longer duration of 48 h has shown a 
tendency to improved outcomes in post-cardiac arrest [37]. 
During the maintenance phase, a relatively steady state is 
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reached and focus shifts to maintaining normocapnia, nor-
moxia, normoglycemia, normomagnesemia and normokale-
mia [4]. Large fluctuations in core temperature are best 
avoided [22].

8.3  Rewarming

The rewarming phase comprises the end of the maintenance 
phase and the period required to reach normothermia.
The rewarming phase is critical, as rebound effects may be seen 
if temperature rises too rapidly, which may hinder benefits 
derived from TTM. Rapid rewarming may result in severe cere-
bral hyperthermia [20], systemic vasodilation and hypotension, 
with subsequent cerebral vasodilation and plateau waves [36] or 
rebound fever, associated with mortality [1]. Risk for rebound 
hyperkalemia or increased cerebral metabolic rate or cerebral 
hypoxia are also pitfalls of rapid rewarming [17, 36]. Encountering 
said phenomena should prompt treatment and slowing or paus-
ing rewarming altogether.

Controlled rewarming is thus recommended at a maximal 
rate of 0.25–0.5 °C/h if no untoward effects are seen, such as 
ICP crises [37, 41]. One retrospective study found prolonged 
rewarming (near 1C/24  h) to be an independent factor for 
survival and better neurological outcomes in cardiac arrest 
patients [42]. Rebound fever may also be deleterious, thus 
maintaining normothermia for 48–72  h after rewarming is 
also recommendable [2, 17].

Table 2 enlists the common complications encountered 
with therapeutic hypothermia.
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Table 2 Commonly complications and caution items encountered 
in therapeutic hypothermia [2, 10, 11, 20–22, 36, 41, 43]
Condition Characteristics/treatment
Bleeding diathesis Concerns for clinically significant 

hemorrhage caused by ttm are not 
supported by evidence. Platelet count 
and function mildly affected below 35 °C, 
Coagulation factors below 33 °C. Consider 
platelet or desmopressin administration 
prior to invasive procedures

Drug metabolism Hepatic perfusion and enzyme function 
are diminished in hypothermia, decreasing 
the clearance of several drugs such as 
benzodiazepines, opiates, synthetic opiates, 
paralytics, propofol and phenytoin. This 
must be taken into account for dosing and 
neuroprognostication purposes.

Dysrhythmias A drop in cardiac output is expected and 
commensurate with decreased metabolic 
rate. Little risk for severe arrhythmias 
above 30 °C. Cooling decreases sinus 
repolarization node hence a degree 
of bradycardia is to be expected. If 
hemodynamic instability results, atropine is 
ineffective and pacing preferable.

Immunosuppression Cooling impairs inflammation and 
leukocyte phagocytosis. Rate of infection 
rises with treatment duration. Pneumonia 
is the most associated infection, there is no 
data to support prophylactic antibiotics.

(continued)
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Table 2 (continued)
Condition Characteristics/treatment

Hyperglycemia Hypothermia induces insulin resistance 
in addition to decreasing it’s secretion. 
Resulting hyperglycemia may necessitate 
large doses of insulin. Frequent checks 
and dosing adjustments are especially 
necessary in the rewarming phase as insulin 
requirements normalize.
Of note, a specific target range conveying 
benefit has not been elucidated and 
some authors recommend tolerating 
hyperlgycmia up to 144 mg/dl.

Electrolyte 
disturbances

Cooling induces K+ intracellular shift 
and renal tubular dysfunction,thus 
hypokalemia. Hypomagnesemia and 
hypophosphatemia may occur. Frequent 
blood chemistries and careful correction 
are warranted, keeping in mind the 
expected K+ extracellular shift which 
occurs during rewarming to avoid 
hyperkalemia. In anuric or severely oliguric 
patients with renal replacement therapy 
should be instituted before rewarming

Blood gases Interpretation of blood gas analysis must 
account for temperature changes in order 
to avoid erroneous overestimation of 
PaCO2 and PaO2 or overestimation of 
pH. Metabolic rate falls commesurately 
with temperature and less CO2 is 
generated, and in order to avoid cerebral 
vasoconstriction, maintaining normocarbia 
may be reasonable. Thus ventilator settings 
must be adjusted as with temperature 
changes, and frequent blood gas analyses 
are warranted, especially during the 
induction and rewarming phases
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9  Shivering (Fig. 4)

Shivering is a physiological response to cold temperatures 
often encountered in the course of TTM which if left rampant 
may negate any potential benefits [4]. Shivering leads to higher 
temperature variability and may slow induction [37] as men-
tioned above. It may also induce a stress response with 

Table 2 (continued)
Condition Characteristics/treatment
Hypovolemia Increased venous return induced by 

hypothermia induces release of atrial 
natriuretic peptide and a decrease in the 
levels of antidiuretic hormone. This (in 
combination with other mechanisms such 
as tubular dysfunction, seelater) can lead 
to a marked increase in diuresis (“cold 
diuresis”)

No shivering upon palpation of the masseter,
neck, or chest wail

Shivering localized to neck and/or thorax

Gross movement of the upper extremities in
addition to neck and thorax shivering

Generalized shivering involving gross
movements of the trunk and all extremities

0

1

2

3

Shivering prophylaxis
Skin counterwarming

Acetaminophen 650mg q4-6h 
Magnesium to goal 3-4m Eq/L

Buspirone 30mg q8h

Meperidine 12.5-100mg q4-6h

Fentanyl Boluses 25-50mcg q1h
May initate fentanyl infusion 25mch/hour

Dexmetomidine starting at 0.2mcg/h

Propofol 40-80mcg/Kg/min

Bolus neuromuscular blockading agent

v

v

Figure 4 Proposed shivering protocol, wherein treatment is tailored 
to BSAS scores [16, 22, 39, 44, 45]
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increased metabolic rate, oxygen consumption, work of breath-
ing, heart rate [2, 4, 36] as well as increased CO2 production 
[4]. In awake patients, shivering can increase oxygen consump-
tion by 40–100% [36].

Thus, shivering management must be administered concur-
rently with TTM initiation and maintained until the rewarming 
phase is concluded [37]. Several sedatives and hypnotics 
decrease the shivering threshold [4] and may be be utilized in 
synergy with non-pharmacological methods such as skin coun-
ter-waring with air-circulating blankets or other wam coverings 
[4, 36]. Shivering management also benefits from a proto-
colized stepwise approach in order to minimize total dosages 
and the administration of neuromuscular blockade [45].
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1  Introduction

Initial uses of mechanical ventilation were designed to inflate 
the lung until a specific set pressure was achieved. Since then, 
there has been an evolution to include a multitude of variable 
modes of ventilation to best fit a patient’s need based on their 
specific disease pathophysiology [1].

Patients who are mechanically ventilated in the 
Neurocritical care unit (NCCU) present with unique chal-
lenges. They are intubated either due to respiratory failure, 
brain injury which can be due to trauma, stroke, encephalitis, 
meningitis, seizures, or multitude of neuromuscular illness. 
With decreasing levels of consciousness often tongue can fall 
back and lead to airway obstruction. Also, many of these 
patients have impaired cough and gag reflex which can lead 
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to poor secretion clearance and frequent aspiration. Common 
indications for intubation are included in Fig. 1. These include 
either failure to ventilate or oxygenate Neuro intensive care 
patients may have high intracranial pressure (ICP) especially 
in cases of cerebral edema, large strokes, cardiac arrest, 
Intracerebral Hemorrhage (ICH), Traumatic Brain Injury 
(TBI), and Subarachnoid hemorrhage (SAH). The type of 
brain injury can also affect respiratory drive and pattern [2].

2  Airway Assessment

It is important to assess the airway of a patient before intuba-
tion (Fig. 2). However, this is often difficult in ICU as patients 
are often altered or obtunded and unable to follow com-

Indications for
Intubation / Ventilation

Common

Hypoxia, Hypercarbia,
Respiratory failure

ICP crisis, Status
epilepticus, Worsening
neuro exam leading to

GCS<8, Infections

High spinal cord Injuries

Respiratory failure in
Myasthenia/ Guillain

Barre/ ALS

Figure 1 Indications for intubation

AMPLE history
Prior Intubation
records Mallampatti Score in a patient sitting

up and non phonating

Mouth opening> 3 cm Good

Thyromental distance>3 fingers

Neck mobility

Figure 2 Pre-intubation airway assessment, AMPLE history (aller-
gies, medications, past medical history, last meal, events)

T. Thomas et al.
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mands. The goal is to identify patients who may have difficult 
airways and mandating different approaches and help if nec-
essary. Challenges in ICU include significant secretions, 
hemodynamic instability, increased work of breathing, desat-
uration as well spinal instability due to trauma, and often 
inexperienced operators.

The ability to predict a difficult airway is the key to suc-
cessfully managing it. It is important to have a plan in mind – 
if plan A does not work you should be able to call for help 
while trying to do plan B. Patients can be difficult to ventilate 
or difficult to intubate- there are very few patients who are 
difficult to ventilate and intubate. In those patients it is 
important to plan awake fiber optic with either ENT or 
anesthesia.

There are different mnemonics to quickly remember and 
learn patients who are difficult to ventilate and intubate See 
Fig. 3.

3  Predictors of Difficult Ventilation

Bag mask ventilation is the foremost and fundamental skill in 
airway management. Table 1 Predictors of difficult bag mask 
include mnemonic- OBESE – BMI >26, Beard or facial hair, 
Edentulous, Snoring or OSA, Age greater than 55  years. 
Other factors to look for are limited neck mobility with radia-
tion, fused cervical spine and male sex [5].

4  Predictors of Difficult Intubation – Table 1

Mnemonic used to recognize a patient that is difficult to intu-
bate is LEMON. L for Look. E for Evaluate. M for Mallampati 
class. O for obstruction and N for neck mobility. Looking 
externally you are looking at overall patients including head 
and neck trauma, oral bleeding, obesity, neck circumference, 
retrognathia, facial hair, stridor, hoarseness of voice. Evaluate 
the patient using 3-3-2 rule – mouth opening 3 fingerbreadths, 
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3 fingerbreadths thyro-mental distance and 2 finger breadths 
for thyroid-hyoid distance. Mallampati classification (Table 2) 
can assess the size of the tongue compared to the pharynx 
based on structures able to be visualized can also help predict 
difficult intubation. Mallampati class 1 and 2 are considered 
easier to intubate than 3 and 4. O for anything that might 
obstruct intubation like an oropharyngeal tumor, foreign 
body, angioedema. Neck for neck mobility and 
circumference.

Most of the above mentioned scores are used in the oper-
ating room in different subsets of patients. However, one 
multicenter study evaluated the usefulness of MACOCHA 
score (Table  3) which can be used in intensive care units 
(ICU) to predict difficult intubation. Score <3 low risk intu-
bation, higher numbers indicate difficult intubation.

Medications used during intubation are listed below in 
Table  4. These include pre-induction medications, sedatives, 
paralytics as well as reversal agents. Each has a specific 

Table 1 Difficult mask ventilation and intubation assessment
Difficult mask ventilation Difficult intubation
Obese – BMI >26 Look Externally

Beard Evaluate 3-3-2

Edentulous Mallampatti 3/4

Sleep apnea Obstruction/Mass

Age >55 Neck Mobility/Circumference >43 cm

Table 2 Mallampati scoring (for patient in sitting position)
Class Description/Difficulty in intubation anticipated
I Visualization of the soft palate, fauces, uvula and pillars. 

No anticipated difficulty

II Visualization of the soft palate, fauces, uvula. No 
anticipated difficulty.

III Visualization of the soft palate and base of the uvula. 
Anticipate moderate difficulty

IV Soft palate is not visible. Anticipate difficulty.

T. Thomas et al.
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 limitation and indication. Although first line agents are indi-
cated below, the selection of each agent is dependent on mini-
mizing the possible harmful side effect of each medication. 
For example, although succinylcholine can helpful in securing 
airway quickly during intubation, it is typically not used in the 
NCCU as it can lead to increase in ICP, hyperkalemia espe-
cially in patients with history of stroke, TBI, disuse atrophy 
and neuromuscular disease. Intubation can be done under 
rapid sequence with the use of paralytics as well as sedative 
or in some cases with sedation but no paralytics. In the 
NCCU when there is an emergency intubation, typically 
would have rapid sequence intubation which can minimize 
aspiration events [3].

5  Modes of Ventilation

• Considerations for modes of ventilation

The ventilator mode describes the characteristics of how 
the breath is delivered to the patient. The two general 
approaches consist of either setting volume/flow or pressure 
as the control variable. The mode of ventilation is at the clini-
cian’s discretion. Both volume/flow and pressure targeted 
modes of ventilation have more in common and can achieve 
similar goals and minute ventilation goals. Pressure targeted 

Table 3 MACHOCHA variables (Coded from 0 to 12: 0: easy intu-
bation; 12: very difficult intubation)
MACOCHA variables
Patient related Mallampati score III or IV

Apnea syndrome (OSA)
Decreased C spine Mobility
Limited Mouth Opening <3 cm

5
2
1
1

Pathology GCS <8/Coma
Hypoxemia

1
1

Operator Non anesthesiologist 1

Total 12

Mechanical Ventilation and Weaning In ICU
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modes of ventilation will prioritize minimization of baro-
trauma when compared to volume/flow modes of ventilation 
which will guarantee a certain minute ventilation.

• Goals of Mechanical Ventilation in Neurologically injured 
patients 

In critically ill patients, goals of mechanical ventilation 
include oxygenation, ventilation and minimizing ventilator 
induced lung injury (VALI). In neurologically injured 
patients, we must also prevent secondary brain injury by pre-
venting hypoxia, prolonged periods of hypocapnia or hyper-
capnia and elevated ICP.  TBI adds a significant layer of 
complexity since they are excluded from many clinical trials. 
Permissive hypercapnia and high PEEP can lead to second-
ary brain injury in these patients. Hypoxemia will decrease 
cerebral oxygenation resulting in cerebral vasoconstriction 
and raising ICP. Hypoxia should be avoided at all cost and 
ARDS net targets (SpO2 >88% and PaO2 >55) are too low.

• Controlled vs Assisted Breaths. 

In assist control modes of ventilation, patients can either 
take controlled breaths or assisted breaths. Clinicians will set 
the target tidal volume or pressure for a set respiratory rate. 
If the patient triggers the ventilator, they will receive the set 
target for every breath and will be able to take more breaths 
then the set respiratory breaths. The ventilator is assisting the 
patient by doing most of the work of breathing when the 
patient triggers the breath, if the patient does not attempt to 
trigger the mechanical ventilator, they will receive the set 
target (volume of pressure) for the set respiratory breath.

In spontaneous breaths, diaphragmatic movement will 
decrease pleural pressures which will increase venous return. 
A fully controlled breath must overcome both lung and chest 
wall resistance to inflate the lung. In patients with significant 
respiratory demand should be switched to fully controlled 
ventilation to decrease oxygen consumption.

• Pressure Regulated Volume Control (PRVC) 

This is a dual control mode of ventilation which takes com-
ponents of ACVC and ACPC and combines them. It is a pres-
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sure targeted, time cycled breath with decelerating flow. 
Clinician will set a tidal volume. The ventilator will give the 
patient a “test breath” and will calculate the compliance and 
adjust the pressure delivered needed to achieve the volume 
set by the clinician. The pressure needed to achieve the set 
tidal volume can change from breath to breath depending on 
the respiratory compliance of the patient at any given time.

• Airway Pressure Release Ventilation (APRV) 

This is a time triggered, pressure targeted, time cycled 
mode of ventilation that extends the I: E ratio which will 
allow maintenance of mean airway pressure with very quick 
deflations to maintain ventilation. Pressure high (P high) is 
the baseline airway pressure that is maintained for time high 
(T high). Pressure low (P low) is the release pressure usually 
set to 0 for a certain amount of time termed Time low (T low).

The advantages of APRV include maintenance of high 
mean airway pressure which lead to consistent alveolar 
recruitment. This can lead to better V/Q ratio and oxygen-
ation, decreased use of sedation and neuromuscular block-
ade. Patients will also be able to generate spontaneous breath 
throughout the ventilatory cycle (Table 5).

• Noninvasive Positive Pressure ventilation (NIPPV):

NIPPV provides ventilatory ventilation without the need 
for invasive artificial airway. It can be delivered with either a 
face mask that is fitted to the face or a nasal mask and con-
nected to either a small noninvasive mechanical device or 
mechanical ventilator via tubing. It comes in two forms: (1) 
Continuous positive pressure ventilation (CPAP) or (2) 
bilevel positive pressure ventilation (BIPAP) [8].

Both modes of ventilation will increase airway pressure by 
introducing PEEP. CPAP is equivalent to PEEP. Patients will 
need to spontaneously breathe with a set continuous 
PEEP. BIPAP will have set inspiratory pressure and end expi-
ratory pressure. It will be patient triggered, and the volume 
delivered will be determined by the patient effort. CPAP is 
commonly used for type one respiratory failure to address 
hypoxia while BIPAP is used for when hypercapnia and ven-
tilation are the primary concerns.

Mechanical Ventilation and Weaning In ICU
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Patient selection is the most important determinant for the 
use of NIPPV. Patients with reversible hypoxia from type one 
respiratory failure (hypertensive pulmonary edema or con-
gestive heart failure) will benefit. Patients with type II respi-
ratory failure (ex. COPD) will experience reduced dyspnea, 
decrease in intubation rates and improve mortality. NIPPV 
can also be used post extubation and improve weaning suc-
cess [6, 7]. Inclusion, exclusion criteria for NIPPV and tech-
nique is attached above (Fig. 3).

• Weaning Protocol 

Assessment of ventilator liberation readiness are tradi-
tionally done with respiratory rate, tidal volume, rapid shal-

NPPV- BiPAP for Respiratory failure and distress

Exclusion criteria:
GCS<11 and unable to 
cooperate

Apnea

Excessive 
secretions/vomiting

Inability to protect airway

SBP<90

YES

HFNC

Non-rebreather

Consider intubation and 
mechanical ventilation 

No

Inclusion Criteria:
Asthma/COPD 
exacerbation

Cardiogenic/pulmonary 
edema

Mild ARDS, Pneumonia

Initial settings:
IPAP: 10-15 cmH20

EPAP 5 cmH20

RR: 12-15

FiO2: 50%

Monitor:
Dyspnea/accessory 
muscle use

Mask air leak

RR, BP,HR,SpO2

Improvement:
Decrease IPAP by 2 cm H20

Titrate Fio2 down every 2-5 mins 
for SpO2>92%

No Improvement:
Increase IPAP by 2 cm H20

Be careful of IPAP>25

Increase FiO2 for SpO2>92%

Indications of Failure:
Tachypnea

Decreasing GCS/uncooperative/agitation

Hemodynamically unstable

Vomiting

Inability to ventilate or maintain SpO2>92%

Figure 3 NPPV non-invasive positive-pressure ventilation
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low breathing index (RSBI), and PaO2 to FiO2 ratio [1]. 
Features of successful spontaneous breathing trials (SBT) 
include tidal volume of 4–6  mL/kg, RR 30–38, and RSBI 
60–105/L [1]. However, these parameters do not necessarily 
always predict likelihood of successful extubation [3]. Figure 4 
describes ventilator weaning protocols leading to successful 
extubation.

Multicenter study was done to assess extubation success in 
patients with severe brain injury [9]. 437 patients were included 
in the study of which 338 (77%) were successfully extubated. 
Authors of the study concluded four factors were important – 
GCS >10, visual pursuit, age >40 and swallow trials.

Daily SBT Assessment
Hemodynamically stable

Adequate mentation

Oxygenation:SpO2>92% on ≤ 40% FiO2

PaO2/FiO2>200

PEEP ≤ 5 cmH20

Adequate Pulmonary Function
RR<35, NIP ≤ -15 cmH20

Vt ≥ 5 mL/kg

VE < 10-15 L/min, 

No respiratory acidosis or 
alkalosis

Meets all criteria

Place on PS 5 with PEEP 5 x 3 
mins. Calculate RSBI

Resume appropriate ventilator x 24 
hours 

YES NO

RSBI>105

SBT for ≥30 ≤ 120 mins

Successful SBT

Cuff leak test

Extubate

YES

YES

YES

NO

Intubated <48 hours
NO

Figure 4 Ventilator weaning protocol towards extubation
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Table 6 describes historical and exam features found espe-
cially in NCCU patients that have shown to predict high 
likelihood of successful extubation.
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1  Introduction

Tracheostomy placement is an important step for ventilator 
weaning in those with prolonged mechanical ventilation 
needs. Like other invasive procedures and chronic tubes, care 
must be taken to ensure delivery of the intended benefits and 
to guard against complications from such a chronic foreign 
body. The presence of the tracheostomy assists weaning from 
the mechanical ventilator and potentially allows those who 
need life-long mechanical ventilation to live at home. 
However, the chronicity of the foreign tube could lead to 
stomal injury, tracheal stenosis, hemoptysis, and tracheal 
infections.

In this chapter, we discuss the care of the tracheostomy 
tube in the immediate post-placement period, weaning, 
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speaking valve placement, capping trials, decannulation, and 
chronic long-term care of the tracheostomy tube for those 
who are dependent on one.

2  Tracheostomy Care

The procedure for insertion of a tracheostomy tube is dis-
cussed in detail in chapter Airway Access.

It is worth noting that tracheostomy tubes have different 
characteristics (Table 1). They are available in assorted sizes, 
based on either the International Standard Organization 

Table 1 Characteristics 
and features of tracheos-
tomy tube

Size:

   International Standard 
Organization (ISO):

    6, 7, 8, 9, 10

   Jackson:

    4, 6, 8, 10

Length:

   Standard

   Extended Length (XLT):

    Proximal i.e., Vertical

    Distal i.e., Horizontal

Type:

   Single Cannula

   Dual Cannula

Fenestration:

   Present

   Absent

M. Alnijoumi and T. Whitacre
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(ISO) or Jackson sizing. Each size has a different internal 
diameter (ID) and outer diameter (OD) with varying lengths 
(specific lengths and diameters of the same size may also dif-
fer from company to company). It is very important to famil-
iarize one’s self with the products available to him or her, 
given the difference in measurements between manufactur-
ers. A tracheostomy tube could come as a single- or dual- 
cannula tube depending on the presence of the inner cannula 
(Fig. 1). Most tracheostomy tubes come with a dual cannula 

Table 1 (continued)
Shaft:

   Curved

   Angled

Cuff:

   Absent

   Present

    Air-filled

    Water-filled

    Low-pressure, High-volume

     High-volume, Low-pressure, 
i.e., Tight-to-shaft

    Foam

Material

   Metal:

    Stainless Steel

    Sterling Silver

   Non-metal

    Silicone

    Polyvinyl Chloride (PVC)

    Polyurethane

Tracheostomy Care
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which allows for seamless cleaning and care of the tube. This 
minimizes tube clogging by allowing the removal of the inner 
cannula when needed. Tracheostomy tubes made from sili-
cone often come as a single cannula tube given the inherent 
resistance of silicone to microbial growth. The tracheostomy 
tube shaft could be angled or curved as it enters the airway. 
The curvature should allow for minimal pressure to be placed 
on the posterior wall of the trachea. Most tracheostomy tubes 
used are non-fenestrated. The presence of a single, or multi-
ple openings along the shaft’s angulation or curvature makes 
the tube a fenestrated tube. Fenestrated tracheostomy tubes 
are designed to channel more airflow to the larynx and vocal 
cords and hasten phonation when the cuff is deflated and a 
speaking valve is present. However, given the location of the 
fenestrations, they are often occluded by the posterior wall of 
the trachea and could lead to granulation tissue formation 
and the potential for tracheal stenosis. The tracheostomy tube 
comes in standard lengths. However, an extended length 
(XLT) tracheostomy tube is also commercially available. The 
extended length portion of the tube could either be proximal 
(i.e., horizontal) or distal (i.e., vertical). The proximal XLT 
tracheostomy tubes are often useful in obese patients since 
they take into consideration increased soft tissue mass at the 

a b c

Figure 1 (a) Disposable inner cannula (size 8); (b) Non-disposable 
inner cannula (size 6); (c): Non-disposable inner cannula with inte-
grated decannulating plug

M. Alnijoumi and T. Whitacre



431

neck. The distal XLT may be helpful in patients when the 
distal end of the tracheostomy tube is rocking against the 
tracheal wall as it angles into the airway. The distal extra- 
length tube also allows it to be parallel to the tracheal lumen 
and minimizes obstruction. Additionally, custom-made tra-
cheostomy tubes are an option offered by most manufactur-
ers for those who require specific sizes and/or lengths.

The presence of a ‘balloon’ cuff differentiates a cuffed tra-
cheostomy tube from a cuffless one. Cuffless tubes tradition-
ally have a better profile and are preferred for patients who are 
no longer dependent on ventilatory support and have pro-
gressed to a speaking valve or capping trial. The balloon cuff is 
often filled with air, although some manufacturers recommend 
water. The most frequent type of cuff is a high- volume, low-
pressure cuff. This allows it to conform to the airway diameter 
without significant transluminal pressure; thus, mitigating the 
risk of tracheal mucosal ischemia and injury. However, low-
volume, high-pressure cuffs are also available, known as tight-
to-shaft cuffed tubes. The slim profile, without the significant 
ridges associated with traditional tracheostomy cuffs when 
deflated, encourages the passage of air around the tracheos-
tomy tube. This provides an enhanced opportunity for phona-
tion and is intended for patients who require infrequent cuff 
inflation and mechanical ventilatory support. Foam cuffed 
tracheostomy tubes are also marketed. Made of polyurethane 
foam covered with a silicone sheath, they have a high residual 
volume and hence tend to conform to the airway better. The 
pilot balloon (cuff) is deflated during insertion then opened to 
ambient air once it is placed into the airway. The balloon 
expands and contracts with the respiratory cycle which pro-
motes a favorable seal to the tracheal wall. It is important to 
place the correct-sized foam-cuffed tracheostomy tube as too 
small of the tube may not provide an adequate seal.

Tracheostomy tubes are manufactured from a variety of 
materials including stainless steel, sterling silver, silicone, 
polyvinyl chloride (PVC), and polyurethane. Metal 
 tracheostomy tubes have a slim profile and are resistant to 
microbial growth. They are also easy to clean and sterilize if 
needed. However, they lack a balloon cuff and the 15-mm 
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connector to attach to the mechanical ventilator. Non-metal 
tracheostomy tubes are softer and tend to better conform to 
the patient’s anatomy. However, despite the resistance to 
biofilm formation, their presence in the trachea leads to sur-
face changes and degradation of the polymeric chain.

The obturator (Fig. 2), which accompanies all types of tra-
cheostomy tubes, facilitates insertion. They should be used 

Figure 2 Tracheostomy 
obturator

M. Alnijoumi and T. Whitacre
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during tracheostomy changes and be readily accessible- 
preferably at the head of the bed in hospitalized patients.

3  Post-placement Care

Immediately after tracheostomy placement, the cuff should 
be inflated, and mechanical ventilation continued. The tra-
cheostomy tube is secured with commercially available tra-
cheostomy ties, most of which are made of cushioned material 
and fastened to each side of the tracheostomy flange with 
Velcro. Suturing the tracheostomy to the skin is optional in 
the author’s experience. To guard against pressure injury or 
ulceration, padded foam is routinely placed between the tra-
cheostomy flange and the sternal notch. A pressure injury is 
most likely encountered at that location. Pre-cut drain 
sponges suffice in patients with longer neck anatomy. 
However, a heavier padded barrier might be helpful with 
obese patients and those with shorter necks.

The tracheostomy tube size and type should be docu-
mented, and the tubes kept clean. Dual- cannula tubes come 
with an inner cannula that allows for cleaning and ensures the 
patency of the artificial airway. Inner cannulas may be either 
disposable or non-disposable. Routine daily changing of the 
disposable cannula is standard. For non-disposable cannulas, 
two inner cannulas work better than one. The usable non- 
disposable cannula is removed and replaced with the second, 
pre-cleaned non-disposable cannula. This process allows for 
easy cleaning of the recently removed equipment in prepara-
tion for the next change.

For tracheostomy tubes without inner cannulas, care must 
be taken to educate personnel on removing and replacing the 
entire tracheostomy tube in case of obstruction. Regardless 
of the presence or absence of an inner cannula, a replacement 
tracheostomy tube of the same brand and size, and possibly 
one sized smaller, should be available for immediate use.

Skin in the peristomal area should be kept dry and clean 
to decrease the risk of maceration and infection. The peristo-
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mal site should be evaluated for signs of redness, tenderness, 
and firmness. It is equally important to evaluate for signs of 
pressure injury, especially under the flange. Adequate lighting 
is an important prerequisite when providing tracheostomy 
tube care.

If the tracheostomy tube is cuffed, pressure in the pilot 
balloon should be evaluated when the patient is receiving 
mechanical ventilation. Cuff pressure should be kept between 
20–25 mmHg when inflated to guard against tracheal mucosal 
ischemia and injury. Pressures over 30  mmHg should be 
documented and reported to the team. High cuff pressure 
requirements to maintain a seal may indicate a less than 
adequate tracheostomy tube size and the tube should be con-
sidered for an exchange. For patients with cuffed tracheos-
tomy tubes undergoing speaking valve or capping trials, the 
importance of fully deflating the cuff before these trials can’t 
be overstated as significant morbidity and even death have 
been reported. When a cuffed tube is no longer required 
changing to a cuffless one should be considered.

Adequate humidification of the tracheostomy tube and 
the distal airway is also essential. Since air flows in and out of 
the tracheostomy tube, normal anatomic structures that pro-
vide heat and humidity are bypassed. Thick, tenacious secre-
tions may slowly accumulate that increase the risk of clogging 
the tube with inspissated respiratory secretions. Heated (32–
34  °C) and humidified (100% relative humidity) air or 
oxygen- enriched gas can be delivered using a heated humidi-
fier (Fig.  3a, b) or a disposable heat moisture exchanger 
(Fig. 4), ensuring adequate secretion management and patient 
comfort.

The tracheostomy tube is designed to be suctioned as 
needed although scheduled suctioning is usually unnecessary. 
Suction catheters should be advanced to the tip of the 
 tracheostomy tube before applying suction. Deeper suction-
ing practices are associated with mucosal injury of the tra-
chea and distal bronchi. Some reports showed that repeated 
suctioning was found to decrease the rate of tube clogging in 
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the general ward. Despite this, there is a body of evidence 
showing repeated suctioning or deep suctioning may lead to 
tracheitis. Additionally, the routine use of saline bullets to aid 
in thinning respiratory secretions may lead to hypoxia and 
could dislodge secretions and microbes from the tracheos-
tomy tube and displace them into the lower respiratory tract.

Protocolized tracheostomy care and specialized healthcare 
teams to manage inpatient tracheostomy patients are impera-
tive. Studies evaluating the implementation of protocolized 
care sets have shown a decrease in median time to evaluation 
by occupational, physical, and speech therapy, and a decrease 
in tracheostomy days and length of stay. Minimizing the time 
to decannulation also resulted in shorter hospital stays. 

a b

Figure 3 (a) Heated passive humidifier. (b) Heated passive 
humidifier

Figure 4 Disposable Heat-Moisture Exchanger (HME)
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Multidisciplinary teams led to fewer tracheostomy-related 
complications and higher use of speaking valves. One could 
postulate that combining those two strategies is essential for 
improving patient outcomes.

The team must beware that accidental tube dislodgement 
can occur at any point of the care continuum. Management 
depends on the timing of the event and the maturity state of 
the stomal tract. If the tract is mature, replacing the tracheos-
tomy tube can usually be done promptly. The presence of a 
second provider or a member of the healthcare team, if avail-
able, is favored. In the case of a less mature tract, replacement 
of the dislodged tracheostomy may still be attempted. 
However, if this step proves difficult or there are questions 
regarding proper tube placement and the resting position of 
the distal tip of the tube, it is usually safer to proceed with 
trans laryngeal intubation to secure the airway. A thorough, 
investigative evaluation of the stoma could then be per-
formed. Colorimetric capnometry and end-tidal CO2 capnog-
raphy are helpful adjuncts to ensure adequate placement.

4  Tracheostomy Weaning to Decannulation

4.1  Downsizing

If the patient is successfully weaned from the mechanical 
ventilator and no longer requires ventilatory support, the 
determination to continue care with a life-long tracheostomy 
tube becomes the providers’ decision. This ultimately depends 
on the patient’s condition, underlying clinical diagnosis, and 
whether the clinical indication for placing the tracheostomy 
tube still exists.

If it is determined that the tracheostomy tube is not going 
to be needed for the ongoing treatment of the patient, and 
the patient has successfully been liberated from the ventila-
tor, consideration to ‘downsize’ the tracheostomy tube is a 
strategy that is routinely employed. Downsizing is commonly 
the first step in the process of weaning from the tracheostomy 
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tube and is performed before decannulation. For downsizing, 
it is customary to decrease the size of the airway, one step at 
a time, e.g. if the patient has a size 8.0 tracheostomy tube, 
downsizing to a 6.0 would be considered standard. Whether it 
is necessary to downsize further before decannulation is 
another decision made by the provider. If it is determined 
that further downsizing is appropriate, the final step would 
customarily be to change to a 4.0 tracheostomy tube. The 4.0 
is generally considered to be the smallest adult-sized airway 
(in the author’s experience, the decision to downsize to a #4.0 
tracheostomy tube is mostly unnecessary, and decannulation 
can be considered when a patient is tolerating a size 6.0 tra-
cheostomy tube). After successful downsizing, speaking valve 
and/or capping trials are often helpful in determining whether 
decannulation is likely to be successful.

4.2  Passy-Muir Valve or Speaking Valve

David Muir is the inventor of the Passy-Muir speaking valve 
(Fig. 5). As a muscular dystrophy patient with quadriplegia, 
David suffered a respiratory arrest and endured a prolonged 
course before he eventually underwent a tracheostomy place-
ment procedure. His frustration with the inability to commu-
nicate after the tracheostomy prompted him to invent the 
one-way ‘speaking’ valve. The Passy-Muir (P-M) valve is a 
device attached to the 15-mm connector on the protruding 
end of the tracheostomy tube. During inspiration, the valve 
opens and air (or oxygen-enriched gas if needed) enters 
through the tracheostomy tube into the tracheobronchial 
tree. During exhalation, however, the valve closes, and the 
exhaled air exits through the larynx, oropharynx, and naso-
pharynx. The movement of exhaled air is what allows phona-
tion to take place. Added benefits of the P-M valve include 
the potential to increase end-expiratory pressure and improve 
swallowing and the sense of smell. But more importantly, it 
aids with weaning while allowing for phonation and may has-
ten decannulation.
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The use of a P-M valve is recommended and encouraged 
after being liberated from mechanical ventilation. Speaking 
valve trials are customarily performed under supervision, 
especially with the initial placement. This can be done by the 
speech and language pathologist and/or by a respiratory 
therapist. Certain criteria should be met before this process is 
left to nursing staff to supervise. When first attempted, the 
patient must be awake. Patient position is not necessarily 
important-whether laying down or sitting up-however, in the 
author’s opinion, the head of the bed should be elevated at 
least 30° for the initial trials. Communicating with the patient 
on what to expect once the P-M valve is applied helps allevi-
ate the anxiety that often accompanies its’ placement since 
the initial sensation is often overwhelming. Once the valve is 
applied, the patient’s condition is monitored for signs of 
respiratory distress. It is our practice to ensure that the 
patient is awake and following commands and can personally 
remove the speaking valve or call for assistance if respiratory 
distress develops before placement trials are transitioned to 
nursing staff supervision only.

a b

Figure 5 (a) Passy Muir valve. (b) Warning on the PMV box to 
ensure the balloon cuff is fully deflated
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The duration of the initial speaking valve trials depends on 
multiple factors, usually related to the patient, e.g., lack of 
active respiratory infections and/or the presence of manage-
able secretions, length of mechanical respiratory support, and 
the ability to move the upper extremities without limitations 
(patient overall strength).

As part of the weaning process to eventual decannulation, 
tolerating the P-M valve trials is essential.

4.3  Capping Trials

An alternative to a P-M valve, capping the tracheostomy also 
simulates decannulation. The device used is called a tracheos-
tomy cap or a tracheostomy plug and is usually packaged 
along with the cuffless tracheostomy tube (Fig. 6). However, 
unlike a P-M valve, capping the tube directs air movement in 
and out of the respiratory tract during both inhalation and 
expiration exclusively through the normal anatomical path-
way. As such, the patient is less dependent on the tracheos-
tomy, but with a higher imposed work of breathing due to the 
increase in resistance encountered by the presence of the 
tracheostomy tube within the lumen of the airway.

Figure 6 Tracheostomy cap/plug
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Ideally, if the patient is tolerating the smallest desired tra-
cheostomy tube, capping trials would be initiated after suc-
cessful use of a P-M valve. However, at institutions without 
access to a P-M valve, capping trials can begin in the place of 
the valve. The duration of capping trials depends on patient 
tolerance. As with the P-M valve, successful capping trials 
depend on patient strength, manageable secretions, and the 
absence of uncontrolled respiratory infections. If the patient 
is tolerant of the initial trial, a full day of capping could be 
attempted.

Once the patient tolerates a 48-hour continuous capping 
trial, the patient is considered eligible for decannulation in 
the author’s practice and experience.

4.4  Decannulation

Decannulation, the process of removing the tracheostomy 
tube, is a rather simple procedure and may be performed in 
the inpatient or outpatient setting.

At the time of decannulation, the patient is placed in the 
semi-recumbent position, with the head of the bed elevated 
to at least 30°. The neck is kept slightly hyperextended. 
Occasionally, a sitting position with neck hyperextension is 
preferred. The tracheostomy tube is then removed com-
pletely (for cuffed tubes, ensure the cuff is fully deflated 
before removal). The stoma site is covered with gauze and a 
pressure dressing. The patient should be instructed to finger- 
occlude the stoma site whenever she or he phonates. This 
minimizes air movement through the stoma. The stoma will 
normally close within 5–7 days of decannulation. If it fails to 
close within 10–14 days, surgical approximation and closure 
may be necessary.

Long-term Care
There are patients, who will require a tracheostomy tube 
indefinitely. Those patients and their caregivers often experi-
ence a great deal of anxiety regarding the presence of a tra-
cheostomy tube and its care. Adequate education before 
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discharge from the hospital is crucial to alleviate any associ-
ated distress. To ascertain adequate learning of the required 
steps in tracheostomy care, patients or their caregivers should 
be taught about the device and then be able to demonstrate 
proper care, cleaning, and changing of the tracheostomy tube. 
Repeated evaluation and demonstration of their technique at 
set intervals ensures adequate retention and solidifies their 
competence. Formal education for family and caregivers has 
led to a decrease in the anxiety associated with tracheostomy 
care as well as the rate of hospital readmissions.

Tracheostomy tubes should be changed as per manufac-
turer recommendations and not be kept in place longer than 
suggested. Scanning electron microscopy images of some sili-
cone, PVC, and polyurethane tracheostomy tubes demon-
strate evidence of surface changes and degradation of the 
polymeric chains in as early as 30 days. The risk of infection 
also increases at 3 months.

