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Preface

Advances and Technical Standards in Neurosurgery (ATSN) represents the success-
ful achievement of the wish of Jean Brihaye, Bernard Pertuised, Fritz Loew and 
Hugo Krayenbuhl to provide European neurosurgeons in training with a high-level 
publication to accompany the teaching provided by the European postgraduate 
course. The project was conceived during the joint meeting of the German and 
Italian Neurosurgical Societies in Taormina in 1972, and the first volume was pub-
lished in 1974. The English language was chosen to facilitate the international 
exchange of information and the circulation of scientific progress. Since then, the 
ATSN has hosted chapters by eminent European neurosurgeons and has become 
one of the most renowned educational tools on the continent for both young and 
experienced neurosurgeons. The successive editorial boards have maintained the 
ATSN’s high scientific quality and ensured a good balance between contributions 
dealing with advances in neuroscience over the years and detailed descriptions of 
surgical techniques, as well as analyses of clinical experiences. Additional appeal 
has been added by the freedom granted by the Editor and Publisher in the length, 
style and organisation of the published chapters.

The current series aims to preserve the original spirit of the publication and its 
high-level didactic function but intends to present itself not only as a historic 
European publication but as a truly international forum for the most advanced clini-
cal research and modern operating standards.

Hannover, Germany Concezio Di Rocco  
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Chapter 1
International Women in Neurosurgery

Silvia Hernández-Durán, Katharine Drummond, Claire Karekezi, 
Mary Murphy, Farideh Nejat, Nelci Zanon, and Gail Rosseau

1.1  Introduction

Neurosurgery has recently celebrated its first century as a specialty, and the increas-
ing role of women neurosurgeons is a major theme. This article documents the early 
women pioneers in neurosurgery from around the world. Table 1.1 lists the first 

S. Hernández-Durán (*) 
Department of Neurological Surgery, Universitätsmedizin Göttingen, Göttingen, Germany 

European Association of Neurosurgical Societies, Diversity Task Force, Brussels, Belgium
e-mail: silvia.hernandez@med.uni-goettingen.de 

K. Drummond 
Department of Neurosurgery, The Royal Melbourne Hospital, Parkville, VIC, Australia 

Department of Surgery, Faculty of Medicine, Dentistry and Health Sciences, University of 
Melbourne, Parkville, VIC, Australia
e-mail: kate.drummond@mh.org.au 

C. Karekezi 
Neurosurgery Unit, Department of Surgery, Rwanda Military Hospital, Kigali, Rwanda 

M. Murphy 
Victor Horsley Department of Neurosurgery, National Hospital for Neurology and 
Neurosurgery, London, UK
e-mail: marymurphy2@nhs.net 

F. Nejat 
Tehran University of Medical Science, Children’s Medical Center, Tehran, Iran
e-mail: nejat@sina.tums.ac.ir 

N. Zanon 
Department of Neurology and Neurosurgery, Federal University of São Paulo,  
São Paulo, Brazil 

CENEPE Centro de Neurocirurgia pediátrica (Pediatric Neurosurgical Center),  
São Paulo, Brazil 

G. Rosseau 
Department of Neurosurgery, George Washington University School of Medicine and Health 
Sciences, Washington, DC, USA

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
C. Di Rocco (ed.), Advances and Technical Standards in Neurosurgery, 
Advances and Technical Standards in Neurosurgery 45, 
https://doi.org/10.1007/978-3-030-99166-1_1

mailto:silvia.hernandez@med.uni-goettingen.de
mailto:kate.drummond@mh.org.au
mailto:marymurphy2@nhs.net
mailto:nejat@sina.tums.ac.ir
https://doi.org/10.1007/978-3-030-99166-1_1


2

Table 1.1 Chronology of women in neurosurgery around the world

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

Germany 1924 Alice Rosenstein 13
Russia 1929 Serafima Semyonova Bryusova 2
United Kingdom 1939 Diana Beck 12
Romania 1945 Sophia Ionescu 23
Poland 1947 Halina Koźniewska 9
Belarus 1948 Marfa Pavlovets 7
Estonia 1950 Ruth Paimre 10
Kazakhstan 1950s Evgenija Azarova 2
Mexico 1951 María García-Sancho y 

Álvarez-Tostado
N/A

Uruguay 1954 María Teresa Sande de García 
Guelfi

N/A

Bulgaria 1959 Nadezda Smilkova 11
Latvia 1959 Ludmila Trusle 20
Turkey 1959 Aysima Altinok 5
Hungary 1960s Róza Gombi 5
Israel 1960 Yafa Doron 8
Lithuania 1960s Jadvyga Subaciute 7
United States of 
America

1961 Ruth Kerr Jakoby N/A

Cuba 1965 Irene Zamalea Bess N/A
Slovakia 1965 Veronika Krafcova 8
India 1968 Thanjavur Santhanakrishna Kanaka 3
Canada 1968 Marina Kyriazidou N/A
Brazil 1969 Noya Rocha da Silva Chavez N/A
France 1969 Aimée Redondo 14
Sweden 1969 17
Australia 1970 Elizabeth Lewis 15
El Salvador 1970s María Castillo Rodas and Dania 

Trinidad Arévalo
N/A

Georgia 1970s Larisa Tskrialashvili N/A
Peru 1970 Blanca Neira N/A
Slovenia 1970s Milena Jezernik 14

women in neurosurgery in every country in the world. The contributions of these 
trailblazers to the origins, academics, and international professional organizations 
of neurosurgery are highlighted. The formation of Women in Neurosurgery (WINS) 
in 1989 in the United States was an important inflection point. This organization has 
played a significant role, by inspiring the creation of other similar organizations 
worldwide and introducing and promoting talented women in the profession. 
Contributions of women neurosurgeons to academic medicine and society as a 

S. Hernández-Durán et al.
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Table 1.1 (continued)

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

Mongolia 1971 Dorj Javzmaa 25
Italy 1973 Milena Auretta Rosso 36
Argentina 1974 Martha Villafañe N/A
Dominican Republic 1974 Sonia Corona Ferín Víctor de 

Sánchez
N/A

Spain 1975 Josefa Ramiro Hernandez and 
Balbina Ferreras

24

Iran 1978 Zahra Taati Asl 6
Venezuela 1978 Rosario Medina de Lissot N/A
Belgium 1980s Vera van Velthoven 13
Czechia (Czech 
Republic)

1980s Eva Urbánková 9

Denmark 1980s Birgit Mosdal, Benedicte Dahlerup 
and Elizabeth Hoppe-Hirsch

3

Guatemala 1980 Graciela Mannucci N/A
Morocco 1980s Najia El Abbadi 17
Netherlands 1980s Saskia Bakker-Niezen 15
Philippines 1980 Camellia Josefina Nierras 

Posoncuy
10

Serbia 1980 Mirjana Nagulic 16
China 1981 Pu Peiyu 2
Algeria 1982 Faiza Lalam N/A
Chile 1983 Lucía Zamorano N/A
South Korea 1983 Hyo-Sook Chung 2
Japan 1985 Yoko Kato 6
Costa Rica 1986 Silvia Urbina Ortega N/A
Palestine state 1986 Georgette Kidess 4
Colombia 1987 Martha Pulido N/A
Greece 1988 Maria Varela-Stavrinou 10
Saudi Arabia 1990s Samia Maimani 3
Singapore 1990s Tan Tze Ching 4
Tunisia 1990s Faten Abid 16
Bolivia 1992 Karin Urresti Destre N/A
Thailand 1992 Kritssanee Karnjanapanch 9
Vietnam 1993 Lien Ngoc Ly 1
Norway 1994 Sissel Reinlie 14
South Africa 1994 Minette du Preez 7
Zimbabwe 1994 Nozipho Maraire < 1
Ecuador 1995 Patricia Guzmán N/A
Finland 1996 Leena Kivipelto 28
Honduras 1996 Ena Miller Molina N/A
Indonesia 1996 Jeanne PMR Winaktu 5

(continued)

1 International Women in Neurosurgery
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Table 1.1 (continued)

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

New Zealand 1997 Suzanne Jackson 25
Egypt 2000s Djamila

Kafoufi Benderbous
< 1

Pakistan 2000s Aneela Darbar 9
Senegal 2000s Mame Salimata diene 2
Armenia 2001 Anna Galstyan 7
Bosnia and 
Herzegovina

2001 Selma Jakupović 10

Bangladesh 2006 Rezina (Rose) Hamid 4
Côte d’Ivoire 2006 Espérance Maman You Broalet < 1
Iceland 2006 Hulda Magnadottir 0
Ireland 2006 Mary Murphy 0
Nicaragua 2006 Carolina Cantarero N/A
Panama 2007 Alina Pupo N/A
Cameroon 2008 Mirelle Moumi 2
Malaysia 2008 Sharon Casilda Theophilus 16
Nepal 2009 Maya Bhattachan 6
Kuwait 2010 Alya Hasan N/A
Luxembourg 2010s Dagmar Broeker 10
Sri Lanka 2010s Maheshi Wijerathne 5
Uganda 2010s Juliet Sekabunga 10
Yemen 2010 Asmaa Almasoudi < 1
Iraq 2011 Qadamkhear Hama 3
North Macedonia 2011 Aleksandra Dimovska-Gavrilovska 4
Albania 2015 Ejona Lilamani and Jetmira 

Kërxhaliu
20

Ethiopia 2015 Yordanos Ashagre 8
Jamaica 2015 Charmaine Munthra N/A
Kenya 2015 Susan Karanja and Sylvia Shitsama 27
Myanmar (formerly 
Burma)

2015 Thilda Hlaing 4

Paraguay 2015 Thamara Portillo Cino N/A
Croatia 2016 Nikolina Sesar 7
Rwanda 2016 Claire Karekezi 50*
Lebanon 2018 Hiba Sharafeldeen 12
Democratic Republic 
of the Congo

2019 Sarah Mutomb < 1

Nigeria 2019 Salamat Ahuoiza Aliu-Ibrahim 2
Jordan 2020 Redab Al Khataybeh < 1
Cyprus 2021 Maria Karampouga 0

S. Hernández-Durán et al.
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Table 1.1 (continued)

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

United Arab Emirates 2021 UK
All current practicing WIN 
foreigners

4

Montenegro 2022 est Ivana Jovanovic 0
Papua New Guinea 2022 Esther Apuahe 0
Austria Unknown 19
Cabo Verde Unknown < 1
Gabon Unknown 1
Gambia Unknown < 1
Guinea Unknown < 1
Madagascar Unknown 17
Niger Unknown < 1
Portugal Unknown 22
Qatar Unknown 31
Sudan Unknown 29
Switzerland Unknown 14
Tanzania Unknown 50*
Ukraine Unknown 7
Dominica N/A N/A
Grenada N/A N/A
Guyana N/A N/A
North Korea N/A N/A
Suriname N/A N/A
Syria N/A N/A
Trinidad and Tobago N/A N/A
Afghanistan No WIN 0
Andorra No WIN 0
Angola No WIN 0
Antigua and Barbuda No WIN 0
Azerbaijan No WIN 0
Bahamas No WIN 0
Bahrain No WIN 0
Barbados No WIN 0
Belize No WIN 0
Benin No WIN 0
Bhutan No WIN 0
Botswana No WIN 0
Brunei No WIN 0
Burkina Faso No WIN 0
Burundi No WIN