Guidelines
Helpful consensus statements and guidelines are published 
from two, well-recognized professional organizations: The 
American Academy of Otolaryngology  – Head and Neck 
Surgery and The American Association for Respiratory Care.

We encourage providers taking care of tracheostomy 
patients to review those regularly.

• Clinical Consensus Statement: Tracheostomy Care.
• AARC Clinical Practice Guidelines: Management of 

Adult Patients with Tracheostomy in the Acute Care 
Setting.
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1  Introduction

The approach to hemodynamic assessment in the critical care 
setting has undergone numerous revisions. One of the rea-
sons for this is because of the dynamic nature of hemodynam-
ics within the critically ill demographic, where a wide range of 
diseases are encountered. Optimal assessment of hemody-
namics is limited by invasiveness of the method and per-
ceived accuracy.

Often, when one considers hemodynamic evaluation, 
intravascular volume status assessment is quite important to 
consider. Resuscitating a patient with appropriate fluid bal-
ance is often challenging. The goal of resuscitation is to opti-
mize preload and thereby increase stroke volume and cardiac 
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output (CO). There is abundant literature mentioning that 
patients are under-resuscitated or fail to achieve the intended 
effect of increasing CO with a fluid bolus during the critical 
phase of hemodynamic instability. Also, it is essential to avoid 
over-resuscitation as hypervolemia is harmful in itself and 
causes fluid extravasation, endothelial injury and tissue 
edema. Alternative to fluids is the use of vasopressors, col-
loids or blood transfusion products. One should have a clear 
idea in order to justify the use of one over the other so that 
fluid resuscitation measures are undertaken promptly and for 
appropriate duration.

This chapter focuses on different clinical and instrument 
based parameter approaches which could guide the treating 
clinician to perform appropriate hemodynamic assessments.

The initial part of the chapter will focus on description of 
the principles of volume responsiveness along with the tech-
niques and instruments used. In the later part of the chapter, 
we will discuss the use of ultrasonographic based techniques 
for fluid responsiveness.

2  Basic Principles of Fluid Resuscitation

In the simplest sense, one can classify cardiovascular function 
based on arterial and venous synchrony and pairing with the 
cardiac pump, also referred to as vascular-cardiac pump cou-
pling, dysfunction of the ventricle, and the systemic vessels 
[65]. The arterial system is a high resistance circuit or series of 
circuits, through which a given stroke volume is ejected from 
the left ventricle. Stroke Volume = EDV − ESV, where EDV 
is end-diastolic volume and ESV is end-systolic volume. As 
this stroke volume is ejected during systole, potential energy 
is stored within the aorta and major arteries due to their elas-
tic nature. The capacitance of the aorta and major arteries is 
low and inversely related to the pressure contained within. 
Because the ventricular pressure drops below that of the sys-
temic arterial pressure, the aortic valve closes. This is denoted 
by the dicrotic notch seen on the arterial waveform. During 
diastole, the blood within the arterial system is driven by the 
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potential energy stored by the vessels’ elasticity and over-
comes the pressure in the resistance vessels. The elastic recoil 
of the aorta and major arteries allows for propagation of flow 
and perfusion of the capillaries. There is release of pressure 
from the stored energy within the arterial bed throughout 
systole as well. Blood pressure then decreases till the process 
is repeated, whereby the left ventricle is filled. Its filling is 
dependent on the volume-pressure curve of the ventricle and 
the volume of blood received by the atria through their con-
traction. This interaction between the stroke volume, elastic 
recoil of the vessels mentioned, and the resistance of the 
small arterioles is labeled the Windkessel effect [66].

This explains the relationship between cardiac output and 
systemic vascular resistance: Mean Arterial Pressure (MAP) 
= Cardiac Output (CO) x Systemic Vascular Resistance 
(SVR). The difference between the systolic and diastolic pres-
sures is the pulse pressure and is related to the stroke volume 
by a constant that reflects the capacitance of the aorta, major 
arteries, and also the arterial bed. Assuming a constant capac-
itance, variation in pulse pressure means that stroke volume 
is changing.

2.1  Frank-Starling Curve

The relationship between length and tension in cardiac muscle 
is represented by the Frank-Starling Curve which is the rela-
tionship between left-ventricular end diastolic pressure and 
stroke volume for myofibrils. At lower pressures, there is a 
more dramatic rise in stroke volume for a small change in 
pressure. The length of this curve is meant to describe cardiac 
performance and proposes that there is an optimal length 
between sarcomeres, where tension is maximum. This will lead 
to the greatest force of contraction. At lengths below or 
greater than this, contractility will be compromised. Therefore 
preload can be increased up to a certain point, beyond which, 
stroke volume, is not increased. With increase in contractility, 
the curve is shifted upwards, whereby there is less of an 
increase in left ventricular end diastolic pressure necessary for 
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the same increase in stroke volume. Heart failure would be 
the inverse of this graphically. Increases in contractility are 
due to positive inotropes. Decreases in contractility are due to 
loss of cardiac function (e.g. from myocardial infarction or 
dilated cardiomyopathy). Increases and decreases in afterload 
cause downward and upward shifts of the curve, respectively.

Some factors that affect the usefulness of the Frank- 
Starling Curve are impaired cardiac contractility, increased 
left ventricular afterload, and a reduction in left ventricular 
end-diastolic volume due to ventricular hypertrophy.

2.2  Diastolic Volume-Pressure Curve (Fig. 1)

In this figure, the red curve represents normal diastolic func-
tion and the yellow curve represents a patient with an acute 
myocardial infarction. The pressure difference between the 
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juxtacardiac pressure and the intraventricular pressure is the 
transmural pressure. Here we illustrate this on the y-axis. In a 
patient with normal myocardial compliance, at a minimum of 
50 mL of left ventricular volume is when the transmural pres-
sure rises above zero. This is referred to as the unstressed 
volume. The addition of volume beyond this point is the 
stressed volume. In a healthy patient, adding more volume to 
the left ventricle allows for a rise in left ventricular transmu-
ral pressure from point A to B. There is a sharp rise in left 
ventricular transmural pressure after this point without an 
increase in volume. This is because the pericardium becomes 
increasingly stiff with the rise in left ventricular end-diastolic 
volume. There is a certain amount of volume that the left 
ventricle must contain before the pericardium significantly 
stiffens. That volume is generally over 100 mL in a healthy 
patient. In a patient with a myocardial infarction, the curve 
can be seen to shift upward and leftward. This means that a 
higher pressure is required for the same change in left ven-
tricular end-diastolic volume. With more volume in the 
 pericardium, venous return (VR) is impaired due to a rise in 
right atrial pressure (RAP). This results in a drop in left ven-
tricular end-diastolic volume and hence, CO. By equivalent 
mechanisms, intra-abdominal hypertension, tension pneumo-
thorax, high positive end-expiratory pressure via mechanical 
ventilation and large pleural effusions affect the CO. If these 
pressures are high enough, this results in a lower transmural 
pressure. Left ventricular preload will decrease, as will left 
ventricular afterload, however, the net effect is a decrease in 
stroke volume. Other causes of decreased left ventricular 
end-diastolic volume include impaired myocardial compli-
ance due to either infiltrative diseases, ischemic heart disease, 
or hypertrophic cardiomyopathy. Ventricular filling defects, 
arrhythmias, valvulopathies, and ventricular interdependence 
from a variety of causes are implicated.
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2.3  Contractility (Fig. 1)

Isovolumetric contraction starts at point B, after which the 
sudden rise in transmural pressure is seen without a concomi-
tant change in volume. The pressure within the left ventricle 
overcomes the aortic valve and systole occurs. As can be seen, 
at about 100 mmHg and a volume of 120 mL, there is isovolu-
metric contraction in the normal heart, until the pressure 
rises to 80 mmHg (point B to point C). Then the aortic valve 
opens. The pressure then falls from 120 to 90 mmHg, at which 
point only 50 mL of blood is inside the left ventricle (point C 
in point D). In patients with acute myocardial infarction, 
there is a depressed cardiac function curve.

As in a patient with a myocardial infarction, due to the 
compromised ejection, end-systolic volume remains at 90 mL 
with a lower pressure of 75  mmHg (point H). This upward 
and leftward shift is due to impaired diastolic function. To 
allow for VR, the left ventricular end-diastolic volume 
increases to 130 mL. The increase is 20 mmHg. Even with a 
rise in heart rate, at 110 beats per minute, the stroke volume 
and the CO as a result are diminished. The increase in sys-
temic vascular resistance could not compensate for the 
decrease in stroke volume.

Isovolumetric contraction occurs when there is already a 
left ventricular end-diastolic pressure of approximately 
30 mmHg (point F to point G) in patients with acute myocar-
dial infarction. This is because of impaired left ventricular 
relaxation, which results in reduced ejection fractions. Note 
that the reduction in left ventricular volume with systole from 
point C to point D in the healthy patient versus point G to H 
in the patient with impaired contractility is significantly more. 
Hence, we have a reduced stroke volume in the patient with 
an acute myocardial infarction since there is a smaller differ-
ence between end-diastolic and end-systolic volume. 
Isovolumetric relaxation still leaves the empty ventricle at a 
higher end-diastolic pressure (point E) than in the healthy 
patient.
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In thinking about CO and VR, and CO, one must consider 
the systemic vessels’ capacitance and resistance. Capacitance 
is the ability to accommodate volume and is the analog of 
compliance. It is the difference in volume per amount of pres-
sure. Resistance can simply be expressed as the pressure 
gradient per amount of CO.

2.4  Mean Systemic Filling Pressure (Pms)

When there is no active flow in the circulatory system (a very 
brief moment in time), this represents the mean systemic fill-
ing pressure. It is typically at least 10 mmHg. and less than the 
systemic arterial pressure. Blood moves from the low-volume 
and high-pressure arterial system into the venous system. The 
right ventricle pumps blood forward allowing for a drop in 
right atrial pressure relative to the mean systemic pressure. 
This creates a suction effect allowing for the blood from the 
venous system to enter the right atrium. With each stroke 
volume ejection, the arterial pressure rises and the venous 
pressure drops both relative to the mean systemic pressure. 
As per our description above, resistance through a vessel is a 
function of the pressure gradient divided by flow. Therefore 
being that the arterial system is a high-pressure system, it has 
high resistance. The differences in the pressure gradients 
between these three circulatory systems allow for blood to be 
driven forward. The mechanisms as described include pres-
sure gradients and intra-chamber suction. Mean systemic 
pressure varies minimally from the time there is no flow to 
when there is steady flow. This assumes that the compliance 
of the circulatory system is constant. When the capacitance of 
the arterial and venous vessels change, the driving pressure is 
altered.

In order to maintain appropriate forward flow, the mean 
systemic pressure must be greater than the right atrial pres-
sure. To augment this, intravascular volume can be increased 
or capacitance of the venous system decreased. Decreasing 
the capacitance of the venous system will achieve the same 
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effect as decreasing the unstressed volume. The unstressed 
volume is the amount of blood needed to fill the vascular bed 
so that any additional volume will start to affect the stretch 
on the walls of the vessels. One way to reduce this threshold 
volume is to use vasoconstricting agents, increase contractil-
ity, or reduce afterload. A passive leg raise also shifts blood 
volume into the stressed volume by transferring volume from 
the central abdominal vasculature. With less volume required 
for the unstressed volume, a greater force is exerted on the 
vessel walls leading to an increase in mean systemic pressure 
greater to the point that is greater than the venous system 
pressure. Right atrial pressure decreases and venous return 
increases.

2.5  Venous Return

The right atrial pressure on the x-axis decreases from 12 to 
0  mmHg as it travels from A to B leading to an increase in 
venous return (Fig. 18). No area to the left of point B on the 
venous return curve will lead to an increase in venous return. 
Therefore a right atrial pressure of zero is what will allow for 
the maximum acceptance difference in mean systemic pressure 
and right atrial pressure. Any lower and the flow is impaired 
because of the pressures in the superior vena cava and inferior 
vena cava decreases below their surrounding pressure. This 
represents the driving pressure for venous return.

The slope of the relationship between venous return and 
mean systemic pressure represents the resistance to venous 
return.

 
RVR P RAPms= −( )  

RVR: Resistance to venous return, Pms: Mean systemic pres-
sure, and RAP: Right atrial pressure

Left ventricular function regulates right atrial pressure if 
no right heart dysfunction is present. Figure 2 illustrates that 
cardiac output decreases and venous return increases with 
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decreases in right atrial pressure. Venous return and cardiac 
output intersect at a given right atrial pressure. VR can be 
augmented to improve CO by increasing Pms. An upward 
translation of the curve is shown in Fig. 3. VR and CO curves 
intersect at a greater CO.

With contractility increased or afterload reduced, the CO 
curve (red) shifts left. Along either CO curve, the point of 
intersection between the CO and both VR curves demon-
strates that with a higher VR, the CO increases as RAP 
increases. In hypovolemic patients, improvement in contrac-
tility will barely improve cardiac output as noted between the 
difference in points C and B.

Figure 4 shows that in compromised cardiac function, VR 
decreases from A to B as the RAP increases. When vasocon-
striction takes place, unstressed volume decreases and venous 
return increases. Therefore, for a higher RAP, there is less of 
an increase in CO along with signs such as pulmonary and 
peripheral edema.

CARDIAC
OUTPUT

VENOUS
RETURN

B

C

A

12
0

Right Atrial Pressure (mmHg)

Figure 2 Normal relationship between venous return and cardiac 
output. (Modified from: Wijdicks et al. [68])
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RVR is the resistance to venous return and it is less in 
states of vasodilatation such as distributive shock, however 
CO would increase in this state. The opposite is true for vaso-
constriction in which the RVR would increase and CO 
decreases.

Additionally, juxta-cardiac pressures increase the RAP 
and diminish VR. Examples are positive pressure ventilation 
and pneumothorax. Pms will have to increase to account for 
the increase in resistance to venous return. High levels of 
PEEP do not cause as much of a drop in CO in euvolemic or 
hypervolemic patients because the baroreceptor reflexive-
ness is more active than in hypovolemic patients. This 
explains why intubation in the hypovolemic patient can be 
extremely detrimental to CO.

It should be noted that fluid responsiveness and the effec-
tive arterial volume are not equivalent. Two patients with two 
different left ventricular functions can both have the same 
preload but respond differently to the same fluid bolus.

VENOUS
RETURN

CARDIAC
OUTPUT

B D

C

A

0 12

Right Atrial Pressure (mmHg)

Figure 3 Effect of upward shift of venous return curve and 
improvement in cardiac output in relation to right atrial pressure. 
(Modified from: Wijdicks et al. [68])
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3  Hemodynamic Profiles of Shock

Distinguishing between the different types of shock at the 
basic level involves characterizing its features, specifically the 
Pulmonary Capillary Wedge Pressure (PCWP), Pulmonary 
Artery Pressure, Cardiac Output (CO) and subsequently 
Cardiac Index (CI, a body surface area adjusted form of car-
diac output), Systemic Vascular Resistance (SVR), and Right 
Atrial Systolic and Diastolic pressures.

As illustrated in Fig.  5, Septic Shock, which is a form of 
distributive shock is marked by a preserved CI, at least early 
on before the possibility of sepsis induced cardiomyopathy. It 
features a low SVR and PCWP reflecting the low vasomotor 
tone and the body’s attempt to compensate by increasing 
CI.  With regards to the PCWP in Septic Shock, this is low, 
however it is due to capillary leak. Though some fluids may 
need to be administered to achieve an appropriate unstressed 
volume, too much fluid can drive the effective arterial volume 

A

CARDIAC
OUTPUT

C

B

120

Right Atrial Pressure (mmHg)

VENOUS
RETURN

Figure 4 Effect of upward shift of venous return curve and dimin-
ished cardiac output in relation to right atrial pressure. (Modified 
from: Wijdicks et al. [68])
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into the interstitial space [64]. Distributive Shock also entails 
shock from fulminant hepatic failure, drug overdose, anaphy-
laxis, and neurogenic etiologies.

Cardiogenic Shock is divided into left ventricular (LV) and 
right ventricular (RV) failure. It includes patients with 
arrhythmias and valvulopathies causing compromised 
CI. Though acute mitral regurgitation has its own hemody-
namic profile, it is essentially the same as Cardiogenic Shock 
due to LV failure. Both have elevated Pulmonary Artery 
Diastolic Pressures and PCWP due to the associated increase 
in afterload and increased pressure gradient that the 
Pulmonary Artery Systolic Pressure has to overcome.

Of note, these are rough guidelines for distinguishing 
shock types because the early and late hemodynamic profiles 
of shock can change and there can be mixed shock types as 
well.

Additionally, through the combination of lactate, central 
venous oxygen saturation, and assessment of venoarterial dif-

- PCWP CI SVR RAP PASP

Normal 

Parameters

<6–12 mmHg
2.5-4.0

800–1600 

<6 mmHg <25 mmHg

Hypovolemic 

Shock
↓ ↓ ↑ ↓ ↓

Distributive 

Shock
↓ ↑ ↓ ↓ ↓

Cardiogenic 

Shock
↓←→ ↓ ↑←→ ↑←→ ↑←→

Tamponade ↑←→ ↓ ↑←→ ↑ ↑←→

(dynes × s)/
(cm5)

Figure 5 Hemodynamic profiles of shock. PCWP pulmonary capil-
lary wedge pressure, CI cardiac index, SVR systemic vascular resis-
tance, RAP right atrial pressure, PASP pulmonary artery systolic 
pressure. (Modified from: https://thoracickey.com/cardiogenic- 
shock- and- pulmonary- edema/)
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ference in PCO2, shock can be classified into macro- 
circulatory versus micro-circulatory dysfunction (Fig. 6).

Figure 7 categorizes hemodynamic monitoring tools by 
invasive and non-invasive means and further details the tools 
necessary to utilize each.

Figure 6 Shock states characterization. ScvO2 (central venous oxy-
gen saturation), and PvcAO2 (venous to arterial carbon dioxide 
pressure difference)

Figure 7 Flowchart categorizing hemodynamic monitoring tools
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3.1  Methods of Assessment

Static methods:  1. Central Venous Pressure (CVP), 2. 
Pulmonary Artery Occlusion Pressure (PAOP), 3. Inferior 
Vena Cava(IVC) diameter collapsibility and distensibility, 4. 
End-Diastolic Volume (EDV), and correct flow time. They do 
not predict fluid responsiveness well.

Dynamic methods: 1. Pulse Pressure Variation (PPV), 2. 
Stroke Volume Variation (SVV), 3. Plethysmographic 
Variability Index(PVI). Dynamic methods take respirophasic 
changes in intrathoracic pressure into account, while static 
methods do not.

Central venous pressure has not been considered depend-
able as it is a static hemodynamic measure and has not cor-
related well with echocardiographic measures. It has 
traditionally been measured at the end of expiration to limit 
the influence of intrathoracic pressure as best as possible. A 
2016 systematic review of 51 studies evaluating 982 critically 
ill patients showed that prediction of fluid responsiveness was 
low across all patient subgroups with no positive or negative 
predictive value over 66% for any central venous pressure 
from 0 to 20 mmHg [7].

Pulse Pressure Variation (PPV) has been frequently refer-
enced. PPV with a threshold of 15% increase in determining 
cardiac output was found to be inferior to pulmonary artery 
occlusion pressure in a 2006 study involving 21 critically ill 
patients spontaneously breathing while receiving mechanical 
ventilation or face mask before and after fluid challenge [6]. 
Both pulse pressure variation and stroke volume variation 
are less reliable in conditions of spontaneous breathing, 
arrhythmias, low lung compliance, open chest, increased 
intra-abdominal pressure, tachypnea, and heart failure [13].

Thermodilution by use of Swan-Ganz catheters had been 
considered an accurate measure of cardiac output, however it 
is invasive and not indicated in most patients, especially in the 
neurocritical care unit. 20  mL of cold saline is injected 
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through the central venous catheter and a thermodilution 
curve is plotted from the temperatures recorded at the therm-
istor tip based on the change in temperature from start to the 
thermistor tip. Additionally Swan-Ganz catheter placement 
has a number of risks and is not recommended for use in 
patients with suspected septic shock. It is also contraindicated 
in patients with coagulopathies, right sided endocarditis, 
mechanical tricuspid or pulmonic valves. Swan-Ganz cathe-
ters and the multitude of assessments that can be made with 
them have not been demonstrated to reduce mortality or 
hospital stay [8].

Thermodilution by cardiac output also requires insertion 
of a Swan-Ganz catheter and thus is invasive and not indi-
cated in most neurocritical care patients. Via injection of a 
bolus of fluid into the right atrium, the rate of temperature 
change is plotted as described above.

Pulmonary artery occlusion pressure is an indirect mea-
surement of left ventricular end-diastolic pressure (LVEDP). 
Limitations include need for precise placement of catheter 
tip, overestimation of LVEDP in patients with mitral stenosis, 
and overestimation of LVEDP in those with aortic regurgita-
tion [1].

Additionally, transpulmonary devices can estimate cardiac 
output by analysis of arterial waveforms. These include lith-
ium dilution and ultrasound dilution devices [10]. The lithium 
dilution device measures injected lithium chloride with an 
electrode and was found to have cardiac output measure-
ments that were within 15.6% of pulmonary artery catheters 
[11]. Transpulmonary systems are not reliable in estimating 
volume responsiveness in several subsets of patients: those 
with significant arrhythmias, aortic regurgitation, intra-aortic 
balloon pumps, or spontaneously breathing patients or venti-
lated patients on less than 8 cc/kg of ideal body weight.

One system that utilizes transpulmonary thermodilution 
and pulse contour analysis together is pulse contour cardiac 
output monitors (PiCCO). Fluid management in 350 patients 
with septic shock and acute respiratory distress syndrome 
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were randomized to PiCCO and central venous pressure 
monitoring. Target mean arterial pressure was >60  mmHg. 
This study found no significant difference in mortality, 
ventilator- free days, or days free of continuous renal replace-
ment therapy [12].

Flotrac is a device that utilizes arterial pressure waveform 
analysis, which it uses to calculate a cardiac output, stroke 
volume, stroke volume variation, and systemic vascular resis-
tance. A Flotrac sensor attached to an arterial line monitors 
changes in vascular tone every 20 s. A database of previously 
collected patient values are used for comparison. The arterial 
pressure waveform is continuously analyzed to calculate the 
mentioned values. It’s algorithm is based on Cardiac out-
put = heart rate x stroke volume. The pulse rate is substituted 
for heart rate. The upslope of the waveform is used to detect 
pulse. Stroke Volume is calculated as the standard deviation of 
arterial blood pressure multiplied by a varying coefficient that 
accounts for changes in vascular resistance and compliance of 
the vessels between a variety of patient data [3]. There are 
several requirements, which include patients who are mechan-
ically ventilated at 8  cc/kg (ideal body weight), not taking 
breaths spontaneously, and who are in sinus rhythm [2]. Most 
of the literature supporting the use of Flotrac as a hemody-
namic monitoring tool is in the surgical population.

There has been demonstrable acceptable agreement in 
comparing Flotrac to Pulmonary Artery Catheters in cardiac 
surgery patients [43, 44]. The percentage error was 20%. 
When evaluating patients with hyperdynamic cardiac status, 
there was less agreement than when evaluating normal or 
hypodynamic cardiac status [45]. Flotrac has been shown to 
be inaccurate when used in patients with low systemic vascu-
lar resistance, namely distributive shock [46]. Even after fur-
ther update of software, to the latest rendition of Flotrac, 
measurement of cardiac output was still not of acceptable 
agreement between Flotrac and transesophageal echocar-
diography during abdominal aortic aneurysm surgery [47].
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ClearSight is a continuous non-invasive cardiac output 
monitoring system. Using a novel pulse contour method and 
continuous blood pressure monitoring, ClearSight measures 
cardiac output. With a finger cuff that wraps around the 
middle phalanx of multiple fingers inflating and deflating, the 
diameters of the arteries in the fingers are detected via 
LED.  There is a brachial pressure reconstruction that is 
imputed from the finger pressure waveform. Based on the 
interactions between systolic and diastolic pressures and arte-
rial impedance, the total arterial compliance is calculated 
[48]. The ease of use and lack of invasiveness make this a 
versatile modality. However because of the volume clamping 
of the fingers, the applied fingers must be changed every 8 h. 
Limitations include edematous fingers, aortic regurgitation, 
proximal aortic aneurysms, and severe vasoconstriction. 
There has been good agreement with pulmonary artery cath-
eters in patients with heart failure [49]. There was good con-
cordance when compared to PiCCO as well [50]. There was 
however, up to 50% error in the critically ill [51]. Comparison 
with transesophageal doppler was also poor [52].

And yet with all these options, many of us still rely on a 
fluid challenge, which can be appropriate, depending on the 
clinical context. However it is likely overutilized and studies 
have shown the effects of a fluid bolus on blood pressure 
measurements are typically transient, lasting approximately 
15 min, even in patients deemed to be “fluid responsive”. As 
examined in a meta-analysis, perceived fluid responsiveness 
in of itself is influenced by the rate of infusion, whereby faster 
infusions lead to a positive response, defined by an increase 
in cardiac index by at least 15% [9].

The technical application of many of these hemodynamic 
monitoring tools is discussed in Table  1. In total, there are 
limitations to every method of hemodynamic assessment 
(Table 2), each with varying degrees of validity.
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Table 2 Summary of methods predicting preload responsiveness 
with diagnostic threshold and limitations
Method Threshold Main limitations
Central venous 
pressure

8–12 mmHg Static parameter that has no 
direct correlation with blood 
volume. Should especially 
use in patients with heart 
transplants, right ventricular 
dysfunction, in particular

Pulse pressure/
stroke volume 
variations [15]

12% Cannot be used in case of 
spontaneous breathing, cardiac 
arrhythmias, low tidal volume/
lung compliance

Inferior vena 
cava diameter 
variations [36]

12% Cannot be used in case of 
spontaneous breathing, low 
tidal volume/lung compliance

Superior vena 
caval diameter 
variations [36]

36% Requires performing 
transesophageal Doppler
Cannot be used in case of 
spontaneous breathing, low 
tidal volume/lung compliance

Passive leg 
raising [46]

10% Requires a direct measurement 
of cardiac output

End-expiratory 
occlusion test 
[64]

5% Cannot be used in non-
intubated patients
Cannot be used in patients 
who interrupt a 15-s respiratory 
hold

“Mini”-fluid 
challenge 
(100 mL) [64]

6% Requires a precise technique 
for measuring cardiac output

“Conventional” 
fluid challenge 
(500 mL) [64]

15% Requires a direct measurement 
of cardiac output
Induces fluid overload if 
repeated

From: Monnet et al. [4]
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4  Role of Ultrasound in Hemodynamic 
Assessment

Increasingly ultrasound has become a popular option both 
because of its ability to be easily employed as a point of care 
tool and in being able to take the dynamics of the cardiopul-
monary system into account.

Within the arsenal of echocardiography, inferior vena cava 
diameter, collapsibility index (IVCCI), and distensibility 
index (IVCDI) are being used more frequently. IVCCI is 
used for spontaneously breathing patients.

4.1  Method

 1. While in B-mode with the phased array probe in the longi-
tudinal subxiphoid view, the last section of the vein, 
0.5–3 cm right from the atrium, is located.

 2. Transition to M-mode, then measure the IVC at maximum 
diameter (in expiratory phase) and also at minimum diam-
eter (in inspiratory phase).

 3. The minimum diameter is subtracted from the maximum 
diameter and divided by the maximum diameter and mul-
tiplied by 100.

 4. When the patient is asked to sniff, an index >50% is sup-
posed to correspond to a CO of 3 mmHg if the IVC diam-
eter is less than or equal to 2.1 cm.

On its own, IVCCI <20% is supposed to correspond to high 
right atrial pressures while <80% is supposed to correspond to 
low atrial pressures. However these measures have been not 
proven to be useful in spontaneously breathing patients [59]. 
Nine studies have been performed involving spontaneously 
breathing patients. Three of these studies were negative, two 
had borderline results, and two involved children in the neu-
rosurgical operating room, and women with pre-eclampsia. 
One of the positive studies involved patients who were alert 
enough to follow commands and make a quantitative respira-
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tory effort and the other was criticized for late enrollment of 
patients after an average of four liters intravenous fluids 
received. Because of the lack of reproducibility in spontane-
ously breathing patients, it is not preferred [5].

The IVCDI is calculated in mechanically ventilated 
patients. It is the difference between maximum and minimum 
IVC diameters divided by the minimum diameter x 100. An 
index >18% suggests that volume expansion is unlikely to be 
effective in mechanically ventilated patients.

Many of these methods are both invasive and unnecessary 
in the vast majority of neuro-critical care patients to answer 
the question of what the effective arterial volume is in the 
patient and also if the patient is fluid responsive with respect 
to stressed volume. Furthermore, although point of care echo-
cardiography of the patient is now becoming the standard of 
care for determining the above, it is not an easily applicable 
skill and requires significant practice under supervision to 
ensure the clinician is not under or overestimating their mea-
surements, obtains appropriate views that avoid foreshorten-
ing, and that the measurements are made within the 
appropriate clinical context.

The objective of assessing preload and fluid responsive-
ness of patients in the neuro-intensive care unit is to avoid the 
morbidity and mortality associated with excess intravenous 
fluid administration [14]. Fluid overload is an independent 
predictor for all-cause mortality [16–18]. In a cohort of 
patients with end-stage renal disease receiving hemodialysis, 
bedside nuclear magnetic resonance found that the first sign 
of fluid overload was expansion of the extracellular fluid 
space of muscle [15]. Beside this very early sign, which would 
be difficult to detect in most patients, pulmonary edema is 
another relatively early sign of fluid overload. Other manifes-
tations are heart failure, impaired digestion, and impaired 
healing.

Beyond maintaining volume status with an appropriate 
range to optimize cardiac output and thereby optimize oxy-
gen delivery to the heart and other essential organs, the clini-
cian in the neuro-intensive care is concerned with cerebral 
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blood flow (CBF) in particular and cerebral blood volume 
(CBV). Intracranial pressure (ICP) is a function of intracra-
nial volume and craniospinal compliance. Assuming cerebral 
auto-regulation is not impaired, ICP is slightly greater than 
cerebral venous pressure. With an unchanged mean arterial 
pressure, as ICP increases, cerebral perfusion pressure (CPP) 
decreases as denoted by the relationship:

CPP  =  MAP  −  ICP.  Figure  8 shows the relationship 
between cerebral blood flow and cerebral perfusion pressure. 
There is a similar relationship between cerebral blood flow 
and mean arterial pressure shown in Fig. 9.

When CPP falls below 50 mmHg, autoregulation fails and 
CBF declines. Hypotension, whether it is due to hypovolemia 
or any other cause, causes vasodilation, which can raise 
ICP. Because of the increased susceptibility to ischemic sec-
ondary injury in the injured brain, maintaining euvolemia is 
of utmost importance. As per the relationship above, a com-
pensatory increase in MAP for the same elevation in ICP 
would maintain a constant CPP and it is vital to maintain 
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euvolemia for this. Expansion of plasma volume not only 
causes autoregulatory vasoconstriction, but it reduces blood 
viscosity, and improves microvascular blood flow [12].

For this reason, an approach that seeks to minimize the 
adverse effects of fluid overload is more important than 
attempting to determine fluid responsiveness and preload in 
the neurocritical care unit specifically. As mentioned above, 
pulmonary edema is an early marker of fluid overload, par-
ticularly extravascular lung water (EVLW).

Extravascular lung water is the water in the alveoli and 
interstitium and is quantified through transpulmonary ther-
modilution. It is of equal significance in cardiogenic and non- 
cardiogenic pulmonary edema. A normal reference range is 
7.3   ±   2.8  mL/kg and values >10  mL/kg are considered the 
cutoff value for pulmonary edema. Values >15 mL/kg signify 
severe pulmonary edema. This comes from autopsies in Japan 
which showed that EVLW >9.8  mL/kg were at the optimal 
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discrimination threshold for pulmonary edema and numbers 
of 14.6 mL/kg having a positive predictive value of 99% [24].

There have already been efforts made to assess EVLW in 
critically ill patients with heart failure [20]. One found a posi-
tive correlation with a r value of 0.745 between lung ultra-
sound that demonstrated pulmonary edema and EVLW [21]. 
Through comparison of the PiCCO system and pulmonary 
capillary wedge pressure, chest ultrasound had a strong 
 association with EVLW [23]. It is calculated with transpulmo-
nary thermodilution by the method described above along 
with calculation of the mean transit time of the fluid. This is a 
surrogate for intrathoracic thermal volume. Global end dia-
stolic volume (GEDV) is calculated as the difference between 
intrathoracic thermal volume and pulmonary thermal vol-
ume. EVLW is determined from its relationship with 
GEDV. When EVLW has been indexed to height, there has 
been a strong association with PaO2/FiO2 ratios (AUC: 
0.729) and even stronger association with Oxygenation Index 
(AUC: 0.778) [22]. Furthermore, the decrease in EVLW in the 
first 48 h of measurement is associated with 28-day survival in 
ARDS [25]. The advantage of lung ultrasound is that the 
parameters to be evaluated are easier to learn and apply then 
echocardiographic skills. There is a much smaller chance of 
inter-operator variability as well [41]. It still provides the 
same ease of use because it is a point of care tool. Anesthesia 
residents were taught to detect pneumothoraces online in 
5  min [42]. In addition, lung ultrasound has demonstrated 
itself a superior tool to chest x-ray in identifying patients with 
pulmonary edema earlier. There can be a delay of 12 h after 
patients have developed signs and symptoms of volume over-
load before corresponding signs are seen on chest x-ray. By 
the same token, there can be up to a 4 day delay in correlating 
the resolution of pulmonary edema and x-ray [67].

In addition, when it comes to the diagnosis of pleural effu-
sion, lung ultrasound is superior to chest x-ray in diagnosing 
and quantifying pleural effusions [33]. Per two systematic 
reviews of 8 cohort studies with 1048 patients in total, with 
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CT as a reference, lung ultrasound had a 90.9% pooled sensi-
tivity compared to 50.2% with chest x-ray in detecting pneu-
mothorax [34].

4.2  Basic Principles of Lung Ultrasound 
and Image Acquisition

The high frequency linear probe, sometimes referred to as the 
vascular probe, will give better resolution of the pleura than 
the phased-array probe, being that the depth required is less 
than for echocardiography. Though the phased-array probe 
can still be used, especially for identifying deeper structures. 
The linear probe operates at higher frequencies (8–15 MHz) 
and typically is meant for superficial distances (1–4 cm). The 
field of view is linear and is meant for evaluating blood ves-
sels, breast, thyroid, and tendons [53]. The phased array probe 
has a trapezoidal field of view. At the surface of the probe, the 
field of view is narrow, but it widens the deeper the waves 
penetrate. It optimally detects structures between 4 and 8 cm. 
It operates at lower frequencies (2–6 MHz) and thus higher 
wavelengths. It is ideally suited for cardiac echocardiography 
and abdominal exams.

4.3  Method

 1. Seat the patient upright. Elevate the head of the bed and 
use wedges. Expose the thorax completely.

 2. Cover the surface of the probe with gel so that an interface 
can form that excludes any air.

 3. Set the ultrasound to 2D Mode (also known as B-mode). 
Select the lung preset, if available.

 4. To evaluate the pleural line, a depth of 3–4 cm will typically 
be sufficient, otherwise to further evaluate deeper struc-
tures, increase the depth to 7 cm. Adjust the gain accord-
ingly. Note the direction of the dot on the top of the screen, 
which corresponds to the probe marker.
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 5. There are several protocols that denote the number of 
regions to examine. The Bedside Lung Ultrasound in 
Emergency (BLUE protocol) identifies three points for 
each lung, while there is a 12 point examination for critical 
care patients. The three point method can be used in each 
lung.

 6. Make sure to keep the probe perpendicular with the skin. 
With the probe marker pointed in the cranial direction, use 
two hands.

 7. Standing on the right side of the patient, place the hypo-
thenar eminence of your left hand against the clavicle and 
with your thumbs overlapping place your right hand next 
to it. The upper BLUE point is at the middle of the hand on 
the left. The lower BLUE point is at the middle of the hand 
on the right. The same is done on the other side, standing to 
the left of the patient. The posterolateral alveolar and pleu-
ral syndrome point (PLAPS) is directly behind the patient 
at the same level of the lower BLUE point. Some use the 
intersection of the posterior axillary line with the horizon-
tal axis of the lower BLUE point to represent this region 
(Fig. 10).

Findings of ultrasound can be divided into real images and 
artifacts.

Figure 10 BLUE (left) and PLAPS (right) points shown. (Reprinted 
from: Lichtenstein [69] (Open Access))
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5  Artifacts

The parietal pleura tends to be more easily visualized than 
the visceral pleura. They lie approximately 0.5 cm below the 
skin surface, as can be measured by the scale. The transmis-
sion of ultrasound waves to the pleura can lead to ultrasounds 
reverberating, which result in A-lines. A-lines are hyperechoic 
(bright) and layered in a horizontal orientation below the 
pleura. This is often a result of a high ratio of gas to volume 
under the parietal pleura can be present in pneumothorax, 
hyperinflation, or even normal lung [26]. Predominant A-lines 
in sequence (A-profile) suggest non-parenchymal disease in 
patients with respiratory failure suggest COPD, asthma, or 
pulmonary embolism. In the presence of lobar consolidation 
it can be associated with pneumonia or ARDS. When there is 
no lung sliding it is referred to as an A′-profile.

Lung sliding is an artifact that manifests as a horizontal 
translation of a hyperechoic line at the level of the pleura and 
represents the parietal and visceral pleura against each other. 
The lung sliding artifact is created when the visceral pleura 
slides past the parietal pleura. M-mode allows a thin cut of 
tissues along the axis of a line to be visualized moving 
through time. When applied to lung pleura, the presence of 
lung sliding is commonly referred to as the seashore sign 
(Fig.  11). Absence of lung sliding can be concerning and 
indicative of pneumothorax, though is not indicative of it on 
its own. On M-Mode, the stratosphere sign appears (Fig. 12). 
When there is no lung sliding, a lung pulse can be seen, in 
which the visceral pleura only moves with the heart beating. 
The interface between collapsed lung and pleura is the lung 
point and can be another sign of pneumothorax, specifically 
showing where it starts.

B-lines or comet tails are vertical hyperechoic lines that 
originate from pleural lines and will usually stretch to 5–7 cm 
in depth (Figs. 13 and 14). They correspond to the number of 
interlobular septa [39]. Key characteristics are that they oblit-
erate A-lines and usually move with lung sliding when in a 
group of 3 or more (B profile). If lung sliding is absent, it is a 
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Rib

Pleural line

A-lines

Rib shadow

Pleural line

Sandy pattern

Figure 11 Seashore sign on right. (Reprinted from: Saraogi [70] 
(Open Access))

Rib

Pleural line

A-lines

Rib shadow

Pleural line

Stratosphere
sign

Figure 12 Stratosphere sign. (From: Saraogi [70] (Open Access))
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Figure 13 Left: B-profile in a patient with pulmonary edema. 
Arrow represents the pleural line. Right: Different distribution of 
B-lines creating a B profile that was due to pulmonary fibrosis. 
Arrow here shows an irregular and more coarse pleural line. 
(Reprinted from: Gargani and Volpicelli [71] (Open Access))

Figure 14 B-lines appear as hyperechoic lines originating from the 
pleural line that extend at least 5  cm. Here they are denoted by 
arrows. (Reprinted from: Gargani and Volpicelli [71] (Open Access))
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B′-profile. Edema engorges interlobular septa allowing ultra-
sound penetration. An impedance gradient between gas and 
fluids traps the ultrasound. This forms the B-line, which 
comes in and out of view. When there is a single B-line it may 
be normal. When more than two are seen, they are sometimes 
called lung rockets and are due to pulmonary edema or pul-
monary fibrosis. Three or four B-lines in a single view are 
effects of thickened interlobular septa. Five or more correlate 
with a severe interstitial syndrome [27].

More recently, efforts to characterize pulmonary edema as 
cardiogenic vs noncardiogenic have been made. The greater 
the amount of EVLW, the more B-lines are seen in a group 
and the closer they are to each other. When severe, they 
appear as white lung (Fig. 15). With cardiogenic pulmonary 
edema, B-lines tend to be uniform and lung sliding is normal. 
They are more often associated with bilateral pleural effu-
sions, which can be detected with ultrasound. In non- 
cardiogenic pulmonary edema, non-uniform B-lines, more 

Figure 15 Comparison of cardiogenic and non-cardiogenic pulmo-
nary edema in lung ultrasound. (a) Non-cardiogenic pulmonary 
edema, ARDS in this case, showcasing non-homogeneous distribu-
tion. (b) Cardiogenic pulmonary edema with more evenly distrib-
uted alveolar- interstitial pattern. Bottom Left: Jagged, uneven, and 
thickened pleural line, seen in ARDS. Bottom Right: Thin and even 
pleural line in cardiogenic pulmonary edema. (Reprinted from: 
Copetti et al. [72] (Open Access))

a b
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frequent, with jagged, thickened (>2 mm) non-uniform pleura 
and uneven tissue patterns (consolidations and spared areas). 
Lung sliding may be imperceptible, though lung pulse will be 
present. Air bronchograms are sometimes seen as well. 
Isolated air bronchograms are shown in Figs. 16 and 17. Linear 
air bronchograms can also appear in ventilator associated 
pneumonia (Fig. 18). If the B-lines are 7 mm or more apart, it 
is more likely due to an interstitial syndrome, whereas dis-
tances 3  mm or less are more consistent with pulmonary 
edema. If the B-lines are irregularly spaced, pneumonia is 
more likely [32]. Unilateral B-lines are not consistent with 
pulmonary edema. It will usually be seen within 2 regions per 
each lung.

C-profiles are simply anterior lung consolidations. This 
appears as lung tissue and the image may contain an irregular 
pleural line. C-profiles are sometimes referred to as A/B- -
profiles as well.

Z-lines are confused with B-lines but are rather shorter 
vertical comet tails. They arise from the pleural line but tend 
not to span more than 4  cm at the most, do not obliterate 
A-lines. The pattern of movement B-lines possess with lung 
sliding is not present with Z-lines.

Table 3 describes some of these artifacts and more in 
detail.

Figure 15 (continued)
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Figure 16 Dynamic air bronchogram. (From: Saraogi [70] (Open 
Access))
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Figure 17 Dynamic air bronchograms indicated by arrows. 
(Reprinted from: Copetti et al. [72] (Open Access))

Figure 18 Linear air bronchogram. Arrows pointing to the high-
lighted area. (Reprinted from: Keng and Lee [73] (Open Access))
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6  Real Images

Pulmonary consolidations either go through the lobe or do 
not. Non-translobar consolidations appear as hypoechoic 
densities beneath the pleura and translobar consolidations 
can appear as a deformity within tissue.

Air bronchograms are hyperechoic as compared to con-
solidations and are within the parenchyma. The dynamic vari-
ant is hyperechoic and may shimmer with each respiratory 
cycle and indicates pneumonia or pulmonary abscess. Static 
air bronchograms more likely mean the patient has resorptive 

Table 3 Pertinent lung findings
Bat sign Hyperechoic line visualized within 0.5 cm below 

the rib and used to identify the pleura (Fig. 19)

Seashore sign These appear as straight lines above the pleura 
and coarse more dense echotexture below the line
Confirms normal movement of the pleural line 
with ventilation

Lung pulse In the setting of no lung sliding, the visceral pleura 
only moves with the heartbeat

Shred sign Also known as non-translobar consolidations
Hypoechoic regions below the pleura that are ill 
defined
Seen in:
   Diffuse parenchymal lung disease
   Ventilator associated pneumonia
   Less commonly in pulmonary subpleural infarcts

Tissue sign Homogeneous echotexture
Seen in loss of aeration due to pneumonia

Air 
bronchogram

Static
Dynamic
Linear
   Can be seen in ventilator associated pneumonia
Punctiform
   Non-specific

Modified from: Mojoli et al. [75]
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atelectasis but can less frequently be seen with pneumonia, as 
well [28].

Pleural effusions are identified by four features on imaging 
(Fig. 20):

 1. Anechoic space

 (a) Appears black and empty through each respiratory 
cycle

 (b) There can be variations where it is hypoechoic, com-
plex with pleural effusions, or contains septations

 2. Chest Wall

Figure 19 Bat sign. (Reprinted from: Gargani and Volpicelli [71] 
(Open Access))
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 (a) Defined by skin, muscle and rib above the pleura

 3. Diaphragm

 (a) Appears as a convexity above the liver or the spleen. 
There should be contraction and therefore downward 
movement during inspiration. Make sure to avoid the 
hepatorenal and splenorenal abscess, which look simi-
lar, but are often less echogenic.

 4. Lung

 (a) An area under the pleura and above the diaphragm 
with differing level of echotexture

6.1  Utility in Neuro-Science Intensive Care Unit

Our goal in the neuro-critical care unit is to identify changes 
consistent with increased EVLW and titrate fluids accord-
ingly. This approach is not wholly independent of knowing 
the patient’s systolic and diastolic functional status, potential 
valvulopathies, and new versus old regional wall motion 
abnormalities. Of course modalities such as  echocardiography 

Figure 20 Anatomic sonographic characteristics of pleural effu-
sions. (Atkinson et al. [74] (Open Access))
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are important. However, for the neuro-intensivist, ordering a 
formal echocardiogram to establish a baseline of cardiac 
function in a patient’s whose hemodynamic status and pre-
load assessment is unclear would make more sense than 
attempting to garner an incomprehensive assessment of car-
diac function in relation to respiratory function. As men-
tioned above, factoring in whether the patient is on the 
ventilator or not, how he/she is synchronizing with it, and the 
ventilator settings does complicate hemodynamic assessment 
to more than simply evaluating the IVC.

Using the tools above, a systematic approach has been cre-
ated to characterize the findings, known as the BLUE 
Protocol [29], referenced above, designed to diagnose the 
cause of respiratory failure. This was validated in several stud-
ies. In a study of 260 patients with respiratory failure assessed 
with ultrasound, pulmonary edema, identified as predomi-
nant anterior B-lines, had 87% PPV and 99% NPV when 
compared to the diagnosis by the ICU team [31]. As com-
pared to non-contrast chest CT and clinical outcome, lung 
ultrasound compared well in diagnosing pulmonary edema 
[35]. This was with an inter-observer variability of only 4.9% 
for 295 patients’ scans. A simplified lung edema scoring sys-
tem (SLESS) based off of the BLUE protocol ultrasound 
points categorized four aeration patterns in septic patients 
[38]. Scores ranged from 6 (normal aeration) to 24 (bilateral 
total lung consolidation). This study found that there was 
good correlation with the MED and SAPS3 scores for sepsis 
(r = 0.53 and 0.55, respectively). It also had a negative correla-
tion with PaO2/FiO2 ratio (r  =  −0.62). One cohort of 37 
patients with acute respiratory failure defined as respiratory 
rate ≥30 breaths/minute, PaO2 ≤60 mmHg, oxygen saturation 
by pulse oximetry ≤90%, or PCO2 ≥45 mm Hg with arterial 
pH  ≤7.35 compared chest x-ray findings with the BLUE 
Protocol, with the reference standard being the final diagno-
sis made by the critical care team. There was a 90% positive 
predictive value (PPV) and non-predictive value (NPV) of 
91% for pulmonary edema. For pneumonia, PPV was 88% 
and NPV was 90% [30]. Another study with 308 patients with 
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dyspnea comparing the BLUE protocol with the final diagno-
sis made by the critical care team found that the PPV and 
NPV for pulmonary edema were 87% and 89%, respectively 
[31]. There has also been good comparison with pulmonary 
occlusion pressures [36, 37] and measurement of EVLW in 
particular [36].

There are more advanced techniques involving evaluating 
12 regions in total, which also directly correlate with EVLW, 
but for our purposes the BLUE protocol will suffice. Within 
the BLUE protocol (Fig.  21), we are primarily concerned 
with findings of pulmonary edema. Initially, a shallow view 
should be taken to examine the pleura for lung sliding. 
M-Mode can be used to better distinguish the two. The sea-
shore sign is consistent with lung sliding, while the strato-
sphere sign is not. It is important to check the pleura starting 
at the upper BLUE point first to see the pleura. If there is not 
any lung sliding, next check for presence for A-lines. If pres-
ent, are there several layers of A-lines? This would indicate an 
A’-profile. If a lung point is detected, by scanning along the 
periphery of the lung, this can be a pneumothorax. In the 
absence of lung sliding, a B′-profile could be seen with pneu-

Lung sliding

A-profile A’ - profileB’ - profile
C-profile

B-profile A/B or

present any abolished

PULMONARY
EDEMA PNEUMONIA

PNEUMONIA

PNEUMONIA

PNEUMOTHORAX

Sequential
venous analysis

Need for other
diagnostic
modalities

Thrombosed vein Free veins

PULMONARY
EMBOLISM

Stage 3
(PLAPS-point)

plus
lung point

without
lung point

PLAPS no PLAPS

COPD or ASTHMA

This decision tree is not designed
for providing 100% of diagnoses of
acute dyspnea. it has been simplified
with the target of overall accuracy
just > 90% (90.5%)

(upper and lower BLUE-points) The
BLUE

protocol

Figure 21 BLUE protocol. (From: Lichtenstein [29] (Open Access))
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monia. If lung sliding is present and there are B-profiles bilat-
erally (3 or more B-lines as defined above), this is usually 
consistent with pneumonia. Use descriptors mentioned above 
to distinguish between this and pneumonia. A-profiles with 
lung sliding present can be pneumonia, pulmonary embolism, 
COPD, or asthma and distinguishing these is beyond the 
scope of this chapter. C profiles are typically due to pneumo-
nia. The important take-away from the BLUE protocol is 
being able to identify immediate abnormalities that suggest 
the patient has pulmonary edema.

7  Future Directions

There have been an increasing number of applications of lung 
ultrasound recently. To further elucidate the degree of pulmo-
nary edema, ultrasound rating systems have been created to 
try to quantify the amount of non-aerated lung tissue [40]. As 
is, there is a strong correlation between aeration scores and 
tissue density assessment on CT.  Further refinement of the 
aeration score will hopefully help distinguish the level of 
aeration within a single lung field. Ideally, with further valida-
tion of this method, there can be replacement of frequent 
chest x-rays in the ICU, which would both minimize radiation 
exposure and limit costs.

8  Application

In the mechanically ventilated patient, an approach involving 
the use of Flotrac can be used to assess effective arterial vol-
ume. Though it has its limitations, it has been shown to be 
useful in determining hemodynamic parameters in patients 
who are known not to be in overt cardiogenic shock. Outside 
of a formal transthoracic echocardiogram, bedside point of 
care echocardiography can easily reveal this through E-point 
septal separation, stroke volume and therefore cardiac output 
and index calculation through Left Ventricular Outflow Tract 

Hemodynamic Monitoring



488

Velocity Time Integral (outside the scope of this chapter). Its 
use is ideal in the perioperative cardiac patient and also has 
evidence of utility in neurosurgical patients. As demonstrated 
in the Algorithm illustrated in Fig. 22, if the patient meets the 
criteria, Flotrac is an  appropriate option. When connected to 
an arterial catheter, a Stroke Volume Variation (SVV) can be 
calculated as SVmax − SVmin/SVmean, where SVmax is the maxi-
mum stroke volume detected in a given amount of time and 
SVmin is the minimum stroke volume detected in the same 
time period. SVmean is the average of the two values men-
tioned. If the SVV is greater than 13%, this could indicate 
that the patient’s cardiac output is expected to improve with 
fluid administration.
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1  Introduction

Endotracheal Intubation (ETI) via direct laryngoscopy (DL) 
is an important, and often a lifesaving skill for critical care 
physicians. This chapter will discuss the indications, contrain-
dications, medications, anatomy, preparation, laryngoscope, 
technique, and confirming proper placement needed for a 
critical care practitioner to safely conduct an ETI procedure.

2  Indications and Contraindications

Common indications for ETI in the intensive care setting 
include insufficient oxygenation or ventilation, acute respira-
tory failure, airway protection in a patient with depressed 
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mental status, for short-term hyperventilation to manage 
increased intracranial pressure, or to manage copious secre-
tions or bleeding from the airway [1, 2]. When the clinical 
picture is unclear on the need to intubate, the evaluation of 
three basic questions can assist the practitioner in determin-
ing patients that are requiring intubation versus those who 
can still be observed [3]. A confirmed answer to one of these 
three questions identifies the need for intubation in the criti-
cal care setting:

 1. Is patency or protection of the airway at risk?
 2. Is oxygenation or ventilation failing?
 3. Is a need for intubation anticipated (what is the expected 

clinical course)?

Absolute contraindications include supraglottic or glottic 
pathology that inhibits the placement of an endotracheal tube 
(ETT) through the glottis or that can be exacerbated by place-
ment of the ETT or maneuvering of the laryngoscope. Such 
pathology includes blunt trauma to the larynx and penetrating 
trauma of the upper airway such as hematoma or partial tran-
section of the airway [4]. Furthermore, severe laryngeal or 
supralaryngeal edema as a consequence of bacterial infection, 
burns, or anaphylaxis may lead to the impossibility to visualize 
the laryngeal inlet during laryngoscopy [5].

Relative contraindications to ETI primarily revolve around 
the potential difficulties of conducting the procedure. These 
difficulties are often related to the skill set of the clinician, 
physiologic status of the patient, injuries of the patient, and 
unique anatomic features of the patient. Under these circum-
stances, consideration of non-invasive methods of airway sup-
port to avoid creating a life-threatening scenario of “cannot 
intubate-cannot ventilate”.

3  Medications

Placement of an endotracheal tube can cause a physiologic 
stress response (eg, hypertension, tachycardia, cough). The 
goals of induction agents are to limit these physiological 
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responses. Induction agents are used to achieve unconscious-
ness and apnea. Examples include propofol, ketamine, and 
etomidate. In many instances, a combination of these induc-
tion agents are used so that less of each individual agent is 
required. Adjunctive medications are used to supplement the 
effects of the primary anesthetic induction agent. The most 
common are opioids and midazolam [6]. Neuromuscular 
blocking agents are for Rapid Sequence Intubation to 
achieve optimal intubating conditions and to prevent further 
physiologic response reflexes (eg, coughing, gagging, strain-
ing, and vomiting) that can be seen with airway manipulation. 
Medications that are often used as neuromuscular blocking 
agents are succinylcholine and defasciculating agents such as 
rocuronium [6] (Table 1).

4  Choosing the Medications for ETI 
in a Neurocritical Patient

ETI can be performed in a neurologically injured patient 
either just by using sedative medications with or without any 
neuromuscular blockade. The choice of medication use 
depends on the intensivist preference and experience, hemo-
dynamic condition of the patient, underlying injury which led 
to intubation and some underlying conditions which could 
lead to contraindication for certain medications. Use of pro-
pofol in a patient who is already hypotensive should be 
avoided. Use of neuromuscular blocking agents can be 
avoided if the patient is already comatose and adequate 
induction is achieved with other agents. Succinylcholine has 
very short onset and duration of action, however it is known 
to cause hyperkalemia, myalgias and rarely malignant hyper-
thermia. So its use should be avoided in patients with known 
muscular disorders, immobilised patients (due to stroke, 
paralysis or traumatic brain injury as there is upregulation of 
acetylcholine receptors which leads to more potassium efflux 
and higher chances of hyperkalemia) or genetic predisposi-
tion. Ketamine is very appealing for use in induction as it 
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does not cause hypotension or vasodilation. Ketamine when 
used alone can cause raised ICP due to increased cardiac 
contractility but with adequate sedation it can lead to 
improved cerebral perfusion pressure(CPP) despite elevated 
ICP. Etomidate is the most hemodynamically inert agent with 
no significant effect on ICP but preserving the CPP. Its use 
should be avoided in septic patients when there is a concern 
of adrenocortical insufficiency due to observation of increased 
mortality rate in such a population.

In our experience, a combination of fentanyl, midazolam 
and etomidate has been very effective in most patients with 
acute brain injuries.

5  Anatomy

The pharynx lies just posterior to the oral cavity and is a pas-
sageway for both food and respiratory gases. It extends from 
the base of the skull to the level of the cricoid cartilage ante-
riorly and the inferior border of the sixth cervical vertebra 
posteriorly. The widest level occurs at the hyoid bone (5 cm) 
vs the narrowest at the level of the esophagus (1.5 cm). Just 
caudal to the pharynx, the larynx lies opposite the third 
through sixth cervical vertebrae. This is the crossroads 
between the food and air passages and consists of cartilages 
forming the skeletal framework, ligaments, membranes, and 
muscles. The arytenoid cartilages (cuneiform and cornicu-
late) make up the posterior aspect of the laryngeal inlet. 
These posterior cartilages are important landmarks as they 
are the first structures visualized as the epiglottis is lifted dur-
ing laryngoscopy and possibly the only structure visualized in 
some patients. The true vocal cords originate below the epi-
glottic tubercle anteriorly and connect with the arytenoids 
posteriorly. The vocal cords cover the entrance to the trachea. 
An optimal laryngoscopic view will allow visualization of the 
entire length of both vocal cords [8] (See Fig. 1).

Assessment of anatomy can be done by various scoring 
mechanisms. The Modified Mallampati Test has been deter-
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mined to have the highest sensitivity of predicting a difficult 
ETI [9]. The modified Mallampati classification is a simple 
scoring system that assesses how much the mouth can open 
to the size of the tongue, estimating the space available for an 
ETI. A class I is present when the soft palate, uvula, and pil-
lars are visible; class II when the soft palate and the uvula are 
visible; class III when only the soft palate and base of the 
uvula are visible; and class IV when only the hard palate is 
visible [10].

6  Preparation

Proper and careful preparation is imperative for a successful 
intubation. Being prepared and having a “back-up” plan for 
when the airway proves to be difficult would increase the 
odds of a successful intubation.

 1. Assess the patient’s airway and anatomy, looking for signs 
of potential difficult airways (Table 2).

 2. Preoxygenate the patient to increase oxygen reserve, 
which allows more time to secure the airway when 
intubating.

Epiglottis

Epiglottic tubercle

True vocal cord

Trachea

Corniculate Tubercle

Figure 1 Laryngeal inlet anatomy

Endotracheal Intubation via Direct Laryngoscopy
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 3. Prepare and check laryngoscopes. Check that the light 
source is working.

 4. Arrange all tools needed for intubation:

 (a) Laryngoscope, blades
 (b) Endotracheal tubes with different sizes, check for cuff 

leaks
 (c) Stylet
 (d) Lubricant
 (e) Oral or nasal airway
 (f) End-tidal carbon dioxide monitor or esophageal 

detector

 5. Ensure there is a functioning intravenous access. 
Preferably two.

 6. Attach monitors to the patient: blood pressure, pulse 
oximetry, cardiac monitoring.

 7. Ensure there is a working suction device and bag-valve 
mask that is connected to oxygen supply.

 8. Prepare all medications needed prior to beginning the 
process of endotracheal intubation.

Table 2 Predictors 
of a difficult airway

History of difficult airway 
intubation

Non-compliant sub-mental 
compliance

Large neck circumference of >40 cm

Mallampati Score class 3 or 4

Thyromental distance <6 cm

Interincisor gap <4 cm

Sternomental distance <12 cm

Head extension <30° from neutral 
position

Inability to protrude mandible
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 9. It is imperative to have a backup or alternative approach 
to secure the airway (i.e. laryngeal mask airway, bougie, 
cricothyrotomy) and have a secondary plan in case intu-
bation proves difficult.

 10. Ensure that the patient has no dentures or loose teeth.

7  Technique

 1. Position the patient (sniffing position: head hyperex-
tended, atlanto-occipital extension with head elevation 3 
to 7  cm) and induce anesthesia ± neuromuscular 
blockade.

 2. Perform manual ventilation with bag mask ventilation 
and oropharyngeal airway.

 3. Hold the laryngoscope with the left hand.
 4. Insert the blade along the right side of the tongue then 

sweep the tongue towards the left.
 5. Advance the tip of the blade in the midline till the laryn-

geal inlet is visualized

 (a) If using a curved blade, the tip of the blade is posi-
tioned above the epiglottis. Fitting into the vallecula 
to lift the epiglottis indirectly.

 (b) If using a straight blade, the tip of the blade goes 
below the epiglottis and then lifts directly to visualize 
the vocal cords.

 6. External laryngeal manipulation or bimanual laryngos-
copy – during insertion of the blade, the right hand of the 
laryngoscopist uses the thumb and forefinger to exert 
pressure externally on the thyroid cartilage, allowing for a 
better view of the glottis. An assistant then places their 
finger in the same spot on the thyroid cartilage and the 
laryngoscopist can proceed with the intubation [11].

 7. Pull upward and along the line of the handle to the laryn-
goscope taking care not to pivot and exert pressure on the 
teeth.

Endotracheal Intubation via Direct Laryngoscopy
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 8. Lift the epiglottis upward to visualize the cords.
 9. Inserted pre-lubricated ETT through the vocal cords, stop 

advancing when the cuff is about 2–3 cm beyond the vocal 
cords.

 10. Remove the stylet, inflate the ETT cuff, and then connect 
to the bag valve system to ventilate the patient.

 11. Confirm placement using End tidal CO2 monitor or 
esophageal detector and listening to bilateral breath 
sounds.

8  Confirming Proper Placement 
of Endotracheal Tube

 1. End-tidal carbon dioxide determination using quantitative 
capnography or colorimetric is an accurate means of con-
firming ETT in the trachea in a non-cardiac arrest patient. 
At least five exhalations with a consistent CO2 level before 
one can assume the ETT is in the trachea [12–14].

 2. Clinical findings like bilateral breath sounds on ausculta-
tion, misting or fogging of the ETT may help support the 
likelihood that the ETT is in the trachea. Clinical findings 
alone should not be used to confirm placement.

 3. Esophageal detector device  – suction is applied using a 
syringe or bulb, if ETT is in the airway, air should flow 
freely. If the ETT is in the collapsible esophagus, there 
would be little to no airflow. Air flow is evidenced by 
expansion of suction bulb or aspiration of air in the syringe 
[14].

 4. Chest radiograph  – a single view AP chest radiograph 
determines depth of the ETT, but cannot reliably exclude 
esophageal intubation.

 5. Bronchoscopy – direct visualization with a bronchoscope 
to visualize tracheal rings is the gold standard to confirm 
placement of an ETT.
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9  Protocol for ETI (Fig. 2)

Patient with acute neurological injury with  

respiratory failure

Non -invasive ventilation can be considered?

Need for ETI

Improvement in clinical condition

Continue same management. 

Assess the airway (Table 2):Can proceed with ETI? 

Things to keep ready (SOAP):

Suction apparatus 

Oxygenation device 

Airway device (endotracheal tube of  

appropriate size)

Pharmacology (Medications including 

vasopressors, Fluids,)

Options of surgical airway*, 

LMA,call for help.

Monitor: Heart rate, Blood  

pressure, SpO2. 

Position   the patient, induction with 

medications as need,attempt intubation.

ETT placed? 

Start bag ventilation and confirm 

placement with lung auscultation and 

etCO2  detector.

ETT position confirmed

Initiate mechanical ventilation after discontinuing bag 

ventilation, order CXR for ETT placement confirmation.

Yes

No Yes
No

Yes

No

Yes

No

* Cricothyrotomy, percutaneous 

tracheostomy.LMA: Laryngeal 
Mask Airway, ETI: Endotracheal  
Intubation, SpO2: Oxygen 
saturation, ETT: Endotracheal 
tube, etCO2: End-tidal CO2.

•

•

•

•

Figure 2 Endotracheal intubation protocol
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1  Introduction

1.1  Incidence and Pathophysiology

Intracranial vasospasm is a highly debated clinical entity. 
Vasospasm is not always deleterious on the brain. Iatrogenic 
vasospasm is created by permissive hypocapnia as a transient 
measure to decrease intracranial Pressure [1–3]. The exact 
mechanism of vasospasm is yet to be understood. Intracranial 
bleed with its chemical cascade is speculated to be the reason 
behind vasospasm leading to delayed cerebral ischemia and 
anoxic neuropathy. Oxyhaemoglobin, arachidonic acid 
metabolites, endothelin damage, Nitric oxide scavenging 
pathway, free radical damage, and perivascular nerve damage 
are all the postulated mechanisms behind the vasospasm [4]. 
The incidence of vasospasm varies from 30% to 60% depend-
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ing on the nature of the bleed, the extent of the bleed, and in 
the case of aSAH, the MFS [5]. Vasospasm is equally seen in 
aSAH and non-aneurysmal bleeds. In 15% of the cases of 
SAH, the exact source of bleed is unknown despite CTA and 
Repeat DSA [6]. However non aSAH carries an overall bet-
ter prognosis compared to the aneurysmal SAH.  MFS was 
designed to predict the incidence of vasospasm in aneurysmal 
SAH [7, 8].

Based on Table 1, it is evident that the severity of the bleed 
and the extent of bleed decides the risk of vasospasm and 
DCI. Nonaneurysmal PSAH (NPSAH) has a better acute 
prognosis compared to the aSAH in terms of rebleeding, risk 
of hydrocephalus, and no decrease in the quality of life. 
However, the overall prognosis is the same otherwise [10]. 
Post-traumatic vasospasm was seen in patients with TBI even 
without brain bleed [5]. Patients with lower Glasgow Coma 
Scores (GCS) at admission were more likely to develop 
hemodynamically significant vasospasm, regardless of the 
presence of traumatic SAH [5]. Only a portion of aSAH 
patients with radiological vasospasm develop symptomatic 
vasospasm; 30–70% of aSAH patients show radiological 
vasospasm on angiography on day 7 post ictus while only 

Table 1 Showing mFS, risk of DCI from vasospasm and CT scan 
findings [9]
Modified fisher 
score (mFS)

Risk of DCI from 
vasospasm CT scan findings

0 0 No bleed

1 24% Minimal/thin SAH/
no IVH

2 33% Minimal/thin SAH/
bilateral IVH

3 33% Dense SAH/no IVH

4 40% Dense SAH/bilateral 
IVH

DCI delayed cerebral ischemia, SAH subarachnoid hemorrhage, 
IVH intraventricular hemorrhage
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20–30% of aSAH patients develop symptomatic vasospasm, 
and anatomic vasospasm occurs frequently without any signs 
of ischemia. aSAH vasospasm usually starts after day 4 and 
can occur at any time until the end of the first 3 weeks. TBI 
patients tend to develop vasospasm as early as the second day 
and generally do not last beyond the first 2 weeks. Post- 
traumatic vasospasm in the absence of tSAH, generally, has 
an even briefer duration [8]. The incidence of TCD diagnosed 
vasospasm, angiography-diagnosed vasospasm and the devel-
opment of clinical vasospasm among those with radiographic 
vasospasm are significantly higher in a SAH group of patients 
compared to the tSAH group [11].

Following TBI, the incidence of radiographic vasospasm as 
measured by TCD and DSA is reported to range between 
19–68% and 18.6–41%, respectively. In comparison, the inci-
dence of aSAH-induced vasospasm was noted by TCD to be 
approximately 38–45% and by DSA to be 43.2%, on average. 
Younger age, lower admission GCS, and quantity of cisternal 
or intracerebral hemorrhage are the risk factors for vaso-
spasm. Clinical manifestations of DCI are usually that of 
end-organ damage from anoxic neuropathy [8, 12, 13].

1.2  Diagnostic Modalities

Cerebral vasospasm is a reversible narrowing of the cerebral 
blood vessels, generally involving the proximal arteries that 
form the Circle of Willis. Clinical vasospasm is the narrowing 
of the cerebral artery causing cerebral ischemia with neuro-
logical symptoms. Angiographic vasospasm is the narrowing 
of arteries seen on vascular imaging. DSA has 100% sensitiv-
ity and specificity, CTA has a sensitivity of 80% and specific-
ity of 93%. The former is invasive and both risk contrast 
exposure and are expensive [14].

 1. Transcranial Doppler (TCD) 
TCD is a cheaper, non-invasive, and bedside procedure 

with no risk for contrast or radiation exposure. Also, this 
can be repeated at any time of the day if needed. TCD has 
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a positive predictive value (PPV) of 97%, negative predic-
tive value (NPV) of 78% [15]. Table 2 details the diagnostic 
usefulness of the TCD based on the vessel insonated. Here 
we use a 2 Hz probe to delve into the deeper vessels. Table 3 
on the other hand details the mean velocities recorded and 
the risk of vasospasm based on TCD. TCD numbers, com-
bined with the clinical exam will guide the intensivist about 
the evolution of the vasospasm, prompting them to start 
medical and or interventional strategies to bring down the 
spasm.

Based on radiological images, vasospasm is classified 
depending on the vessel diameter. Severe vasospasm if the 
reduction in vessel caliber is >50%, moderate if it is 
between 25–50% and mild if the reduction is <25% [15]. 
Vasospasm increases the resistance to the blood flow. Mild 
vasospasm does not affect the blood flow. If the systolic 
blood pressure (SBP) is maintained above the lower limit 
of autoregulation, then moderate vasospasm will not have 
any deleterious consequences. In these two situations, a 

Table 2 TCD sensitivity and specificity [15]
Vessel insonated Sensitivity (%) Specificity (%)
MCA 67 99

ACA 42 76

PCA 48 69

Basilar artery 76.9 77

Vertebral artery 43.8 88

MCA Middle Cerebral Artery, ACA Anterior Cerebral Artery, PCA 
Posterior Cerebral Artery

Table 3 MCA vasospasm degree [15]
Degree of spasm Mean flow velocity (cm/s) Lindegaard ratio
Mild 120–149 3–6

Moderate 150–199 3–6

Severe >200 >6
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constant flow is achieved, and the cerebral blood flow 
velocity (CBFV) will increase with decreasing diameter 
and the angiographic spasm can be captured on the 
TCD. Severe spasm on the other hand is beyond the auto-
regulatory mechanism. A TCD flow velocity below 120 cm/s 
is normal and spasm is moderate to severe if the velocity is 
above 200 cm/s in the MCA if the patient is not hyperemic 
and symptomatic. Iatrogenic SBP augmentation is com-
mon in the SAH group of patients and this will increase the 
flow velocities above 200 cm/second [16]. This should not 
count as a spastic vessel in the absence of symptoms. TCD 
should be done daily in the intensive care unit since it is 
good at predicting the vasospasm [4]. 15% of patients will 
not have a good temporal window bringing down the use-
fulness of a bedside TCD.  TCD has a better diagnostic 
yield in the anterior vs posterior circulation and proximal 
vs distal circulation.

The extracranial component of the internal carotid artery 
(eICA) is not influenced by the intracranial spasm and the 
change in velocity has a linear relation to the flow. A ratio of the 
MCA and ipsilateral e ICA velocities is called the Lindegaard 
index (LI) and the normal value is 1.7 +/− 4. A day to day trend 
is a more reliable marker of vasospasm. Values more than 3 sug-
gest a significant spasm and more than 6 is called a severe 
spasm. Sviri ratio is the basilar artery counterpart of the LI 

Table 4 Basilar artery vasospasm degree [5, 17]
MFV 
(cm/s)

BA/vertebral MFV (Sviri 
ratio) Inference

>70 >2 Mild vasospasm

>85 >2.5 Moderate to severe 
spasm

>85 >3 Severe spasm

MFV mean flow velocity, BA basilar artery
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(Table 4). It is calculated by the ratio of basilar artery mean flow 
velocity divided by an average of the time-averaged maximum 
MFV of both the extracranial vertebral arteries.

 2. CT Angiography (CTA) 
CTA is a relatively cheap and rapid test that can help 

us in diagnosing the vasospasm. The latest multidetector 
CTA is fast, uses lesser contrast load, and helps us with 
3-dimensional images. The sensitivity and specificity of 
the CTA is around 80% and 93% respectively. However 
CTA images are influenced by operator dexterity, beam 
hardening artifacts like clips and coils, and the time-lapse 
between contrast infusion and image acquisition. The 
major limiting factor with the CTA is that it is very sensi-
tive for the proximal vessels only compared to the middle 
and distal vessels unless there is severe vasospasm. In the 
latter case, CTA is shown to be as efficacious as the DSA 
in diagnosing vasospasm. The real application of CT per-
fusion in the prediction of DCI is still debated and needs 
further studies [18]. A negative CTA in a patient with high 
suspicion of vasospasm should prompt further investiga-
tion [14, 19].

 3. Time of Flight-MR Angiography (TOF-MRA) 
TOF-MRA is time of flight Magnetic resonance angi-

ography. This is a noninvasive test and does not involve 
any contrast boluses. The technique is just an exploitation 
of the excitation tendency of the flowing blood with resul-
tant signal transmission and high-resolution image cap-
turing. However, this test is 100% sensitive only in the 
ACA and less than 50% sensitive in the MCA and 
ICA. MRA is also influenced by the presence of artifacts 
and signal dissipation is often seen in sites of turbulent 
flow. Here vasospasm is overestimated. MRA is inferior 
to the DSA. Since the imaging is T1 dependent, a black- 
blood MRA (technique that suppress signal from flowing 
blood while maintaining high signal in the surrounding 
stationary tissues, thus rendering the vessels black) is sug-
gested to be superior to the TOF-MRA in evaluating the 
vasospasm [14, 20, 21].
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 4. Positron Emission Tomography Scan (PET Scan) 
PET-scan images offer multipurpose information. 

These images not only provide us with the diagnosis of 
vasospasm but also furnish the functional complications 
of spasm like decreased perfusion, decreased oxygen 
delivery, tissue metabolism rate, oxygen extraction, mean 
transit time and cerebral blood volume, etc. However, the 
overall process is too intricate to apply this modality on a 
day-to-day basis [14, 22–25].

 5. Digital Subtraction Angiography (DSA) 
DSA is the gold standard in the diagnosis of vasospasm 

and also offers room for therapeutic intervention with 
either balloon angioplasty or intra-arterial vasodilators as 
detailed below. DSA will also help with quantifying the 
transit time and the interval between different phases of 
the circulation. 3-Dimensional (3D) angiography is 
achieved by reconstruction of the vessel images and this 
generally offers better information and visualization. 
However, the 3-DSA is less specific and sensitive com-
pared to the convention DSA because of the pseudo spas-
tic vessel segments. 3-dimensional DSA involves 
computational reconstruction and processing. In this pro-
cess, the Clinically relevant information is lost at the 
expense of achieving a cosmetically appealing image and 
this is responsible for the diminished clinical returns on 
the 3-DSA.

Angioplasty of course carries the risk of thromboem-
bolic complications and recurrence of vasospasm [26, 27]. 
There is a risk of vessel dissection, brain tissue staining 
with subsequent non-hemorrhagic ischemia, bleeding 
from the puncture site with a risk of retroperitoneal 
bleeds, distal embolism with limb ischemia −0.5% to 2%. 
The risk of allergic reactions from contrast is around 2% 
and also contrast carries the risk of nephrotoxicity. The 
procedure needs an experienced interventionist and 
there is the risk of radiation exposure too. DSA doesn’t 
offer any insight into cerebral perfusion and ischemia 
[14, 24, 28].
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 6. Single-photon emission computed tomography (SPECT) 
SPECT is a nuclear study that uses Technetium-99 ions 

uptake by the tissues after an infusion. The uptake is 
impaired in patients with vasospasm. The sensitivity and 
specificity of this study are 89% and 75%. However, this 
is a nuclear technique that needs Tc-99 to be coupled with 
a lipophilic substance. The low-resolution imaging with 
the granular appearance and high acquisition times is 
another limitation [29, 30]. Also, the abnormal images are 
compared to the normal part of the brain tissue. In 
patients with diffuse vasospasm or otherwise with a gen-
eralized pathology this study is difficult to consider [14, 
24, 31–33].

 7. Xenon (Xe)-133 clearance is another nuclear imaging 
modality as above except that inhaled or intravenous 
Xe-133 is used instead. Despite being a low-cost imaging 
technique with a lower dose of radiation, the overall 
image quality is poor, practically making this test not use-
ful [14, 34].

 8. Xenon enhanced computed tomography is a kind of CTA, 
where the patient is made to inhale 72% oxygen and 28% 
xenon and CT images are captured. The poor quality 
images seen on the routine Xe-133 scans are now over-
come with this technique. Along with the anatomical 
details, this study also helps in estimating the blood flow. 
The risk of radiation exposure is high here and also there 
is a risk of elevated ICP [29, 35–38].

 9. Dynamic CT perfusion scan is now a routine imaging 
modality in any patient with suspected CVA.  This is a 
functional study that helps us to compute CBV, CBF, 
MTT, and Tmax. This is a rapid test with a sensitivity and 
specificity of 74% and 93% respectively. However, the 
patient is exposed to high doses of iodinated contrast, 
posterior cerebral artery (PCA) is not imaged on this 
scan. Patients with marked cardiovascular disease burden 
and disrupted blood-brain barrier doesn’t qualify for this 
test. All perfusion scans only produce relative flow charts 
and not absolute flow charts [29, 39–44].
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 10. Diffusion-weighted and perfusion-weighted imaging 
(DWI/PWI ) images the entire brain tissue compared to 
the CT perfusion studies. Vasospasm causes distal isch-
emia with subsequent tissue edema. This is seen as a 
hyperintense lesion on the DWI scan. PWI on the other 
hand exploits the dynamic susceptibility contrast imaging 
technique. Gadolinium is the contrast used here com-
pared to the CT study. PWI allows for infusion of the 
gadolinium followed by measurement of the concentra-
tion changes related to the first- pass bolus. The T-2 relax-
ation changes will be proportional to the degree of 
perfusion. The sensitivity of this test is as high as 100% at 
times. However, the study is fraught with limitations like 
cost, equipment availability, time, metal and meth hemo-
globin artifacts [45–48]

 11. Electroencephalogram (EEG):
Electroencephalography (EEG) can provide a real 

time, continuous recording with prediction of responses 
to ischemia. EEG might be representing an early asymp-
tomatic response to ischemia before it clinically mani-
fests. Role of cortical spreading depolarizations (CSD) 
has been proposed. This is seen on EEG as transient 
electrographic suppressions associated with local tran-
sient brain tissue hypoxia. When the depolarizations 
happen in clusters and repeat itself, it results in infarc-
tion in the setting of hypotension and vasospasm. Some 
of the small studies proposed the criteria to predict DCI 
based on decreasing alpha-to-delta power ratio (ADR) 
or relative alpha power variability (RAV). Epileptiform 
discharges, rhythmic and periodic ictal–interictal con-
tinuum patterns and isolated alpha suppression can all 
be seen during ischemia. A recent prospective study per-
formed in patients with clinical suspicion of vasospasm 
who had cEEG done shows that it can accurately predict 
DCI following SAH.  The measures like ADR, RAV, 
focal slowing, epileptiform discharges or rhythmic or 
periodic patterns have excellent sensitivity and high 
specificity. Across baseline risk levels. The number of 
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patients needed to monitor to predict one additional 
case of DCI prior to clinical symptoms was between 3 
and 7.