(continued)

1 International Women in Neurosurgery
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Table 1.1 (continued)

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

Cambodia No WIN 0
Canada No WIN
Central African 
Republic

No WIN 0

Chad No WIN 0
Comoros No WIN 0
Congo 
(Congo-Brazzaville)

No WIN 0

Djibouti No WIN 0
Equatorial Guinea No WIN 0
Eritrea No WIN 0
Eswatini (fmr. 
“Swaziland”)

No WIN 0

Fiji No WIN 0
Ghana No WIN 0
Guinea-Bissau No WIN 0
Haiti No WIN 0
Kiribati No WIN 0
Kyrgyzstan No WIN 0
Laos No WIN 0
Lesotho No WIN 0
Liberia No WIN 0
Libya No WIN 0
Liechtenstein No WIN 0
Malawi No WIN 0
Maldives No WIN 0
Mali No WIN 0
Malta No WIN 0
Marshall Islands No WIN 0
Mauritania No WIN 0
Mauritius No WIN 0
Micronesia No WIN 0
Moldova No WIN 0
Monaco No WIN 0
Mozambique No WIN 0
Namibia No WIN 0
Nauru No WIN 0
Oman No WIN 0
Palau No WIN 0
Saint Kitts and Nevis No WIN 0
Saint Lucia No WIN 0

S. Hernández-Durán et al.
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Table 1.1 (continued)

Country
Year of training 
begin or completion Name of first WIN

Current % 
of WIN

Saint Vincent and the 
Grenadines

No WIN 0

Samoa No WIN 0
San Marino No WIN 0
Sao Tome and 
Principe

No WIN 0

Seychelles No WIN 0
Sierra Leone No WIN 0
Solomon Islands No WIN 0
Somalia No WIN 0
South Sudan No WIN 0
Tajikistan No WIN 0
Timor-Leste No WIN 0
Togo No WIN 0
Tonga No WIN 0
Turkmenistan No WIN 0
Tuvalu No WIN 0
Uzbekistan No WIN 0
Vanuatu No WIN 0
Zambia No WIN 0

N/A information not available
*Denotes countries in which the total neurosurgical workforce is ten or less

whole are briefly described. Contemporary efforts and initiatives indicate future 
directions in which women may lead neurosurgery in its second century.

1.2  Europe

Traditionally considered the cradle of Western civilization, Europe can also be con-
sidered the cradle of women in neurosurgery, as it was Europeans who were the first 
women to pursue a career in the specialty in the world [1]. At present, one European 
country also boasts the highest percentage of women in neurosurgery worldwide, 
with 36% of the Italian neurosurgical workforce being female [2–4]. Despite 
advances in recruitment into the specialty, underrepresentation in leadership posi-
tions prevails, with only 6% of the leaders in European national neurosurgical soci-
eties being women [5]. International efforts are underway to increase participation 
of women in organized neurosurgery in Europe, for example, through the creation 
of the Diversity Task Force within the European Association of Neurosurgical 
Societies [6].

1 International Women in Neurosurgery
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1.2.1  The Beginnings

The first woman to perform surgery on peripheral nerves in Europe was probably 
Latvian Anna Bormane (1896–1990). After studying in Russia and the Ukraine, 
she graduated from the University of Latvia in 1923 and was the first woman in 
Latvia to obtain an academic degree in medicine [7]. After the Soviet reoccupation 
of Latvia in 1944 during World War II, she fled to Germany, interrupting her surgi-
cal career. She then returned to her homeland in 1947 and worked as a surgeon 
until her 85th birthday, performing peripheral nerve and other neurosurgical proce-
dures [8].

The first woman to perform cranial neurosurgery in the world was probably 
Alice Rosenstein (1898–1991). She was born in Breslau, modern-day Wroclaw, 
Poland, to a renowned Jewish gynecologist and his American wife. After obtaining 
her medical license in 1923, Rosenstein embarked on a vast training journey, gain-
ing clinical experience in both ophthalmology and neurology, while also obtaining 
her academic degree for her dissertation on acromegaly and syphilis [9]. In 1924, 
Rosenstein began her formal training under Otfrid Foerster, father of German neu-
rosurgery, in neurology, psychiatry, and neurosurgery [10]. Foerster’s Breslau was, 
at the time, a world-renowned center for neurosurgical training; Wilder Penfield, 
Percival Bailey, and Paul Bucy all visited the German hospital to expand their 
knowledge [11]. It was here that Rosenstein performed her first neurosurgical pro-
cedures, and she developed the technique to show the foramen of Monro on pneu-
moencephalography [12]. In 1929, Rosenstein moved to Frankfurt to inaugurate a 
new operating room exclusively for neurological patients. Here, she performed ven-
triculographies, brain tumor resections, and cordectomies. However, she was forced 
to leave her post in Frankfurt and emigrate to the United States in 1934 due to her 
Jewish background and the rise of the Nazi party in Germany. Thanks to her 
American family ties, she was able to escape the Holocaust, but she did not continue 
to practice neurosurgery in her exile [13].

Five years after Rosenstein’s exile to the United States, in 1939, England’s Diana 
Beck (1902–1956) began her neurosurgical career in Oxford. She trained under one 
of Harvey Cushing’s pupils, the father of British neurosurgery, Sir Hugh Cairns 
[14]. Thanks to her surgical dexterity, Beck received a consultant’s position at the 
Royal Free Hospital in 1943, but during World War II she was called upon to serve 
in the Emergency Medical Service. In 1947, Beck was appointed consultant at The 
Middlesex Hospital in London, where she quickly earned the respect of her male 
colleagues and founded the neurosurgical service [15]. She also carried out numer-
ous research projects on idiopathic intracranial hypertension, cranioplasty, and sur-
gical treatment of intracerebral hemorrhage [1, 16]. The latter earned her notoriety 
in both Europe and North America. Beck’s career was brought to an abrupt and 
unfortunate halt in 1956, when she succumbed to a pulmonary embolism after suf-
fering a myasthenic crisis and undergoing a thymectomy [15].

Romania’s Sofia Ionescu (1920–2008) was acknowledged as the first female 
neurosurgeon during the 13th World Federation of Neurosurgical Societies (WFNS) 
Congress in 2005 [17]. Ionescu enrolled in medical school in 1939, at the beginning 
of World War II. By the end of her studies in 1944, the war had reached Romania 

S. Hernández-Durán et al.
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and casualties abounded. When Ionescu had to evacuate an epidural hematoma 
from a young boy, she became enthralled with neurosurgery and her illustrious 
career began [18]. After becoming a consultant in 1954, Ionescu published over 
120 scientific papers, developed a minimally invasive technique to evacuate intra-
cranial hemorrhages, and described the packing of carotid dissections with muscle 
flaps [19]. Due to the Cold War, however, her work remained largely unknown to 
her contemporaries in the Western world [20]. In her passion for work, Ionescu 
would travel all over the country to provide care to patients, and she even lived in 
the hospital during the 1960s for 7 years to ensure continuous, uninterrupted neu-
rosurgical coverage. Because of her unrelenting dedication, Ionescu received hon-
ors from the Romanian Academy of Medical Sciences and the National 
Confederation of Women in Romania, among many others [18, 19].

1.2.2  The Soviet Pioneers

One of the most fascinating yet obscure chapters in the history of women in neuro-
surgery and neurosurgery at large lies behind the former Iron Curtain, where female 
leaders contributed to the establishment of the specialty throughout the entire Soviet 
Union. However, much of their legacy remains unknown to the Western world.

At the end of the nineteenth century, brain tumors were already being excised in 
Imperial Russia, and new instruments for cranial surgery were being developed. In 
1897, a new department for neurological conditions was opened at the Imperial 
Military Medical Academy in St. Petersburg, where the first neurosurgical proce-
dures were carried out by invited surgeons, with the assistance of trained neurolo-
gists. By 1910, Vladimir Mikhailovich Bekhterev (1857–1927) had already 
established the Empire’s first neurosurgical unit, and his pupil, Ludwig Martynovich 
Pussep (1875–1942) was carrying out surgeries as complex as the resection of ves-
tibular schwannomas [21].

However, these developments were brought to an abrupt halt by World War I and 
the Soviet Revolution of 1917. During these events, the recently established dedi-
cated neurosurgical units were repurposed as military hospitals. At the same time, a 
profound change was taking place in terms of gender equality. To mobilize the pop-
ulation and maximize the workforce, women were given the right to vote and 
encouraged to participate not only in the frontlines of the revolution, but also in all 
other aspects of society and the economy as part of the new Bolshevik ideology 
[22]. Thus, many of them fought alongside men during World War I and served as 
field nurses [23]. This key political, ideological, and social shift set the stage for 
extraordinary women to become neurosurgeons and advance the field in the region.

The first woman to become a neurosurgeon in Russia was the Muscovite Serafima 
Semyonovna Bryusova (1894–1958). Originally trained as a philologist and histo-
rian, Bryusova served as a nurse at the frontlines of World War I. Assisting in the 
surgical treatment of soldiers with traumatic head injury changed her life dramati-
cally, and she began studying medicine at the II Moscow Institute for Medicine in 
1917. Upon completion of her studies, she began working as a surgery resident. In 

1 International Women in Neurosurgery
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1929, she became one of the closest and only female associates of Nikolay Burdenko 
(Fig. 1.1), the recognized father of Russian neurosurgery [24]. Under Burdenko, 
Bryusova benefitted from training in the entire spectrum of neurosurgery. Because 
of her background as a philologist and her multilingual talents, she translated many 
seminal neurosurgical works into Russian, thus creating a bridge between the 
advances being made in the West and her home country [25].

Another remarkable woman and trailblazer in Soviet neurosurgery was Ksenia 
Ivanovna Kharitonova (1916–1993). Like many of her contemporaries, her forma-
tive years as a physician were marked by war. When she graduated from the 
Novosibirsk Institute of Medicine in 1939, World War II erupted, and she ended up 
serving as a military surgeon. During this experience, she treated soldiers with trau-
matic brain injuries and gunshot trauma to peripheral nerves, which shaped her 
future clinical career and research interests [26]. In 1946, Kharitonova moved to the 
newly established Institute of Reconstructive Surgery (VOJITO) in Novosibirsk, 
later renamed the Research Institute of Traumatology and Orthopedics. Four years 
later, in 1950, she founded a neurosurgical clinic here, despite many adversaries 
who did not want neurosurgery to become a separate specialty. She led this depart-
ment for the next 35  years [27]. From this new neurosurgical unit, she directed 
experimental work and developed new methods for the prevention and treatment of 
infectious intracranial complications in penetrating traumatic brain injury. 