2  Prevention of Vasospasm

As a treating intensivist, one is intrigued with the idea of 
preventing clinical deterioration in a aSAH patient. The tem-
poral course of the vasospasm and its high incidence makes 
the prevention an attractive strategy. However, in spite of 
best medical management in terms of prevention, patients 
might require a myriad of therapies and the prevention of the 
vasospasm could be difficult.

Prevention of worsening vasospasm can be done with 
blood pressure augmentation with fluids or intravenous pres-
sors, maintaining euvolemia, avoiding anemia with blood 
transfusion with target hemoglobin more than 7. Several 
drugs and strategies have been tried in preventing 
vasospasm.

 1. Calcium Channel Blockers: This has more neuroprotec-
tive effects than preventing vasospasm. The beneficial 
effect is hypothesized due to (a) effect on blood rheology 
by increasing red blood cell deformability, (b) anti- platelet 
aggregating effect, (c) dilation of collateral leptomenin-
geal arteries, (d) prevention of calcium entry into isch-
emic cells which cause cerebral infarction. Several agents 
are available which are discussed below:

• Nimodipine: It is a calcium-channel blocker (CCB) 
with preferential central nervous system (CNS) pene-
tration. Blocks dihydropyridine-sensitive L-type cal-
cium channels. Use of nimodipine is a mandated 
practice in the prevention of aSAH induced vaso-
spasm. This is based on British aneurysm nimodipine 
trial (BRANT) in 1989 which showed that patients 
receiving nimodipine had clinically & statistically sig-
nificant reduction in poor outcome (NNT 8), mainly 
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driven by a reduction in cerebral infarct (NNT 12). 
Nimodipine does not alter radiographic vasospasm 
and has no significant difference in mortality. This is a 
lipophilic calcium channel blocker that causes vasodi-
lation [49]. Usual dosing is 60  mg orally or via 
 naso- gastric tube every 4 h given within 96 h of symp-
toms of SAH for 21  day or until the patient is dis-
charged home in good neurological condition, 
whichever comes first. If a patient gets hypotensive 
with this regimen, the dose is reduced to 30 mg every 
2 h.

• Nicardipine: It is shown in a randomized trial that con-
tinuous intravenous infusion of high-dose nicardipine 
(0.15 mg/kg/h) significantly decreases the incidence of 
symptomatic, angiographic and TCD vasospasm. 
However, no difference in overall outcome was found 
and the efficacy has been limited by side effects includ-
ing prolonged hypotension, pulmonary edema and 
renal dysfunction, A subsequent randomized trial 
showed that low-dose nicardipine (0.075  mg/kg/h) 
treatment is associated with a virtually equivalent ben-
efit in terms of vasospasm prevention but with fewer 
side effects [68].

• Nifedipine, diltiazem, verapamil: These CCBs are less 
widely used for vasospasm after SAH in the U.S. since 
the approval of nimodipine [50]. Diltiazem was found 
to be safe but it has no effect on vasospasm. In a series 
of 123 SAH patients treated with oral diltiazem 
instead of nimodipine, 19.5% incidence of delayed 
ischemic neurological deficit (DID) was noted while 
favorable outcome with Glasgow Outcome Scale of 4 
or 5 was achieved in 75% of patients.

 2. Fasudil: It is a protein kinase inhibitor but is not available 
in the United States. In a randomized trial comparing 
fasudil with nimodipine, no serious adverse events in the 
fasudil group were reported and the drug was found to be 
safe and efficient agent for suppressing cerebral vaso-
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spasm after subarachnoid hemorrhage surgery for rup-
tured cerebral aneurysm.

 3. Dantrolene: Dantrolene is a skeletal muscle relaxant used 
in the management of malignant hyperthermia, 
Neuroleptic malignant syndrome and skeletal muscle 
spasm. This drug works by decreasing the release of cal-
cium ion from the sarcoplasmic reticulum. While the drug 
is not tested for use in the management of vasospasm like 
nimodipine, it’s often used as an intra arterial bolus when 
vasospasm is seen during DSA. CNS depression and liver 
failure are the major side effects of this drug when used in 
doses above 800 mg per day.

 4. Papaverine is a potent arterial dilator. However its use as 
an intra arterial agent in the DSA is now abandoned 
because of the cardiac and CNS side effects. Also,despite 
an improvement in the vasospasm with this drug, there’s 
no overall improvement in the neurological outcome.

 5. Estrogens and Erythropoietin are two humoral agents 
with proven vasodilatory effects. They both work through 
the Nitric Oxide mechanism. However to date there are 
no large trials to support their overall benefit on mortality 
or morbidity.

 6. Statins are proven endothelial protective drugs. However 
they have no role in the prevention of vasospasm [61].

 7. Nitric Oxide (NO) is a potent vasodilator. It’s a proven 
fact that there is decreased endogenous Nitric oxide in 
patients with SAH. However to date there are no large 
randomized controlled studies to support external sup-
plementation of the NO in the management of vasospasm. 
In Fact some case reports suggest poor outcomes from 
NO supplementation because of peripheral hypotension 
from NO,indirectly worsening the spasm.

 8. Cilostazol is a phosphodiesterase 3 inhibitor. This drug 
given orally has proven beneficial in the management of 
vasospasm.
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 9. Clazosentan is an endothelin −1 receptor antagonist. This 
drug efficiently reverses vasospasm at 3–24 h after admin-
istration but there’s no overall benefit on the neurological 
outcomes.

 10. Heparin is a potent anti inflammatory drug. Several small 
studies have shown heparin to be effectively counteract 
the vasospasm in SAH. However there are no large scale 
studies todate and the drug inherently carries a risk of 
bleeding in patients already admitted with SAH.

 11. Lumbar drainage of CSF: Considering blood as an irritant 
product causing vasospasm, use of lumbar drainage of 
CSFafter aSAH reduced the prevalence of DID and 
improved early clinical outcome but failed to improve 
outcome at 6 months (LUMAS trial).

 12. Intracisternal thrombolysis (tissue plasminogen activator 
or urokinase) is still to be validated in large randomized 
clinical trials however, based on a meta-analysis, the ben-
eficial effect was noted to be clinically and statistically 
significant.

 13. Cisternal irrigation with tissue plasminogen activator 
combined with continuous postoperative cisternal drain-
age was associated with a low incidence of vasospasm

 14. Prophylactic transluminal balloon angioplasty: This has 
shown no benefit in vasospasm prevention but increased 
deaths (4%) from vessel rupture which is at higher inci-
dence than the 1.1% reported in the literature.

3  Treatment of Vasospasm (Table 5)

It is pivotal to initiate the treatment of vasospasm sooner 
rather than later. The threshold to initiate treatment with dif-
ferent interventions has a significant variability. Institutional 
policies also vary widely and there is no one standard 
approach to the treatment. If vasospasm is manifesting as a 
clinical event, prompt action should be taken to treat the 
symptoms. Sonographic evidence of vasospasm or radio-
graphic evidence of vasospasm needs definite confirmation 
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with more invasive testing like cerebral angiogram. Any evi-
dence of vasospasm needs vigilance and administration of 
therapies to prevent DID. The goal of treatment is to improve 
CBF, prevent DID and have a favourable outcome.

4  Pharmacological Treatment

Intravenous Milrinone infusion (Montreal protocol) is also 
used for the treatment of vasospasm [54–56]. Milrinone is a 
phosphodiesterase II inhibitor that selectively inhibits cyclic 
adenosine monophosphate (cAMP) with an inotropic and 
vasodilatory effect with a very high affinity for the intracranial 
vessel receptors compared to the cardiac and peripheral 
receptors. Cardiac arrhythmias and hypotension are the major 
side effects of this drug. Milrinone is usually bloused as 0.1–

Table 5 Treatment strategies for vasospasm (medical and interven-
tional) [49–64]
1. Pharmacological

   A. Arterial dilation: CCB
   B.  Dantrolene
   C.  Fasudil
   D. Magnesium
   E. Statins
   F.   Hormones (EPO, estrogen)
   G.  Phosphodiesterase inhibitors (Milrinone, papaverine, 

cilostazol)
   H.  Endothelin receptor antagonists (ETA (clazosentan) and 

ETA/B

   I.   Nitric oxide
   J.   Heparin
   K. Fibrinolysis

2. Endovascular therapy

   A. Intra-arterial vasodilators as in above
   B. Balloon Angioplasty
   C. Cisternal drainage along with thrombolytics
   D. Combination of A, B, C
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0.2  mg/kg followed by an infusion at 0.75  mcg/kg/min. The 
maximum dose on the infusion is 1.25 mcg/kg/min. This drug 
is renally dosed. The usual recommendation is to keep the 
MAP >90 mmHg.

For resistant cases of vasospasm, the patient is taken for 
DSA and repeat DSA if necessary, with intraarterial diltia-
zem, Milrinone, and Baclofen infusions based on the practi-
tioner’s preferences [54, 57–60]. The role of nicardipine and 
verapamil as oral agents is highly debated with confounding 
results to date. IV magnesium is used in the management of 
migraine attacks but has no role in the treatment of SAH 
vasospasm. Statins also have no role in the management of 
the vasospasm [61].

Fasudil is a Rho-kinase inhibitor. This is approved for the 
treatment of vasospasm and DCI in china but not in the 
United States [62, 63]. Intraarterial papaverine is not used 
anymore because of its significant neurotoxicity [64]. 
Cilostazol, an antiplatelet drug has shown to reduce vaso-
spasm and decrease morbidity but not mortality. This how-
ever needs further studies [65]. The role of endothelin −1 
antagonist clazosentan, heparin are all still debated and need 
further studies [66, 67].

5  Endovascular Therapy

Pharmacological management is usually the first step in man-
agement of vasospasm. However, when the medical therapy 
fails or the patient develops side effects related to treatment, 
endovascular therapy is the preferred option available. The 
options of therapy are mentioned in the table.

 A. Intra-arterial (IA) vasodilators (Table 6): Various agents 
have been used for vasodilation. The advantage of the IA 
administration is more distal penetration, better safety 
with less side effects. Main disadvantage is the need for 
multiple arterial punctures in cases of recurrent vaso-
spasm, The drugs can be injected in larger or moderate 
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size arteries. Hypotension and raised ICP are potential 
side effects to be considered.

 B. Transluminal Balloon Angioplasty (TBA)
This specialized procedure is effective treatment in case 

of vasospasm of proximal vessels (more than 2–3  mm 
diameter) like supraclinoid internal carotid artery, M1 and 
M2 segments of MCA, A1 segment of ACA, P1 segment of 
PCA and the basilar artery. TBA causes structural and 
functional changes in the vessel. There is stretching and 
disruption of both the degenerative muscle and the prolif-
erative non-muscle components, mainly in the media of 
the vasospastic arteries. It carries the risk of arterial rup-
ture, embolism, reperfusion injury, occlusion, displacement 
of aneurysm clip, arterial dissection. Clinical improvement 

Table 6 Intra arterial vasodilators during DSA [58–60]

Drug

Intra- 
arterial 
dosea Comments

Verapamil 
(CCB)

5–10 mg 
injected 
over 2 min

Watch for hypotension, not 
selective to cerebral vasculature

Nicardipine 
(CCB)

10–40 mg Watch for hypotension

Nimodipine 
(CCB)

5 mg per 
artery

Not commonly used

Milrinone 
(PDEi)

5–10 mg per 
artery

Monitor hypotension, 
hypokalemia, tachycardia.

Fasudil 
(Rho kinase 
inhibitor)

15–45 mg 
per artery

Not available in the U.S. Good 
outcome in small studies. Does 
not lower blood pressure.

Papaverine 
(Opioid 
alkaloid)

200–300 mg 
over 30 min

Paradoxical vasospasm, 
thrombocytopenia, raised 
ICP. Now abandoned and not 
in use.

aDoses of medications are based on case-studies
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has been noted in about 60–80% cases. This modality 
should be performed earlier in refractory vasospasm. Best 
results are obtained if the procedure is performed within 
2 h of clinical symptom onset.

 C. Cisternal Drainage along with thrombolytics
This can be performed at the time of surgery (Clipping) 

or through cisternal catheters. It has shown to reduce the 
incidence of vasospasm.

6  Protocol for Vasospasm Management

Figure 1 shows a simplified flowchart for the management of 
aSAH. Even though the therapy is tailored according to the 
individual patient requirements, the flowchart could serve as 
a practical guide for the treating physicians.

aSAH patient with aneurysm secured (clipping or coiling)

Concern for Vasospasm

● Frequent neuro-checks
● Daily/alternate day TCDs
● Maintain Euvolemia
● SBP goal 100-200 mmHg.
● Nimodipine (Oral/Per tube)
● ICP monitoring (if available)

Clinical evidence (DIND)* Sonographic evidence (Based on 
TCDs): Subclinical vasospasm

● BP augmentation
● May consider milrinone infusion
● CTA Head to look for vasospasm

Vasospasm detected

Emergent DSA with potential TBA with IA vasodilators

● BP augmentation
● Serially monitor TCDs to evaluate the velocities.
● Obtain CTA head to look for vasospasm

Radiographic  evidence (Based on CTA): 
Subclinical vasospasm

Vasospasm detected on CTA

Continue to monitor for signs of 
vasospasm. R/o other causes.

● BP augmentation

rs
No

No

Yes

DSA with TBA +/- IA
vasodilatorsYes

No

* DIND: Delayed Ischemic Neurologic Deficit

Figure 1 Management Protocol for Vasospasm in aSAH
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7  Future Directions

The chapter cannot be completed without discussion of the 
future research and newer developments. The challenges of 
deciphering the best therapy for prevention and treatment of 
vasospasm still exist in spite of multiple drugs tried in the 
past. However, because of constant research in this area there 
are some novel approaches which might be helpful for the 
vasospasm.

Haptoglobin is one such protein which has been found to 
be useful. Hemoglobin disrupts the NO signalling and by its 
ability to bind to hemoglobin, NO action can function nor-
mally to cause vasodilation. Injecting haptoglobin in the CSF 
of a SAH patient could possibly prevent vasospasm. In ani-
mal studies, the results were promising and this would need 
further clinical trials to validate in humans.

The use of multilevel modality monitoring consisting of 
PbtO2 monitor, cerebral microdialysis (CMD), and/or EEG 
each of which provides information on a different aspect of 
brain physiology might lead to precise diagnosis and treat-
ment. There is some evidence of its use in vasospasm when 
ICP and CPP monitoring is not helpful. However, since it is 
an invasive technique it has its own limitations of use and 
more information based on clinical trials is required before its 
widespread applicability in clinical practice.

There is a potential role of identifying biomarkers in CSF 
for detection of vasospasm. Various biomarkers including 
micro-RNA (mRNA), fibrin degradation product, soluble 
receptor, and calcium binding protein have been studied. 
Among those, sphingosine-1-phosphate receptor 4 (S1PR4) 
mRNA level was found to be elevated in patients developing 
vasospasm following SAH. Another study identified miR3117-
 3p as a potential biomarker for in SAH patients with the risk 
of vasospasm. Certain proteins like D-dimer in CSF and sol-
uble receptor for advanced glycation end products (RAGE) 
in blood were also elevated in patients who developed cere-
bral vasospasm. Nevertheless, the role of biomarkers still 
needs to be validated in larger clinical trials.
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1  Introduction

Alcohol use disorder is associated with significant morbidity 
and mortality, with approximately three million deaths attrib-
utable to the harmful use of alcohol globally in 2016 [1]. 
Ethanol is a central nervous system (CNS) depressant that 
exerts its effects via inhibition of glutamate, an excitatory 
neurotransmitter, and potentiation of gamma-aminobutyric 
acid (GABA), an inhibitory neurotransmitter [2]. Upon ces-
sation of alcohol intake or a significant reduction in the 
amount consumed, patients physically dependent on alcohol 
may experience alcohol withdrawal syndrome (AWS) as a 
result of CNS hyperactivity. Signs and symptoms of alcohol 
withdrawal can vary in severity and include anxiety, insomnia, 
headache, hallucinations, nausea, diaphoresis, tachycardia, 
hypertension, hyperthermia, and hyperactive reflexes [3]. In 
the most severe cases, seizures, delirium, and death may also 
occur [3]. Although variable from one patient to another, 
signs and symptoms of withdrawal are most likely to reach 
peak intensity approximately 48–72 h after a last drink [4].
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2  Management of Alcohol Withdrawal

According to the American Society of Addiction Medicine 
(ASAM), the first step in the assessment of alcohol with-
drawal is determining whether a patient is at risk of develop-
ing severe and/or complicated alcohol withdrawal [3]. Factors 
associated with increased patient risk for complicated with-
drawal include history of alcohol withdrawal delirium or 
alcohol withdrawal seizure, numerous prior withdrawal epi-
sodes, comorbid medical or surgical illness (especially trau-
matic brain injury), increased age, long duration of heavy and 
regular alcohol consumption, seizure(s) during the current 
withdrawal episode, marked autonomic hyperactivity on pre-
sentation, and physiological dependence on benzodiazepines 
or barbiturates [3].

During withdrawal management, severity of alcohol with-
drawal should be monitored using a validated assessment 
scale, such as the Clinical Institute Withdrawal Assessment, 
Revised (CIWA-Ar) tool [3]. ASAM recommends that the 
severity of alcohol withdrawal be used to guide initial ther-
apy; patients with mild withdrawal may be managed with 
pharmacotherapy or supportive care alone, while those with 
moderate or severe symptoms should receive pharmaco-
therapy [3].

3  Pharmacotherapy

Regardless of the severity of alcohol withdrawal, ASAM rec-
ommends benzodiazepines as first-line treatment due to their 
known efficacy in preventing seizures and delirium [3]. 
Benzodiazepines act as positive allosteric modulators on the 
GABA-A receptor, consequently reducing the autonomic 
hyperactivity that occurs in the setting of alcohol withdrawal 
[5]. In patients experiencing resistant alcohol withdrawal, 
however, severe or complicated withdrawal may occur despite 
high doses of benzodiazepines. In such instances, ASAM rec-
ommends the addition of adjunctive medications such as 
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phenobarbital [3]. Whereas benzodiazepines increase the 
frequency of chloride channel opening caused by GABA-A 
receptor activation, phenobarbital increases the duration of 
channel opening [6]. Additionally, phenobarbital may provide 
added beneficial effect via its antagonizing activity on stimu-
latory N-methyl-D-aspartate (NMDA) receptors, which helps 
to explain its place in the treatment of benzodiazepine- 
refractory alcohol withdrawal [7]. ASAM also recommends 
the use of phenobarbital as monotherapy for patients experi-
encing any severity of alcohol withdrawal with a contraindi-
cation for benzodiazepine use [3]. However, ASAM includes 
the caveat that “phenobarbital should only be used by clini-
cians experienced with its use” due to the risk of respiratory 
depression and over-sedation [3].

When considering patients in the neurocritical care setting, 
it is important that treatment of AWS does not negatively 
impact the neurologic exam. While the CNS depressant 
effects of benzodiazepines can influence neurological assess-
ment, it is theorized that the risk of this occurring with phe-
nobarbital may be lower. However, phenobarbital has a 
narrow therapeutic index and is a strong inducer of the cyto-
chrome P450 enzyme system, so judicious use and close 
monitoring are warranted [8].

4  Literature Review

Although there are no studies evaluating phenobarbital for 
alcohol withdrawal in the neurocritical care setting, there is 
growing evidence to support its use in patients without neu-
rological injury (Table 1). Rosenson and colleagues [6] con-
ducted a prospective, randomized, double-blind trial 
comparing a single intravenous dose of phenobarbital (10  mg/
kg) to placebo for patients with AWS in the emergency 
department. All patients received symptom-guided loraze-
pam, but the addition of a one-time phenobarbital dose 
resulted in fewer admissions to the intensive care unit (ICU) 
(8% vs. 25%, difference 17%, 95% confidence interval (CI) 
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4–32%) [6]. There was no difference in hospital length of stay 
(LOS) or adverse events between groups [6].

In the medical ICU setting, Tidwell and colleagues [7] con-
ducted a retrospective cohort study comparing a tapered 
phenobarbital protocol with as-needed lorazepam to a 
symptom- guided, lorazepam-based alcohol withdrawal pro-
tocol. In the phenobarbital group, the starting dose and route 
of administration was determined based the presence of risk 
factors for delirium tremens (DT). The investigators found 
that use of the phenobarbital protocol resulted in shorter 
ICU and hospital LOS, a lower incidence of mechanical ven-
tilation, and decreased use of adjunctive pharmacologic 
agents for symptom control [7].

In another retrospective cohort study, Nisavic and col-
leagues [9] compared a benzodiazepine-based protocol to a 
phenobarbital-based protocol for inpatients with AWS. While 
the investigators found no difference in alcohol withdrawal- 
related seizures or hallucinosis between groups, higher rates 
of delirium were observed in the benzodiazepine group (7% 
vs. 4%, P = 0.28) [9]. There was no difference in hospital LOS, 
ICU LOS, or adverse events between treatment groups [9].

Nguyen and colleagues [10] retrospectively evaluated the 
use of adjunctive phenobarbital in the ICU setting for patients 
on a lorazepam-based alcohol withdrawal protocol. Although 
not statistically significant, the use of adjunctive phenobarbi-
tal resulted in a slightly shorter treatment duration (2.7 vs. 
3.1 days, P = 0.573) [10]. However, more patients in the phe-
nobarbital-adjunct arm required mechanical ventilation than 
in the lorazepam arm (3 vs. 0, P = 0.239) [10]. This suggests that 
there may be an increased risk of respiratory depression with 
the combined use of phenobarbital and lorazepam.

In the most recent retrospective cohort evaluation, Oks 
and colleagues [11] assessed 86 patients in the medical ICU 
setting who received intravenous phenobarbital for symp-
toms of alcohol withdrawal. In this study, patients were 
administered 130 mg of phenobarbital every 15 min until a 
Richmond Agitation Sedation Scale (RASS) score of 0 to −1 
was achieved. Overall, 17 patients (19.8%) required mechani-
cal ventilation, but no patient was intubated due to pheno-
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barbital use alone [11]. The mean duration of phenobarbital 
treatment was 5.2 ± 2.9 days [11].

As a whole, the literature for phenobarbital in AWS is 
conflicting and does not elucidate a clear role for the agent. 
Scenarios where the utilization of phenobarbital may be ben-
eficial include the treatment of patients with refractory alco-
hol withdrawal or patients in whom avoidance of large 
benzodiazepine doses is preferred, such as those with neuro-
logic injuries (Fig. 1). A randomized controlled trial compar-

Step 1 – Calculate Loading Dose

Risk of sedation or
respiratory

compromise?

Yes No

6-8 mg/kg LD 10-12 mg/kg LD

Day 2-3

IBW > 75 kg

IBW 60-75 kg

IBW < 60 kg

Day 4-5 Day 6-7

48.6 mg
Q12H

40.5 mg
Q12H

32.4 mg
Q12H

16.2 mg
Q12H

8.1 mg
Q12H

20.25 mg
Q12H

24.3 mg
Q12H

12.15 mg
Q12H

12.15 mg
Q12H

Step 2 – Determine Maintenance Dose

Loading Dose (LD)
Calculate using ideal body weight (IBW)

Divide into 3 intramuscular (IM) doses
given 3 hours apart

1st

2nd

3rd

IM dose    = 40% of total LD
IM dose    = 30% of total LD
IM dose    = 30% of total LD

Obtain serum phenobital level 5 hours
after 3rd IM dose to monitor for toxicity

•

•

•

Risk of Sedation
Age > 65 years
Hepatic dysfunction
Concomitant or recent administration of
opidios, benzodiazepines, or other
medication with sedating properties

Neurologic injury

•
•
•

•

Respiratory Compromise
Need for oxygen supplementation or
ventilatory support

Respiratory infection
Cervical collar or brace

•

•
•

Monitoring Parameters

Phenobarbital Contraindications

CIWA-Ar scores

Hypersensitivity to barbiturates or

CBC with differential
Serum transaminases

Vital signs

any component of the formulation

Porphyria
Dyspnea or airway obstruction

Market hepatic impairment•
•
•

•

•
•

•
•

Figure 1 Phenobarbital-based alcohol withdrawal protocol [9, 13]
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ing phenobarbital monotherapy to benzodiazepine 
monotherapy in the neurocritical care unit is warranted to 
clarify the role of barbiturates for alcohol withdrawal in this 
unique patient population.
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1  Introduction

Among the patient population sufficiently ill to warrant hos-
pital admission, hyperglycemia is exceptionally common, 
with incidence estimated at about a third of patients. This is 
significantly more than the prevalence of diabetes mellitus, 
which is estimated at roughly 10% of the general population 
[28]. Not only are patients with baseline diabetes at higher 
risk for inpatient admissions, the various physiologic stresses 
associated with hospital and ICU care provide additional risk 
factors for stress hyperglycemia. While common, hyperglyce-
mia is not a benign finding in hospitalized and critically ill 
patients. Among the population of critically ill patients, mul-
tiple studies have suggested that hyperglycemia is associated 
with a significantly increased risk for mortality and that the 
effect increases as the degree of hyperglycemia worsens [1, 2]. 
Unfortunately, management of hyperglycemia is limited by 
the possibility of treatment-related hypoglycemia, which has 
similarly negative effects on both length of hospital stay and 
patient mortality [26].
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The patient requiring treatment in the neurocritical care 
setting poses additional unique challenges due to the poten-
tially more serious effects of hypoglycemia on the central 
nervous system (CNS) as well as additional factors predispos-
ing patients to hyperglycemia. In this chapter we present an 
overview of glycemic management in patients with central 
nervous system injury particularly in the critical care setting 
beginning with a review of the physiology of glucose homeo-
stasis in the CNS, continuing with the discussion of the risk 
factors predisposing this unique set of patients to hyperglyce-
mia and hypoglycemia, and concluding with an overview of 
management considerations and strategies.

2  Glucose Homeostasis in the Brain

Glucose is the essential energy resource of the human central 
nervous system, which consumes an estimated 100 grams of 
glucose per day, or about 20% of total glucose in the body, to 
maintain normal brain function. While a majority (approxi-
mately 70%) of the produced adenosine triphosphate (ATP) 
is used to maintain membrane potential and other aspects of 
neuronal signaling, the remainder is necessary for basic tasks 
of cellular upkeep and maintenance [8]. As a result, the cen-
tral nervous system is very susceptible to the effects of 
hypoglycemia.

Glucose homeostasis and metabolism in the brain is medi-
ated by glucose transporters (GLUT), which are a family of 
fourteen transmembrane proteins acting as bidirectional, 
sodium and ATP independent facilitative transporters of glu-
cose and similar simple carbohydrate molecules [9]. 
Specifically, GLUT1 and GLUT3 have central roles in main-
taining glucose homeostasis in the CNS. GLUT1 is expressed 
in both the luminal and abluminal surfaces of the blood brain 
barrier and provides facilitative transportation of glucose 
from systemic circulation into the central nervous system, 
driven by the differential in glucose concentration between 
the two systems. The concentration gradient is maintained by 
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the catabolism of glucose in the central nervous system to 
meet energy demands. Glucose concentration in the intersti-
tial fluid of the central nervous system is generally 1–2 mmol/L 
(18–36 mg/dL), or approximately one third that of the plasma. 
GLUT1 has high affinity for glucose with a Michaelis con-
stant (Km) of 1.5–3 mmol/L (27–54 mg/dL) as compared to 
typical plasma glucose concentration of 5  mmol/L (90  mg/
dL), therefore providing constant glucose transportation 
under physiologic conditions [10]. GLUT1 is also expressed 
in astrocytes, providing access to interstitial glucose. GLUT3 
is expressed on the surface on neurons and has comparatively 
higher affinity and capacity in comparison to GLUT1, pro-
viding neurons with preferential access to glucose when the 
glucose concentration is low in the interstitial fluid (maximal 
affinity at glucose concentration of 2.8 mmol/L or 50 mg/dL) 
[11]. Intracellular glucose is subject to phosphorylation to 
glucose-6-phosphate by Hexokinase, an irreversible process 
that enters the molecule into glycolysis.

Clinically, patients with central nervous system injury exist 
in hyper-metabolic states with increased consumption of glu-
cose by the brain [12]. Therefore, interruptions in glucose 
supply due to decline in serum glucose to below the affinity 
of GLUT1 transportation would have more immediate and 
severe consequences. Indeed, studies in animal models have 
demonstrated that expression of GLUT receptors in the 
brain is significantly up-regulated after induced ischemic 
events [16, 17]. This likely represents a protective response to 
meet the increased metabolic demands of the injured brain 
and emphasizes the importance of maintaining steady glu-
cose supply in the context of a CNS insult.

Additionally, patients with pre-existing diabetes may have 
adaptations that serve to moderate the degree of hyperglyce-
mia in the central nervous system, potentially by decreasing 
the transcription or activity of glucose transporters in the 
brain to decrease movement of glucose into central nervous 
system cells [13, 14]. While this may be adaptive and helpful 
in the baseline hyperglycemic state, it could predispose these 
patients to exaggerated responses to hypoglycemia due to 
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diminished glucose transport capacity. However, the degree 
and importance of this effect is controversial, with other stud-
ies showing conflicting results and no significant effect of 
hyperglycemia on transcription and activity [15]. Regardless, 
it is well-recognized clinically that patients with higher base-
line blood sugars demonstrate neuroglycopenic symptoms at 
a significantly higher level of plasma glucose compared to 
euglycemic patients although the mechanisms and clinical 
significance of this observation remain uncertain [18, 19].

3  Hyperglycemia and Hypoglycemia 
in the Neurocritical Care Unit (NCCU)

Patients who are critically ill, either for neurological reasons 
or otherwise, are at increased risk for hyperglycemia. There 
are multiple contributing factors, the primary one being the 
increased levels of stress-related hormones, either released 
endogenously or given exogenously as part of treatment. 
Cortisol, one of the most well known stress hormones, acts on 
its nuclear receptor in target tissues, leading to hyperglycemia 
through a variety of mechanisms, including increased gluco-
neogenesis, impaired insulin release, and impaired glucose 
uptake in peripheral tissues. In patients without sufficient 
pancreatic reserve to maintain normal plasma glucose, a pri-
marily postprandial hyperglycemia occurs [23]. 
Dexamethasone, a pharmacologic glucocorticoid commonly 
used in the neurosurgical setting, is significantly more potent 
than cortisol and can contribute to dramatic and long-lasting 
episodes of hyperglycemia due to its longer half-life of 
approximately 2 days.

Catecholamines, released by the adrenal medulla in 
response to acute stress, can also lead to hyperglycemia 
through their actions on the alpha and beta adrenergic recep-
tors. This is primarily mediated by activation of the beta-2 
adrenergic receptor, which leads to both increased insulin 
and glucagon secretion by direct stimulation of pancreatic 
beta cells and increased hepatic glycogenolysis and 
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 gluconeogenesis [24]. The net effect of beta-2 adrenergic 
receptor stimulation is generally hyperglycemia. Alpha-1 
adrenergic receptors are also thought to play a role in pro-
moting hyperglycemia by increasing gluconeogenesis [25]. In 
addition to endogenously secreted epinephrine and norepi-
nephrine, pharmacologic vasopressors particularly norepi-
nephrine used to support blood pressure in the critical care 
setting result in similar effects by these mechanisms.

Patients in the NCCU have several additional clinical fac-
tors that predispose to hyperglycemia. For instance, patients 
who are ventilator-dependent or having dysphagia following 
a neurologic insult, frequently require tube feeding which 
appears to be an independent risk factor for development of 
hyperglycemia. Although there is lack of data regarding etiol-
ogy and frequency, patients receiving enteral nutrition appear 
to be at an increased risk for hyperglycemia. For instance, one 
study comparing insulin Glargine and sliding scale insulin in 
treating fifty patients on enteral nutrition noted that over half 
of the patients did not have pre-existing diabetes on presen-
tation [20]. While the precise etiology for this high prevalence 
of hyperglycemia remains unclear, it may include the high 
carbohydrate load of enteral nutrition products. Moreover, 
continuous tube feeding has been associated with decreased 
levels of endogenous insulin and Incretin secretion and 
increased insulin resistance in animal models [22].

Due to the frequently unpredictable clinical course of 
critically ill patients, hypoglycemia is as serious a concern as 
hyperglycemia. As with hyperglycemia, hypoglycemic epi-
sodes in hospitalized patients are associated with increased 
length of stay and increased mortality rates [26]. The primary 
risk factor for hypoglycemia in hospitalized patients appears 
to be the difference in oral intake. Not only are critically ill 
patients more prone to interruptions in oral intake due to 
procedural or diagnostic testing requirements, they may have 
significantly higher caloric intake at baseline. Although, in 
theory, basal insulin should be dosed based on basal insulin 
requirement, in practice many patients have excessively high 
doses of basal insulin providing at least partial meal time 
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coverage. This disproportion in the basal and bolus insulins, 
can lead to hypoglycemic episodes upon withdrawal of base-
line oral nutrition. This is a special consideration in patients 
with type 1 diabetes as the autoimmune destruction of the 
pancreas leads to a deficiency in glucagon as well as insulin 
within 5 years of diagnosis [27], impairing the counter- 
regulatory response to hypoglycemia.

Patients requiring higher doses of insulin to manage their 
hyperglycemia due to any of the previously discussed factors 
(stress hormones, glucocorticoid and vasopressor therapy, 
enteral feeding) are also prone to hypoglycemia as their con-
dition and the underlying risk factors improve or resolve. This 
may occur gradually over the course of days, such as with 
glucocorticoid therapy, or may occur very rapidly over the 
course of hours, such as with withdrawal of enteral feeds or 
vasopressor therapy. Overall, the high degree of unpredict-
ability and rapidly changing clinical circumstances requires a 
flexible and rapidly titratable method of insulin delivery to 
minimize the risk of hypoglycemia to the particularly vulner-
able human brain following an acute insult.

4  Management of Hyperglycemia 
in the NCCU

The exact goals of glycemic control in inpatients have been 
the subject of numerous studies and professional society 
guidelines. The landmark 2009 NICE-SUGAR trial com-
pared critically ill patients randomized to target ranges of 81 
to 108 mg/dL (categorized as Intensive Insulin Therapy) com-
pared to target glucose under 180 mg/dL (conventional ther-
apy). The study showed that patients in the IIT group had a 
significantly higher risk for hypoglycemia and had a higher 
mortality rate [3]. This effect has been replicated in other 
smaller studies [4] and has led to the recommendation of a 
less aggressive glycemic target for critically ill patients rang-
ing from 140–180  mg/dL according to the American Heart 
Association/American Stroke association (AHA), American 
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Diabetes Association (ADA) and 150–180 according to the 
Society of Critical Care Medicine SCCM [6–8].

In the neuro-critical care patient population, the glycemic 
targets remain an area of debate though there are several 
meta-analyses on the subject looking at different targets and 
their association with various outcomes. A 2012 meta- analysis 
of sixteen randomized control trials involving 1248 neuro- 
critical care patients compared target ranges of 70–140 mg/dL 
with a glucose target of 144–300 mg/dL and noted that the 
group with lower glucose target had increased risk of hypo-
glycemia though it did not affect morality. The study addition-
ally noted worse outcomes, especially with neurological 
recovery, among patients with glucose >200 mg/dL and sug-
gested an intermediate target range [31]. A separate meta- 
analysis of nine studies including 1459 critically ill 
neurosurgical or neurological patients comparing tight glyce-
mic control (defined individually per study, generally 
80–120  mg/dL) compared to conventional glycemic control 
noted decreased rates of infection and improved neurological 
outcomes among the tight glycemic control group but also 
increased rates of hypoglycemia and no impact on mortality 
[32]. While the precise glucose target range for neuro-critical 
care patients remains debatable, a target of 140 or 150 to 180 
appears reasonable in general to limit both hypoglycemia and 
risk for infection and poor neurological outcomes associated 
with hyperglycemia.

Hyperglycemia in the critical care setting is best treated 
with insulin monotherapy and outpatient non-insulin diabe-
tes medications, in general, are discontinued on admission 
due to various reasons. Specifically, metformin can be associ-
ated with increased risk of lactic acidosis in patients with 
acute renal injury, sulfonylureas can contribute to hypoglyce-
mia with unpredictable dose responses, SGLT-2 inhibitors 
can contribute to DKA and urinary tract infections, and 
GLP-1 agonists can lead to nausea and vomiting with 
decrease in the caloric intake. Insulin, therefore, remains the 
mainstay for treatment of hyperglycemia in the neuro-critical 
care setting. Insulin also offers the advantage of rapid 
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 titration, frequent dosing if needed and a more predictable 
dose response curve.

Insulin can be delivered by two main routes: subcutaneous 
injection of short and long acting insulin analogues and intra-
venous infusion of regular insulin. In general, insulin infusion 
remains the preferred method for glycemic control in the 
neuro-critical care patient population [5]. Intravenous insulin 
infusion has a number of advantages over multiple daily 
injections, primarily including more flexible dose titration 
due to the short half-life of intravenous insulin (blood glu-
cose begins to recover approximately 15 min after infusion is 
held [29]) and the frequent monitoring of glucose values to 
guide dosing. Additionally, the intravenous route bypasses 
differences in insulin absorption rate, which may be affected 
in patients with poor peripheral perfusion and variable 
absorption of the subcutaneous insulin. Lastly, intravenous 
insulin infusion achieves target glucose much more rapidly 
compared to subcutaneous insulin due to rapid dose titration 
and should be considered for patients who have significant 
hyperglycemia on admission to the intensive care unit.

These advantages are especially desirable in neuro-critical 
care patients due to the plethora of risk factors for hypergly-
cemia and hypoglycemia previously discussed. For instance, 
patients with significant acute medical stress or patients on 
vasopressors may have transiently elevated insulin require-
ments that could rapidly reverse upon resolution of stress or 
discontinuation of vasopressors. These patients may also 
exhibit impaired perfusion of subcutaneous tissues due to 
hypotension or vasoconstriction, rendering subcutaneous 
insulin absorption unreliable. Critically ill patients may also 
have persistently poor or absent oral caloric intake, increas-
ing the risk for hypoglycemia with a long acting subcutaneous 
basal insulin such as insulin Glargine or Determir.

There are a variety of intravenous insulin protocols avail-
able, which differ by institution. These may include dose titra-
tion tables or conventional calculations. In general, the 
desirable characteristics of an acceptable insulin infusion 
protocol include
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 (i) appropriate glycemic targets
 (ii) instructions regarding glucose monitoring and dose 

titration
 (iii) determination of dose titration based on glucose reading 

and the rate of change of glucose (calculated by compar-
ing with the previous glucose reading)

 (iv) appropriate measures for prevention and treatment of 
hypoglycemia

 (v) demonstration to be clinically safe and effective [30].

Generally, glucose is monitored every 1  h in patients on 
intravenous insulin to guide dose titration. This has tradition-
ally been done by use of glucometer though the use of con-
tinuous glucose monitoring systems (CGMS) is being studied 
as a safer and more effective alternative. Once target glucose 
has been achieved and maintained for few hours, monitoring 
can be switched to every 2 h depending on the protocol. If 
enteral/tube feeding is initiated, an increase in the infusion 
rate is to be expected though the infusion rate tends to stabi-
lize once goal tube feeds have been achieved for several 
hours [21]. Continuous tube feeding as opposed to bolus 
feeding is the preferred method of feeding and leads to more 
predictable insulin dose titration. If tube feeds are inter-
rupted for any reason such as diagnostic testing or procedural 
reasons, down titration of the infusion rate is usually in order 
to minimize the risk of hypoglycemia.

For patients with pre-existing type 1 diabetes mellitus, 
basal insulin coverage is of paramount importance to prevent 
ketoacidosis particularly in the context of superimposed 
stress of critical illness. This can be achieved with insulin infu-
sion as discussed above though consideration should be given 
to initiate the insulin infusion at a lower rate given their ten-
dency for higher insulin sensitivity and wider fluctuations in 
the glucose readings.

Figure 1 gives an overview of our suggested approach to 
hyperglycemia in the neuro-critical care setting. Adjustments 
to this general approach and the target glucose range can be 
made as deemed clinically appropriate for a patient’s medical 
condition.
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The management principles for treatment of diabetic keto-
acidosis (DKA) in the NCCU is similar to those in the gen-
eral population with intravenous insulin, fluid resuscitation 
and electrolyte replacement being the key components. A 
more liberal glucose target (typically <250  mg/dL) may be 
initially appropriate until the ketoacidosis is resolved and the 
anion gap normalizes. It is common practice to switch intra-
venous fluids to dextrose containing fluids (e.g. D5/0.45% 
NS) once blood glucose reaches 200–250 mg/dL. This ensures 
delivery of adequate amounts of insulin to help normalize the 
anion gap while minimizing the risk of hypoglycemia. 
Potassium level should be monitored closely (every 2–4  h) 

Admission to Neurocritical
care setting

Assess for
Hyperglycemia

Significant hyperglycemia present
(glucose > 180 mg/dL)

Significant hyperglycemia not
present (glucose <180 mg/dL)

Risk for instability?

Need for pressors?
Risk factors for reduced peripheral perfusion?
Insulin requirement/dose uncertaiunty
Procedures pending?
Potential entereal feeding pending?

Known history of type 1
diabetes?

Yes

Yes

No

No

Initiate insuline infusion per
institutional protocol

Consider subcutaneous insulin 

Initiate basal coverage.
Consider correction scale.

Monitor glucose hourly.

Monitor glucose periodically (q4-6
hours), more frequently if clinical

risk factors for hyperglycemia

Monitor glucose hourly and
adjust insulin infusion rate as

needed

Present

Absent

Reassess for risk factors
for instability as above

Consider transition to
subcutaneous insulin

Consider NPH q8-12 hours for
basal coverage and

regular insulin at a correctional
q6 hours especially if using tube

feeds

Reassess insulin dose every 12-24
hours and titrate basal insulin based

on need for correction insulin

•
•
•
•
•

Figure 1 Approach to hyperglycemia in the NCCU
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and replaced as necessary. Once anion gap is closed, hyper-
glycemia and hypovolemia corrected, a switch to the more 
commonly employed critical care glucose target of 140–180 
can be made.

Subcutaneous insulin is the major option for glycemic con-
trol in hyperglycemic patients with relatively stable insulin 
requirements and with good subcutaneous absorption. Dosing 
of subcutaneous insulin can be determined by a variety of 
methods. For patients on insulin infusion, a calculation for the 
total daily dose can be made from the insulin infusion. 
Typically, 80% of the total daily dose of intravenous insulin is 
used as the total daily dose of subcutaneous insulin. This can 
be subdivided into basal and bolus insulin. For subcutaneous 
insulin, use of short or intermediate acting insulin analogues 
such as Aspart, Lispro or Neutral Protamine Hagedorn 
(NPH) is preferred over use of long acting insulin analogs 
such as Glargine, Determir or Degludec. For patients with 
pre-existing diabetes on insulin therapy, outpatient doses can 
be used to estimate total daily insulin requirements, although 
many patients have decreased oral intake and improved insu-
lin adherence in the hospital setting compared to baseline 
and dose should be reduced by approximately 25–30% to 
minimize the risk of hypoglycemia. For patients requiring 
insulin therapy who were not on insulin therapy at baseline 
or have not been treated with insulin infusion, total daily dose 
can be estimated by using an approximation of 0.3 to 0.5 units 
per kilogram of body weight, depending on degree of esti-
mated insulin resistance. Patients receiving glucocorticoid 
therapy may require an increased amount of prandial/bolus 
insulin compared to the basal dose given the mechanism of 
hyperglycemia as we had previously discussed.

Basal insulin may be initially given in the form of interme-
diate acting insulin such as NPH at 8–12  h intervals. Many 
institutions employ NPH insulin every 8–12 h as basal insulin 
for patients who do not require intravenous insulin but who 
may experience fluctuating or uncertain basal insulin require-
ments. The increased frequency of dosing has the benefit of 
allowing more frequent dose titration to rapidly address 
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hyperglycemia or hypoglycemia in patients whose exact 
requirements are unclear or changing rapidly with their clini-
cal condition. If a longer acting insulin analogue (Glargine, 
Determir, Degludec) is to be used for basal coverage, reduced 
dosing at 12 h intervals as opposed to once a day dosing may 
be prudent to minimize risk of hypoglycemia. Table 1 sum-
marizes the pharmacokinetic properties for commonly used 
types of insulin.

In the case of patients receiving continuous enteral/tube 
feeds, various methods can be used to address the associated 
hyperglycemia. In patients being treated with insulin infusion, 
an increase in the infusion rate is to be anticipated with the 
initiation of the tube feeds as previously discussed. Once the 
goal rate of tube feeds is achieved, the infusion rate tends to 
stabilize at a new higher rate. For patients being treated with 
subcutaneous insulin, management of hyperglycemia associ-
ated with tube feeding may be more challenging. Use of vari-
ous methods has been advocated in this setting. Basal insulin 
together with correctional regular insulin dosed every 4 to 6 h 
has been shown to be effective [32] although this may carry a 
higher risk for hypoglycemia, especially in the event of with-
drawal of enteral nutrition. This, however, can be ameliorated 
by promptly starting dextrose-containing fluids in the case of 
interruption in enteral nutrition. A proportion of the addi-
tional dose needed on the correctional scale can then be 
added to the basal insulin dose. Again, use of NPH at 8–12 h 

Table 1 Pharmacokinetic characteristics for commonly used types 
of subcutaneous insulin
Type of 
insulin

Onset of 
action

Peak 
effect

Duration of 
action

Regular 15–30 min 2–3 h 6–8 h

Lispro, Aspart 5–15 min 60–90 min 3–4 h

NPH 2 h 6–8 h 8–16 h

Glargine 2 h No peak 20–24 h

Degludec 2 h No peak >40 h
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intervals may provide a bigger margin of safety when com-
pared with longer acting insulin analogues.

As an alternative method, approximately one third of total 
daily insulin could be given as basal insulin with the remain-
der given every 4 to 6 h as scheduled doses of fixed dose regu-
lar insulin with additional correction factor [33]. This has the 
benefit of improved flexibility and potentially decreased risk 
of hypoglycemia.
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1  Introduction

The management of electrolytes remains a cornerstone of 
care while patients are in the intensive care unit (ICU). 
Electrolyte derangements may increase morbidity and mor-
tality of these patients [1]. When considering replacement 
one should consider the following main electrolytes: calcium, 
magnesium, potassium, phosphorus, and sodium. Reference 
ranges for the aforementioned electrolytes in adult patients 
are defined in Table 1. There are many parenteral and enteral 
products that can be utilized for electrolyte replacement.
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2  Calcium Management

Aberrations in calcium are common in acutely ill individu-
als  – including hypocalcemia and hypercalcemia. With the 
severity of disease of these patients variable, the ionized cal-
cium level should be measured for effective evaluation [3]. 
Normal ionized calcium levels are 1.1 to 1.3 mmol/L. In neu-
rocritical care, the role of calcium cannot be undermined as 
calcium plays an essential role in the pathophysiology of 
acute neurological conditions such as stroke, traumatic brain 
injury and seizures. Hypocalcemia has been associated with 
coagulopathy leading to intracerebral hemorrhage expansion 
[4]. The purpose of checking calcium levels in ICU setting is 
to correct the levels if low levels of calcium are noted as 
hypocalcemia is a predictor of disease severity and mortality 
in ICU [5].

Hypocalcemia is defined as an ionized level 
<1.11 mmol/L. There are two different intravenous products 
utilized for replacement and they are calcium gluconate and 
calcium chloride. Calcium chloride is typically utilized in 
urgent or emergent situations with central venous access sec-
ondary to the risk of tissue necrosis [6]. Calcium gluconate is 
the primary intravenous repletion agent utilized and replace-
ment is shown in Table 2.

Hypercalcemia is defined as an ionized calcium of 
>1.3 mmol/L. Malignancies and hyperparathyroidism are the 
cause for most cases of hypercalcemia. Hypercalcemia affects 

Electrolyte Reference range
Calcium 8.5–10.8 mg/dL 

(Ionized – 1.1–
1.32 mmol/L)

Magnesium 1.5–2.2 mEq/L

Phosphorus 2.6–4.5 mg/dL

Potassium 3.5–5 mEq/L

Sodium 136–145 mEq/L

Table 1 Electrolyte 
reference ranges [2]
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many different systems in the body including neuromuscular, 
gastrointestinal, renal, cardiovascular and skeletal [6]. 
Treatment to lower calcium should happen if patients are 
symptomatic. This can be achieved with intravenous fluids, 
pharmacological agents, and/or hemodialysis. Pharmacological 
agents for hypercalcemia treatment include calcitonin, pami-
dronate, zoledronate, and cinacalcet [7, 8].

3  Magnesium Management

Magnesium is utilized throughout the human body, as it is a 
cofactor in reactions powered by adenosine triphosphate [7]. 
Normal magnesium levels are 1.5–2.2 mg/dL. Hypomagnese-
mia occurs in many patients with neurological injuries and 
can be associated with delayed cerebral ischemia [6]. The 
treatment for magnesium levels that are outside the normal 
range should be corrected and maintained throughout hospi-
talization.

Hypomagnesemia is defined as a serum magnesium level 
<2 mg/dL. Hypomagnesemia is commonly recognized when 
patients are also deficient in potassium, calcium and/or phos-
phorus as many of these present together. Magnesium should 

Table 2 Hypocalcemia management
Serum ionized 
calcium (mmol/L)

Replacement dose 
and route

Laboratory 
evaluation

>1.11 No replacement 
needed

AM Labs

1.05–1.11 1 gram calcium 
gluconate IV

AM Labs

0.99–1.04 2 grams calcium 
gluconate IV

4 h after 
replacement

0.93–0.98 3 grams calcium 
gluconate IV

4 h after 
replacement

<0.93 4 grams calcium 
gluconate IV

4 h after 
replacement
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be given in these instances to ensure appropriate response to 
other electrolyte repletion. Replacement doses are described 
in Table 3.

Hypermagnesemia is defined as a magnesium level >5 mg/dL. 
As the magnesium level increases, so does the severity of 
complications associated with hypermagnesemia; these can 
include drowsiness, bradycardia, muscle flaccidity, respiratory 
depression, and QT prolongation [7]. Hypermagnesemia is 
rare but should be considered in life threatening instances. 
Common treatments include discontinuing sources of paren-
teral/enteral magnesium, intravenous fluids, and hemodialysis 
[6].

4  Phosphorus Management

Phosphorus homeostasis is almost exclusively maintained by 
the kidneys; while the main use of phosphorus in the body is 
for the formation of bone and teeth it also serves as a compo-
nent of adenosine triphosphate (ATP) [2, 7]. Energy storage 
and metabolism are key functions of ATP and utilized 
through many different organ systems thus giving rise to why 
phosphorus is so vital. Normal phosphorus levels are 2.6–
4.5 mg/dL and should be evaluated throughout the duration 
of the hospitalization [2].

Hypophosphatemia is defined as a phosphorus level of 
<3 mg/dL. Severe hypophosphatemia with a level of <1  mg/

Table 3 Hypomagnesemia treatment
Serum magnesium 
(mg/dL)

Replacement dose 
and route

Laboratory 
evaluation

>2 No replacement 
needed

AM Labs

1.5–2 2 grams IV 4 h after 
replacement

<1.5 4 grams IV 4 h after 
replacement
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dL gives rise to central nervous signs and symptoms including 
but not limited to generalized weakness, encephalopathy, 
seizures and peripheral neuropathy [6, 7]. When deciding on 
phosphorus replacement, consideration of the degree of 
potassium replacement should be evaluated as well. 
Replacement doses are described in Table  4. Phosphorus 
products available on the market are included in Tables 5 and 
6. Most phosphorus products have an additional electrolyte 
with them whether that be sodium or potassium.

Table 4 Hypophosphatemia management
Serum 
phosphorus 
(mg/dL) Replacement dose and route

Laboratory 
evaluation

>3 No replacement needed AM Labs

2.7–3 1 tablets/packets oral/per tube AM Labs

2.1–2.7 2 tablets/packets 
oral/per tube

15 mmol 
IV

AM Labs

1.5–2 2 tablets/packets 
oral/per tube q4h 
for 2 doses

30 mmol 
IV

4 h after 
replacement

<1.5 45 mmol IV 2 h after 
replacement

Table 5 Enteral phosphorus products [9]

Enteral product

Phosphorus 
content 
(mmol)

Potassium 
content 
(mEq)

Sodium 
content 
(mEq)

Phosphorus tablet
(KPhos neutral)

8 1.1 12

Phosphate- 
potassium packet 
(Phos-NaK 
powder)

8 7.1 7.1
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Hyperphosphatemia is defined as a phosphorus level of 
>4.5 mg/dL. The most common cause of hyperphosphatemia 
is renal insufficiency -- whether this be acute or chronic [6]. 
Treatment includes phosphate binders, intravenous fluids and 
renal replacement therapy. Several phosphate binders are 
currently available for use but are typically not utilized in 
critically ill patients.

5  Potassium Management

The most common cation in the body is potassium and is 
stored intracellularly as well as extracellularly [7]. Normal 
potassium levels are 3.5–5  mEq/L [2]. When looking at the 
epidemiology of potassium derangements, several etiologies 
should be considered; these include decreased or increased 
potassium intake, cellular shifts, and increased or decreased 
potassium loss [6]. Potassium plays a major role in the resting 
membrane potential and changes in concentrations can affect 
cardiac, neural, and muscular tissues [7].

Hypokalemia is defined as potassium of <3.5 mEq/L. The 
major presenting factor with hypokalemia is a cardiac 
arrhythmia or abnormality [6]. Other symptoms associated 
with hypokalemia include fatigue, myalgia, hepatic encepha-
lopathy, and constipation. Table  7 describes replacement 
options for potassium as well as next steps in laboratory 
monitoring and evaluation.

Hyperkalemia is commonly defined as a potassium of 
>5.5  mEq/L and is associated with cardiac abnormalities, 
muscle weakness or paralysis. Renal dysfunction and failure 
are the most common etiologies of hyperkalemia [7]. 

Table 6 Intravenous phosphorus products [10, 11]
Intravenous 
product Product content
Potassium 
phosphorus

For every 3 mmol of Phosphorus, there are 
4.4 mEq of Potassium

Sodium 
phosphorus

For every 3 mmol of Phosphorus, there are 
4 mEq of Sodium
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Treatment options for hyperkalemia are outlined in Tables 8 
and 9. One notable electrocardiography change is the peak T 
waves that can be associated with hyperkalemia [12]. Prior to 

Table 7 Hypokalemia management
Serum potassium 
(mEq/L)

Replacement dose 
and route

Laboratory 
evaluation

>3.9 No replacement 
needed

AM Labs

3.6–3.9 20 mEq IV or PO AM Labs

3.2–3.5 40 mEq IV or PO 4 h after 
replacement

2.8–3.1 60 mEq IV or PO 4 h after 
replacement

<2.7 80 mEq IV Only 2 h after 
replacement

Table 8 Hyperkalemia management

Mechanism of action
Prescribed methods for treatment of 
hyperkalemia

Potassium shift 
intracellularly

10 units regular insulin IV and 1 amp 
of D50W
10 mg albuterol nebulizer treatment

Potassium excretion Furosemide 40 mg IV
Hemodialysis
Potassium Binders

Table 9 Potassium binders [12–14]

Potassium binder Dose
Onset of 
action

Sodium 
Polystyrene 
Sulfate

Oral: 15 grams up to four times 
per day
Rectal: 30 grams every 6 h

2–6 h

Patiromer Oral: 8.4 grams daily 7 h

Sodium Zirconium 
Cyclosilicate

Oral: 10 grams three times per 
day for 48 h; maintenance of 10 
grams daily

1 h
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hyperkalemia treatment, administration of calcium intrave-
nously is recommended to stabilize the myocardium [7].

6  Sodium Management

Sodium for many clinicians is the most important cation when 
looking at the management of a variety of disease states in the 
neurocritical care unit (NCCU). Sodium is a vital player in the 
regulation of volume throughout the body [7] and a great 
agent to utilize for elevated intracranial pressure manage-
ment. Hyponatremia and hypernatremia will be discussed 
further with focus on the neurological injury spectrum.

Hyponatremia is defined as a sodium of <130 mEq/L with 
a critical level necessitating immediate attention of 
<120 mEq/L. The two most common etiologies of hyponatre-
mia include cerebral salt wasting syndrome (CSWS) and 
syndrome of inappropriate antidiuretic hormone (SIADH). 
Neurological injuries that have the potential to have hypona-
tremia as side effects include the following: central nervous 
system infections, stroke, subarachnoid hemorrhage, trau-
matic brain injury, transsphenoidal pituitary surgery and 
other intracranial malignancies [6]. The clinical features of 
CSW and SIADH are described in Table 10.

The calculation for FEurate is shown below [15]:

 
FE

Urine Uric acid Serum creatinine

erum Uric acid Ururate =
×
×S iine creatinine

×100
 

Laboratory testing to consider for diagnosis are described 
below:

 1. Serum sodium: 135–145 mEq/L
 2. Urine Osmolality: 50–1200  mOsm/kg (average: 500–

850 mOsm/kg water)
 3. Plasma osmolarity: 275–290 mOsm/Kg
 4. Urine sodium: up to 20 mEq/L (40–220 mEq/day)
 5. Serum Glucose: 70–140 mg/dL
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It is essential to first identify the triggering factors for 
hyponatremia and have a systematic approach before consid-
ering the treatment (Fig.  1). In most cases in NCCU, treat-
ment with salt tablets, hypertonic saline solution or 
fludrocortisone can be considered unless dealing with hyper-
volemic hyponatremia where the treatment of the underlying 
disorder is a must. Medications are described further in 
Tables 11, 12, and 13.

Hypernatremia is defined as a sodium of >145 mEq/L. This 
is typically seen in patients with diabetes insipidus and after 
the treatment with hypertonic saline in the NCCU [6]. Other 
etiologies can include medication induced, inappropriate 
dietary intake, or fluid loss. Diabetes insipidus is defined as a 
deficiency in plasma antidiuretic hormone and produces the 
inability to conserve free water.

The treatment of hypernatremia usually necessitates elicit-
ing appropriate history before undergoing treatment. Figure 2 
describes an approach to the diagnosis and management of 
hypernatremia. Diagnosis of diabetes insipidus requires due 
vigilance in considering history of increased thirst, recording 
of intake and output, trends of rising sodium before treat-
ment with desmopressin (Table  14) is considered. Though 
there is no protocolized approach for treatment of diabetes 
insipidus, these patients usually require intravenous or subcu-

Table 10 Clinical features of SIADH and CSWS
Clinical 
feature SIADH CSWS
Volume 
status

Euvolemic/
hypervolemic

Hypovolemic

FEurate 
relation to 
Serum Na 
[15]

Correction of 
hyponatremia 
normalize FEurate to 
4–11%

Correction of 
hyponatremia leads 
to persistent elevated 
FEurate

Treatment Fluid restriction, 
hypertonic saline, 
demeclocycline, 
furosemide

Normal saline, 
hypertonic saline, 
fludrocortisone
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Patient with Hyponatremia (S. Na <135meq/l)

Hyper-triglyceridemia
Hypercholesteremia
Hyperproteinemia 

Hyperglycemia
Mannitol/Glycine
Sorbitol/contrastU. Osmolality

Primary polydipsia
Use of hypotonic fluids
Low solute intake

Urine 

sodium

CHF
Cirrhosis
Nephrotic syndrome
Hypoalbuminemia

SIADH
CSW
RSW
Medications

Hypertonic hyponatremia 
(dilutional hyponatremia)

Measure Serumglucose, 

plasma osmolarity

Isotonic hyponatremia 
(Pseudohyponatremia)

Obtain serum Lipids, serum 

albumin

<100mOsml/kg) >100mOsml/kg)

<30mmol/L >30mmol/L

Exclude Exclude

Hypervolemia 
Hyponatremia

Treat underlying cause
Vaptans

Figure 1 Hyponatremia protocol. SIADH Syndrome of inappropri-
ate anti-diuretic hormone, CSW Cerebral salt wasting, RSW Renal 
salt wasting, CHF Congestive Heart Failure

Table 11 Medications for the treatment of SIADH [16, 20]
Medication Mechanism of action Dose
Demeclocycline Inhibition of 

antidiuretic hormone 
activity

300 mg every 12 h; 
max of 1200 mg/day

Salt tablets Sodium 
supplementation

1–2 g every 8 h; max 
of 16 g/day
1 g = 17.1 mEq of 
sodium

Table 12 Medications for the treatment of CSWS [17]
Medication Mechanism of action Dose

Fludricortisone Increased reabsorption of 
sodium from renal distal 
tubules

0.1 mg daily; 
max of 0.4 mg/
day
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Patient with Hypernatremia (S. Na>145meq/l): 

Serum Osmolality is always elevated

History consistent with fluid 

loss (Non-renal): 

• GI (diarrhea, 

vomiting, drains)

• Skin (sweat, burns)

• Third spacing (Ascites, 

peritonitis)

History consistent with renal 

fluid loss:

• Diuretics

• Osmotic agents

• ATN (polyuria phase)

• U/ P osmolality >0.7

• U. Na <20 mEq/L

• Urine osmolality 

>600mOsm/kg

• U. Na >20 mEq/L

• Urine osmolality 300-

600mOsm/kg

• Treat underlying cause

• Free water replacement

• U/P Osmolality <0.7

• Mechanical 

ventilated 

patient

• Lack of water 

access due to 

any reason

• Diabetes 

insipidus#

• Excess salt 

intake*

• Renal cause**

• Adrenal 

cause***

• U.Na >20meq/l • U. Na variable

Hypovolemic Hypernatremia

Euvolemic 

Hypernatremia

Hypervolemic 

Hypernatremia

Figure 2 Approach to hypernatremia. U Urine, P Plasma, ATN 
Acute tubular necrosis, * Hypertonic saline infusions, high salt infu-
sions, ** Primary aldosteronism: Look for HTN and hypokalemia, 
*** Cushing’s syndrome, # Central or nephrogenic

Table 14 Medications for the treatment of hypernatremia [19, 21]
Medication Mechanism of action Dose

Desmopressin Increases cyclic adenosine 
monophosphate in renal 
tubular cells

0.25–1 mcg IV or 
SC every 12–24 h

Hypertonic saline 
concentration (%)

Osmolality 
(mOsm/L)

0.9 308

1.5 513

3 1026

23.4 8008

Table 13 Sodium 
chloride concentra-
tions [18]
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taneous desmopressin initially before oral/intranasal desmo-
pressin is considered. In most cases, DI resolves by itself in a 
few days to weeks and the patient does not require long term 
medication management.

7  Summary

Electrolyte management in the NCCU is a learned skill and 
one that providers should understand and implement ways 
to ensure appropriate management is completed. There are a 
variety of mechanisms by which to adjust electrolytes to 
obtain optimal serum levels. While electrolyte management 
can be tedious, it can be lifesaving in patients admitted to the 
NCCU.
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1  Introduction

Apheresis is derived from the Greek word “Aphairesis”– to 
take away by force [1]. The term Plasmapheresis was coined 
by John J. Abel in 1914 in his report, “Plasma removal with 
return of the corpuscles(plasmapheresis)” wherein he 
reported that a large amount of plasma could be collected 
from an animal if the red blood cells were to be returned [2].

Therapeutic plasma exchange (TPE) is defined by the 
American Society for Apheresis (ASFA) 2019 guidelines as 
“A therapeutic procedure in which the blood of the patient is 
passed through a medical device which separates plasma 
from the other components of blood”. TPE involves plasma 
removal and replacement with a solution such as a colloid 
solution (e.g., albumin and/or plasma) or a combination of a 
crystalloid/colloid solution [3].

From remote history, it has been known to mankind that 
there are potentially toxic substances called “humors” which 
accumulate in the blood of critically-ill patients and that the 
removal of these would be beneficial for patients. Dating back 
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one thousand years B.C, Bloodletting, the practice of draining 
blood from sick patients, has been around. The practice of 
bloodletting peaked in the eighteenth century and as we know, 
it has tremendously evolved in the last 5–6 decades [1].

The technique was first introduced as a possible treatment 
for Guillain-Barré syndrome (GBS) in 1978 and further 
research over the next few years found it to be significantly 
beneficial in treatment of GBS. By late 80s, TPE was exten-
sively used as a first line treatment in the acute management 
of GBS and myasthenic crisis [4].

TPE has emerged as a powerful therapeutic modality in 
the treatment of autoimmune mediated neurological disor-
ders [5]. Autoimmune neurological conditions are mediated 
by autoantibodies that cause cellular injury to various com-
ponents of the nervous system. Majority of the patients pres-
ent with focal neurological deficits such as motor weakness, 
hyporeflexia, altered pain perception, stroke and seizures. 
Delays in initiating appropriate treatment may result in irre-
versible neurological injuries and permanent impairment of 
function [1].

2  Basic Nomenclature

Apheresis – A general term for “taking away” a targeted 
cell type or substance from blood. Apheresis includes 
plasmapheresis (plasma) and cytapheresis (blood cells).
The term “pheresis,” which is a shortened pronunciation (slang) 
for apheresis, is not used.

Plasmapheresis – A general term used to denote selective 
removal of plasma. Plasma can be separated from blood using 
centrifugation or filtration.
Plasmapheresis is mostly used to collect plasma from a healthy 
blood donor for transfusion (i.e., plasma donation).

Therapeutic apheresis – A general phrase that denotes 
replacement of plasma with another fluid such as colloid, 
crystalloid, or allogeneic plasma.
It also implies removal or replacement of abnormal or excessive 
cells for the purpose of achieving a clinical benefit.
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Therapeutic plasma exchange (TPE) – A phrase that was 
historically used synonymously with “therapeutic apheresis” 
because in the past only plasma was used as replacement fluid. 
However, TPE is now applied specifically to procedures that 
involve replacement solely with plasma.
TPE is also referred to as plasma exchange or therapeutic 
plasmapheresis and involves removal of patient plasma and 
replacement with allogeneic or autologous plasma. Plasma 
removed during plasma exchange must not be used for 
transfusion to another individual, according to regulations from 
the US Food and Drug Administration (FDA).

Therapeutic cytapheresis (hemapheresis) – A term used to 
denote selective removal of abnormal blood cells (e.g., sickled 
cells [erythrocytapheresis, red blood cell exchange]) or excessive 
numbers of cells (eg, platelets [thrombocytapheresis], white 
blood cells [leukocytapheresis]).

Dialysis – A diffusion-based treatment best suited for the 
removal of fluid or small molecules (e.g., uremic toxins, some 
drugs) from the blood using a filter. Fluid is removed by 
filtration (convection); solutes are removed by diffusion.

Plasma filtration – A technique that separates plasma from 
cellular components with a highly permeable filter (plasma 
filter) using a dialysis or hemofiltration machine.

3  Indications of Therapeutic Plasma 
Exchange (Table 1)

Plasma exchange is increasingly being used in neurological 
settings for the treatment of numerous clinical conditions [6]. 
Neurological diseases including myasthenia gravis, Guillain 
Barre’ syndrome (GBS) and chronic inflammatory demyelin-
ating polyneuropathy (CIDP) are among the most frequent 
indications TPE [7]. TPE is also employed in treatment of 
connective tissue diseases, hematological, nephrological, 
endocrinological and metabolic disorders [8].  Table1 presents 
the common indications of TPE based on the clinical utility 
as recommended by American society for Apheresis (ASFA) 
Guideline on the Use of Therapeutic Apheresis in Clinical 
Practice-Evidence-Based Approach [9].

Plasmapheresis
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Table 1 Indications of Therapeutic Plasma exchange (TPE) based 
on the strength of evidence on its clinical utility- American Society 
for Apheresis (ASFA), 2010

Category I

(Apheresis is accepted 
as first-line therapy)

Category II

Apheresis is 
accepted as 
second-line 
therapy)

Category III

Role of apheresis 
therapy is not 
established. Decision 
making is 
individualized

Acute inflammatory 
demyelinating 
polyradiculoneuropathy 
(GBS) Primary 
treatment

Myasthenia gravis 
(Chronic, long-
term treatment)

Chronic focal 
encephalitis 
(Rasmussen 
encephalitis)

Myasthenia gravis 
(Acute, short-term 
treatment)

Multiple sclerosis Neuromyelitis optica 
spectrum disorders 
(NMOSD)

Acute stroke secondary 
to sickle cell disease

Neuromyelitis 
optica spectrum 
disorders 
(NMOSD)

Paraneoplastic 
neurologic 
syndromes as anti- 
myelin- associated 
glycoprotein (MAG) 
neuropathy and 
multiple myeloma

Stroke prophylaxis in 
non-acute Sickle cell 
disease

Acute 
disseminated 
encephalomyelitis 
(ADEM): Steroid 
refractory

Sudden sensorineural 
hearing loss

CIDP Pediatric 
Autoimmune 
Neuropsychiatric 
Disorders 
Associated with 
Streptococcal 
Infections 
(PANDAS)

Progressive 
multifocal 
leukoencephalopathy 
(PML) associated 
with natalizumab

Sydenham’s Chorea- 
severe
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3.1  Principles

TPE involves an extracorporeal blood purification method 
targeted to remove large molecular weight substances from a 
patient’s plasma. Henceforth, the removal of circulating allo-
antibodies, autoantibodies, cytokines, immune and other 
inflammatory mediators is believed to be the principal mech-
anism of action through which TPE renders its benefit [10].

There is a wide array of neurological conditions where 
pathological production of auto-antibodies have been impli-
cated, such as:

• the antibodies against nicotinic acetylcholine receptor in 
MG [11]

• antibodies against P/Q-type voltage-gated calcium chan-
nels in Lambert-Eaton syndrome [12]

• Anti-Myelin Oligodendrocyte Glycoprotein (MOG) anti-
bodies in MS [13]

Clinical utility of TPE is based on at least one of the fol-
lowing conditions [6]:

• The substance targeted for removal must have a suffi-
ciently long half-life so that extracorporeal removal is 
more rapid than endogenous clearance pathways.

• The substance to be removed must be acutely toxic and/or 
resistant to conventional therapy so that the rapid elimina-
tion from the extracellular fluid by therapeutic apheresis is 
indicated.

• The substance to be removed should be sufficiently large, 
with a molecular weight greater than 15,000 daltons, so 
that it cannot be easily removed by less expensive purifica-
tion techniques such as hemofiltration or high-flux 
hemodialysis.

3.2  Mechanisms of Action

Therapeutic plasma exchange constitutes an extracorporeal 
blood purification technique designed to remove large molec-
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ular weight particles from plasma. The removal of circulating 
autoantibodies, immune complexes, cytokines, and other 
inflammatory mediators is thought to be the principal mecha-
nism of action [10].

Clinical benefit from plasma exchange is primarily 
observed in diseases with a self-limited course, whereas a 
long-term effect in chronic disorders is less frequently 
achieved. Furthermore, the intravascular and extravascular 
distribution of substances that are desired to be removed by 
plasma exchange has to be considered. Most large molecular 
weight substances have considerable concentrations in the 
extravascular space. After removal of the substance in the 
intravascular space, there may be a rapid substance redistri-
bution into the intravascular space, which usually requires 
repeated treatments with plasma exchange [10].

Research has shown plasmapheresis can lead to alteration 
of cellular networks of T cells, plasma cells and macrophages. 
TPE can mediate an enhanced production of immune cells 
[14], immunoglobulins [15], suppressor T-cell function [16] 
and a deviation of cytokine patterns redressing a disturbed 
T-helper type 1 and T-helper type 2 balance [17].

The rate of removal of substances during TPE is conven-
tionally expressed as a first-order kinetic due to slow equili-
bration of large molecular weight molecules between the 
vascular space and the interstitial space. Because of this, it is 
estimated that the exchange of a single volume of plasma will 
lower the level of a specific macromolecule by 50% to 60% 
and 1.4 plasma volumes exchange will lower the levels of 
target substances by 75%. This explains why complete 
removal of pathogenic antibodies is nearly impossible to 
achieve [6].

4  Technique (Fig. 1)

Therapeutic plasma exchange is based on the separation of 
plasma from the blood’s cellular elements. This can be 
achieved in the following ways:
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 1. Membrane Filtration or Membrane plasma separation 
(MPS) [18, 19]: Also referred to as mTPE, this technique 
involves separating blood components based on their par-
ticle size. Plasma filter membranes used in TPE typically 
have pore size of 0.2 μm to 0.5 μm in diameter (which is 
approximately 30 times the diameter of pores in conven-
tional high-flux hemofilter membranes used in dialysis cir-
cuits). This ensures removal of particles up to a molecular 
weight of 3 million Daltons(D). The size of platelets and 
red blood cells is between 2 and 3 μm, which corresponds 
to 10 times the size of a pore. Albumin measures 0.01 μm, 
which is 30 times smaller than a pore and passes easily 
through the membrane, as do IgM (0.03 μm) and cryoglob-
ulins (0.1 μm) [19, 20]. Substances that can pass through 
includes immunoglobulins, immune complexes, comple-
ment factors, lipoproteins, and endotoxin [6]. During this 
process, the patient’s plasma leaves the side pores of the 
membrane filter and is replaced by an appropriate replace-
ment fluid. This requires maintaining an adequate trans-
membrane pressure to prevent plugging of the pores from 
cellular components [4]. TPE is also possible using NxStage 
and Prismaflex continuous renal replacement therapy 
(CRRT) machines.

Calcium
Citrate

anticoagulation

Patient TPE

Plasma

Blood
warmer

Albumin or
FFP

Figure 1 Figure presents the simplified circuit of TPE
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 2. Centrifugation: also referred to as cTPE, this process 
involves separating blood components based on their spe-
cific gravity. The whole blood is pumped into a separation 
chamber and centrifuged pushing the dense red cells to the 
periphery, followed by white cells, platelets and plasma. 
The machine is designed to apply an appropriate g force 
and sensors to detect a state of equilibrium. During this 
exchange, the patient’s plasma is diverted into a collection 
bag and subsequently replaced with a replacement fluid 
while other components are returned to the patient [21].
Major differences between the two techniques of TPE are 
highlighted in Table 2.

 3. Immunoadsorption: This is a newer modality that allows a 
more selective removal of circulating antibodies by binding 
to a ligand resulting in removal of immunoglobulin fractions 

Table 2 Comparison of the Membrane Filtration and Centrifugation 
techniques of Therapeutic Plasma Exchange [23]

Characteristic
Membrane 
Filtration Centrifugation

Access Central Central & peripheral

Blood flow rate(ml/
min)

150 10–150

Plasma 
extraction(ml/min)

30% Variable

Anticoagulation Heparin, citrate 
or none

Citrate

Separation Size Specific gravity

Molecular Weight 
cut off (Dalton: D)

3 million Not applicable

Replacement Fluid Fresh Frozen 
plasma, 
Albumin

Fresh Frozen plasma, 
Albumin

Alternative use Dialysis Stem cell harvest for 
possible Bone Marrow 
transplant

Note: Adapted and modified from Williams and Balogun [23]
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[22]. Following adsorption, the plasma and cellular compo-
nents are combined and reinfused. Adsorption has been uti-
lized in treatment of several neurological disorders, notably 
Multiple sclerosis (MS) and Myasthenia Gravis (MG) [6].

4.1  Vascular Access for Therapeutic Plasma 
Exchange

Vascular access is the conduit by which TPE is performed. 
Blood flow into the device enables the process of centrifuga-
tion or membrane filtration to occur. Suboptimal flow may 
result in a suboptimal procedure, including longer procedural 
times, decreased efficiency, and the need to abort it before the 
target plasma volume has been processed [24]. The access 
options range from a large‐bore needle to cannulate the 
patient’s peripheral veins to the use of intravascular or 
implantable access devices (IVADs), such as arteriovenous 
(AV) shunts or AV fistulae; central venous catheters (CVCs); 
and CVCs tunneled with a port (port‐CVCs) [24]. 
Centrifugation based TPE requires blood flow rates that 
range from 50 to 120  mL/min while membrane‐based TPE 
requires a higher blood flow rate, ranging from 150 to 
200 mL/min. Patient’s underlying disease and mental status 
can impact their ability to produce tension, thus enabling 
blood to enter into the device if peripheral veins are being 
considered. Vascular anatomy; body habitus; hygiene; hydra-
tion; status as an inpatient, outpatient, or critically ill patient; 
and prior medications also affect the decision. Furthermore, 
the availability of personnel and resources to obtain vascular 
access are often important determinants, especially when 
emergent TPE is needed [24].