Fig. 1.1 Serafima Semyonovna Bryusova in Nikolay Burdenko’s team. Upper row, left to right: 
E. M. Rossels, S. M. Berg, A. S. Chernyshov, A. A. Arendt, K. G. Terian, M. U. Rapoport and 
lower row, left to right: G. S. Cimmerman, V. V. Kramer, S. S. Bryusova, B. G. Egorov ca. 1930. 
Picture rights: B.  Liktherman and G.  Danilov. (Reproduced with permission from Journal of 
Clinical Neuroscience)

S. Hernández-Durán et al.
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Furthermore, she launched other neurosurgical departments in many Siberian cities, 
such as Krasnoyarsk, Kemerovo, Prokopievsk, Barnaul, and Tomsk. Thus, she is 
considered the mother of Siberian neurosurgery [28].

Beyond Russia, other women in the Soviet Union also introduced the neurosurgical 
specialty into their regions. Evgenija Azarova (1913–1996) founded the Department 
for Neurosurgery at the Alma Ata Military Hospital and established the first training 
program for neurosurgeons in Kazakhstan. Like other pioneering women in neurosur-
gery, Azarova drew her inspiration from patients with traumatic brain injury, whom 
she treated as a military surgeon. Through her efforts, the outcome of patients with 
traumatic brain injury greatly improved [29]. Alexandra Chirkova Illarionovna and 
Rufina Zhukova Nikolaevna followed her footsteps and led the neurosurgical depart-
ment at Alma Ata in the 1970s. However, neighboring Kyrgyzstan, Tajikistan, 
Turkmenistan, and Uzbekistan still await their first woman neurosurgeon [2].

Women were not only responsible for introducing neurosurgery into multiple 
parts of the Soviet Union, but also for launching neurosurgical subspecialties in the 
region. Belarussian Marfa Vasilievna Pavlovets (1916–2007) is highly recognized 
for her military achievements and participation in the Great Patriotic War, and also 
for being one of the driving forces behind the establishment of vascular neurosur-
gery in the Soviet Union [30]. Similarly, Azerbaijani Anna “Neta” Artaryan 
(1922–2020) is considered the mother of academic pediatric neurosurgery in the 
region, and possibly even the world’s first dedicated pediatric neurosurgeon. After 
serving as an army physician during World War II, Artaryan began her neurosurgi-
cal training in Moscow. From 1969 on, she taught pediatric neurosurgery to neuro-
surgeons, general surgeons, and neurologists all over the Soviet Union, developing 
her own curriculum. She passionately believed that pediatric neurosurgery should 
be its own subspecialty, for children’s anatomy and physiology greatly differ from 
those of adults. Thirteen years later, in 1982, the first chair of pediatric neurosurgery 
was created at the Central Institute for Advanced Medical Education, and Artaryan 
held this position for over 30 years [31].

In the field of pediatric neurosurgery, other Soviet women also made great con-
tributions. Alexandra Georgievna Zemskaya (1920–2010) trained with Wilder 
Penfield at the Montreal Neurological Institute in Canada and introduced the surgi-
cal treatment of epilepsy in children and adults to the Soviet Union. Wanda Iosifovna 
Rostovskaya (1919–2003) also made pediatric contributions, developing the surgi-
cal treatment for children with spina bifida in Moscow [32].

Poland’s first woman in neurosurgery, Halina Koźniewska, started practice in 
1945 and founded the neurosurgical department in Lublin, whereas Bulgaria’s first 
woman in neurosurgery, Nadezda Smilkova, founded the first neurosurgical depart-
ment at the Multidisciplinary University Hospital in Ruse in 1963, the largest and 
oldest regional hospital in north-eastern Bulgaria [2].

Despite a vast number of women pioneers, the current neurosurgical workforce 
in Russia includes just 2% of women. In former Soviet countries, the proportion is 
not significantly higher, with the Ukraine being the highest at 6% [33]. This down-
ward trend merits further research, so that future generations can follow in the foot-
steps of these trailblazers.
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1.2.3  Past, Present, and Future

European women have not only been the first neurosurgeons in the world, they have 
also advanced the field in their countries. Welsh-Brazilian Carys Bannister special-
ized in spina bifida. She set up a fetal management unit as a tertiary referral center 
for neurodevelopmental defects in Manchester in the 1980s, which she ran for her 
entire career [34]. Armenian Anna Galstyan became her country’s first woman in 
neurosurgery in 2001 and, in 2017, she cofounded the first pediatric neurosurgical 
department [2]. Austrian Monika Killer-Oberpfalzer, one of very few dual-trained 
neurosurgeons/neurointerventionalists, cofounded the Paracelsus Medizinische 
Privatuniversität in Salzburg in 2001 and leads one of the few centers in Central 
Europe for endovascular training in neurosurgery [35].

Scientifically, European women have made great contributions to neurosurgery. 
Belgian Veerle Visser-Vanderwalle is a pioneer in deep brain stimulation. She was 
the first neurosurgeon to treat Tourette’s syndrome in 1999 [36] and was appointed 
professor in both The Netherlands and Germany. Portugal’s Claudia Faria coin-
vented Alsterpaullone, a novel small molecule to target group 3 medulloblastoma 
and founded Lisbon’s brain tumor biobank [37, 38]. Meanwhile, Switzerland’s 
Kathleen Seidel codeveloped a dynamic aspirator for intracavitary stimulation and 
intraoperative neuromonitoring during tumor surgery. Seidel has also launched 
projects to bring neuromonitoring to low-income countries [2].

Global neurosurgery and social equity have been major concerns for women in 
neurosurgery in Europe. In France, Francoise Lapierre and Évelyne Émery have 
launched neurosurgical collaborations with Vietnam and Western Africa, respec-
tively, thus contributing to the development of the neurosurgical infrastructure 
and care in these areas [6] (Fig. 1.2). Spain’s Ana Pastor Zapata leads a teaching 

Fig. 1.2 Prof. Emery hosting a neurosurgical course in the Ivory Coast. (Picture reproduced with 
permission from Prof. E. Emery)
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collaboration with Niger’s Nemay Hospital [39]. In Serbia, Danica Grujicic 
founded the organization “Together for Youths”, which supports young and tal-
ented students [6], while Ljiljana Vujotic launched the ‘‘Voice of Heart” organiza-
tion to improve the quality of life of elderly people, refugees, and minorities. She 
is also a plastic surgeon, endocrinologist, and introduced endoscopic surgery to 
Serbia [40].

1.3  Latin America

Neurosurgery is one of the most important medical legacies from Pre-Columbian 
cultures in Latin America. Early practitioners performed cranial trephination, inten-
tional cranial deformation, and head shrinking well before neurosurgery was estab-
lished as a separate specialty. In terms of gender parity in neurosurgery, Latin 
America is second only to Europe in the emergence of women in neurosurgery. As 
early as 1951, Mexican María García-Sancho y Álvarez-Tostado became the first 
female neurosurgeon in Latin America [4]. García-Sancho was trained in Chile and, 
upon returning to her home country, cofounded the Mexican Society of Neurosurgery, 
served as professor at the renowned Universidad Nacional Autónoma de México, 
and was the leader of the First National Congress of Mexican Women Doctors. 
Thanks to her dedication, a new generation of neurosurgeons could be trained in 
Mexico, whereas before her time they had to travel abroad to obtain their neurosur-
gical qualifications [41].

A decade later, the Caribbean saw its first woman in neurosurgery, Irene Zamalea 
Bess (1939–2006), who would also be a pioneer in global neurosurgery. Bess 
worked in Angola, Tanzania, and Nicaragua on traumatic brain injury and collabo-
rated on the landmark study on the use of antifibrinolytic agents in traumatic hemor-
rhage (CRASH-2 trial) [42]. Efforts to improve patient care have also been made by 
other women trailblazers in Latin America. In Honduras, Ena Miller Molina, the 
country’s first woman in neurosurgery, has launched a nationwide advocacy pro-
gram for the prevention of traumatic brain and spinal cord injury called “Piensa 
Primero (Think First), Honduras”, which is currently taught in schools. She has 
been a passionate advocate for intercultural exchange for the improvement of neu-
rosurgical care in low- and middle-income countries [43].

In Peru, two women advanced neurosurgery by introducing subspecialties to the 
country. Azucena Dávila is the mother of endovascular procedures, while Alicia 
Becerra founded the Epilepsy Unit for both adults and children at the Hospital 
Nacional Edgardo Rebagliati Martins in Lima, where she chairs the Functional and 
Interventional Department of Neurosurgery [4]. Other Latin American women have 
also made outstanding contributions to functional neurosurgery. Chilean Lucia 
Zamorano, both an engineer and a neurosurgeon, developed the Zamorano- 
Duchovny stereotactic frame and currently practices in the United States, after hav-
ing undergone extensive training in her home country, Germany, and the United 
States [44]. Alessandra Gorgullo is the founder and president of the Brazilian 
Society of Radiosurgery. Soon after the introduction of awake craniotomies 
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worldwide, Alicia Becerra in Peru, Gabriela Moguilner in Paraguay, and Tatiana 
Vilasboas in Brazil started to perform these in their home countries [4].

The pursuit of improved patient care can also be seen in pediatric neurosurgery 
in Latin America. Graciela Mannucci, the first woman to practice neurosurgery in 
Guatemala, founded and currently directs the San Juan de Dios Spina Bifida 
Multidisciplinary Clinic, a large referral center in the country. She is a tireless advo-
cate for early surgery in spinal dysraphism and a respected expert in the field [45]. 
In Ecuador, Victoria Ronquillo was the first woman to become a pediatric neurosur-
geon and was elected vice-president of the Ecuadorian Society of Neurosurgery [4]. 
In Mexico, Ana Siordia Karam cofounded the Pediatrics Neurosurgery Department 
at Hospital Infantil Universitario in Ciudad de Torreón, Coahuila, to improve care of 
pediatric neurosurgical patients in the region [46]. Since appropriate patient care 
begins with proper training, Giselle Coelho, from Brazil, developed a simulator for 
hydrocephalus and craniosynostosis to aid residents in developing their surgical 
skills. This project earned her the Young Neurosurgeons Award from the World 
Federation of Neurosurgical Societies (WFNS) [47]. Zulma Tovar Spinoza, from 
Venezuela, trained neurosurgery in Israel and pediatric neurosurgery in Toronto. In 
2009, she assumed her appointment as Director of Pediatric Neurosurgery at SUNY 
Upstate Medical University in Syracuse, USA. Now an associate professor, she has 
been elected the AANS/CANS pediatric liaison to the ISPN.