Peripheral Veins Peripheral antecubital veins are cannulated 
using 16‐ to 18‐gauge Teflon or silicone coated dialysis‐type 
steel needles. The maximum blood flow achieved is 80 cc per 
minute and makes this type of access suitable only for 
centrifugation techniques [25, 26].
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Central Venous Catheters (CVC) Central vein catheters 
include both nontunneled and tunneled catheters. 
Nontunneled, semi‐rigid catheters are usually made of 
polyurethane, and are designed for ease of insertion, and have 
lower thrombogenicity than rigid catheters. They are used for 
short‐term use (usually less that 2  weeks) [27]. Tunneled 
catheters, which are designed for long‐term use (weeks to 
months), are usually made of silicone and are more 
biocompatible, flexible and have the least thrombogenicity. 
Peripherally inserted central catheters (PICC lines) are too 
small in caliber (4–5 F) to accommodate the negative pressure 
and blood flow rates required for TPE procedures and should 
not be used. Catheters should be at least 11.5  F in adults. 
Catheters are the most common vascular access type used for 
TPE procedures in North America, South America and Asia 
[26, 27]. Despite the differences in CVC designs, an advantage 
of CVCs is that they allow for consistent and adequate flow 
rates required for apheresis. Complications include catheter 
occlusion due to thrombosis, infections (localized and 
systemic), catheter breakage, and embolism [24]. A study 
evaluating the rate of complications from CVC placement for 
apheresis procedures in the intensive care unit demonstrated 
that insertion of CVCs was associated with early and late 
complications, such as pneumothorax, arterial puncture, and 
air embolism [26].

AV fistula these are surgically created by direct anastomosis 
of an artery and a vein and are an appropriate choice for 
patients who undergo chronic TPE procedures. Common sites 
for AV fistulae include the radiocephalic or brachiocephalic 
anastomosis. AV fistulae, which have been used predominantly 
in hemodialysis (HD), are increasingly being utilized in 
apheresis. However, according to the WAA and an 
international registry report, among the different IVADs, AV 
fistulae were the least commonly used in apheresis, ranging 
from 2% to 4% of procedures [28, 29]. AV fistulae are often 
used as the vascular access of choice in patients on HD who 
also require TPE.
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Port‐CVCs Ports are tunneled chambers that are implanted 
under the skin, usually in the subcutaneous tissue of the 
anterior chest wall, with the distal tip of the attached tubing 
terminating at the junction of the right atrium and the superior 
vena cava. This vascular access option should be considered 
for patients who require long‐term TPE procedures. The 
tubing is made of silicone or polyurethane, and the chamber 
(cylindrical or funnel‐shaped) can be single or double and 
may be made of titanium, plastic, silicone, or a combination of 
these materials [24, 30]. The advantages of “ports” are the low 
rates of infection, potential long‐term use, and patient comfort 
and increased quality of life, because they are able to 
participate in different types of physical activity, including 
swimming [24].

4.2  Anticoagulation

To prevent extracorporeal clotting, an anticoagulant is usually 
added to the patient’s blood as it is withdrawn. A buffered 
dextrose solution containing citrate (acid citrate dextrose 
[ACD]), which chelates ionized plasma calcium, is the most 
commonly used anticoagulant for centrifugation apheresis 
procedures [25]. Unfractionated heparin may also be used, 
either alone or in combination with ACD. Heparin is the anti-
coagulant of choice for membrane plasma separation meth-
ods. Under special circumstances, a patient may be systemically 
anticoagulated with heparin, thereby obviating the need for 
extracorporeal anticoagulation. This latter approach requires 
careful monitoring and incurs a higher potential risk of bleed-
ing [25]. The half-life of citrate is approximately 30 minutes in 
patients with normal liver and renal function. Citrate metabo-
lism is severely impaired and plasma ionized calcium levels 
are significantly reduced in patients with acute hepatic failure 
undergoing therapeutic plasma exchange [31]. Citrate-induced 
metabolic alkalosis can develop in patients with renal failure 
[32]. In contrast to heparin, citrate infusion does not induce an 
anticoagulant effect in vivo [25]. Symptoms and signs of citrate 
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toxicity include a metallic taste in the mouth, perioral numb-
ness, distal paresthesia, muscle twitching, spasm, nausea, tet-
any, and prolonged Q-T interval. Hypokalemia and 
hypomagnesemia may also occur [32, 33]. Albumin replace-
ment fluid does not contain citrate but may lead to hypocalce-
mia because of avid calcium binding [34]. Therefore, 
supplemental calcium is often added to albumin return fluid 
during plasma exchange procedures. Continuous reinfusion of 
extracorporeal heparin during TPE procedures prolongs the 
clotting time. Patients at high risk for bleeding or with con-
cerns of heparin sensitivity should undergo apheresis exclu-
sively with ACD. If heparin is required in a patient with a high 
risk of bleeding, the activated clotting time should be closely 
monitored. Heparin-induced bleeding may be reversed with 
protamine [25]. Although the use of anticoagulation in cTPE 
is essential, mTPE can be performed without the use of anti-
coagulation. Similar to anticoagulation‐free hemodialysis and 
hemofiltration, the use of saline to prerinse the circuit, higher 
blood flow rates leading to shorter treatment times and lack 
of air–blood interface (this being present with the NxStage 
System One TPE tubing system) can all contribute to simplify-
ing the treatment without the use of anticoagulation [20].

4.3  Replacement Fluids

During TPE, the patient’s fluid volume removed must be 
replaced to prevent marked volume depletion.

While fresh frozen plasma (FFP) is universally used as the 
RF in thrombotic thrombocytopenic purpura (TTP) as it con-
tains the missing ADAMTS13 enzyme, the von Willebrand 
factor cleaving enzyme, it carries a small risk for viral trans-
mission and can cause citrate toxicity if used in large volume 
exchanges. Some patients, who may be pre or post invasive 
procedures, or with pre-existing coagulopathy, or with current 
bleeding or increased risk of bleeding due to nonselective 
removal of coagulation proteins during TPE; may require 
FFP at the end of procedure to replace coagulation factors 
and reduce the risk of further blood loss [20].
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For most other indications, albumin and/or saline are the 
replacement fluids of choice. The optimal choice often varies 
with the clinical setting. Five percent albumin is used for most 
conditions; saline for hyperviscosity; and some combination 
of albumin and saline if cost is a consideration. Albumin has 
no risk of viral transmission and some patients experience 
pyrogenic reactions but these are rare [35].

5  Prescription of Therapeutic Plasma 
Exchange

For most conditions in which therapeutic plasma exchange is 
used, it is considered acceptable to perform 1–1.5 plasma vol-
ume exchanges per procedure. Most currently available cell 
separators can perform one complete volume exchange in 1.5 
to 2 hours. The following formula can be used to estimate the 
plasma volume in an adult [36]:

 

Estimated plasma volume in liters
0 07 weight kg 1 hemat

   ( )
= × ( )× −. oocrit( )  

The frequency of the procedure depends upon the neuro-
logical disease and severity of the condition. Most of the 
acute neurological conditions require plasma exchange 2–3 
times per week till improvement and the frequency is tapered 
over time depending upon the clinical condition. Average 
number of procedures required for most acute conditions is 
5–7 but varies with the clinical situation [37].

6  Summary of Recommendations for Use 
of TPE in Neurology Intensive Care

Therapeutic plasma exchange is used in a wide range of acute 
neurological conditions. Table  3 summarizes the available 
evidence and ASFA recommendation for use of TPE in acute 
neurological illnesses.
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Table 3 Summary of recommendations for therapeutic plasma 
exchange in neuro-critical care patients
Clinical 
condition Evidence

AAN and ASFA 
Recommendation

GBS/AIDP A recent Cochrane 
found moderate 
quality evidence 
showing significantly 
more improvement 
with plasma exchange 
than with supportive 
care alone, without a 
significant increase in 
serious adverse events 
[38].

Plasma exchange 
in Guillain–Barré 
syndrome and AIDP 
as an established and 
effective treatment 
with a strong level of 
evidence [37, 39].

CIDP Moderate- high 
quality evidence 
showing that plasma 
exchange gave short- 
term improvement in 
disability and nerve 
function. However, 
plasma exchange may 
be followed by rapid 
deterioration, with 
requiring maintenance 
plasma exchange [40].

Plasma exchange is 
effective in CIDP and 
can be offered as a 
first line agent, where 
indicated, with strong 
level of evidence [37, 
39].

MG Proven efficacy 
for acute state 
but insufficient 
evidence to prove 
long term efficacy of 
plasmapheresis in  
MG [41].

Randomized studies 
have proven the clinical 
effectiveness of plasma 
exchange in moderate- 
to- severe myasthenia 
gravis and for pre- 
thymectomy patients 
[37, 39].
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Table 3 (continued)
Clinical 
condition Evidence

AAN and ASFA 
Recommendation

MS MS patients with acute 
fulminating disease and 
antibodies to MOG 
responded to plasma 
exchange [4].

Plasma exchange is 
probably effective as an 
adjuvant treatment for 
severe relapsing forms 
of multiple sclerosis 
and in corticosteroid- 
unresponsive fulminant 
forms; however, it is 
unlikely to be effective 
in progressive forms 
[37, 39].

NMOSD First-line therapy with 
plasma exchange may 
be superior to high- 
dose corticosteroid 
pulse therapy in 
achieving complete 
remission in transverse 
myelitis but not in optic 
neuritis. Escalation 
therapy with plasma 
exchange increases 
remission [42].

Plasma exchange is 
probably effective 
in corticosteroid- 
refractory acute 
attacks but probably 
ineffective as a 
maintenance therapy 
[37, 39].

Autoimmune 
encephalitis

When used in 
combination with 
corticosteroids and 
immunoglobulins may 
expedite remission [4].

Plasma exchange is 
probably effective 
in autoimmune 
encephalitis as 
the titers of LGI1 
and CASPR2 
autoantibodies 
decrease with plasma 
exchange and this is 
associated with clinical 
improvement [37].

ASFA American Society for Apheresis; AAN American Association 
of Neurologists; ADEM acute disseminated encephalomyelitis; 
CIDP chronic inflammatory demyelinating polyneuropathy; 
NMOSD neuromyelitis optica spectrum disorders
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7  Complications and Monitoring

Plasma exchange is generally considered a safe procedure. 
Various studies have suggested the risk of complications as 
high as 40% but the risk of life threatening complications is 
quoted as 0.025% to 4.75% [43].

The common complications that can occur during or post- 
plasma exchange procedure are shown in Table 4.

Table 4 Complications of Therapeutic plasma exchange [43, 45]
Complication Clinical Features

Vascular access 
related

Hemorrhage Hypotension, 
pallor, tachycardia

Infection / sepsis Fever, hypotension, 
tachycardia

Pneumothorax Shortness of 
breath, pain, 
hypotension

Anticoagulation 
related

Citrate induced 
hypocalcemia

Perioral or 
distal tingling, 
paresthesia

Depletion 
coagulopathy

Thrombocytopenia

Anemia Pallor, dyspnea, 
weakness

Thrombosis

Infection Depletion of 
immunoglobulin

Viral transmission 
from replacement fluid

Reaction to 
replacement 
fluids

Anaphylactoid 
reactions

Fever, rigors, 
urticaria, wheezing, 
hypotension, 
laryngospasm
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Clinical parameters such as vital signs every 15  minutes 
and signs and symptoms of hypocalcemia (numbness or tin-
gling of the fingers, nose, or tongue) and allergic reaction 
should be monitored before, during and after the procedure.

Laboratory parameters including complete blood count, 
comprehensive metabolic panel (potassium and ionized cal-
cium), coagulation studies, disease specific parameters such 
as antibody levels should be conducted before and after each 
procedure [44].

Table 4 (continued)

Complication Clinical Features

Reactions associated 
with ACE inhibitors

Electrolyte 
abnormalities

Hypokalemia Cramps, arrythmias

Alkalosis

Hypocalcemia and 
hypercalcemia

Other Apneic events

Complement mediated 
membrane bio- 
incompatibility

Hypotension, 
dyspnea and chest 
pain

Chills and hypothermia due to 
inadequately warmed replacement fluid

Drug removal

Cardiac arrythmias

Pulmonary edema

Transfusion related 
lung injury

Vitamin removal
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8  Contraindications

Therapeutic plasma exchange is a relatively safe procedures, 
however, it is contraindicated in following conditions [45]:

• Active infection
• Non availability of central line or large bore peripheral 

lines
• ACE inhibitor treatment in last 24 hours
• Hemodynamic instability
• Allergy to fresh frozen plasma or albumin
• Allergy to heparin, if heparin is the only option for 

anticoagulation.
• Hypocalcemia- relative contraindication.

9  Conclusion

Therapeutic Plasma exchange is an effective modality for a 
wide range of acute and chronic neurological diseases medi-
ated by autoantibodies. It is increasingly being used in the 
clinical conditions where rapid removal of autoantibodies is 
critical to improve outcome. Further research is needed to 
strengthen the evidence for its use in a wider range of acute 
neurological conditions. Programs must consider all available 
options and have resources to arrange for urgent TPE in ICU 
setting for safe and effective treatments.
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1  Introduction

History begins in 1981, when Imbach et  al. reported that 
when high-dose IVIG was applied in 4 children with refrac-
tory immune thrombocytopenic purpura, patient’s symptoms 
significantly improved and platelet count increased and could 
be maintained at normal levels with IVIG infusion every 1 to 
3 weeks [1]. Subsequently a series of cases treated with IVIG 
had shown good success [2]. These unique findings facilitated 
the development of new treatment strategies for other auto-
immune diseases. Intravenous immunoglobulin is generally 
considered a safe treatment option. It has widely been used 
for treatment of neurological disorders of variable etiology, 
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autoimmune disease, immunodeficiency related disease, 
autoimmune blood disorders and cancer.

Intravenous immunoglobulin G is a polymeric, highly puri-
fied preparation of IgG class that is derived from large pools 
of plasma donors. Immunoglobulin G is the primary effector 
molecule for humoral immune response. IVIG is a mixture of 
normal polyclonal IgG extracted from thousands of healthy 
humans. It has a broad spectrum of antibody activity, antibody 
to self and foreign antigen, anti-idiotypic antigen. It plays an 
immunoregulatory role in autoantibody mediated autoim-
mune disorders and also systemic inflammatory disease [1].

IVIG has multiple immunomodulatory mechanisms of 
action. It inhibits complement activation and MAC formation, 
neutralizes pathogenic cytokines, down regulates antibody 
production, and most importantly modulates macrophage-
mediated phagocytosis through blockade of Fc receptor.

2  Composition

IVIG is similar to IgG subtypes in normal plasma with an 
average half-life of 3–4 weeks. It contains complete IgG anti-
bodies, small amounts of IgA, IgM, soluble cluster of differen-
tiation (CD)-4, CD8 and human leukocyte antigen molecules. 
Additionally, IVIG can react with plasma proteins (eg, com-
plement components) and Fcγ receptors on secretory cells 
because the complete Fc fragment is present. IVIG contains a 
large number of variable antibody regions with extensive 
activities directed against external antigens. For autoimmune 
diseases, IVIG infusions have dual functions: immune related 
protein substitution and immune system regulation [3, 4].

3  Mechanism of Action

As IVIG preparations are extracted from plasma pooled 
from thousands of donors, it contains antibodies directed 
against a broad range of pathogens as well as numerous for-
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eign and self-antigens. Given the heterogeneity of numerous 
disorders treated with IVIG, most possibly different autoim-
mune disease pathways mediate the clinical efficacy. It has 
been difficult to explain a common mechanistic understand-
ing of this medication that is applicable to all neurological 
diseases [1].

IVIG molecule has two functional domains, two antigen 
binding fragments Fab, which determines specificity of anti-
body molecules. And constant Fc region, which is critical for 
the initiation of effector response.

Below is the proposed mechanism of action of IVIG:

 1. Immune-related protein substitution:
Papain hydrolyses IgG molecules into 3 fragments. Two 

Fab and one Fc fragment. The regulatory effects of Fab are 
essential in the replacement therapy for immunodeficiency. 
In primary immune deficiency, this replacement therapy 
replenishes antibodies that have the intrinsic capacity to 
recognize foreign antigen or neutral pathogen specific IgG 
regulation. IgG binds to pathogen specific bacterial or viral 
protein toxins and helps neutralize them and in the elimi-
nation process [5, 6].

 2. Immune system regulation:
High dose IVIG is used as immunomodulatory therapy 

for autoimmune and inflammatory disease. This mecha-
nism is more complex and not completely understood. 
Proposed mechanism includes modulation of expression 
and function of Fcγ receptor, inhibition of complement 
cascade, modulation of immune regulatory cytokines and 
neutralization of autoantibodies.

As Receptors for IgG, Fcγ receptors are expressed in all 
immune cells which mediate a wide and robust range of 
cellular action. After transfusion IVIG, it significantly 
increases total IgG level, and blocks the effect of Fcγ recep-
tor because of saturation. In animal model one evidenced 
mechanism shows, the binding of sialylated IgG Fc to DC- 
SIGN (Dendritic cell specific intra-cellular adhesion mol-
ecule 3 grabbing non integrin) or DC-SIGN related protein 
1 result in upregulation of inhibitory FcγR IIb; thus 
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decreases inflammation caused by autoantibodies [5]. 
Moreover, FcRn, which is expressed in endothelial cells, 
increases half life in circulation. High dose IVIG blocks the 
function of FcRn, resulting in increased catabolism of 
endogenous pathogenic IgG, promoting elimination of 
pathogenic autoantibodies [7].

High dose IVIG can inhibit the complement cascade by 
sequestering complement away from deposited autoanti-
body and modulating antibody complement dependent tis-
sue damage [8]. Sharif et al. reported, in 21 GBS patients, 
IVIG transfusion reduced circulating TNF-Alpha and 
IL-1B, thereby alleviating clinical syndrome [9].

IVIG contains anti-idiotypic antibodies. Which can bind 
to variable regions of autoantibodies acting as neutralizing 
antibodies and block subsequent epidemic response [10]. 
Bayry et al. studies the effect of IVIG on DCs, and found 
that IVIG can inhibit the differentiation and maturation of 
DCs in vitro, suppresses the secretion of IL-12 by mature 
DCs, and enhances production of IL-10 at the same time. 
IVIG-induced down-regulation of costimulatory mole-
cules associated with modulation of cytokine secretion 
resulted in the inhibition of autoreactive and alloreactive 
T-cell activation and proliferation. Modulation of DC mat-
uration and function by IVIG is of potential relevance to 
its immunomodulatory effects in controlling specific 
immune responses in autoimmune diseases [11].

4  Immunoglobulin in Neurological Diseases

IVIG has been shown to be useful for neurological treatment 
of new-onset or recurrent immune mediated neurological 
diseases and also for long term maintenance treatment of 
chronic neurological diseases. Moreover, IVIG may have 
applications in the management of intractable autoimmune 
epilepsy, paraneoplastic syndrome, autoimmune encephalitis, 
neuromyelitis Optica. Subcutaneous immunoglobulin (SCIg) 
is newly emerging, and is a potential future alternative. 
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Though the bioavailability of SCIg is lower in comparison to 
IVIG, homeostatic level is more stable. Current studies shows 
both has pharmacological equivalence [3].

4.1  Neurological Dose of IVIG

Current recommended high dose for treatment of acute neu-
rological issues is 2 gm/kg divided over 2–5 days or 0.4 gm/kg/
day for 5  days. When clinical improvement is not obvious, 
some patients may receive a second course of IVIG treat-
ment but further studies are required to demonstrate efficacy. 
For maintenance of therapy, dosage depends on the charac-
teristics of disease, health condition, and other comorbidities 
of the patient. Notably, the clinical effect of IVIG therapy is 
related to dose [3].

4.2  Neurological Disorders Treated with IVIG

 1. Guillain Barre syndrome: (FDA approved)

GBS is a type of polyradiculoneuropathy. Exact pathogen-
esis is not knows, but often seen in post infectious diseases, 
most commonly C.  Jejuni, CMV, EBV infection. Recently, 
COVID related GBS cases are also widely reported. Typically, 
but now always pt. presents with ascending motor weakness, 
in severe cases can involve respiratory muscles and auto-
nomic nervous system causing major morbidity or death. 
CSF typically shows Albumino-cytological dissociation, elec-
trodiagnostic changes evolving within 4  weeks. There are 
multiple variants of GBS which are beyond scope to discuss 
here. But no particular variant has shown better or worse 
response to IVIG or PLEX therapy. Oftentimes, patients 
require close monitoring and treatment at ICU level care. 
The mainstay of treatment of such a case is plasmapheresis or 
IVIG.  Plasmapheresis is not available in all hospitals, has 
more risk and side effects. In comparison, IVIG is relatively 
safer and easy to administer. Though PLEX has a shorter 
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onset of action, overall both treatments are considered 
equally effective [12]. Van der Meche and Schmitz found 
IVIG is as least effective as, or may be superior to PLEX. As 
he found median time to recovery as shorter, fewer complica-
tions were observed in comparison to PLEX.  The study 
found that median time to improvement by one grade was 
41  days with plasma exchange and 27  days with immune 
globulin therapy (P = 0.05). The immune globulin group had 
significantly fewer complications and less need for artificial 
ventilation [13]. Combination of both PLEX and IVIG does 
not provide any additional benefit. Combining IVIG, PLEX 
with 500 mg IV methylprednisolone produces no incremental 
response [14].

 2. Chronic Inflammatory demyelinating polyneuropathy 
(CIDP)

CIDP is an inflammatory neuropathy, classically charac-
terized by a slowly progressive onset and symmetrical, senso-
rimotor involvement. However, there are many phenotypic 
variants, suggesting that CIDP may not be a discrete disease 
entity but rather a spectrum of related conditions. While the 
abiding theory of CIDP pathogenesis is that cell-mediated 
and humoral mechanisms act together in an aberrant immune 
response to cause damage to peripheral nerves, the relative 
contributions of T cell and autoantibody responses remain 
largely undefined [15]. In most cases there is a relapsing 
remitting clinical pattern. Treatment includes induction ther-
apy and maintenance therapy. Randomized controlled trials 
(RCTs) have shown that IVIG, plasma exchange, and cortico-
steroids are effective treatments for CIDP [16–19]. The effi-
cacy of 2gm/kg induction has been confirmed, some pt. has 
shown clear reduction in symptoms. One of the largest RCT 
published by Hughes et al. reported, IVIG slowed short-term 
and long-term benefits and a good tolerability profile, with 
prolonged relapse time. Patients received a baseline loading 
dose of 2 g/kg over 2–4 days and then a maintenance infusion 
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of 1 g/kg over 1–2 days every 3 weeks for up to 24 weeks [20]. 
An open-label Phase III clinical trial that included 49 patients 
from different centers, investigated IVIG as maintenance 
treatment for CIDP. After induction therapy with IVIG 0.4 g/
kg/day for 5  days, the patients were given 1  g/kg every 
3 weeks for 52 weeks for maintenance treatment. At 28 weeks, 
77.6% of patients’ clinical symptoms were alleviated; addi-
tionally, at 52 weeks, 69.4% of patients had sustained remis-
sion [21]. The ICE trial, the largest ever conducted in patients 
with CIDP, has shown that IVIG is safe and effective not only 
for the short term but also for the long term, leading to the 
first FDA-approved indication for a brand of IVIG [20]. In 
most patients, IVIG only became effective after 6  weeks, 
necessitating at least two infusions before concluding that the 
treatment is ineffective [22]. Maintenance IVIG therapy is 
needed, usually with 1  g/kg every 4–6  weeks, but the exact 
frequency and dosage should be tailored according to the 
duration of clinical remission following treatment and degree 
of efficacy. In up to 20% of patients, the disease becomes 
chronically stable or inactive, so to avoid unnecessary and 
costly overtreatment, the usefulness of continuing IVIG 
therapy should be periodically challenged by skipping one or 
two doses [1]. It is a challenging decision whether to start a 
patient on IVIG, PLEX or prednisone as all work. Clinically, 
patients more likely to respond to IVIG therapy seem to be 
those with disease duration of less than 1 year, with a relaps-
ing course and electrophysiological signs of demyelination on 
conduction block [23, 24]. In some patients with CIDP treat-
ment, response to IVIG fades over time, requiring other 
forms of immunotherapy.

 3. Multifocal motor neuropathy (FDA approved for IVIG)

MMN is a rare disease associated with motor nerve dam-
age. Its clinical manifestations include slow, progressive, 
asymmetric limb weakness, mainly involving the distal end, 
without sensory nerve involvement. Electrophysiologic 
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characteristics include focal motor conduction block, and 
some patients are positive for ganglioside GM1 antibodies 
[25]. Unlike GBS and CIDP, IVIG is the only effective 
therapy, steroid and PLEX showed no clinical response. The 
current primary treatment option for MMN is IVIG therapy 
(0.4 g/kg for 5 consecutive days), which is based on a meta-
analysis of data from 4 double blind RCTs that included 34 
patients with MMN [25–27]. The improvement lasts from 
3–6  weeks, requiring reinfusion at almost predictable time 
periods. As symptoms diminish, the electrophysiological 
conduction block may resolve but, in some patients, axonal 
loss or new conduction blocks can manifest during long-
term treatment.

Other indications for IVIG are listed in Table 1.

5  Adverse Effect and Management

Use of IVIG is not without adverse effects and risk versus 
benefits should be taken into consideration before commit-
ting the patient to long term IVIG infusion. Table 2 lists the 
adverse effects of IVIG infusion [28].

Table 1 Other neurological conditions in which IVIG can be used 
for treatment [29]
Anti MAG demyelinating neuropathy
Myasthenia gravis
Lambert Eaton Myasthenic Syndrome (LEMS)
Inflammatory myopathies
Stiff person syndrome
Multiple sclerosis
Neuromyelitis optica
Autoimmune encephalitis
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Table 2 Adverse Effects and clinical manifestations of IVIG[28]
Effects and 
incidence

Clinical symptoms 
and signs Timing Comments

Immediate adverse effects

Flu-like 
symptoms 
(80%)

flushing, nausea, 
fatigue, fever, 
chills, malaise, and 
lethargy

Develop 
as early as 
30 minutes to 
24 hours.

Related to the presence 
of cytokines such as 
IL-6, TNF-α in the 
products.
Associated with rapid 
infusion and can be 
decreased by slowing the 
rate of infusion.

Skin reactions 
(6%)

urticaria, spot 
papules, eczema, 
pompholyx, 
lichenoid 
dermatitis, and 
desquamation. 
Epidermolysis

Usually 
develop 
within 
2 weeks of 
infusion.

Exact mechanism is 
not known but steroids 
help in treatment. 
No reported deaths 
related to skin reactions. 
Consider switching to 
another IVIG batch 
formulation.

Cardiovascular 
reactions (rare 
case reports)

Bradycardia, 
supraventricular 
tachycardia, 
bradycardia

Usually 
during 
administration 
of IVIG

Telemetry for early 
identification of 
arrhythmias. More 
common if history of 
coronary artery disease 
present.

Pulmonary 
reactions (rare 
case reports)

Transfusion 
related acute lung 
injury (TRALI)

Within 
6 hours of 
administration 
of IVIG

Usually a diagnosis of 
exclusion. Can improve 
with proper mechanical 
ventilation but carries a 
high mortality.

(continued)
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Table 2 (continued)
Effects and 
incidence

Clinical symptoms 
and signs Timing Comments

Delayed adverse effects

Hematologic 
reactions

Thrombotic 
events: Stroke, 
myocardial 
infarction(1–16%)

Within 
24 hours of 
infusion

Caused due to 
an increase in 
plasma viscosity 
(most important), 
the activation of 
procoagulant factors, 
vasospasm, autoimmune 
vasculitis, and an 
increased platelet count.
High risk factors: high 
dose (≥35 g/day), oral 
contraceptive use, 
advanced age, prior/
current thrombosis, pre 
existing atherosclerotic 
disease, elevated serum 
viscosity, a hereditary 
hypercoagulable state 
or ITP.
Early detection in 
high risk cases and use 
of antithrombotics if 
needed.

Hemolysis (1.6%): 
asymptomatic to 
anemia

12 hours 
to 10 days 
after the first 
infusion of 
IVIG

Risk factor: Blood group 
A, B or AB, high dose 
of IVIG, Supportive 
management helps in 
most cases.

Neutropenia 4 days after 
infusion

Recovers in 2 weeks. 
Steroids may help.
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Table 2 (continued)
Effects and 
incidence

Clinical symptoms 
and signs Timing Comments

Neurological 
reactions

Headache (50%) Starts 6–12 h 
after an 
infusion 
and can last 
between 24 
and 72 h

Mechanism is not known 
but risk factors include 
high IVIG dose or 
migraine history.
Pain medications 
like acetaminophen, 
aspirin,NSAIDs, 
migraine medications 
could help to decrease 
or prevent headache. 
Can switch to an 
alternate brand or lower 
the rate of infusion. Rule 
out aseptic meningitis

Aseptic 
meningitis (0.5–
1%): headache, 
nausea, fever, 
meningitis signs.

Within 48 h of 
infusion.

risk factors include high 
IVIG dose or migraine 
history. CSF shows 
elevated nucleated 
cells, high protein, and 
negative cultures.

PRES (rare): 
headache, seizure, 
altered mentation, 
visual disturbance

During 
infusion

Resolves when the 
infusion is stopped. 
MRI brain findings are 
characteristic.

Seizures (rare) Usually with 
other clinical 
manifestations

Could be generalized 
or focal. Look for other 
etiologies.

Renal and 
electrolyte 
effects

Acute kidney 
injury

Within 
10 days of 
IVIG. Peak at 
5 days.

Suspected due to 
immune complex 
deposition in the 
glomeruli, osmotic 
nephritis, hemolysis- 
associated acute 
tubular obstruction, 
and transient vascular 
ischemia due to a 
reduction in renal 
perfusion.Risk factors 
include older age, 
diabetes, chronic kidney 
injury, dehydration.

(continued)
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Table 2 (continued)
Effects and 
incidence

Clinical symptoms 
and signs Timing Comments

Hyponatremia, 
hypomagnesemia

Any time 
during 
transfusion of 
IVIG

Recover spontaneously

Infection risk Hepatitis C (not 
reported since 
1994)

Not routinely tested

Hepatitis B 
antibodies

Passive 
transfer 
possible.

Recommended 
to measure HBV 
antibodies in high risk 
cases.

PRES: posterior reversible encephalopathy syndrome

Patient indicated for IVIG treatment

Complete the dose

Assess risk: comorbidities, medications, treatment 
course, previous adverse effects of treatment,
Laboratory tests: Blood grouping, comprehensive 
metabolic panel

Premedications: Antihistaminics, steroids, 
anti-inflammatory

Start IVIG infusion: (Total dose over 3-5 
days) First 30 min: 1ml/min.
After 30 min: max 3ml/min.

Tolerating the infusion?

YesNo

Any serious adverse effects: consider 
stopping the infusion, switching to SCIG, 
alternative brand if feasible.

Figure 1 Protocol for IVIG infusion [28]

Protocol for IVIG infusion Fig. 1 [28].
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6  Conclusion and Future Directions

Even though IVIG has been now used in a variety of neuro-
logical as well as non-neurological conditions, there are no 
controlled trials for the use of this therapy. Understanding 
the risk-benefit ratio for IVIG is essential before long term 
use of this therapy is considered. Whether the dosing should 
be based on ideal body weight or actual body weight also 
needs to be taken into account during dose calculation. Oral 
administration of IVIG might attenuate some adverse effects 
but more research is needed in this regard.
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1  Introduction

Devastating brain injuries are well-recognized causes of irre-
versible cessation of neurological function [1]. The concept of 
brain death was first recognized in 1959 by Mollaret and 
Goulon, who coined the phrase “coma dépassé” (meaning “a 
state beyond coma”) [2]. In 1968 the Ad Hoc Committee of 
Harvard Medical School to examine the definition of Brain 
Death, described the first clinical definition of brain death. 
The committee defined irreversible coma, or brain death, as 
unresponsiveness and lack of receptivity, the absence of 
movement and breathing, the absence of brain-stem reflexes, 
and coma whose cause has been identified [3]. Subsequently, 
The President’s Commission report on “guidelines for the 
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determination of death” provided a legal definition for brain 
death in 1981 that led to the Uniform Determination of 
Death Act (UDDA). As per the UDDA, brain death is 
defined as “irreversible cessation of all functions of the entire 
brain, including the brain stem” and equates this concept with 
the more traditional “irreversible cessation of circulatory and 
respiratory functions” [4]. However, the UDDA did not 
describe the clinical methodology or medical standards for 
determination of brain death. Hence, in 1995 the American 
Academy of Neurology (AAN) published evidence-based 
practice parameters providing medical standards for clinical 
determination of brain death in adults, which were later 
updated in 2010 [5, 6].

Despite the availability of these well-established parame-
ters, there continues to be a wide variance in the practice of 
clinical determination of brain death both nationally and 
worldwide. Some of the common factors observed include 
variations in prerequisites prior to testing, inconsistencies in 
the concept, lack of uniformity with regards to the compo-
nents of the examination, apnea testing technique, require-
ment for ancillary testing, and discrepancies in documentation 
[7–11]. This chapter focuses on providing an algorithmic, 
step-by-step approach to clinical determination of brain 
death by neurological criteria in adults including the role of 
ancillary tests, brain death documentation and potential con-
founding factors.

2  Procedure for Declaration of Death by 
Neurological Criteria

The three essential findings necessary to confirm “irrevers-
ible” cessation of all functions of the entire brain, including 
the brain stem include: coma (with a known cause), absence 
of brainstem reflexes, and apnea. The term “irreversible” 
refers to determining the cause of coma, exclusion of poten-
tially confounding medical conditions and intoxications, and 
observing the patient for a period of time to exclude the 
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 possibility of recovery [6]. Brain death examination can be 
performed by a qualified physician including neurologists, 
neurosurgeons, neurointensivists or a critical care physician 
who is familiar with the clinical criteria and is comfortable 
performing all aspects of the examination. Alternatively, a 
neurology consultation could be obtained, with declaration 
supervised by a neurocritical care trained physician. In addi-
tion, physicians should be able to differentiate brain death 
from other forms of severe brain damage wherein some of 
the brain functions are preserved with a likelihood of recov-
ery after prolonged periods of time [12–14]. Physicians should 
also involve the family members throughout the process of 
brain death declaration, giving ample time to understand the 
concept of “brain death by neurological criteria” being equiv-
alent to “death”, which can eventually help families take 
important decisions like withdrawal of care, organ donation, 
and prevent inappropriate use of resources.

The diagnosis of brain death can usually be made clinically 
at patient bedside. However, several criteria, as described 
below, must be met prior to initiating declaration of death by 
neurologic criteria [6]. While only a single complete examina-
tion (with apnea testing) is required to declare death based 
on neurologic criteria, a repeat assessment is advisable in 
instances wherein there is discordance between the severity 
of brain injury seen on neuroimaging and clinical examina-
tion findings. In such a situation, decision to re-evaluate after 
a period of interval should be made by the consulting neu-
rologist or neurointensivist and depends on the individual 
patient characteristics.

 1. Step 1: Establishing irreversibility
The determination of brain death requires the identifi-

cation of the proximate cause and irreversibility of coma. 
Etiology should be determined through clinical history, 
physical examination, neuroimaging, and/or laboratory 
testing. There must be evidence of an acute devastating 
central nervous system (CNS) illness that is compatible 
with the clinical diagnosis of brain death. Traumatic brain 
injuries [subarachnoid hemorrhage (SAH), epidural 
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 hematoma, subdural hematoma, intracerebral hemorrhage 
(ICH), intraventricular hemorrhage (IVH)], aneurysmal 
SAH followed by hypertensive ICH are some of the most 
common events leading to brain death [9, 15]. Other causes 
that can lead to irreversible loss of brain function include 
hypoxic-ischemic brain injury, fulminant hepatic failure 
and ischemic stroke.

 2. Step 2: Pre-requisites and Exclusions

 (i) Excluding confounding conditions:
The physicians should determine and exclude any 

conditions that may confound the assessment of corti-
cal or brainstem functions and hence interfere with 
brain death testing. It is recommended that the fol-
lowing confounders, as listed below, should be consid-
ered and eliminated in the context of the primary 
brain injury; if such an injury is severe enough, then 
these factors may not be important enough to exclude 
a clinical diagnosis of brain death. If correction of 
these confounding states is not reasonable, ancillary 
testing should then be considered [16].

 (a) Severe metabolic, electrolyte, acid-base, and 
endocrine disturbances that could affect the 
examination must be corrected.

 (b) Encephalopathy associated with hepatic failure, 
uremia and hyperosmolar states.

 (c) Pharmacological paralysis with neuro-muscular 
blocking agents should be excluded with use of 
train-of-four stimulator. Presence of a twitch or 
absent twitches on train-of-four with maximal 
ulnar nerve stimulation signifies continued NM 
blockade.

 (d) Use of CNS depressing medications, including 
exposure to toxin agents, should be excluded as it 
may alter the assessment of neurological function 
including some of the ancillary tests like electro-
encephalography (EEG). Calculation of drug 
clearance using 5 elimination half-lives (assuming 

K. Bhatia and N. Arora



621

normal hepatic and renal function) should be 
kept in mind before negating the effects of seda-
tive medications [17]. On the other hand, elimina-
tion half-life may be prolonged in presence of 
organ dysfunction and/or organ dysfunction and 
should be taken into consideration. If there are 
concerns for a toxic exposure, drug screen can be 
ordered or plasma drug levels can be obtained 
serially, if available.

 (e) If alcohol intoxication is suspected or confirmed, 
the alcohol blood level must be 80  mg/dL or 
lower [17].

 (ii) Normal core body temperature:
A core body temperature of ≥36 °C, as determined 

by esophageal, bladder, rectal probe, or use of central 
venous or arterial catheter; should be maintained. 
Various measures like warming blanket, thermal mat-
tress or automated temperature regulation devices 
can be used to maintain normal core body tempera-
ture. This is important as presence of hypothermia 
may delay the rise in pCO2 and hence may interfere 
with results of apnea testing [6]. Furthermore, hypo-
thermia can temporarily blunt brainstem reflexes con-
founding the results of brain death testing [5, 16].

 (iii) Normal systolic blood pressure (SBP):
Systolic blood pressure ≥100  mmHg or a mean 

arterial pressure (MAP) of at least 60 should be main-
tained prior to and during brain death testing [17]. 
Hypotension is often common after devastating brain 
injury secondary to loss of vascular tone or hypovole-
mia from diabetes insipidus, and minimum SBP 
thresholds should be maintained with use of vasopres-
sors and/or fluids if required [18, 19].

 (iv) Observation period:
It is recommended that physicians should wait for 

a minimum of 24 hours after achieving normothermia 
in patients treated with targeted temperature man-
agement (TTM), specifically in post cardiac arrest 
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patients with suspicion for anoxic brain injury [17]. 
There is no specific time period for other brain inju-
ries and should be determined on a case-case basis by 
the physician, especially if there is uncertainty about 
the irreversible nature of the primary brain injury.

 3. Step 3: Clinical Neurological examination
Clinical examination should elicit complete absence of 

brain function i.e., both cerebral and brainstem function. 
This can be achieved by an assessment for coma and dem-
onstration of brainstem areflexia.

 (i) Coma – Patients must demonstrate a complete loss of 
responsiveness to external stimuli. Eye opening or eye 
movement either spontaneously or to noxious stimuli 
is absent. There must be no brain-mediated motor 
responses (including purposeful movements, decorti-
cate or decerebrate posturing, shivering, seizures) to 
noxious stimuli applied centrally and peripherally. 
Central pain stimulation can be applied to certain areas 
such as the supraorbital notch, the ankle of the jaw, 
upper trapezius, the anterior axillary fold, and the ster-
num. Response to peripheral pain stimulation can be 
assessed by applying nail bed pressure. It is important 
to emphasis that certain reflexive movements originat-
ing from the spinal cord or peripheral nerve may occur 
in brain death. They are common and can occur either 
spontaneously or after tactile stimulation. Some of the 
common spinal reflex movements that have been 
described in literature and are acceptable findings com-
patible with the diagnosis of brain death include:

• Undulating toe flexion response - repetitive flexion 
and extension of toes with passive displacement of 
foot or plantar tactile stimulation [20, 21].