Women are also involved in shaping healthcare policies in Latin America. Marise 
Audi, a neurosurgeon from Sao Paulo, has been a political candidate in her country 
[48], while Maria Castillo ran for president of El Salvador and was widely recog-
nized as “Hija Meritisima de El Salvador,” an honorary distinction conferred by the 
legislative assembly upon an individual for their significant contributions to their 
country. Elizabeth Hinostroza was the first woman neurosurgeon to be appointed as 
General of the National Police of Peru. In addition, she served as the Minister of 
Health of Peru from 2019 to 2020. Nelci Zanon was recently elected as a member 
of the Academy of Medicine of Sao Paulo, Brazil, and President Elect of the 
Brazilian Medical Women Association (ABMM), affiliated to the Medical Women 
International Association (MWIA) [4]. Her dedicated efforts to link women neuro-
surgeons throughout Latin America are leading to increased academic activity 
throughout the region.

1.4  Middle East

A diverse region where civilizations have converged since Antiquity, the Middle 
East has fostered several acclaimed women neurosurgeons. At the same time, sev-
eral countries in the region still institutionalize traditional gender roles, making 
career progression for women in general, and women in neurosurgery specifically 
more challenging. Additionally, poverty, frail infrastructures, and political instabil-
ity make practicing the specialty in the region difficult. Women neurosurgeons are 
advocating for better medical services for their patients, designing better education 
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for themselves and for younger doctors and enriching medical practice through their 
scientific endeavors [49].

Aysima Altınok became the first woman neurosurgeon in Turkey and the Middle 
East upon completing her training in 1959 at Haydarpaşa Numune Hospital. From 
1968 to 1992, she was chief of neurosurgery at Bakirköy Mental and Psychological 
Health Hospital. Here, she improved the hospital’s infrastructure to provide better 
care to patients and enable both clinical and laboratory researches. In 1968, Altınok 
cofounded the Turkish Neurosurgical Society. Her notable contributions to Turkish 
medicine earned her the “Medical Doctor of the Year in Turkey” Award in 1990 
[50]. Nurperi Gazioğlu cofounded the Istanbul University Pituitary Center in Turkey 
in 2015. Since 2017, she has chaired the neurosurgical department at the Demiroglu 
Bilim University in Istanbul [51].

Altinok was an exception in the region, for even though the history of neurosur-
gery in the Middle East dates to prehistoric times, with documented trephinations in 
Iran, until recently, there were no established residency programs in most countries 
in the Middle East. Young medical graduates had to travel abroad, posing a major 
obstacle for Middle Eastern women from traditional backgrounds, who may not 
have been allowed to travel independently [52].

An outstanding example is Georgette Kidess (Fig. 1.3), the first and only woman 
neurosurgeon in Palestine. Kidess emigrated to Germany as a medical student and 
went on to train in neurosurgery at the University of Kiel in Northern Germany, 
where she was not only one of the few women, but also one of the few trainees of 
immigrant background. Upon completion of her training, she returned to Palestine in 
1986 and started working at the Hadassah Ein Karem Hospital in Jerusalem. Later, 
she moved to the Ramallah Governmental Hospital, Ramallah, West Bank, where 
she established the first neurosurgical department in Palestine. She faced many 
obstacles from gender bias and lack of resources in a politically tumultuous area. 
Thanks to her efforts, the Palestinian Neurosurgical Society was founded in 2014, in 
cooperation with Jordanian neurosurgeons, and she has trained a whole generation 
of Palestinian neurosurgeons. The achievements of this trailblazer become even 
more impressive when one considers the ongoing conflicts in the region and the 
challenges that posed to the advancement of healthcare and education [53].

Political conflicts have marked the lives of other Middle Eastern women neuro-
surgeons. Israel’s first female neurosurgeon fled the holocaust and her Polish home 
in 1934. Her name was Yafa Doron. After training in Switzerland, the United States, 
and Jerusalem, she became a board-certified neurosurgeon in Israel in 1960. However, 
in the 1970s, she abandoned neurosurgery to become a neuropathologist [2].

The academic training of neurosurgery in Iran was started by Nosratollah Ameli 
in the 1950s. Zahra Taati Asl became the first woman neurosurgeon in Iran. In the 
1980s, she was part of the neurosurgery team who treated military patients during 
the Iran–Iraq war [49]. In spite of setbacks, women have greatly contributed to the 
establishment of neurosurgical subspecialties in the region. In Iran, Farideh Nejat 
established the first fellowship program in pediatric neurosurgery at Tehran 
University of Medical Sciences (TUMS) in 2015. She also runs a prolific research 
laboratory [54] and founded the Iranian Pediatric Neurosurgery Committee, in 
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Fig. 1.3 Georgette Kidess, the first woman neurosurgeon in Palestine. Upper: Kidess at her high 
school graduation in 1971. Lower: Kidess performing surgery under the microscope at the 
Ramallah Hospital in Palestine, 1992. (Reproduced with permission from Journal of Clinical 
Neuroscience)
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association with the Neurosurgical Society of Iran (Fig. 1.4). Similarly, Alya Hasan, 
Kuwait’s first board-certified woman neurosurgeon, established a pediatric neuro-
surgery unit in Ibn Sina hospital in 2014 [49].

Women have also advanced vascular neurosurgery in the Middle East. Samira 
Zabihyan was the first woman neurosurgeon in the Great Khorasan province of Iran. 
After completing a fellowship in vascular neurosurgery at Barrow Neurological 
Institute with Robert Spetzler, she created an academic neurovascular training program 
at Mashhad University of Medical Sciences (MUMS) and is currently the Residency 
Program Director and Vice Chair of the neurosurgery department here. Samia Maimani, 
the first Saudi woman in neurosurgery, was the inventor of the Maimani aneurysm clip 
applier and remover for use with neuroendoscopy and stereotactic systems [55]. 
Another Saudi woman to advance neurosurgery in her country is Tahreed Alsiani, who 
currently holds the position of head of the neurosurgery department in King Fahad 
Hospital. She also founded a neuroendoscopy course in Western Saudi Arabia in 2019, 
where trainees can hone their endoscopic and transnasal skills. She is also the regional 

Fig. 1.4 Several Iranian women in neurosurgery. Picture taken during the annual meeting of the 
Iranian Society of Neurosurgery in 2014. From left to right: Mahvash Amini, Zahra Taati (first 
Iranian woman in neurosurgery), Mina Izadi (third Iranian woman in neurosurgery), Nahid Nasri, 
Zohreh Habibi, and Farideh Nejat. (Reproduced with permission from Farideh Nejat)
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healthcare coordinator, a governmental position [49]. One woman who was able to 
complete training abroad and return to her native Middle Eastern country of Saudi 
Arabia was Ikhlas Altweijry. After completing her neurosurgical residency at University 
of Ottawa in 2009, she completed a pediatric neurosurgery fellowship in Canada. Upon 
her return, she started working at the King Khalid University Hospital as a pediatric 
neurosurgeon. She is also part of a team of leading surgeons who successfully per-
formed the first auditory brainstem implant in Saudi Arabia [49].

Thanks to the arduous work of these trailblazers, the future of women in neurosur-
gery in the Middle East looks bright. In Turkey, there are currently 93 board- certified 
female neurosurgeons; eight are full professors and 14 are associate professors, one 
of the highest proportions of women in academic neurosurgery worldwide [6]. 
Furthermore, in countries such as the United Arab Emirates, Kuwait, and Saudi 
Arabia, almost half of all neurosurgery residents are women, thus posing an immi-
nent change in the gender distribution and representation in neurosurgery in the region.

1.5  North America

Many women have played key roles in the progress of neurological surgery, but no 
account of North American neurosurgical origins would be complete without con-
sideration of Louise Eisenhardt. If Harvey Cushing is regarded as the founder of 
modern neurosurgery, Louise Eisenhardt was his right hand. Their collaboration 
began in 1915, when she worked as his editorial assistant, and continued while she 
pursued her medical degree at Tufts University School of Medicine. While not a 
neurosurgeon, she was the first woman to become a neuropathologist and was 
Cushing’s surgery associate from 1928–1934, making on-the-spot diagnoses of 
tumors as they were being removed by Cushing [56]. While actively pursuing this 
busy clinical practice, she kept a cumulative case log, made exhaustive efforts to 
obtain follow-up on patients to provide accurate outcome data, coauthored land-
mark papers with Cushing, and taught neuropathology at Tufts. She became the first 
editor of the Journal of Neurosurgery and held this position from 1944 to 1965, 
continually elevating the standards of academic literature. She also served as the 
first President of the American Association of Neurological Surgeons (AANS), 
known at that time as the Harvey Cushing Society [57].

It was a number of years, however, until women in the United States became 
neurosurgeons. The first was Ruth Kerr Jakoby, who completed a neurosurgical 
residency in 1959 at George Washington University, where Hugo V. Rizzoli was 
Chairman. In 1961, she became the first female Diplomat of the American Board of 
Neurological Surgery (ABNS). She was elected President of the Washington 
Academy of Neurosurgery in 1972, planning and overseeing continuing neurosurgi-
cal education opportunities for fellow neurosurgeons in the nation’s capital [58].

Joan Venes, the first female neurosurgery resident at Yale University and the third 
diplomat of the ABNS in 1974, was the first woman to be awarded the Van Wagenen 
Fellowship. Venes was a pioneer who helped develop pediatric neurosurgery as a 
subspecialty. She was one of the founding members of the American Society of 
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Pediatric Neurosurgery (ASPN) and the first chairwoman of the Pediatric Section of 
the AANS.  In 1990, she was the first woman to be appointed Professor of 
Neurosurgery, at the University of Michigan [56].

In 1977, Frances Conley, after having completed residency training at Stanford, 
became the fifth woman to become board-certified in neurosurgery. In 1988, she 
was appointed Professor of Neurosurgery at the Stanford School of Medicine and 
became the first tenured female professor in neurosurgery. Conley was also the first 
woman Division Chief of Neurosurgery at the Palo Alto Veterans Affairs Hospital 
[59]. Conley famously resigned her tenured position at Stanford University in pro-
test of sexism in her department, chronicling the events in her 1998 memoir, 
“Walking out on the Boys.” [60].

Neurosurgery celebrated a historic milestone in 1981 when Alexa Canady 
became the first African American female neurosurgeon. She received her M.D. cum 
laude from the University of Michigan in 1975 and was elected into the Alpha 
Omega Alpha Medical Honor Society. She then completed her neurosurgical resi-
dency training at the University of Minnesota [5]. Canady continued a productive 
career as a pediatric neurosurgeon, excelling in research, leadership, and mentor-
ship. Her accomplishments particularly inspired many women and people of color 
toward neurosurgery careers [61].

In 1989, a group of eight American women met at a neurosurgery meeting in 
Atlanta, all noting that this was the first time they had seen other women at a profes-
sional meeting. Their conversations that day led to the creation of the organization, 
Women in Neurosurgery (WINS). WINS was established with the mission to “edu-
cate, inspire, and encourage women neurosurgeons to realize their professional and 
personal goals, and to serve neurosurgery in addressing the issues inherent to training 
and maintaining a diverse and balanced workforce [62].” In the early years of WINS, 
there were so few women in the field that the exhibit floor at national meetings fea-
tured a map with the names and locations of every woman in neurosurgery in the 
U.S. WINS joined other affiliated neurosurgical groups by becoming a Joint Section 
of the AANS and Congress of Neurological Surgeons (CNS) in 2016 (Fig.  1.5). 
Many other outstanding, trailblazing women followed as leaders of the organization, 
adding incorporation, governance structure, outreach, communication, and scholar-
ship: all elements that strengthened and expanded the organization (Fig. 1.6). For 
30 years, WINS has been providing valuable leadership training for individuals and 
groups of women neurosurgeons, from which all of neurosurgery has benefited [63].

North American women have celebrated many noteworthy achievements. In 
1991, Carole Miller was the first woman elected President of the Neurosurgical 
Society of America. She spoke for many women in the profession when she said, “It 
never occurred to me I couldn’t be a neurosurgeon” [64]. In 2014, Deborah Benzil 
became the first woman to chair the Council of State Neurosurgical Societies. Gail 
Rosseau was the first woman elected to the Board of Directors of the AANS and 
became the first officer when she served as Vice President in 2015–2016. Linda 
Sternau was the first woman to serve on the CNS Executive Board. Jamie Ullman 
served the CNS as Vice President and was honored with their Distinguished Service 
Award in 2018. There are notable women leaders at the forefront of advancing the 
field of neurosurgery in new and creative directions: Edie Zusman is a nationally 
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Fig. 1.5 WINS Leadership with Sally Ride, first American woman astronaut, on the occasion of 
the first AANS Louise Eisenhardt Lecture, celebrating women’s accomplishments, 2007. 
(Reproduced with permission from Deborah Benzil, MD)

Fig. 1.6 WINS Leadership with Celia Sandys, granddaughter of Winston Churchill, on the occa-
sion of her lecture on leadership at the CNS Annual Meeting in Chicago, 2006. (Reproduced with 
permission from Deborah Benzil, MD)
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recognized expert on health systems and has devised new models for healthcare; 
Isabella Germano is an expert in cutting-edge technological innovations for brain 
tumor surgery. In April 2018, Shelly Timmons broke through a glass ceiling and 
was elected as the first female neurosurgeon to become President of the AANS [56]. 
Anne Stroink is soon to be President-Elect.

Since the specialty began, women have been integral to the progress of neurosur-
gical leadership and education. In 2005, Karin Muraszko, a pediatric neurosurgeon 
at the University of Michigan, was the first woman to be appointed chair of a 
U.S. Department of Neurosurgery and, several years later, was the first woman to be 
elected to the American Academy of Neurological Surgeons [65]. Additional 
women department chairs have recently been appointed. Linda Liau, in 2017, 
became the chair of the neurosurgery department at the David Geffen School of 
Medicine at University of California Los Angeles. In 2018, Aviva Abosch was 
appointed chair of the Department of Neurosurgery at the University of Nebraska 
Medical Center College of Medicine, and in 2019, Shelly Timmons was appointed 
chair of the Department of Neurosurgery at Indiana University [56].

In 2018, Linda Liau’s contributions to healthcare and science were cited when 
she was named to the National Academy of Medicine. A number of other women 
have represented neurosurgery well by serving other medical organizations: Maya 
Babu served on the Board of Trustees of the American Medical Association (AMA) 
[66], Crystal Tomei received the AMA Excellence in Medicine Award, and Gail 
Rosseau chairs the Liaison Committee of the WFNS to the World Health Organization 
(WHO) [67]. Additional North American women neurosurgeons have published 
books for the general public about their experiences in neurosurgery. Katrina Firlik 
described her experience as a neurosurgery resident at the University of Pittsburgh 
in her 2006 book, “Another Day in the Frontal Lobe.” [68].

Currently, women students outnumber men enrolled in American medical 
schools. Yet women make up only 16.3% of neurosurgical residents and 6.1% of 
board-certified neurosurgeons [69]. New studies have been conducted with a 
gender- based focus to track career paths of women in neurosurgery. Renfrow et al. 
[70, 71] demonstrate that over a quarter of women pursued fellowship training and 
the majority ended up in private practice clinical settings. Additionally, women are 
severely underrepresented in leadership positions. Slowly but surely, the field of 
neurosurgery in the U.S. is changing; there is a growing recognition of the systemic 
barriers that exist for professional women in neurosurgery, fuelling collective move-
ments to address the glass ceiling and the leaky pipelines.

In Canada, 5 years after neurosurgery emerged, Kenneth G. McKenzie became 
the first Canadian neurological surgeon in 1924. Canadian neurosurgery remained 
dominated by men until the late 1960s when the early female pioneers immigrated 
from Europe. Quebec was the province that welcomed the trailblazers. Marina 
Kyriazidou from Greece trained in Quebec City, becoming the first trained and 
licensed female neurosurgeon in the country in 1968. Originally from France, 
Colette Luneau completed her training at Sherbrooke University in 1978. The same 
year, Elaine Joy Arpin obtained her neurosurgery certification at McGill, and even-
tually practiced in the U.S.  Overcoming numerous obstacles was required for 
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Elizabeth MacRae, the first Canadian-born and trained female neurosurgeon to 
complete her specialization at the University of Toronto in 1981. She dedicated her 
career to train and inspire future generations of women in the field as a mentor and 
role model at the University of Calgary Cumming School of Medicine and carried a 
busy clinical practice at Foothills Medical Center in Calgary.

MacRae encouraged and paved the way for future generations of women who 
blossomed to become the first subspecialized female neurosurgeons: Liliana 
Goumnerova (pediatrics), Line Jacques (peripheral nerve), Shirley Stiver (vascular), 
Geneviève Milot (vascular and endovascular), Judith Marcoux (neurotrauma), 
Zelma Kiss (stereotactic and functional), Lilyana Angelov (neuro-oncology), and 
Sagun Tuli and Sarah Woodrow (spine). With significant effort, these women 
acquired important roles in neurosurgical academia. Jacques became the first woman 
in neurosurgery to be appointed Residency Program Director at McGill, in 2002. 
Milot was the first to serve as Chief Medical Examiner of the Royal College Boards 
of Neurosurgery. Mojgan Hodaie was the first woman to be appointed Professor of 
Neurosurgery in Toronto (2016). In 2020, Gelareh Zadeh became the first female to 
be appointed Chair of the Division of Neurosurgery at the University of Toronto and 
holds the Wilkins Family Chair in Neurosurgical Brain Tumor Research.

Canadian women in neurosurgery (Fig. 1.7) are also recognized for their interna-
tional involvement. Hodaie is a world leader in trigeminal neuralgia research and a 

Fig. 1.7 Canadian women in neurosurgery (left to right) Sarah Woodrow, Eve Tsai and Ann Parr 
at the Great Wall of China, during the 2019 WFNS Congress. (Reproduced with permission from 
Sarah Woodrow, MD)
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pioneer in international neurosurgical education. With the goals of improving spine 
training and surgical care globally, Angelov serves as Vice-President of the World 
Spinal Column Society and Sarah Woodrow leads spine surgery missions in 
Ethiopia. Marie Long founded and is cochairperson of Global Nutrition 
Empowerment, a nonprofit organization dedicated to improving women’s nutrition 
and preventing neural tube birth defects in Nepal.

Several other women serve in various leadership positions outside organized 
neurosurgery. Susan Brien is a physician leader and health authority with roles as 
CEO of Cancer Care Ontario for the Windsor Region, Director of Operations for the 
Canadian Patient Safety Institute and Director of Practice and System Innovation at 
the Royal College of Physicians and Surgeons of Canada. Sheila Singh from 
McMaster University has explored the frontiers of health innovation as a scientist- 
entrepreneur, founding and serving as CEO of Empirica Therapeutics, a company 
targeting glioblastoma immunotherapies.

All these women are examples of resilience and determination. After overcom-
ing multiple challenges in a male-dominated field, they have emerged as leaders in 
their subspecialties and are now recognized worldwide. Nonetheless, the represen-
tation of women in Canadian neurosurgery lags behind their male counterparts, both 
for trainees and practicing neurosurgeons. In the years to come, the promotion of 
awareness of gender inequality in the field, the introduction of programs supportive 
of maternity and childcare, and mentorship programs will likely encourage more 
women to join neurosurgery and to succeed in becoming experts and innovators in 
their subspecialties.

1.6  Asia and Australasia

The region of Asia and Australasia is possibly the most culturally, politically, and 
socially diverse worldwide, encompassing countries as small as the island states in 
the Pacific and as geographically vast and populous as China and India. This diver-
sity is also reflected in the disparity in neurosurgical care: in some of the island 
nations, there are no neurosurgeons and most rely on basic neurosurgical services 
provided by local general surgeons or nearby neighbors. In Timor Leste, an 
Australian general surgeon, Katherine Edyvane, provided trauma neurosurgical ser-
vices until 2015 [72]. On the other hand, Japan has the highest number of neurosur-
geons per capita in the world [73], showcasing the great heterogeneity that 
characterizes this region. The representation of women in Asian and Australasian 
neurosurgery is just as diverse: while 30% of Mongolia’s neurosurgical workforce 
are women, many countries such as the Kingdoms of Bhutan and Cambodia still 
await their first woman in neurosurgery [3].

The first woman neurosurgeon in Asia was India’s Thanjavur Santhanakrishna 
Kanaka (1932–2018), who completed her training in 1968 after many struggles to 
prove her worth and be taken seriously by her male superiors as a woman in neuro-
surgery [74] (Fig.  1.8). Kanaka pioneered stereotactic surgery in Madras in the 
1960s, and her team was the first to perform stereotactic surgical procedures in 
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Fig. 1.8 China Forum of Women in Neurosurgery, attended by Asia’s first woman in neurosur-
gery, T. S. Kanaka from India (insert), accompanied by other pioneers in Asian neurosurgery to her 
right: Ling Feng from China Yoko Kato from Japan. (Reproduced with permission from Journal of 
Clinical Neuroscience)

India, treating movement disorders, psychiatric conditions, and epilepsy. Thanks to 
her efforts, Madras became a world-renowned center for stereotactic neurosurgery 
[75]. She also carried out research in spinal cord stimulation for paraplegia. Kanaka 
was an extraordinarily dedicated physician, recognized for her selfless service, hard 
work, and rigor. She volunteered in 1962–1963 during the Indo-China War as a war 
doctor to treat military casualties. After her retirement in 1990, she used her savings 
to set up the prestigious Sri Santhanakrishna Padmavathi Health Care and Research 
Foundation, which offers free treatment to the poor [74].