• Triple flexion response – characterized by flexion at 
the hip, knee and ankle upon foot stimulation [20].

• Unilateral upper extremity pronation extension 
reflex in response to a cutaneous stimulus or pas-
sive anterior neck flexion [20, 22].
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• Facial myokymia  – undulating, subtle, repetitive 
contractions of facial muscles due to facial nerve 
denervation [20].

• Respiratory-like movements  - shoulder elevation 
and adduction, back arching, intercostal expansion 
without significant tidal volumes [23, 24].

• Lazarus sign - bilateral arm flexion, shoulder adduc-
tion, and hand raising to the chest/neck, triggered 
by passive head flexion and sternal stimulation [20, 
23–27].

• Spinal Myoclonus – Multifocal, asymmetric myoc-
lonus involving lower limbs and abdominal muscles 
[28].

• Truncal movements  – asymmetric opisthotonos 
posturing of the trunk [25].

• Muscle fasciculations of trunk and extremities [20].
• Flexor plantar response – plantar flexion triggered 

by plantar stimulation [29].
• Eyelid opening – unilateral or bilateral eyelid open-

ing with noxious stimulus to ipsilateral nipple [30].

 (ii) Absent brainstem reflexes [6, 31–33]

 (a) Absent pupillary light reflex – The pupils must be 
fixed in a midsize or dilated position (4–9  mm) 
with absent pupillary response (direct and consen-
sual) to bright light, as determined with the naked 
eye, magnifying glass, or a pupilometer. However, 
pupils can be unequal and of any shape (oval/
round/irregular). Severe eye trauma, cataract, 
prior ophthalmic surgery, exposure to drugs like 
atropine and scopolamine can influence pupillary 
reactivity necessitating ancillary testing.

 (b) Absent oculocephalic (OCR) and oculovestibular 
(OVR) reflexes – There should be absence of any 
ocular movements (doll’s eye) with rotating the 
head briskly from side to side passively. Cervical 
spine injury should be ruled out prior to perform-
ing oculocephalic testing. Oculovestibular testing 
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is performed by irrigating each ear with ice-cold 
water. Head is elevated to 30 degree to align the 
horizontal semicircular canals in the vertical posi-
tion after the patency of external auditory canal is 
confirmed. A rupture tympanic membrane should 
be ruled out as this can lead to increased risk of 
ear infections. This is followed by irrigating each 
ear with 50 cc of ice-cold water for at least 60 sec-
onds using a syringe. There should be an interval 
of 5 mins between testing each ear to allow the 
endolymph temperature to equilibrate. The eyes 
should be observed carefully for 1  minute and 
there should be absence of any extra-ocular 
movements.

 (c) Absent corneal reflex  – The cornea should be 
touched at the external border of iris in both the 
eyes using a cotton swab or squirts of saline water. 
No eyelid movement should be seen. In the setting 
of anophthalmia, severe orbital edema, prior cor-
neal transplantation, or scleral edema or chemosis, 
appropriate testing of corneal reflexes may be 
challenging, hence ancillary testing should be used 
in such instances.

 (d) Absence of facial motor responses – Noxious stim-
ulus or deep pressure is applied on the condyles at 
the level of the temporomandibular joints, supra-
orbital ridge or sternal notch. There should be 
absence of grimacing or any facial muscle move-
ments. Severe facial trauma or swelling may pre-
clude evaluation of facial motor response, so 
ancillary testing should be considered in this 
setting.

 (e) Absence of cough and gag reflexes  – The cough 
reflex can be tested by examining the cough 
response to deep tracheal suctioning. The suction 
catheter should be placed deep into the trachea up 
to the level of carina for appropriate testing. To 
elicit gag reflex, posterior pharyngeal wall is stim-
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ulated bilaterally with the help of a tongue depres-
sor or a suction catheter. In persons with high 
cervical cord injury, phrenic nerve may be injured 
which may confound the results of cough reflex 
and necessitate ancillary testing.

 4. Step 4: Apnea testing
Apnea testing is an essential component of brain death 

determination in comatose patients. It is a clinical bedside 
test that assesses the response of respiratory centers in a 
functional brainstem (medulla) to increased levels of 
pCO2 (hypercarbia) and decreased pH (respiratory acido-
sis). In an intact brainstem a rise in pCO2 should decrease 
central nervous system pH causing stimulation of central 
chemoreceptors to trigger respiration in adults. The lack of 
respiratory effort in response to hypercarbia implies 
destruction of the most caudal part of the brainstem. In 
patients with intracranial hypertension, a consequence of 
cerebral edema and compromised CNS autoregulation sys-
tem, apnea testing may elevate intracranial pressure. 
Hence, apnea testing should be performed last after com-
pleting rest of the clinical evaluation and signs consistent 
with brain death [6, 17, 31–33]. However, in patients with 
high cervical cord injury, apnea testing should not be per-
formed due to damage to phrenic nerve and ancillary test-
ing is indicated. Before initiating apnea testing, certain 
pre-requisites, as detailed below, should be met.

Pre-requisites for apnea testing:

 (a) Normothermia  – a core body temperature of at least 
36  °C or 96.8  °F should be maintained. This can be 
achieved with use of warming blankets, thermal mat-
tresses, automated temperature regulation systems.

 (b) Normotension – SBP ≥ 100 or a MAP of 60, with use of 
vasopressors, inotropes, and/or fluids as required, should 
be maintained. It is recommended that an arterial line be 
placed for continuous BP monitoring and titration of 
vasopressors accordingly to maintain BP parameters dur-
ing apnea testing.
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 (c) Normocarbia – Apnea testing should begin with a normal 
PaCO2 levels (35–45  mm Hg). It is recommended that 
hyperventilation should be reversed and minute ventila-
tion be adjusted to achieve normocarbia.

 (d) Euvolemia – patients should be evaluated for volume sta-
tus and cardiovascular stability prior to commencing 
apnea testing.

Procedure:

 (a) Ventilator settings  – Patients should be preoxygenated 
with 100% oxygen for at least 10 minutes with 100% oxy-
gen to a achieve a PaO2 level >200 mm Hg. Ventilation 
frequency should be kept between 10–12 breaths per 
minute. Reduce positive end-expiratory pressure (PEEP) 
to 5 cm H2O as it prevents de-recruitment and decreases 
the risk of cardiovascular instability. A baseline blood gas 
(PaO2, PaCO2, pH) should be obtained prior to discon-
necting the ventilator.

 (b) Disconnect the ventilator and preserve oxygenation by 
placing an insufflation catheter through the endotracheal 
tube close to the level of the carina in the trachea. Oxygen 
is administered at ~6 L/min through the oxygen catheter. 
Alternatively, T piece system can also be used to provide 
oxygen via standard corrugated tubing connected to 
100% oxygen at a flow of 12  L/min [34]. This allows 
PaCO2 to rise without producing hypoxia.

 (c) Undrape the patient’s chest and abdomen and observe 
for any respiratory movements (chest or abdominal wall 
excursions) for a minimum of 8–10 minutes.

 (d) Obtain a repeat blood gas if there is absence of any respi-
ratory movements after approximately 8–10 minutes.

 (e) Apnea is confirmed if blood gas shows PaCO2 ≥ 60 mmHg 
or a rise in PaCO2 ≥ 20 mmHg above baseline (particu-
larly in patients with chronic CO2 retention like COPD 
or  Obesity hypoventilation syndrome), and supports the 
diagnosis of brain death.

 (f) If results remain inconclusive but patient is hemodynami-
cally stable during the procedure, the test may be repeated 
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for a longer period of time (i.e., 10–15 minutes) after the 
patient is again adequately preoxygenated.

 (g) Apnea testing should be aborted if [6]:

• Spontaneous respirations are witnessed during apnea 
testing,

• SBP drops to <90 mm Hg or MAP <60 mm Hg despite 
titration of fluids, inotropes, and/or vasopressors

• Oxygen saturation drops <85% for >30 seconds.
• Unstable arrhythmia occurs.

 (h) If the patient becomes unstable secondary to cardiovas-
cular instability or hypoxia and apnea testing is aborted, 
a blood gas must be obtained and patient should be 
hyperventilated with an ambu-bag connected to 100% 
oxygen until the vital signs are stabilized after which time 
pre testing ventilation should be resumed. If the PaCO2 
goal is achieved, apnea testing can be considered positive. 
If PaCO2 target is not met, ancillary testing should then 
be pursued.

 (i) If spontaneous respirations were observed during the 
procedure and apnea testing was aborted, it is recom-
mended to repeat apnea testing after 24  hours if the 
remaining of the clinical evaluation is consistent with a 
diagnosis of brain death.

Modifications in Apnea testing:
Declaration of apnea in brain death patients can be harmful 
due to the various adverse effects such as hypotension, 
hypoxia, acidosis, arrhythmias, asystole, pneumothorax, and 
cardiac arrest using conventional methods [34–39]. Due to 
inherent risks associated with apnea testing, a safe and effi-
cient method should be used to prevent further injury and 
deleterious effects to the patients. A modified apnea test may 
be used at the discretion of the performing provider, particu-
larly in patients with hemodynamic instability. The modified 
apnea test does not involve disconnecting patients from the 
ventilator and limits infection risk to healthcare providers 
and staff members from aerosolization of infected droplets in 
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patients with contagious respiratory illness. It is useful in pre-
venting alveolar collapse in patients with acute respiratory 
distress syndrome due to maintenance of continuous positive 
airway pressure (CPAP)/positive end expiratory pressure 
(PEEP), and allows steady and slow increase in PaCO2 levels 
rather than rapid changes in PaCO2 levels and thus limits 
hemodynamic instability [35, 39–42].

Procedure for Modified apnea test without disconnecting 
ventilator:

 (a) Similar baseline pre-requisites are met, as with conven-
tional apnea testing, prior to commencing modified apnea 
test i.e. a normal core body temperature (≥36  °C or 
96.8 °F), normotension (SBP > 100 mm Hg), euvolemia 
and no hypoxia.

 (b) Pre-oxygenate with 100% O2 for 10 minutes and connect 
end tidal CO2 monitor (ETCO2). A baseline ABG should 
be obtained with confirmation of normocarbia (PaCO2 
between 35–45 mm Hg).

 (c) Commence hypoventilation while still connected to the 
ventilator by reducing minute ventilation (MV) by at 
least 50% from stable baseline ventilator settings. Reduce 
respiratory rate to 2 breaths/min and reduce tidal volume 
to 50% of current ventilator settings. Apnea alarm should 
be increased accordingly (45–60 secs) to prevent frequent 
alarming from prolonged apnea. Maintain initial PEEP 
level (5  cm H2O) but may be increased or decreased 
depending on the clinical situation. Attention should be 
paid to flow sensitivity trigger settings as a low sensitivity 
can lead to auto cycling and may be misinterpreted as 
respiratory effort. Similarly, keeping a low-pressure sensi-
tivity for patients on pressure support ventilation may 
falsely trigger breaths secondary to pressure changes 
from a hyperdynamic precordium.

 (d) After 10 minutes, obtain a blood gas and ABGs should be 
drawn periodically until PaCO2 levels are ≥60 mm Hg or 
≥20 mm Hg from baseline values.
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 (e) After reaching a target PaCO2 level, ventilator mode is 
switched to CPAP to ensure airway maintenance by 
applying continued PEEP and maximizing the likelihood 
of adequate alveolar oxygenation.

 (f) The patient is observed for signs of respiration for 60 sec-
onds. If no respiratory effort is seen apnea testing is then 
confirmed. At this time patient should then be returned 
to previous ventilator settings.

 (g) If patient becomes hemodynamically unstable, an ABG 
should be obtained and the test is aborted, returning the 
patient to previous ventilator settings.

 (h) If the PaCO2 goal is achieved, apnea testing can be con-
sidered positive. If PaCO2 target is not met, an ancillary 
test can be performed as per the provider’s discretion.

Modified Apnea test with maintenance of PEEP:
Another modification in modified apnea testing has been 
used widely and incorporated in the 2010 AAN guidelines for 
determination of brain death, involves maintenance of PEEP 
either by delivering CPAP at 10 cm H2O directly via ventila-
tor or through the use of a T-piece tube with a CPAP valve 
connected at the outflow end [6]. The first approach involves 
the use of a ventilator and disabling the rescue breaths while 
maintaining a CPAP of 10 cm H2O [41, 43]. Another approach 
involves the use of a 10-cm H2O PEEP valve attached to a 
T-piece directly attached to the ETT and delivering oxygen at 
12  L/min [34]. The remaining parameters for apnea testing 
remain the same i.e. ABG is obtained at 10 mins and periodi-
cally thereafter until PaCO2  ≥  60  mm Hg or rise in 
PaCO2 ≥ 20 mm Hg. Apnea is confirmed if there is absence 
of any respiratory movements in presence of hypercarbia. 
These techniques can prevent the decruitment of lungs, 
reduce the risk of hypoxemia, and increase hemodynamic 
stability by preventing blood pressure fluctuations as com-
pared to the traditional O2 insufflation method.
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Pre-Apnea test recruitment maneuver:
Pre-apnea test recruitment maneuver has also been used 
recently which prevents alveolar collapse and hypoxemia, 
particularly in patients with low lung compliance like 
ARDS. The procedure involves utilizing delivering a PEEP 
of 5 cm H2O in increments every three breaths to a maximum 
of 25 cm H2O which is maintained for 2 mins. This is followed 
by disconnecting the ventilator and providing oxygen at 6 L/
min via a tracheal insufflation catheter or connecting a CPAP 
valve at the end of the endotracheal tube at 20 cm H2O [44]. 
Blood gas is drawn after 10 mins and a rise in PaCO2 ≥ 20 mm 
Hg above the baseline or PaCO2 ≥ 60 mm Hg with absence 
of respiratory movements confirms apnea.

 5. Step 5: Ancillary testing

When the full clinical examination, including the assess-
ment of brain stem reflexes and the apnea test, is conclusively 
performed, no additional testing is required to determine 
brain death. However, when uncertainty exists in the clinical 
evaluation of brain death or when the apnea test cannot be 
performed, ancillary tests can then be performed [6]. Ancillary 
tests, also referred to as “confirmatory tests”, should be con-
sidered in the following situations [45]:

• Severe facial trauma
• Preexisting pupillary abnormalities
• Toxic levels of sedative agents, aminoglycosides, anticho-

linergic agents, tricyclic antidepressants, antiepileptic 
drugs, chemotherapeutic agents, or neuromuscular block-
ing agents

• Severe pulmonary disease resulting in carbon dioxide 
retention

• uncertainty regarding interpretation of possible spinally 
mediated movements

Ancillary tests can be discussed under two subcategories: 
tests to assess cessation of cerebral blood flow (Table 1), and 
tests to assess electrophysiological function or loss of electri-
cal activity of brain (Table 2) [5, 6, 17]. These tests should be 
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interpreted carefully by the provider and in the right context 
as false positive or false negative results have been reported 
and are not uncommon [46]. Ancillary testing should never 
be performed in a patient who does not meet the prerequi-
sites for neurologic determination of death.

Step 6: Brain death certification and Medical Record 
documentation.

Declaration and time of death have both significant medi-
cal (e.g., organ/tissue donation) and nonmedical conse-
quences, such as the initiation of mourning and preparation 
for burial. After the completion of brain death evaluation, the 
physician should certify in the patient’s medical record 
whether the patient “meets the neurological criteria for 
death”, and cause of death. As per the AAN practice param-
eters all phases of the determination of brain death must be 
documented in the medical record. The medical record must 
indicate:

• Etiology and irreversibility of coma.
• Absence of cerebral responsiveness.
• Absence of brain stem reflexes.
• Absence of respiration with PaCO2  ≥  60  mm Hg (or 

≥20 mm Hg increase over baseline normal PaCO2).
• Justification for, and result of, ancillary tests if used.

The time of death that should be documented is the time 
the PaCO2 reached the target value. In patients with an 
aborted apnea test, the time of death is when the ancillary 
test has been officially interpreted.

3  Current Evidence and Guidelines

In the United States, the use of neurological criteria to 
declare death was first legally defined by the UDDA in 1981 
[4]. The UDDA recognized both “death by neurological crite-
ria” and cardiopulmonary criteria in the definition of death 
and has been adopted by all the 50 states in concept, statuto-
rily or judicially [59]. However, in the United States, most 
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jurisdictions neither specify nor specifically identify the rele-
vant criteria for determination of “brain death by neurologi-
cal criteria”, and instead note that brain death should be 
determined in accordance with the “currently accepted medi-
cal standards.” Only two states  – Nevada and New Jersey, 
have laws that mention the medical criteria that should be 
employed when determining brain death should be in accor-
dance with the guidelines published by American Academy 
of Neurology in 2010 [6, 60, 61]. The 2010 AAN guidelines for 
brain death determination is largely derived from the defini-
tion of brain death provided by UDDA  – “cessation of all 
functions of the entire brain, including the brain stem.” To 
ensure the “cessation of brain function”, physicians should 
determine the presence of unresponsive coma, absence of 
brainstem reflexes, and the absence of respiratory drive after 
a CO2 challenge. The flowchart depicted in Fig. 1 summarizes 
the approach to brain death determination by neurological 
criteria and is based on the “accepted standards” as recom-
mended by the American Academy of Neurology in their 
2010 guidelines. Despite the availability of these well estab-
lished and validated guidelines, there is widespread practice 
variation observed from institution to institution within the 
US.  Greer et  al. reviewed 492 hospital brain death policies 
across different institutions in the United States and noted 
significant variability. Approximately, 33.1% of policies 
required specific expertise in neurology or neurosurgery to 
diagnose brain death. Most hospitals (65.9%) required 2 
separate examinations to determine brain death, and 20.9% 
required more than 2 examinations. For hospital policies that 
required more than 1 examination, 54.1% specified a waiting 
period between examinations; at least 6 hours in 71.1% of the 
policies. A specific waiting period of at least 24  hours was 
observed in 5.9% of the hospital policies in patients with 
cardiac arrest. Regarding pre-requisites for clinical testing, 
absence of hypotension was required by more than half of 
the protocols (56.2%) and 79.4% required a core body tem-
perature of at least 36 °C. Most policies required apnea test-
ing (97.4%) but only 83.5% specified a final PaCO2 level 
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(≥60 mmg Hg). Ancillary testing was observed to be a man-
datory requirement in 6.5% of the policies. Of the available 
options, EEG was listed as an ancillary test in 78.8%, tran-
scranial Doppler ultrasonography in 33.0%, conventional 
cerebral angiography in 71.3%, and a radionuclide cerebral 
blood flow study in 72.3% of the policies [10]. This study 
highlighted ongoing gaps between the hospital policies for 
determination of brain death and practice parameters 

Presence of irreversible brain 

injury with an identifiable etiology 

and presentation consistent with 

brain death

Assess for Pre-requisites and 

confounders

• Core body temp≥ 36°C

• SBP ≥100 mmHg, Euvolemia and 
Normocarbia maintained

• Pharmacologic paralysis excluded 

• Sedation excluded

• Severe metabolic, electrolyte and 

endocrine derangements excluded.

• Other reversible conditions that may

mimic brain dead excluded

Perform Clinical exam to assess for 

coma and brainstem areflexia

• Pupillary reflexes

• Oculocephalic and oculo-vestibular 

reflexes

• M otor responses of face and limbs

• Gag and Cough reflexes

Perform Apnea testing/Modified 

apnea test

No spontaneous respiratory 

movements and PaCO2 target met 

(PaCO2 ≥ 60 mm Hg or ≥ 20 mm Hg 

increase from baseline)

Declare Brain death and document 

time and cause of death

Inability to complete apnea testing 

due to hypoxemia or hemodynamic 

instability or results inconclusive 

(PaCO2 target not met)

If patient remains stable, repeat 

apnea testing can be performed or 

consider ancillary testing*

*Ancillary tests:

- 4 vessel conventional
angiography

- Radionuclide study

- Transcranial doppler

- EEG+/-SSEP

Ancillary test results 

consistent with brain 

death

Figure 1 Flow Diagram for Determination of Brain Death by 
Neurologic Criteria
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updated by AAN in 2010, across different institutions in the 
United States.

Some variability also exists in the requirements for brain 
death declaration across different states in the United States. 
For example, Florida requires two physicians, one of whom is 
the primary treating physician and the other a board-certified 
specialist in Neurology, neurosurgery, anesthesiology, internal 
medicine or surgery [62]. In Georgia and Alaska, a registered 
nurse has the authority to declare brain death, although a 
supervising physician is required to certify brain death within 
24 hours [63, 64].

Surprisingly, notable differences exist throughout the 
world in the criteria for diagnosing brain death. For example, 
United Kingdom adheres to the concept of “brainstem 
death” rather than “whole brain death” as adopted in the 
United States. The Code of Practice of the Academy of Royal 
Medical Colleges defines death as “irreversible loss of the 
capacity for consciousness, combined with irreversible loss of 
the capacity to breathe.” It further states that “the irrevers-
ible cessation of brain stem function (brain stem death) will 
produce the forementioned clinical state and therefore brain 
stem death is equivalent to the death of the individual” [65]. 
The U.K brainstem death criteria (U.K code), as described by 
Pallis and Harley, emphasizes on three sequential steps while 
evaluating patients for brainstem death:

• Ensuring that certain preconditions have been met
• Excluding reversible causes of apneic coma
• Clinical examination confirming brainstem areflexia and 

documenting persistent apnea.
• Functional etiologies of coma such as hypothermia, drug 

intoxication and metabolic disturbances must be excluded.

The U.K code requires testing of 5 brainstem reflexes: (a) 
pupillary response to light, (b) corneal reflex, (c) vestibulo- 
ocular reflex, (d) cranial motor nerve response, and (e) gag or 
reflex response to tracheal suctioning. As far as apnea testing 
is confirmed, a rise in PaCO2 level ≥50 mm Hg with absence 
of any respiratory movement is considered consistent with a 
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brainstem death as compared to a level of ≥60 mm Hg in the 
United States [65]. Another difference is the need for retest-
ing to ensure observer error has not occurred.

The Canadian Neurocritical Care group has established 
brain death determination guidelines which is comparable to 
those formulated in the United States, though subtle differ-
ences exist. It recommends determination of brain death by 
physicians with experience in brain death criteria, and in the 
event of organ procurement, two physicians neither involved 
in the care of the patient nor part of the organ transplant 
team, should be engaged in brain death determination [66]. 
However, the criteria used for apnea testing used 
(PaCO2  ≥  60  mm Hg) is comparable to that used in the 
United States.

In Australia and New Zealand, determination of brain 
death requires “irreversible cessation of all function of the 
brain”, as in the United States. However, the Australia and 
New Zealand Intensive Care Society (ANZICS) guidelines 
for brain death require demonstration of absent intracranial 
flow either by 4 vessel conventional angiography or radionu-
clide study in conditions where clinical diagnosis cannot be 
met. A 4-hour observation period is required before the first 
clinical examination can begin [67].

4  Special Case Scenarios

 1. Therapeutic hypothermia:
Given the advances in cardiopulmonary resuscitation 

and critical care management, the use of targeted tempera-
ture management (TTM) in the setting of neurological 
injury has been expanded to management of patients with 
traumatic brain injury, ischemic stroke, intracerebral hem-
orrhage, subarachnoid hemorrhage, and status epilepticus; 
as compared to out of hospital cardiac arrest patients pre-
viously [68]. It can be challenging to identify brain death 
after treatment with TTM because cooling can temporarily 
blunt brainstem reflexes [5, 16]. Other factors like use of 
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sedative drugs prior to, or during the use of TTM, can fur-
ther confound the results of clinical evaluation due to 
delayed drug clearance. It is recommended that neuroim-
aging be obtained after rewarming in patients treated with 
TTM, if the clinical findings are consistent with brain death. 
If the neuroimaging findings are consistent with severe 
cerebral edema, 24 hours after rewarming to at least 36 °C, 
use of sedative drugs and other confounders should be 
excluded before determination of brain death. Ideally, clin-
ical examination must be delayed until at least 5 elimina-
tion half-lives of the drug administered with the longest 
half-life has passed before performing an evaluation for 
brain death. After all the confounders have been addressed, 
clinical examination for brain death determination can be 
initiated 24 hours after the patient has been rewarmed to 
at least 36 °C. A cerebral blood flow study can be consid-
ered if results remain inconclusive [17].

 2. Patients requiring Extracorporeal Membrane Oxygenation 
(ECMO):

ECMO can be used to provide respiratory support only 
(Veno-Venous ECMO) for patients with refractory hypox-
emia or to provide both respiratory and circulatory sup-
port (Veno-Arterial ECMO) for patients with refractory 
hypoxemia and severe cardiac and/or hemodynamic fail-
ure. Such patients are at increased risk of complications 
leading to brain injury. Hence, determination of brain 
death can be challenging especially while circulation is 
extracorporeally supported. The same fundamentals of 
brain death determination– etiology, prerequisites, clinical 
examination including brainstem reflexes, and indications 
for ancillary testing  – should be applied to patients on 
ECMO. However, there is a lack of consensus or guidance 
on the appropriate procedure for apnea testing in such 
patients [69, 70]. The following steps should be used while 
performing apnea testing in patients on ECMO [17].

(i) The extracorporeal blood flow should be maintained 
during the clinical evaluation and apnea test in order to 
prevent hemodynamic instability and achieve a MAP ≥ 
60 mmHg in adults, for patients receiving V-A ECMO.
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 (ii) Pre-oxygenation should be provided by administering 
100% O2 via the mechanical ventilator and increasing 
the O2  in the membrane lung from the ECMO 
machine to 100% for 10 minutes.

 (iii) Similar to apnea testing in general, 100% oxygen 
should be delivered while patient is disconnected 
from ventilator either by using a tracheal cannula, an 
AMBU bag connected to a PEEP valve, or to the 
lungs via CPAP on the mechanical ventilator, a resus-
citation bag with a functioning PEEP valve, or by 
maintenance of CPAP/PEEP without disconnecting 
the ventilator.

 (iv) titrating the sweep gas flow rate to 0.5–1.0 L/min while 
maintaining oxygenation. This ensures minimal CO2 
removal and promotes arterial CO2 accumulation.

 (v) Observe for any spontaneous respiratory movements 
with serial measurement of blood gases. Similar crite-
ria i.e. a pH < 7.30 and PaCO2 of at least 60 mmHg, or 
≥20  mmHg above the patient’s baseline PaCO2 for 
persons with pre-existing hypercapnia; should be 
achieved before brain death is confirmed.

 (vi) Test should be aborted in case of hemodynamic insta-
bility or hypoxemia and patient should be returned to 
mechanical ventilation and prior ECMO sweep gas 
flow rate. Ancillary testing can be considered at this 
point for further evaluation.

5  Future Prospects

Accurate diagnosis of brain death depends on performing a 
valid clinical evaluation based on the current standards pub-
lished by AAN, along with maintenance of complete docu-
mentation including the time and cause of death, in the 
medical record. Future prospective studies are required on 
brain death determination with a focus on examining safe 
and alternative ways for performing apnea testing, especially 
in the current COVID-19 pandemic era wherein disconnect-
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ing patients from mechanical ventilator can expose the 
healthcare staff to increased risk of infections. Furthermore, 
laws should be amended to ensure uniformity in the criteria 
for brain death declaration across different states within a 
country. Institutions should adopt and change their respective 
institutional policies for brain death testing in accordance 
with the “current accepted medical standards.”
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This chapter is aimed at describing the following in the sub-
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• The key risk factors for acute kidney injury in the Neuro- 
ICU patient population

• Diagnosis of AKI
• Principles, indications & modes of RRT
• Different forms of continuous renal replacement (CRRT) 

modalities
• Types of Dialysis Access
• Dialysis prescription with emphasis on key adjustments 

warranted in Neuro-ICU
• Principles of anticoagulation
• Strategies for AKI Prevention
• Novel Approaches for improving AKI Care
• Conclusion

Continuous Renal 
Replacement Therapy
Zeeshan Azeem, Angela Emanuel, and Kunal Malhotra

Z. Azeem · A. Emanuel · K. Malhotra (*) 
Karl D Nolph Division of Nephrology, University of Missouri, 
School of Medicine, Columbia, MO, USA
e-mail: malhotrak@health.missouri.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-90225-4_30&domain=pdf
https://doi.org/10.1007/978-3-030-90225-4_30#DOI
mailto:malhotrak@health.missouri.edu


650

1  Introduction

Neurocritical care encompasses a wide range of neurological 
conditions and patient populations including those with pri-
mary neurological diseases as well as those with neurological 
sequelae from other medical and surgical conditions. 
Neurological illness is often associated with a poor clinical 
outcome. Specialized neurocritical care, as a discipline, 
evolved from neurosurgical postoperative care and manage-
ment. Outcome of this patient group is increasingly deter-
mined by non-neurological complications rather than the 
underlying neurologic or neurosurgical diseases. Among 
these non-neurologic complications, AKI is an independent 
risk factor for mortality after traumatic brain damage, isch-
emic stroke, intracerebral and subarachnoid hemorrhage [1–
4]. A recent nationwide survey from China found that 
mortality of AKI patients in the Neurocritical care Unit 
(NCCU) was around 10% [5]. AKI in the setting of critical 
illness is considered a significant contributor to poor outcome 
irrespective of the primary diagnoses or condition that war-
ranted ICU care [6–8].

Patients with chronic kidney disease also constitute a large 
proportion of Neuro-ICU patients because of higher inci-
dence of neurologic complications such as uremic encepha-
lopathy, higher rates of ischemic and hemorrhagic stroke as 
well increased frequency of seizures [9].

Moreover, hypertension in patients with kidney disease is 
a significant risk factor for ischemic and hemorrhagic stroke. 
The risk of stroke rises further in patients on hemodialysis 
[10, 11].

2  Risk Factors for Renal Injury in the ICU

There are several risk factors for the development of acute 
kidney injury in critically ill patients. Among pre-existing 
conditions, hypertension, diabetes mellitus, coronary artery 
disease, peripheral arterial disease, cardiovascular disease 
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and chronic kidney disease are significant risk factors. Among 
neurological conditions, except for ischemic stroke, no under-
lying disease was significantly associated with AKI.  ICU 
patients in particular are at risk of AKI due to the concomi-
tant infection, use of antibiotic therapy and nephrotoxic 
medication [1, 12].

3  Diagnosing Acute Kidney Injury 
in Critically-Ill Patients (Table 1)

AKI in Neurocritical care patients may be present on admis-
sion or develop during the hospital course. Early detection of 
AKI has been a challenge in critically-ill patients, leading to 
the development of several criteria for diagnosis and staging 
of AKI. The Acute Kidney Injury Network (AKIN) criteria 
is the most widely used criteria for the definition of AKI. The 
AKIN criteria define AKI as an abrupt (within 48 hrs) abso-
lute rise in serum creatinine concentration of >0.3 mg/dl from 
baseline; >50% increase from baseline or oliguria of <0.5 ml/
kg/hour for >6 hours. If the diagnosis of AKI is only based on 
presence of oliguria, it is crucial to ensure that adequate vol-
ume replacement has been attempted and renal tract obstruc-
tion excluded [13].

Other criteria that have been used are RIFLE (Risk, 
Injury, Failure; Loss and End-stage kidney disease) and 
KIDGO (Kidney Disease: Improving Global Outcomes). The 
review of available literature shows that all these criteria per-
form equally well in predicting mortality in critically-ill 
patients in the diagnosis of AKI [14].

4  Indications of Renal Replacement Therapy 
(Table 2)

Renal replacement therapy is indicated in a variety of renal 
and non-renal conditions. The most commonly encountered 
renal indications in intensive care settings are AKI  complicated 
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Table 1 RIFLE/AKIN/KDIGO criteria for diagnosis and staging of 
AKI [15]

Classification Definition for AKI Stage
Serum Creatinine 
criteria for AKI staging

RIFLE Increase in 
Serum Creatinine 
(SCr) ≥ 50% within 
7 days

Risk To ≥1.5 times baseline

Injury To ≥2 times baseline

Failure To ≥3 times baseline 
≥44 μmol/L increase to 
at least 354 μmol/L

AKIN Increase in 
SCr ≥ 26.5 μmol/L 
or ≥50% within 48 h

1 Increase in 
SCr ≥ 26.5 μmol/L or 
to 1.5–2 times baseline

2 To 2–3 times baseline

3 To ≥3 times baseline or
≥26.5 μmol/L or 
increase to at least 
354 μmol/L or 
initiation of RRT

KDIGO Increase in 
SCr ≥ 26.5 μmol/L 
within 48 h or ≥50% 
within 7d

1 Increase in 
SCr ≥ 26.5 μmol/L 
within 48 hours or to 
1.5–2 times baseline

2 To 2–3 times baseline

To ≥3 times baseline 
or increase to at 
least 354 μmol/L or 
initiation of RRT

Note. RIFLE Renal Injury Failure Loss ESRD, AKIN Acute Kidney 
Injury Network, KDIGO Kidney Disease Global Outcomes
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by hemodynamic instability and AKI associated with heart 
failure, volume overload, hypercatabolic states, liver failure, 
and brain swelling. Non-renal indications include but are not 
limited to sepsis, multi-organ failure (MOF), and adult respi-
ratory distress syndrome [16].

5  Timing of RRT- Is Early Initiation of RRT 
Beneficial?

The most appropriate timing for the initiation of RRT has 
been a subject of considerable debate especially when acute 
kidney injury is not accompanied by major metabolic compli-
cations (e.g., acidosis, hyperkalemia, uremia) and fluid distur-
bances [18].

Early or accelerated RRT is the initiation of RRT before 
the onset of major complications. In standard or delayed 
RRT, treatment is started once the patient develops one of 
the following: a serum potassium level of ≥6.0 mmol/liter, a 
pH of ≤7.20 or a serum bicarbonate level of ≤12 mmol/liter, 
evidence of severe respiratory failure based on a ratio of the 
partial pressure of arterial oxygen(P) to the fraction of 

Table 2 Conventional indications for renal replacement therapy [17]
Fluid overload resistant to diuretic therapy

Metabolic acidosis refractory to medical management

Hyperkalemia refractory to medical management

Uremic symptoms or signs (encephalopathy, pericarditis, and 
bleeding diathesis)

Poisoning with a dialyzable drug or toxin

Hyperthermia refractory to regular cooling techniques

Life-threatening electrolyte derangements in the setting of 
acute kidney injury

Progressive azotemia or oliguria unresponsive to medical 
management
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inspired oxygen(F) of ≤200, clinical perception of volume 
overload or persistent acute kidney injury for at least 
72 hours of admission [19].

There is a consensus that RRT should be initiated as soon 
as possible in the presence of above parameters, however, in 
the cases of kidney injury without these complications the 
benefit of early RRT is uncertain [20]. Patients with AKI 
especially with fluid overload, who also have poor physio-
logical reserve, may benefit from “early RRT” before the 
absolute indications develop. A generalized policy of early 
initiation of RRT may lead to unnecessary intervention in 
patients who would have recovered without such a treat-
ment [20].

Most available evidence in favor of the early RRT has 
been derived from observational studies. Data from the 
Program to Improve Care in Acute Renal Disease (PICARD) 
trial, a multi-center observational study of AKI, showed that 
among the patients who required RRT with no previous 
chronic kidney disease (CKD), RRT initiation at a lower 
BUN ≤76  mg/dL compared to ≥76  mg/dL was associated 
with lower 14- and 28-day mortality [21].

The subgroup analysis of Finnish Acute Kidney Injury 
study (FINNAKI) concluded that initiation of RRT, once an 
absolute indication had developed (delayed initiation), was 
associated with higher 90-day mortality compared to early 
RRT [22].

Standard vs Accelerated Initiation of RRT in Acute Kidney 
Injury trial (STARRT-AKI) is the most recent RCT compar-
ing accelerated versus standard initiation of RRT in critically 
ill patients. The results suggest that an accelerated renal-
replacement strategy was not associated with a lower risk of 
death at 90 days [23]. In a recent systematic review and meta-
analysis of randomized trials comparing delayed and early 
RRT strategies in patients with AKI, it was found that timing 
of RRT initiation does not affect survival in critically ill 
patients with severe acute kidney injury in the absence of 
urgent indications for RRT [24]. The authors recommended 
delaying RRT initiation with close patient monitoring, to 
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reduce the use of RRT, thereby saving health resources. 
However, hemodialysis is associated with increased intracra-
nial pressure (ICP) in Neuro-ICU patients, and the magnitude 
of the increase may be related to initial plasma urea levels. 
This finding might justify early initiation of RRT in neurocriti-
cal care unit patients to avoid high urea gradients [25].

In summary, in critically-ill patients the decision to initiate 
RRT should be individualized based on patients’ physiologi-
cal reserve according to their age, cardiovascular risk factors, 
pulmonary comorbidities, baseline renal function and the 
trend of inflammatory and renal injury markers.

6  Renal Replacement Therapies in NCCU

Intermittent or continuous renal replacement therapy 
(CRRT) remains the mainstay of therapy in treating AKI and 
refractory volume overload in the ICU. The available litera-
ture suggests that CRRT has a survival advantage over inter-
mittent Hemodialysis (IHD) in hemodynamically 
compromised patients. The choice of renal replacement 
modality remains controversial due to lack of evidence from 
randomized controlled trials [26]. Many institutions across 
the US offer both therapies and have established different 
criteria in determining which one to use.

7  Types of Renal Replacement Therapy 
(RRT) (Table 3)

• IHD (Intermittent Hemodialysis)
• CRRT (Continuous Renal Replacement Therapy)
• Hybrid (SLED, Slow Low-Efficiency Dialysis)

IHD and continuous hemodialysis (HD) circuits utilize 
similar principles. Blood is removed from the patient, pumped 
through a dialysis filter and returned to the patient following 
removal of surplus water and waste. Intermittent dialysis pro-
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vides renal replacement for brief intervals (3–4  h), usually 
daily or every 2–3 days. CRRT provides continuous 24-h per 
day therapy. The major difference between intermittent and 
continuous therapies is the speed and mechanism by which 
water and wastes are removed. IHD removes large amounts 

Table 3 Comparison of modalities for RRT [27]
Intermittent 
RRT Hybrid RRT Continuous RRT

Solute 
transport

Diffusion~ 
Hemodialysis

Diffusion~ 
Hemodialysis
Convection~ 
Hemofiltration

Diffusion~ 
Hemodialysis
Convection~ 
Hemofiltration

Subtypes Intermittent 
Hemodialysis 
(IHD)
Isolated 
Hemofiltration 
(IUF)

Extended 
Dialysis (ED) 
or Sustained 
low-efficiency 
dialysis 
(SLED) or 
prolonged 
intermittent 
RRT(PIRRT)

Continuous 
Venovenous 
hemodialysis 
(CVVHD)
Continuous 
Venovenous 
hemofiltration 
(CVVHF)
Hemodialfiltration 
(CVVHDF) or
Slow Continuous 
ultrafiltration 
(SCUF)

Duration 4–6 hours 6–16 hours 24 hours or more

Effect Fast small 
solute 
removal+/-Fast 
fluid removal

Slower fluid & 
solute removal

Slower fluid & 
solute removal
High total 
clearance of solutes

Use of 
standard 
RRT 
Machines

Yes Yes No

Note. RRT renal replacement therapy
Adapted from  Schaubroeck et  al. [27]. Copyright © 2020 Sage 
publication
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of water and wastes in a short period of time using principally 
diffusion compared with CRRT which works at a slower and 
steady rate using diffusion, convection or a combination of 
both. IHD allows chronic renal failure patients to limit the 
amount of time that they receive dialysis, the rapid removal 
of water and wastes during intermittent treatments may be 
poorly tolerated in unstable patients in the critically ill 
patients.