The struggle of women to receive medical and surgical training in the region is 
further exemplified in Australia. Here, the Queen Victoria Medical Centre (QVMC) 
was founded in Melbourne in 1896 by five women doctors who could not gain 
employment elsewhere. They established a “shilling fund”, whereby every woman 
in the state would give one shilling to establish the hospital. It was a hospital run by 
women for women, where Elizabeth Lewis, Australia’s first woman in neurosur-
gery, began her general surgery training. She went on to become a pediatric neuro-
surgeon, trained both in the United Kingdom and Australia. She is revered as a 
tough and tenacious role model [76].

Most women in Australasia and Asia had to travel abroad to obtain neurosurgical 
training. Mongolia’s first woman in neurosurgery, Dorj Javzmaa was trained in 
Russia [77]. In the Philippines, Camellia Josefina Nierras Posoncuy pursued a fel-
lowship at the Hadassah University Hospital, Jerusalem. Her placement, however, 

S. Hernández-Durán et al.



25

was abruptly interrupted by the Yom Kippur War in 1973, and she ventured to 
Switzerland, where she completed her neurosurgery residency under Professor Gazi 
Yasargil. She returned to the newly formed University of the Philippines-Philippine 
General Hospital Neurosurgery Program in the 1980s, where she has served as a 
role model for fellow women in neurosurgery in the country.

Similarly, Suzanne Jackson underwent training in Germany and the United 
Kingdom, first in general surgery and then neurosurgery, before returning to her 
native New Zealand to complete the Australasian neurosurgery training program. 
She became her country’s first woman in neurosurgery in 1997 [3]. Nicole Keong 
Chwee Har was trained in the United Kingdom and emigrated to Singapore in 2013, 
while Maheshi Wijerathne was also trained in the United Kingdom and is the sole 
female neurosurgeon in Sri Lanka [78].

Women neurosurgeons in the region have also been involved in humanitarian 
causes and have contributed to the expansion of neurosurgical care in their respec-
tive countries and beyond. Nantaka Tepaamondej provided neurosurgical care for 
18  years to civilians living in a war zone in Southern Thailand [3]. Similarly, 
Indonesia’s Jeanne PMR Winaktu (Fig. 1.9) joined her country’s navy and devoted 
her life to neurosurgery, disaster management, and military health research [79]. 
China’s Ling Feng has worked to establish orphanage schools in her country, as well 
as WFNS Neurosurgery Training Programs in Africa. Furthermore, she introduced 
the endovascular treatment of arteriovenous malformations to her country. Taiwan’s 
Wen-Lin Chen leads a company that provides services to medical workers in chal-
lenging environments, while India’s Asha Bakshi works to bring affordable 

Fig. 1.9 Jeanne PMR 
Winaktu, Indonesia’s first 
woman in neurosurgery. 
(Reproduced with 
permission from Journal of 
Clinical Neuroscience)
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neurosurgical care to parts of India, Kashmir, Kabul, and Tajikistan [3]. Australia’s 
Kate Drummond is committed to delivering surgical multidisciplinary education in 
low- and middle-income countries through Pangea Global Health Education [80]. 
At the pinnacle of societal achievement, Australian neurosurgeon Ruth Mitchell 
jointly launched the International Campaign to Abolish Nuclear Weapons (ICAN), 
which led to negotiations for a treaty to ban nuclear weapons at the United Nations 
in 2017, and to a Nobel Peace Prize for the organization [81].

Asian and Australasian women in neurosurgery have also made great contribu-
tions to academic neurosurgery. China’s first woman in neurosurgery, Pu Peiyu, 
completed a research fellowship at the Sloan Kettering Cancer Institute in the 
United States in the 1980s. Upon her return to China, she founded her own neuro- 
oncology laboratory and is currently recognized as a pioneer in the treatment of 
gliomas [82]. Pakistan’s Aneela Darbar completed her residency training at the 
State University of New York, Syracuse in the U.S., and is currently the medical 
director and head of neurosciences at the Mukhtar A. Sheikh Hospital, Multan. In 
addition to authoring multiple chapters in books and publications, she also provides 
free treatment to children in Zanzibar through a nongovernmental organization [83].

Japan’s Yoko Kato was not only the country’s first woman in neurosurgery, but 
she is also globally recognized as a leader in vascular neurosurgery. Her research on 
aneurysm morphology and flow dynamics has greatly contributed to the advance-
ment of the field [84]. In addition to her prolific academic career, she has been a 
fervent advocate of women in neurosurgery, founding the Asian Women in 
Neurosurgery Chapter in 1996. She is also deeply committed to training young 
neurosurgeons and is a champion of global neurosurgery. Her foundation regularly 
purchases medical equipment for neurosurgeons in low- to middle-income coun-
tries [85].

While much remains to be done to break the glass ceiling for women in Asian 
and Australasian neurosurgery, their contributions to the field exemplify how much 
can be achieved by a diverse neurosurgical workforce.

1.7  Africa

In most African countries, the number of women within the neurosurgical field is 
still low. According to Karekezi et al. [86], the estimated total number of African 
Women in Neurosurgery (AWIN) as of November, 2020, is roughly 243 (female 
residents/trainees excluded). Northern Africa accounts for 187, which is approxi-
mately 77% of all AWIN. Algeria has the highest number of women neurosurgeons 
and leads with more than half of the continent’s WIN (n = 135 [87]).

The history of women in neurosurgery in Africa began in 1977 in Algeria, with 
Professor Faiza Lalam. She completed certification in 1982, beginning to work at 
the surgical department of Tizi Ouzou University Hospital, where in 2011, she was 
appointed professor and department chair [88]. In 2014, Professor Souad Bakhti 
became the first woman President of a national neurosurgical society in Africa. In 
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2017, she was appointed Department Chair at the Specialized Hospital Ali Ait Idir 
in Algiers. Morocco follows this listing, with 25 women neurosurgeons. In 1994, 
Moroccan Professor Najia El Abbadi became the first African female professor of 
neurosurgery. In 2018, she became the first female President of the Pan Arab 
Neurosurgical Society [89].

Sudan has 13 women neurosurgeons, led by Sawsan Aldeaf, a prominent 
researcher on the molecular genetics of meningiomas. Egypt has the highest num-
ber of male neurosurgeons, currently over 500, yet only 3 women neurosurgeons. 
The rest of Africa is still underrepresented; some countries are without a single 
practicing neurosurgeon, male or female [87]. It is encouraging, however, to see that 
numbers are rising.

Nigerian E.  Latunde Odeku was trained in the U.S., then relocated to the 
University of Ibadan [90]. Over 50 years later, Nigeria had its first female neurosur-
geon: Salamat Ahuoiza Aliu-Ibrahim, who was admitted as a fellow in neurosurgery 
of the West African College of Surgeons in 2015. She completed her residency 
training at the National Hospital in Abuja and set the path for female neurosurgeons 
in her country. Nigeria has 80 registered neurosurgeons at last count; only 5 (6.2%) 
are female.

In 2006, Espérance Maman You Broalet became the first woman in neurosurgery 
in West Africa. She practiced at the Yopougon University Hospital in Abidjan, Ivory 
Coast until 2015, after which she relocated to the Université de Bouaké. In October 
2019, she set up the St. Joseph Moscati Catholic Hospital in Yamoussoukro, where 
she is currently the department chair. Broalet is an academic and philanthropic 
leader within the field of neurosurgery: in 2013, she founded “Espérance’s Hope,” 
which is an Ivorian association that aims to combat hydrocephalus and neural tube 
defects in the region [91].

Senegal has trained the highest number of female neurosurgeons within the West 
African region, a total of ten women qualified, not only from Senegal but also 
Cameroon, Gabon, Democratic Republic of the Congo (DRC), and Niger. To date, 
Senegal counts four female Senegalese-certified neurosurgeons, and 13 of 37 neu-
rosurgical trainees are women.

The region of Central Africa has nine countries with a population of 180.4 mil-
lion, but within this region, several countries do not have a single practicing neuro-
surgeon to date. These countries include Central African Republic, Equatorial 
Guinea, and São Tomé and Príncipe. The DRC is the largest country within the 
region and has a population of 84.07 million; it is served by only 11 qualified neu-
rosurgeons. Sarah Mutomb, who was trained in Senegal and qualified in 2019, is the 
first and currently only female neurosurgeon in the DRC. Cameroon has the highest 
number of female neurosurgeons in Central Africa, with a total of five. Mirelle 
Moumi was the first female graduate, after completing training in Dakar, Senegal 
in 2008.

The Eastern African region comprises 15 countries with a population of 537.9 
million. Countries such as Comoros, Djibouti, Eritrea, and Seychelles do not have a 
single practicing neurosurgeon. In addition, Burundi, Djibouti, Malawi, and Somalia 
do not have a female neurosurgeon. Kenya leads the region with six female 
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neurosurgeons. Sylvia Shitsama and Susan Karanja both graduated in 2015 from the 
University of Nairobi and KwaZulu-Natal, respectively, and became pioneers in 
Kenya. Tanzania follows with four female neurosurgeons. Aingaya Kaale and 
Happiness Rabiel graduated as neurosurgeons in 2018, followed by two additional 
female neurosurgeons in 2020 [92].

Ethiopia has two qualified women neurosurgeons, the first being Yordanos 
Ashagre (2015). Juliet Sekabunga is the first female neurosurgeon to graduate from 
Uganda, and she continued her studies and completed her pediatric fellowship at 
Toronto’s Hospital for Sick Children. Claire Karekezi graduated from the WFNS 
Rabat Training Center, Morocco, in 2016 and became the first female neurosurgeon 
in Rwanda. She completed a neuro-oncology and skull-base surgery fellowship at 
the University of Toronto, Toronto Western Hospital. In June 2018, she established 
a new neurosurgical unit at the Rwanda Military Hospital, in the capital city 
Kigali [93].