8  CRRT

8.1  Principles of CRRT

CRRT includes continuous hemofiltration, hemodialysis or a 
combination of the two i.e., hemodiafiltration.

Hemodialysis (HD) involves diffusion of solutes from high 
concentration compartment to low concentration compart-
ment across the dialysis membrane. The blood and the dialy-
sate move in opposite directions across the membrane to 
maximize the concentration gradient. Therefore, during HD, 
urea, creatinine, and potassium move from blood to dialysate, 
while other solutes, such as calcium and bicarbonate, move 
from dialysate to blood. The net effect is the desired changes 
in the plasma concentrations of blood urea nitrogen and 
plasma creatinine concentration along with an elevation in 
the plasma calcium and bicarbonate concentrations [16].

Hemofiltration (HF) involves the use of a hydrostatic 
pressure gradient referred to as transmembrane pressure 
(TMP) in order to induce the filtration (or convection) of 
plasma water across the membrane of the hemofilter. The 
frictional forces between water and solutes (called solvent 
drag) results in the convective transport of small and middle 
molecular weight solutes (<5000 Da) in the same direction as 
water. Different filter membrane properties can produce dif-
ferent ultrafiltration rates at a constant TMP. A filter that is 
more permeable to water will allow more water to travel 
across the membrane at a given TMP.  A filter with a high 
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permeability to water is called high-flux membrane [16]. To 
prevent hypovolemia, any water removed during HF is 
returned to the blood before it reaches the patient. This is 
called “replacement” fluid or “substitution” fluid. The process 
of HF itself removes smaller solutes (such as urea and elec-
trolytes) in roughly the same concentration as the plasma 
resulting in very subtle change in plasma concentration of 
these solutes compared with HD [16].

8.2  Modes of CRRT

CRRT incorporates several modes of RRT utilizing different 
mechanisms of clearance, principally diffusive and convective 
clearance, as described above.

Some of the commonest used modes are [28]:

• Continuous arteriovenous hemofiltration (CAVH)
• Continuous venovenous hemofiltration (CVVH)
• Sustained low efficiency (SLED) or extended daily dialy-

sis (EDD) Dialysis membranes
• Slow continuous ultrafiltration (SCUF)
• Continuous arteriovenous hemodialysis (CAVHD or 

CAVD)
• Continuous venovenous hemodialysis (CVVHD or 

CVVD)
• Continuous arteriovenous hemodiafiltration (CAVHDF)
• Continuous venovenous hemodiafiltration (CVVHDF)

As detailed above as to the principles of RRT, each mode 
uses a unique strategy with some using convective clearance 
(CVVH) while other modes use diffusive clearance or some 
combination of convective and diffuse clearance (CVVHDF). 
This complexity in machine configuration extends further to 
include options such as pre-filter or post-filter solution 
replacement in convective modes, to different filter technol-
ogy in modes that utilize diffusion alone or a combination of 
diffusion & convection.
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The neuro-intensivist is responsible for the majority of the 
decisions in the care of a critically-ill patient in the Neuro- 
ICU. This includes adjusting vasopressors, adding new antibi-
otics, initiating and managing nutritional supplementation, 
giving fluids or colloids for hemodynamic support or continu-
ally monitoring hemodynamic parameters. Therefore, under-
standing CRRT and its different modalities is extremely 
important since CRRT affects, among other things, drug clear-
ance and dosing, including antibiotics and vasopressors, and 
also affects nutritional support. These effects are dependent on 
CRRT mode, type of clearance, mode configuration, and filter 
type. The use of anticoagulation for CRRT, in liaison with a 
nephrologist, is another vital area that needs to be managed 
and understood by the neuro-intensivist [16].

9  Is CRRT Superior Than Other Modalities?

Current evidence-base suggests that CRRT offers no defi-
nite benefits to mortality or preservation of renal function 
when compared to IHD [17]. IHD, SLED and CRRT are 
complementary modalities whose use should be individual-
ized based on patient’s clinical context and logistics includ-
ing staff and equipment availability. Multiple modalities can 
be used on the same patient at different times based on 
changing clinical needs. IHD is considered the first-line 
therapy in situations requiring rapid correction of electro-
lytes (hyperkalemia), urgent fluid removal, and poisoning 
especially if patients can tolerate it from a hemodynamic 
standpoint [17].

In summary, CRRT is primarily used in hemodynamically 
unstable patients in the ICU setting followed by a transition 
to IHD once vasopressor support is no longer required [17]. 
Major advantages of CRRT are listed in the Table 4:
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10  CRRT Dosing

CRRT dose represents the volume of blood purified per unit 
of time and is quantified by effluent rate normalized to body 
weight (unit: mL/kg/h). In clinical practice, effluent comprises 
net ultrafiltrate along with replacement fluid and dialysate, 
depending on the CRRT modality.

The current KDIGO guidelines recommend that patients 
treated with CRRT should receive an effluent flow rate of 20 
to 25 mL/kg/h. In clinical practice, in order to achieve a deliv-
ered dose of 20–25 ml/kg/h, it is generally necessary to pre-
scribe a slightly higher dose at 25–30 ml/kg/h, and to account 
for treatment interruptions in CRRT.  The dose should be 
frequently assessed and adjusted according to the clinical 
situation [17, 29].

The optimal RRT dosing for AKI has been an area of 
extensive study in recent times. A large majority of early data 
came from studies in septic patients with AKI. Initial data sug-

Table 4 Major advantages of CRRT [16]
Slow and steady removal of solute or fluid removal avoids 
abrupt changes in body fluid volume and composition 
(especially beneficial in neurocritical patients)

Superior control of body temperature, fluid, and metabolic 
profile

Continuous control of azotemia, electrolytes, and acid–base 
balance

Continuous removal of fluid in volume overload clinical 
situations

Administration of parenteral nutrition and other fluids without 
concern for volume excess due to continuous ultrafiltration

Can lower intracranial pressure as opposed to routine IHD 
which can sometimes raise intracranial pressure

Removal of circulating inflammatory substances including 
cytokines, activated components of complement, and derivatives 
of the arachidonic acid
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gested survival benefit with relatively higher effluent flow rate 
(>35 ml/kg/hr). It was understood that high effluent flow rate 
reduces vasopressor requirements thus improving hemody-
namic stability and expedites removal of inflammatory media-
tors in sepsis. The IVOIRE study, consisting of 137 patients 
with septic shock- associated AKI, compared an effluent flow 
rate of 70 ml/kg/hr with 35 ml/kg/hr and found no significant 
difference in vasopressor requirement and 28-day mortality 
between the two groups [30].

The two landmark trials, the VA/NIH Acute Renal Failure 
Trial Network (ATN) study [31] and the Randomized 
Evaluation of Normal versus Augmented Level (RENAL) 
Replacement Therapy Study [32] compared HVHF (High 
Volume Hemofiltration) versus standard therapy found that 
higher-intensity treatment was not associated with reduced 
mortality, improved renal recovery or reduced rate of non- 
renal organ failure when compared with less intensive ther-
apy. Both studies also showed significantly more hypotensive 
episodes requiring vasopressor support and hypophosphate-
mia in the high-intensity group.

In conclusion, high effluent flow rates do not affect mortal-
ity but are associated with greater electrolyte disturbances, 
nursing requirements, nutritional demands and difficulty in 
maintaining therapeutic drug doses [17, 29, 31].

11  Dialysis Access

Two commonest types of access for RRT include:

 1. Arteriovenous (AV): In patients with pre-existing AV fis-
tula or graft.

Here the systemic blood pressure drives the blood into 
the extracorporeal circuit via an arterial needle, which 
after dialysis is then returned via a venous needle.

 2. Venovenous (VV):
Requires one double lumen catheter (occasionally two 

catheters are used) to be placed in a vein. It requires an 
extracorporeal blood pump to circulate blood through the 
dialysis machine.
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Traditional RRT circuits removed blood from arterial 
access sites and returned purified blood via venous catheter, 
thus utilizing patients’ own blood flow A-V gradient and alle-
viating the need for pump. However, these circuits carry 
increased risk of aeroembolism, ischemia of limb, hematoma 
formation, hemorrhage, arterial wall injury and spasm of the 
artery cannulated [33].

Current CRRT machines have a pump and hence use a 
veno-venous access. Temporary double-lumen venous dialysis 
catheters are the most common form of RRT access in the ICU 
setting. They can be inserted quickly at the bedside and used 
immediately. This method gives rapid and constant blood flow 
rate, improved dialyzer performance and decreased circuit and 
dialyzer clotting [16]. Major access-related complications 
include aneurysm formation, infections, ischemic steal syn-
drome, thrombosis, venous hypertension among hemodialysis 
patients using a fistula, difficult cannulation, bleeding, hema-
toma, catheter insertion, and endovascular intervention [34].

12  Anticoagulation

Extracorporeal circuit clotting is a major issue with CRRT 
primarily due to the accumulation of proteins in a process 
called concentration polarization. Common causes of clotting 
are listed in Table  5. Significant loss of therapeutic time 
occurs in replacing clotted hemofilters, which diminishes the 
efficacy of the treatment.

Table 5 The commonest reasons for circuit clotting [35]
1. Suboptimal or inadequate anticoagulation

2. Poor quality vascular access

3. Poor attention to optimal machine operation

4.  Sudden changes and patient positioning that can alter 
catheter function

5. Decreased blood flow

6. Induced clotting due to stasis
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Increasing the dose of anticoagulation for all the causes 
other than the first one can potentially be dangerous. 
Therefore, every clotting episode ought to be analyzed and 
addressed accordingly.

13  Types of Anticoagulation for CRRT [17]

It can be divided into four categories:

• Regional Anticoagulation
• Systemic Anticoagulation
• Anticoagulation in Special Situations/Other Agents
• No Anticoagulation

13.1  Regional Anticoagulation (Table 6)

According to the KDIGO guidelines, RCA is the preferred 
anticoagulation modality in CRRT [29]. As the name implies, 
this technique keeps the dialysis circuit from clotting (regional) 
and allows for prolonged filter life without the need for sys-

Table 6 Advantages and disadvantages of Regional Citrate 
Anticoagulation (RCA) [37]
Advantages Disadvantages

Lower cost
Reduced bleeding rates
Longer hemo-filter survival
Similar overall mortality 
when compared to systemic 
anticoagulation (heparin- 
based)

Technically more difficult 
to perform than systemic 
anticoagulation with unfractionated 
heparin (UFH)
Potential metabolic complications 
such as hypocalcemia, 
hypomagnesaemia and 
hypernatremia
Metabolic alkalosis (in preserved 
liver function), and high anion 
gap metabolic acidosis (in liver 
dysfunction)
Relatively contraindicated in acute 
liver injury and cardiogenic shock 
with significant lactic acidosis
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temic anticoagulation. Therefore, it can safely be used in 
patients with moderate to high risk of bleeding. The two avail-
able options are regional citrate anticoagulation (RCA) and 
regional heparin anticoagulation (RHA). Principle of RCA is 
that the citrate binds to calcium (and to some extent, magne-
sium) thereby impairing function of the calcium-dependent 
clotting factors. Most of the citrate- calcium complexes are 
subsequently removed in the effluent and the portion that 
enters the blood circulation is metabolized in the liver where 
they are converted to bicarbonate and the calcium is released 
[36]. Since the post filter blood reentering the circulation has 
lower ionized calcium due to binding with citrate, calcium 
needs to be infused via a central line to avoid hypocalcemia. 
Ionized calcium is monitored  frequently at prefilter and post 
filter level. Based on pre-filter calcium, calcium infusion is 
titrated to maintain normal ionized calcium in blood and based 
on post filter calcium, citrate infusion is titrated to ensure 
adequate lowering of ionized calcium within the dialysis circuit 
for effective anticoagulation. Since the calcium- citrate com-
plex is broken down by the liver, patients with liver failure can 
accumulate citrate that can lead to metabolic acidosis.

RHA involves pre-filter infusion of unfractionated heparin 
(UFH) and neutralization with protamine infusion post- filter. 
RHA has progressively fallen out of vogue & and carries sig-
nificant risk of anaphylactoid reaction secondary to protamine. 
In addition, hypotension, leukopenia and thrombocytopenia 
have also been reported. RHA has also been associated with a 
shorter hemofilter survival compared to RCA [38].

13.2  Systemic Anticoagulation (Table 7)

Per KDIGO guidelines, UFH infusion is typically a second- 
line option (when RCA is contraindicated), with the current 
evidence suggesting that RCA is superior in terms of bleed-
ing risk and hemofilter survival [29, 37].

Low-molecular heparin (LMWH) carries lower risk for 
HIT & bleeding when compared to UFH. However, the key 
issue being limited experience with its use. Serial factor Xa 
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monitoring is also required to maintain therapeutic dose. 
Limited data from RCTs highlights that LMWH has similar 
rates of bleeding as reported with UFH, however, carries 
much higher incidence of bleeding when compared to RCA 
[42]. It has been noted that hemo-filter survival with LMWH 
anticoagulation may be slightly superior to UFH [43].

14  Special Considerations for CRRT 
Prescription in Neurocritical Care 
Patients

Renal replacement therapy may exacerbate brain injury by 
raising intracranial pressure which reduces the cerebral blood 
flow and also by ultrafiltration leading to reduced blood sup-
ply [44]. Therefore, the prescription of the RRT should be 
modified accordingly. In addition, some other important con-
siderations are maintaining cardiovascular stability, choice of 
anticoagulation especially in the patients who have recently 
suffered intracerebral bleeding and in whom intracranial 
pressure monitoring is being undertaken [45].

Figure 2 describes the simple protocol which can be con-
sidered for CRRT in critical care patients.

 1. Maintaining adequate cerebral blood flow in hemodialysis 
patients:

Maintenance of adequate cerebral blood supply is one of the 
major considerations in NCCU patients. Healthy non- anemic 

Table 7 Advantages and disadvantages of systemic anticoagulation 
[39–41]
Advantages Disadvantages

Established 
experience of 
its use
Reversibility 
with protamine
Popular due to 
ease of use

Heparin-induced thrombocytopenia (HIT) is 
one of the major complications associated with 
heparin use. It typically develops within five 
to ten days of heparin use and usually requires 
immediate discontinuation of heparin.
The activated partial thromboplastin time 
(aPTT) needs to be closely monitored with a 
goal between 40 and 45 seconds.
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patients on hemodialysis may have reduced cerebral blood 
flow as assessed by transcranial Doppler measurements of the 
middle cerebral artery resulting in reduced cortical oxygen 
supply [46]. Moreover, during hemodialysis, middle cerebral 
blood flow falls with increasing ultrafiltration leading to a drop 
in cerebral oxygen saturation. The regulatory response to 
changes in arterial carbon dioxide tension remains intact. 
Patients should be monitored closely and supplemental oxygen 
provided to avoid cerebral hypoxia. Careful attention should 
be given to avoid hypotension during dialysis as patients in 
neurocritical care units may either have or are at risk of cere-
bral edema leading to increased intracranial pressure and fur-
ther reduction in cerebral perfusion pressure [10]. Davenport 
demonstrated the relationship in mean arterial pressure and 
intracranial pressure during the dialysis session as shown in 
Fig. 1 (Fig. 2).
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Figure 1 Relationship between the MAP and ICP during dialysis in 
a patient with subdural hemorrhage [47]. Fall in mean arterial blood 
pressure (MAP) at the start of renal replacement therapy, associated 
with an increase in intracranial pressure (ICP) and fall in cerebral 
perfusion pressure (CPP) in a hemodialysis patient post neurosurgi-
cal evacuation of subdural hemorrhage
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Patient survival and favorable outcome require vigilant 
monitoring and appropriate adjustment of renal replacement 
therapy [6]. Following modifications in CRRT dosing can 
ensure hemodynamic stability and this maintains appropriate 
cerebral blood flow:

 (a) Use of greater dialysate sodium, potassium and calcium 
concentration reduced the risk of reduction in systemic 
blood pressure and therefore maintained adequate cere-
bral perfusion [11].

 (b) Treatment should be designed to both slow down the rate 
of change of serum urea and osmolality, and to maintain 
cardiovascular stability [47].

 (c) Hemofiltration techniques, particularly predilutional, will 
further reduce the rate of urea clearance.

 (d) Dialysate with highest potassium concentration should 
be chosen to reduce the risk of cardiac arrhythmias.

 (e) Low serum calcium in patients with kidney disease 
increases the risk of cardiovascular instability. A dialysate 
with high calcium concentration can mitigate this effect.
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Figure 2 Protocol decision for CRRT
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 (f) Cooling of dialysate to 35 °C will also reduce the risk of 
hypotension during dialysis [48].

 (g) Cardiovascular stability can be improved by choosing a 
biocompatible dialyzer, and priming with isotonic bicar-
bonate to minimize bradykinin generation, preventing 
hypotension when patients are first connected to the 
extracorporeal circuit [47].

 2. Minimizing cerebral edema:

Elevated ICP may be the consequence of primary neuro-
logical condition or as a result of renal replacement therapy. 
Some degree of cerebral oedema is seen with routine outpa-
tient hemodialysis patients. During hemodialysis, serum urea 
falls rapidly during the first hour. There is a delay in the trans-
port of urea from the brain cells into the plasma compared to 
the dialyzer clearance of urea. This leads to a urea gradient 
which is proportional to fall in plasma osmolality. As water 
moves at a much faster rate than urea via aquaporin channels, 
there is a net movement of water down the osmotic gradient 
from plasma to brain cells resulting in cerebral edema [49].

The renal replacement therapy should be tailored to avoid 
abrupt reduction in plasma osmolality. Following measures 
should be taken to achieve this goal:

 (a) Intermittent therapy is associated with abrupt changes in 
hemodynamics and intracranial pressures. Therefore, in 
the presence of severe neurological illness and uncon-
sciousness, continuous renal replacement or hybrid thera-
pies are preferred. Intermittent therapy can be considered 
when imaging shows limited cerebral damage with no 
cerebral edema [11].

 (b) Urea clearance depends upon diffusion, therefore, reduc-
ing the surface area of the dialyzer, rate of flow of blood 
and dialysate and decreasing the time of the dialysis 
session would slow down the process of diffusion. Rate 
of diffusion is also proportional to initial concentration 
of urea so increasing the frequency of dialysis will 
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reduce the pre-dialysis urea levels and absolute fall in 
urea levels [11].

 (c) Sodium is osmotically active solute, so increasing sodium 
concentration can mitigate the effects of fall in urea. This 
can be achieved by setting the dialysate sodium concen-
tration 5–10 mEq// higher than serum sodium.

 (d) Dialysate fluid contains supraphysiological bicarbonate 
concentration to correct metabolic acidosis due to renal 
failure. The bicarbonate reacts with plasma hydrogen ions 
to form water and carbon dioxide. This carbon dioxide 
passes into the cell and leads to increased intracellular 
osmolality and cell swelling. This worsens the cerebral 
edema in patients with neurological conditions and thus 
the dialysis prescription should be adjusted to deliver a 
relatively lower bicarbonate concentration of 
30–32 mEq/L [11].

 3. Choice of appropriate anticoagulant:

In many patients admitted to neuro-ICU, the blood-brain 
barrier may be disrupted and there is a potential risk of local 
hemorrhage into the damaged area. Therefore, excessive sys-
temic anticoagulants should be avoided in patients with 
recent hemorrhage and those with catheters in situ to moni-
tor ICP. Regional anticoagulation with citrate being infused 
pre-dialyzer and a calcium free dialysate is preferred as well 
as CRRT without any anticoagulant. In case of CRRT, predi-
lution is preferred to prevent hemoconcentration in the cir-
cuit. In addition, in post dilution mode, the filtration 
fraction - calculated as effluent rate/plasma flow rate - should 
be below 20 to 25% [50]. Other regional anticoagulants 
include prostanoids which can lead to vasodilation and 
reduced cerebral blood flow [11]. Serine protease inhibitors 
have been used in patients at high risk of bleeding due to 
short half-life but the use is limited due to cost and availabil-
ity [51]. Heparin rinsing of dialyzers, which have been surface 
modified to adsorb heparin, have been successfully used to 
dialyze patients without systemic anticoagulation [52]. 
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Theoretically, PD can be considered as an alternative since it 
does not need any anticoagulation. Concerns on this modality 
are the efficacy and the effects on intra-abdominal pressure. 
The intra-abdominal pressure may increase secondary to 
infusion of PD fluid in the abdominal cavity, which may have 
diverse effects on intracranial pressure and cerebral perfu-
sion. Increased abdominal pressure may translate into 
increased intracranial pressure. Further, intra-abdominal 
hypertension may also decrease systemic preload and increase 
afterload, leading to lower blood pressure and decreased 
cerebral perfusion pressure [50, 53, 54].

15  Prevention of AKI

In addition to the early identification & management of 
critically-ill patients with AKI in the Neuro-ICU, special 
attention needs to be given to preventive measures for its 
development. The commonest first step should be to modify 
interventions or treatments that can potentially cause or pre-
cipitate kidney injury. Some of the important strategies 
include:

• Prevention and treatment of infectious complications 
lower the incidence of AKI and hereby improve outcome 
in neurocritical care.

• Maintaining adequate renal perfusion is pivotal in pre-
venting acute kidney injury. Careful yet optimal use of 
crystalloids or colloid solutions ensure it. Volume expan-
sion combined with the use of vasopressor agents might be 
required to optimize renal perfusion in septic patients.

• Nephrotoxic substances such as hydroxyethyl starch solu-
tions are best avoided in high-risk patients and those with 
established AKI.
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• Avoid non-steroidal anti-inflammatory drugs (NSAIDs) 
and nephrotoxic antibiotics especially aminoglycosides; 
consider using alternative analgesics and antibiotics 
deemed safe in renal injury.

• For Imaging, avoid CT with contrast, if possible. Use ultra-
sound, non-contrast computed tomography (CT) or an 
MRI instead.

• If an intervention using iodinated contrast agent is being 
planned, adequate hydration should be ensured & medica-
tions such as ACE (angiotensin converting enzyme) inhibi-
tors, ARB (angiotensin receptor blocker), NSAIDs may 
need to be held.

16  Novel Approaches

Early diagnosis and treatment of kidney injury in critically ill 
patients is of paramount importance for a favorable outcome. 
There is an increasing interest in the role of biomarkers in 
early identification of acute kidney injury. Several categories 
of real time biomarkers are under investigation in an effort to 
expedite diagnosis and treatment of AKI (Table 8).

Current evidence from clinical studies supports the use of 
new biomarkers in prevention and management of 
AKI.  Substantial gaps in knowledge remain, and more 
research is necessary [56].

The combined Tissue Inhibitor of Metalloproteinases-2 
(TIMP-2) and Insulin-like Growth Factor-Binding Protein 7 
(IGFBP7) (commonly marketed as NephroCheck® by 
Astute Medical, San Diego, CA – now part of BioMérieux, 
Inc., Lyon, France) is a commercially available test that has 
the potential to transform how we detect and treat AKI, how-
ever it has poor specificity, limiting clinical utility [57].
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17  Conclusion

• The management of critically ill patients with concomitant 
neurological and kidney disease is challenging.

• Early recognition of AKI and appropriate intervention 
can prevent long term disability.

• Careful consideration of the pathophysiology and modifi-
cation of renal replacement therapy is needed to achieve 
optimal outcome.
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1  Introduction

Delirium is one of the most commonly encountered compli-
cations in patients admitted to neurocritical care units. 
Several terms have been used to describe this syndrome like 
altered mental status, encephalopathy, acute confusional state 
and brain failure. Although these terms are used interchange-
ably it can create confusion among providers. For the purpose 
of this chapter, the term delirium will be used. Delirium is 
multifactorial and develops from complex interactions 
between risk factors and noxious insults [1].

2  Epidemiology

The prevalence and incidence of delirium varies across care 
settings, increasing with the complexity of the care setting, 
with highest rates in postoperative, intensive care units (ICU) 
and palliative care settings. Delirium is present in 10–23% of 
hospitalized patients, with an additional 24–31% of these 
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patients developing delirium during hospitalization [2, 3]. A 
systematic review of critically ill adults admitted to the ICU 
estimates that a third of these patients have delirium [4]. 
Whereas, among neurocritical care unit patients, the preva-
lence of delirium ranges between 12–46% and the incidence 
is between 23.6–26.8% [5, 6].

Delirium is more common among the elderly across care 
settings, with prevalence rates as high as 87% among elderly 
patients admitted to the ICU [7]. Among neurocritical care 
unit patients, the median and mean ages of patients with 
delirium are 62 and 69 years respectively [5, 6]. Hospitalized 
men are generally more likely to have delirium than women 
[2, 4, 5] which also holds true for patients in the neurocritical 
care unit [6].

3  Risk Factors

Risk factors for delirium can be viewed as predisposing and 
precipitating factors [8]. Delirium results from a complex 
interplay of predisposing factors, precipitating factors and 
context of care. Patients with higher vulnerability (more pre-
disposing factors), need only mild precipitating factors to 
trigger delirium. Whereas, in less vulnerable patients (fewer 
predisposing factors), delirium is more likely to result from 
serious precipitating factors. While addressing precipitating 
factors is essential to the immediate management of delirium, 
addressing predisposing factors is critical to mitigating future 
episodes of delirium and the negative outcomes associated 
with it [8].

Predisposing factors of delirium include [9].

• Advanced age (over 65 years)
• Pre-existing cognitive impairment such as dementia
• Malnutrition and dehydration
• Sensory deprivation such as hearing or visual 

impairments
• Impaired functional status

A. Aggarwal and O. Popoola



681

• Severe medical diseases such as chronic renal and liver 
diseases, neurological diseases

• Multiple psychoactive, anticholinergic and sedative 
medications

• Chronic alcohol use.

General precipitating factors for delirium include [9–11]:

• Sedative-hypnotic and anticholinergic medications
• Polypharmacy
• Metabolic derangements
• Infections such as urinary tract infections and pneumonia
• Hypoxia, shock
• Fever or hypothermia
• Dehydration
• Severe acute illnesses
• Major surgeries such as orthopedic and cardiac surgeries
• Pain and prolonged sleep deprivation
• Recreational substance use and withdrawal

Precipitating factors that are unique to the neurocritical 
care unit [8, 12] are:

• Non-dominant hemispheric stroke,
• Head trauma
• Intracranial bleeding
• CNS infection (encephalitis, meningitis)
• CNS tumors
• Seizures
• Hypertensive encephalopathy
• Invasive mechanical ventilation.

4  Diagnosis

Delirium is essentially a clinical diagnosis. It is supported by 
clinical, laboratory, imaging and other diagnostic features of 
the predisposing, precipitating or etiologic factors. The diag-
nosis of delirium can thus be conceptualized into two parts: 
First, identifying delirium; and second, identifying the causes.
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 1. Identifying delirium:

Identifying delirium relies on a detailed history and men-
tal status examination. History can be obtained from the 
patient when possible. In most cases, due to cognitive deficits 
that limits reliability of the history obtainable from the 
patient, information can be gathered from patient’s charts, 
caregivers, family members and acquaintances. A detailed 
alcohol and drug use history is particularly important as the 
approach to management of substance withdrawal delirium is 
significantly different from delirium due to other etiologies.

4.1  Clinical Presentation

The core symptoms of delirium include disturbances in atten-
tion (such as reduced ability to direct, focus, sustain and shift 
attention), awareness (such as reduced orientation to the 
environment) and another area of cognition (such as mem-
ory, perception, visuospatial ability and language). The timing 
and course of the development of these symptoms are key 
features of the history; they tend to have an acute onset and 
fluctuate in severity during the day [13]. Ancillary symptoms 
of delirium include disorganized thought process, mood 
alterations, altered sleep-wake cycle, altered level of con-
sciousness, psychomotor agitation or retardation.

A mental status examination will reveal objective evi-
dence of the cognitive disturbances in delirium. The Folstein 
Mini-Mental State Examination (MMSE), the Saint Louis 
University Mental Status (SLUMS) Exam and the Montreal 
Cognitive Assessment (MoCA) are useful tools that test 
attention, orientation and other relevant cognitive domains 
commonly affected in delirium [14–16]. Bedside tests of 
attention include the digit span; spelling “WORLD” back-
wards or recitation of the days of the week or months of the 
year backwards; and alternating alphabet recitation and 
counting (a verbal form of the Trails B test). If the patient is 
nonverbal, a handy test is to ask yourself if the patient looks 
back at you. Visuospatial ability can be assessed at bedside 
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using the clock-drawing test or the intersecting pentagon 
copying test. Perceptual disturbances include illusions, audi-
tory and visual hallucinations.

Role of Rating Scales
Rating scales serve different purposes in the assessment of 
delirium. They can be used as aids in the formal diagnosis of 
delirium or to measure severity and track its course. See 
Table 1 below for a list of validated delirium rating scales. The 
Confusion Assessment Method (CAM) is the most widely 
used delirium rating scale worldwide [17, 18]. It is an algo-
rithm of four core symptoms of delirium, designed for use by 
nonpsychiatric clinicians to aid in the diagnosis of delirium in 
high risk settings. The CAM-ICU is an adaptation of the 
CAM, for use in ICU patients; and has been specifically vali-
dated in neurocritical care patients for the diagnosis of 
delirium. The Intensive Care Delirium Screening Checklist 

Table 1 Different rating scales and its utility
Rating Scale Utility Patient population
Confusion 
Assessment Method 
(CAM)

Diagnostic General hospital 
settings

CAM for Intensive 
Care Unit (CAM- 
ICU)

Diagnostic Intensive care units

Intensive Care 
Delirium Screening 
Checklist (ICDSC)

Diagnostic Intensive care units

Delirium Rating 
Scale (DRS)

Severity rating General hospital 
settings

CAM – Severity 
Scale (CAM-S)

Severity rating and 
prognostication

General hospital 
patients and 
Intensive care units

Memorial Delirium 
Assessment Scale 
(MDAS)

Severity rating and 
monitoring

General hospital 
patients and 
intensive care units
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(ICDSC) is another rating scale that has been validated for 
diagnoses of delirium among neurocritical care patients [6, 
19, 20]. The Memorial Delirium Assessment scale (MDAS) 
has also been validated for use among critically ill patients 
admitted to the ICU. It is a 10- item scale that is administered 
after diagnosis of delirium is made, to determine severity and 
monitor its course [21]. Another modification of the CAM, 
the CAM-S, is useful in monitoring, risk stratification and 
prognostication of delirium [18].

Role of EEG, Neuroimaging and Biomarkers
The EEG in delirium is almost always abnormal. There are 
however no pathognomonic EEG patterns in delirium. 
Most cases of non-alcohol withdrawal delirium show gener-
alized (diffuse) slowing – delta waves – and increased ampli-
tude [22]. Therefore, EEG is helpful when the identification 
of delirium is obscured by other psychiatric co-morbidities. 
It could also be useful in identifying causes of delirium. 
Specific EEG patterns could suggest specific causes of 
delirium; for example, the presence of triphasic waves sug-
gests underlying metabolic derangements such as hepatic 
encephalopathy [18].

No consistent neuroimaging correlates have been vali-
dated for diagnosing delirium. However, a recent systematic 
review of neuroimaging in delirium included studies that 
used MRI, f-MRI, arterial spin labelling MRI, CT, SPECT, 
diffusion tensor imaging, transcranial doppler, near infrared 
spectroscopy, proton MRI spectroscopy and 2‐fluoro‐2‐deox-
yglucose positron emission tomography. The systemic review 
found associations with white matter hyperintensities, lower 
brain volume, atrophy, dysconnectivity, impaired cerebral 
autoregulation, reduced blood flow and cerebral oxygen-
ation, and glucose hypometabolism [23].

Various biomarkers have been explored in the diagnosis of 
delirium. Inflammatory biomarkers such as C-reactive pro-
teins and interleukins have particularly been studied due to 
the central role that inflammation is thought to play in the 
development of delirium. However, none has yet been vali-
dated for diagnoses or monitoring of delirium [18].
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 2. Identifying the cause of delirium:

After delirium has been diagnosed, identification of the 
cause(s) becomes the principle task. This is sometimes obvi-
ous, especially in the neurocritical care patient population. 
However, a careful clinical evaluation for precipitants of 
delirium is essential since their correction is critical to effec-
tive management of delirium. Modifiable predisposing fac-
tors should also be identified as their correction would 
prevent future episodes of delirium. A thorough history, 
physical examination, medication review, laboratory tests, 
imaging studies and other indicated diagnostic studies should 
be performed.

The history could unravel temporal associations between 
onset of delirium and potentially related medical conditions 
such as development of a urinary tract infection, starting a 
new medication, cessation of alcohol use, etc. A medication 
review should correlate dosage initiation and changes with 
behavioral changes.

Physical examination could reveal signs of head trauma 
such as lacerations or bruises; signs of CNS infection such as 
fever and nuchal rigidity; signs of metabolic derangements 
such as asterixis; signs of stroke such as unilateral weakness 
and hyporeflexia; among others.

Brain imaging and a panel of basic laboratory tests geared 
at the most common causes of delirium should be ordered in 
every patient with delirium. More specific testing should be 
done if the clinical evaluation suggests more specific pathol-
ogy. Examples include CSF studies, serum heavy metals, anti-
nuclear antibodies, urine porphyrins and HIV.

5  Prevention

It is estimated that 30–40% of delirium cases are prevent-
able [1].

Non pharmacological interventions that target modifiable 
risk factors of delirium have been shown to reduce the 
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 incidence of delirium [24]. Some of the interventions that 
have been shown to be effective include:

• Frequent reorientation by using clocks, calendars, clearly 
written daily schedules, windows with outside view and 
verbal re-orientation.

• Cognitive stimulation  – This strategy is more helpful in 
patients with pre-existing cognitive impairments but at the 
same time sensory overstimulation should be avoided.

• Hearing and visual aids for patients with impairments, 
with frequent reinforcements to use them.

• Restoring physiological sleep-wake cycle by reducing 
ambient noise during night time and use of relaxing music.

• Minimum use of physical restraints and using range of 
motion exercises to promote early mobilization.

• Maintaining proper hydration and avoiding volume 
depletion.

• Minimizing use of medications that can precipitate delir-
ium like benzodiazepines, antihistamines, dihydropyri-
dines and opioids [25].

• Pain management: Pain is an important risk factor for 
delirium and clinicians should consider the risks of using 
an opioid medication that might worsen delirium, nonopi-
oid medications should be used where possible.

Pharmacological interventions to prevent delirium have 
been studied using various agents like Cholinesterase inhibi-
tors, antipsychotics, dexmedetomidine, gabapentin and mela-
tonin but have shown mixed results and are not routinely 
recommended [26–31].

6  Management

Delirium is considered a medical emergency and early iden-
tification and treatment of the underlying medical condition 
is important. Treatment of delirium includes simultaneous 
management of behavioral disturbances and treatment of 
underlying medical conditions.
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The most common medical conditions causing delirium 
include:

• Metabolic causes  – electrolyte disturbances, infections, 
organ failures and fluid imbalance.

• Drug induced [32]
• Sedative or alcohol withdrawal
• Wernicke encephalopathy – Thiamine supplementation [33].

Treatment of agitation and behavioral disturbances include 
pharmacological and non-pharmacological interventions.

• Non pharmacological interventions – Mild cases of delir-
ium may respond well to environment changes that target 
modifiable risk factors (discussed in the ‘prevention’ sec-
tion above). Special units that implemented these changes 
have been shown to improve the functional outcome in 
patient who are at high risk for developing delirium [34]. 
Physical restrains should be reserved for the most severe 
cased and alternatives like continuous observation by a 
familiar person or a professional sitter should be used. 
Multicomponent interventions (e.g. promotion of sleep- 
wake cycles, meaningful sensory stimulation, preferred 
music listening, pre-operative patient education, stimula-
tion of cognitive activities, use of orientation devices and 
effective communication) have been shown to be an effec-
tive intervention for delirium [35].

• Antipsychotic medications: There is mixed data regarding 
the efficacy of using antipsychotic medications to treat 
delirium. While antipsychotics appear to manage the agita-
tion well, the total duration of delirium does not seem to 
improve much with their use [36]. No medications are cur-
rently approved by the US Food and Drug Administration 
(FDA) for the treatment of delirium and there is a boxed 
warning with use of atypical (second-generation) antipsy-
chotics for increased risk of death and cerebrovascular 
events in patients with dementia [37]. Due to the longer 
clinical experience with Haloperidol, it remains the stan-
dard therapy for managing agitation in this patient 
 population. However, other agents like risperidone, olan-
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zapine, quetiapine and ziprasidone have shown similar 
efficacy in treating delirium [38].

• Benzodiazepines can be effective in cases of delirium due 
to alcohol and sedative withdrawals but they can worsen 
confusion and sedation in delirium due to other causes 
[39]. Other sedative agents like propofol and dexmedeto-
midine are sometimes used in the critical care settings for 
management of pain and anxiety in delirium patients.

7  Outcomes

Critically ill patients in the ICU who develop delirium have 
higher morbidity burden including increased length of ICU 
stays, longer duration on mechanical ventilation, worsened 
cognitive function, and increased costs. Delirium in the ICU 
has been shown to be associated with up to 2-3-fold increase 
in duration of mechanical ventilation and 2-4-fold increase in 
time to ICU discharge [40, 41]. In addition, delirium is associ-
ated with increased rates of cognitive impairment at time of 
discharge and up to 12 months after discharge [42, 43]. Higher 
severity and longer duration of delirium is associated with 
increased odds of cognitive impairment [9, 10, 42, 43]. Longer 
delirium duration has also shown an independent association 
with disability in activities of daily living and worse motor- 
sensory function [11].

Patient with delirium are more likely to die during hospi-
talization and up to one year after hospitalization, when 
compared with those without delirium. The duration of 
delirium is also associated with mortality. Critically ill patients 
with delirium in intensive care units are 2 to 3 times more 
likely to die during hospitalization [4, 12], and 3 times more 
likely to die 6  months after discharge [4, 44]. Each day of 
delirium in the ICU is associated with 10% increase in 1-year 
mortality [42, 45].

While hyperactive and mixed-type delirium are more 
likely to attract attention and intervention from the care 
team, hypoactive delirium rates are notably higher among 
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ICU patients and associated with worse outcomes [46]. 
Though delirium is generally considered to be acute, signs of 
delirium can persist for 12  months or longer especially in 
patients with risk factors like dementia [47].
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