Southern Africa is located on the southernmost tip of the continent. It comprises 
the following eight countries: Botswana, Lesotho, Mozambique, Namibia, Republic 
of South Africa (RSA), Swaziland, Zambia, and Zimbabwe. The history of female 
neurosurgeons within this region started in the early 1990s. The first female neuro-
surgeon to qualify in this region was Minette du Preez, who trained at the University 
of the Free State. Her Zimbabwean-born colleague, Nozipho Maraire, was trained 
as a neurosurgeon at the Yale University School of Medicine in the U.S.  These 
women laid a solid foundation for the next generation of Southern Africa’s women 
to thrive in this discipline and continue their legacy. RSA ranks third in female rep-
resentation in neurosurgery in the continent with 18 female neurosurgeons. Five 
women surgeons in RSA are full-time academic staff; three are at the University of 
Cape Town. Regarding leadership positions, Coceka Mfundisi became the first 
woman to qualify as a neurosurgeon in RSA, from the University of Pretoria in its 
100-year history [94].

The male-dominated culture in many parts of Africa remains a major barrier 
faced by women choosing any medical field. Yet women now make up more than 
50% of medical school graduates on the continent. In Africa, only 3% of women 
neurosurgeons are full professors and all are found within Northern Africa [87, 
95, 96].

1.8  Conclusion

Women in other surgical specialties have joined forces to create organizations with 
goals similar to those of WINS. In Asia, Yoko Kato founded the Asian Women’s 
Neurosurgical Association in 1996. In Europe, the Diversity Task Force was created 
in 2019 to tackle gender diversity issues. While there are some national WINS in 
Latin America, the Federation of Latin American Neurosurgical Societies was to 
launch a WINS chapter for the entire region in 2020, but due to the global pandemic, 
the initiative was postponed. Similar efforts are underway in Africa. Since 1981, the 
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Association of Women Surgeons has advocated for women throughout their careers 
in surgery. Recently, the Gender Equity Initiative in Global Surgery (GEIGS) at the 
Harvard Program for Global Surgery and Social Change (PGSSC) was formed to 
reduce gender disparities in the surgical workforce and empower women surgeons 
worldwide through research, advocacy, and mentorship. These and other organiza-
tions are stimulating the much-needed policy changes to bring about gender equity 
in the surgical workforce.

Breaking new ground, international women neurosurgeons of the profession’s 
first century have persisted, succeeded, and made their marks in this male- dominated 
field. These pioneers have recruited and encouraged younger women to join the 
field. Thanks to these trailblazing leaders, other bright women have gained entry 
and have excelled in the profession, advancing the field of neurosurgery in a multi-
tude of directions over the past century. The past 30 years, in particular, have been 
a period of increasing involvement and responsibility for women in neurosurgery. 
We must now focus on continual system improvements that will promote a diverse 
and talented workforce, building a welcoming environment for all aspiring neuro-
surgeons, in order to advance the specialty in the service of neurosurgical patients.
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Chapter 2
Functional Approaches to the Surgery 
of Brain Gliomas

Davide Giampiccolo, Sonia Nunes, Luigi Cattaneo, and Francesco Sala

2.1  Introduction

2.1.1  Early 2000 and a Role for Extent of Resection 
in Overall Survival

Every year, ~100,000 people worldwide are diagnosed as having diffuse gliomas 
[1]. Although it comprises <1% of all newly diagnosed cancers, diffuse glioma is 
associated with substantial mortality and morbidity [1]. Glioblastoma, the highest 
grade glioma, accounts for 70–75% of all diffuse glioma diagnoses and has a 
median overall survival of 14–17 months in the adult population, with a similar life 
expectancy in children despite different driving mutations and different location. 
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The previously classified lower grade “diffuse gliomas” have a slower progression, 
but inevitably progress into glioblastomas. While in the past low grade gliomas 
(LGG) showed an overall survival of 6 years, they currently have a median overall 
survival of 13 years, with deterioration due to an inevitable malignant transforma-
tion [2, 3]. Since the seminal classification of Percival Bailey and Harvey in the 
early twentieth century [4], the diagnosis has been histological with the prognosis 
being highly variable. Already at that time, there were concern that these tumours 
may underlie high heterogeneity possibly suggesting the limit of a classification 
based only on tumour morphology [4]. However, stemming initially from 16 differ-
ent histotypes [4], a classification based only on histomorphological distinction 
resisted until 2016. Arguing on the high variability in survival, the adjuvant role of 
radiotherapy, and the burden of neurological deficits, the value of surgery outside 
debulking and histological diagnosis was questioned for glioblastoma, as “little 
scientifically credible evidence is available to support the assertion that aggressive 
surgical resection prolongs survival” [5], particularly when resection was com-
bined with post- operative radiotherapy [6]. Surgery had moreover to be counterbal-
anced by a high risk for neurological deficits, up to a fourth of cases (25.7%) [7]. 
Similarly, for adult LGGs, often watchful waiting was proposed considering that 
the benefits of resection early in the course of the disease had not been proven in 
terms of survival [8], with possibly a poorer prognosis in terms of cognition and 
quality of life [9].

The beginning of the new millennium signed a major change for surgical indica-
tion to gliomas. For glioblastoma, Lacroix et al. [10] showed compelling evidence 
that extent of resection was significantly associated with survival in glioblastoma, 
particularly in cases the resection was over 98%, and showing little benefits if extent 
of resection was inferior to 89%. This was also replicated by other groups [11] and 
it has since been demonstrated that even partial resection compared to biopsy can 
enhance survival in the elderly [12]. Similarly, Jakola compared two centres to show 
that early resection of LGG was associated with a more favourable outcome 
(9.7 years, median not reached at the time of the study) compared to watchful wait-
ing (5.6 years) [3]. Importantly, also malignant transformation was delayed follow-
ing early resection [2]. In the meanwhile, an incredible progression in the genetics 
of gliomas paved the way to more clear indication to surgery. On one side, the 
development of genetics provided evidence that glioblastomas would derive from 
central nervous stem cells instead of differentiated astrocytoma, possibly along the 
periventricular zone [13, 14]. On the other side, molecular diagnostics caused a 
Copernican revolution in adult glioma classification, which is currently divided fol-
lowing IDH-mutation and 1p19q codeletion, with now five much better defined 
tumour groups with accurately delineated ages at diagnosis and prognosis [15]. 
Patients with glioblastoma, IDH-wild type have, on average, the highest age at diag-
nosis (median 59 years) and the worst prognosis (median overall survival 1.2 years). 
Patients with glioblastoma, IDH-mutant tend to be younger (median age at diagno-
sis 38 years) and have a better prognosis (median overall survival 3.6 years) than 
those with glioblastoma, IDH-wild type. Patients with astrocytoma, IDH-wild type, 
regardless of grade II or grade III histology, have a median age at diagnosis of 
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52 years; their median overall survival (only 1.9 years) is closer to that of patients 
with glioblastoma, IDH-wild type than to that of patients with glioblastoma, IDH- 
mutant. By contrast, patients with astrocytoma, IDH-mutant have a median age at 
diagnosis of 36 years and median overall survival of 9.3 years [1]. Patients with 
oligodendroglioma, IDH-mutant and 1p19q co-deleted are also relatively young at 
diagnosis (median age 44  years) and have the longest median overall survival 
(17.5 years) [1].

It is now not debated anymore that gliomas should be resected, since for all 
types this has proven now to be a major determinant of overall survival. Extent of 
resection is important since up to 0.1 cm2 of residual tumour strongly decreases 
overall survival [16]. A resection deemed to be beyond tumour border (supratotal) 
has also been proposed [17]. The rationale for this, especially for LGGs, is that 
tumour cells can be found up to 20 mm around MR imaging abnormalities [18], 
and therefore could be unseen by borders delineated by MR imaging. This has 
profound clinical implications, as life expectancy in patients with LGG can now 
reach 17  years thanks to combined reoperation and multistaged approached 
[19, 20].

Surgery can extend life expectancy, but resection of essential anatomy impairs 
brain function. Neurological deficits occur, traditionally in 5–25% of operated 
patients [21]. On this perspective, indication to resection has always to be balanced 
with the risk of neurological deficits. This has been termed onco-functional balance 
[22]. The onco-functional balance differs for LGGs and HGGs, as life expectancy 
for HGGs is months compared to years in LGGs. Accordingly, both maximizing 
extent of resection, as no reoperation is normally envisioned, and avoiding both 
permanent and temporary deficits, since these will strongly decrease quality and 
limit life expectancy, are more critical in HGGs.

However, these aspects are not of secondary importance for LGGs. When resec-
tion is extensive enough, other measures such as chemo- or radiotherapy can be 
delayed without harming the patient [23]. Similarly, supra-total resections extend 
life expectancy and strongly delay malignant transformation [2, 20]. Nevertheless, 
it must be remembered that surgical excision, no matter how extensive, cannot pre-
vent relapse. In this scenario, we believe there is no benefit in an extensive resection 
when burdened by neurological deficit. This is particularly crucial considering that 
independently from the resection, the lesion will regrow with a rate of 3–4 mm/year 
and will have higher chances of malignant transformation when tumour volume is 
beyond 10 cc [19, 24]. In this scenario, the objective should not be to offer total or 
supratotal resection at all costs, but to delay malignant transformation thus enhanc-
ing life expectancy without losing quality of life. In a way, LGGs can be envisioned 
as a chronic disease. In this scenario, multistaged, repeated treatment with temo-
zolomide and/or vincristine can be adopted to reduce/stabilize tumour volume to/
under 15 cc and repeated surgeries should be already planned after the first surgery, 
particularly in case malignant transformation occurs [19]. Radiotherapy can be also 
a valuable tool, but is associated to cognitive decline [25]. For this reason, it may be 
delayed up to when the lesion infiltrates essential connectivity that cannot be 
resected and therefore surgery is no more an option [23]. Similarly, decision on 
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reoperation following molecular classification should be considered case per case 
for LGGs. There is evidence that LGGs with foci of malignant transformation have 
life expectancy similar to LGGs if the foci are resected [23]. This is the case also for 
IDH-wt LGG, with general overall survival of 77.27% at 5 years [26]. In this sce-
nario, radiological patterns, particularly in case of bulky tumours that are not infil-
trating essential white matter anatomy [27], may also be considered in planning the 
extent of resection, since resectability is nowadays an important factor to predict 
overall survival.

2.1.2  Preservation of Function in Glioma Surgery: 
From Phrenology to Connectomics

While the first interest in cortical anatomy had its foundation in phrenology [28], 
the theoretical underpinnings for cortical localizationism developed from paradig-
matic cases coming from brain injury and stroke, such as those of Phineas Gage and 
Broca’s patients Lelong and Leborgne. Produced in the Berlin laboratory of Oskar 
and Cecile Vogt, Korbinian Brodmann’s first cortical cytoarchitectonic map [29] 
was based on the assumption that differences in structure match differences in func-
tion (“Sie gingen dabei yon der heuristischen Idee aus, dab sich funktionelle 
Verschiedenheiten in Strukturdifferenzen”) [30]. In the same time, Otfried Foester, 
a pupil of Carl Wernicke [31], produced the first brain carthography from direct 
stimulation of the cortex in awake patients. This was performed on the strong belief 
that anatomy was insufficient to localize ambiguous epileptic foci and therefore 
stimulation inducing patient’s aura must have been performed. Importantly, to high-
light the awareness for a need for anatomo-functional correspondence, Foerster 
constructed his map overlaid onto Brodmann’s cytoarchitectonic subdivision.

Brain mapping techniques since then were mostly applied to epilepsy surgery. As 
function was reputed to lie in eloquent cortices, it should be of no surprise that corti-
cal stimulation started in the field of epilepsy surgery, as seizures are a cortical 
phenomenon which should resolve after cortical ablation. In this vein, it may be 
equally unsurprising that brain mapping was not performed subcortically. This was 
supported by brain models which postulated that higher-order brain function would 
reside in the cortex, which has been largely supported until very recently—and still 
represent a bias in conceiving cortico-cortical connections.

In the following years, while procedures for mapping continued almost 
unchanged, the role for awake surgery declined. This happened already during 
Penfield’s time, as it is reported that he progressively stopped mapping after func-
tional maps were acquired and more and more of his fellows were operating in 
asleep fashion according to those maps. This occurred also for epilepsy surgery, as 
the introduction of surface and depth electrodes for a better understanding of the 
epileptogenic zone [32] could be used to target resection in asleep fashion. Until the 
early 2000, indications to awake surgery were mostly confined to surgery in lan-
guage areas.
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From the early 1990s, however, retrospective reports from the neurosurgical lit-
erature showed a benefit for glioma resection independently by grading. Nevertheless, 
extent of resection had to be maximized avoiding neurological deficit in a disease 
that is conceived as a white matter disease. Indeed, neurological deficits for surgery 
in eloquent areas were high [33].

The development of the field of neuroimaging in neuroscience, which allowed a 
more thorough comparison of the amount of tumour resection, and particularly the 
description of tractography in 1994 by LeBihan and Pierpaoli [34], first reinvigo-
rated a space for subcortical anatomy in brain function, paving the way for a con-
ceptual shift from cortical localization to hodology [35, 36]. Within neurosurgery, 
the independent development of routine subcortical mapping during awake surgery 
by Berger and Duffau provided clear evidence of the primacy of subcortical anat-
omy in preventing neurological deficits and maximizing extent of resection in gli-
oma surgery [37, 38].

2.1.3  Asleep Mapping

As much as cortical and subcortical mapping during awake surgery are well- 
established as a standard method when it comes to the localization and preserva-
tion of cognitive functions, not all patients are possible candidates for awake 
surgery as conditions of poor compliance, such as anxiety or pediatric age, do not 
allow for reliable evaluation. This may also vary during the operation, with task 
performance decaying as the resection proceeds. The same holds for preoperative 
deficits, which would impair intraoperative task-testing. In this settings, other 
functional techniques need to be offered, as otherwise the patient would undergo 
surgery with no intraoperative functional data at all. Some forms of mapping, espe-
cially motor mapping, were developed in asleep fashion. However, the classical 
Penfield’s technique (50–60  Hz, bipolar stimulation) was not very efficient in 
evoking movement in an asleep patient, with intraoperative seizures being particu-
larly high [39, 40].

Intraoperative neurophysiological monitoring (IONM) was applied initially to 
spinal surgery [41], with the use of somatosensory-evoked potentials (SEPs) to 
evaluate injury to the spinal cord during scoliosis or intramedullary surgery in the 
anesthetized patient. However, it was through motor-evoked potentials that IONM 
grew in importance in the neurosurgical field. As an alternative to Penfield’s tech-
nique, the so-called “short train of stimuli technique”, normally performed with five 
stimuli (To5), was introduced by the group of Schramm in 1993 in Bonn [40]. This 
stimulation had a number of benefits compared to the one previously performed. 
First, the To5 is more efficient in eliciting muscle contraction than the classical 
50 Hz stimulation in both the adult and pediatric population [39], and it can be used 
as both a mapping and monitoring technique. Second, by evaluating MEP amplitude 
coupled with electromyography allows for a quantitative information about the pro-
portion of damage to the motor pathways and potentially leave space for timely 
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corrective measures (such as papaverine irrigation for ischemic insult). Third, the 
risk of inducing intraoperative seizures is much lower than with Penfield’s tech-
nique [39, 42].

However, despite being successful in mapping some aspects of motor function, 
IONM until very recently had no techniques to map and monitor connectivity 
underlying wider brain function, such as language, during asleep surgery. This still 
represents a limitation to its use beyond preservation of the corticospinal tract. At 
current, two novel stimulation techniques for asleep cognitive mapping have been 
described, cortico-cortical-evoked potentials (CCEPs) [43] and dual strip MEP- 
conditioning [44], which will be described in the next paragraphs.

2.2  Preoperative Mapping

The history of preoperative mapping techniques is strongly intertwined with that of 
neuroimaging. The first non-invasive mapping technique, positron emission tomog-
raphy (PET), was developed in 1975 only a few years after the development of the 
first computer tomography (CT) scanner. By using brain metabolism, PET provided 
initial localization of brain function allowing good reproducibility among subjects. 
But it is with the development of magnetic resonance imaging (MRI) in 1977 and 
particularly with the adoption of functional MRI (fMRI) in 1990 that brain mapping 
became available with unparalleled resolution. Subsequently, preoperative mapping 
was implemented by two other techniques which recently gained relevance in the 
field. The first is tractography, which provides in vivo information on subcortical 
white matter pathway [34]. The second is navigated transcranial magnetic stimula-
tion (nTMS), which allows for cortical functional information with millimetrical 
resolution [45].

2.2.1  fMRI

Functional magnetic resonance image (fMRI) was introduced in the early 1990s 
[46]. Initially adopted for scientific research, fMRI has been progressively adopted 
as a preoperative method to localize brain function ([47−49]).

fMRI utilizes blood oxygen level-dependent (BOLD) signal changes during the 
performance of a particular task (task-based fMRI) or at rest (resting-state fMRI) 
([47–50]; Cirillo et al. 2019). fMRI signals are dependent on the coupling of neuro-
nal activity to regional increases in cerebral blood flow leading to synaptic activity, 
which produces local changes in oxyhemoglobin and deoxyhemoglobin levels [50]. 
The BOLD signal does not directly evaluate the neural activity, but rather the com-
plex interaction between the neural, vascular, and metabolic systems [51]. Neuronal 
activation triggers changes in cerebral blood flow, cerebral metabolic rate, and 
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cerebral blood volume. These factors regulate the deoxyhemoglobin (dHb) content 
of the brain microvasculature affecting the magnetic field within and around the 
blood vessels, altering the magnetic resonance signal [51]. The BOLD signal is 
sensitive to changes in the concentration of paramagnetic deoxygenated hemoglo-
bin. Although these responses are robust, they require a rigorous methodology to 
analyse data [51]. Moreover, there is a number of caveats that are specific to tumour 
surgery and that should be considered when using fMRI for oncological presurgical 
planning. The most crucial is that fMRI may result to be unreliable when vascular 
changes develop in the region of the tumour resulting in neurovascular uncoupling 
instead of regular coupling [48, 52]. This can lead to false-negative fMRI results 
which may cause misinterpretation of eloquent tissue as non-eloquent and theoreti-
cally lead to resection of essential tissue.

In task-based fMRI, external sensory stimuli (i.e. visual or acoustic) or actions 
(naming, finger tapping) are used to induce modification in ongoing brain activity 
which is recorded through BOLD signal variation [47]. Task-based fMRI has been 
initially validated for the motor system: motor tasks include finger tapping, lip pout-
ing, flexion, and extension of the toes, with primary as well as secondary motor 
areas (supplementary motor area and premotor areas) also being activated and 
showing good correlation with direct electrical stimulation [47]. Beyond motor 
function, several studies over the past 20 years have proposed task-based fMRI for 
preoperative evaluation of language areas [47]. While reports of its efficacy have 
been published [47], concerns for sensitivity and specificity of the technique have 
been raised. Both Weng and colleagues and Metwali and colleagues compared 
fMRI findings with DES (direct electrical stimulation) and found that the fMRI 
showed little correlation to DES when mapping speech areas [53, 54]. While these 
discrepancies between language fMRI activation sites and DES may be related to a 
difference between the preoperative tasks and intraoperative tasks administered dur-
ing surgery [55], this is a critical concern that should be considered, especially as 
recent meta-analysis has shown that sensitivity of task-based fMRI for DES may 
not be higher than 59% [56].

Resting fMRI (rs-fMRI) represents spontaneous brain activity in the absence of 
any specific stimuli or tasks, where widespread functional networks are expected to 
communicate by firing in the same time-scale [57–59]. Various functional connec-
tivity networks have been delineated such as motor, sensorimotor, language, visual, 
auditory, and attention. Adoption of rs-fMRI is at its infancy in preoperative plan-
ning for surgical resection and there are currently few reports on its use for presurgi-
cal planning, particularly for language function [60]. However, it may be particularly 
beneficial for patients with preoperative deficits, as involved language networks 
could be tested preoperatively without a task. Preliminary results from Vakamudi 
and colleagues showed that distance between DES and rs-fMRI connectivity in 
motor cortex, Broca’s, and Wernicke’s areas was within 1 cm, suggesting rs-fMRI 
may be a valuable tool for presurgical mapping. However, they also reported discor-
dant rs-fMRI and DES localization for Wernicke’s area in one patient due to possi-
ble cortical reorganization and/or altered neurovascular coupling, which suggest 
these results should still be interpreted with caution [60].
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2.2.2  Tractography

The study of subcortical white matter pathways dates back to the pioneeristic stud-
ies of Johan Reil and Burdach in the early nineteenth century, which were per-
formed ex  vivo. While a relevance for connectivism was theorized during the 
century by Von Monakow and supported by the work of Wernicke and Lichtheim, 
this fell out of favour during the twentieth century following the evidence for corti-
cal function provided by the work of Sherrington in animal and by Penfield in 
human studies. When diffusion tensor imaging was first described by Basser and 
LeBihan in 1994 [34], this had only limited resonance in the neurosurgical field. 
Water does not diffuse homogenously across the body, as membranes can oppose to 
its movement. Accordingly, because of existing barriers such a myelin sheets in the 
axon, water diffusion differs if the magnetic field is administered in different direc-
tions (i.e. along the main axonal direction or towards the myelin sheet). In diffusion 
tensor imaging tractography, the main direction of water molecules can therefore be 
used to infer fiber orientation voxel per voxel and reconstruct streamlines represent-
ing white matter bundles. This became relevant in the early 2000 as white matter 
pathways using tractography were made accessible by Catani et  al. [61]. In this 
seminal paper, white matter pathways that had been until then described with blunt 
dissection but were difficult to visualize, such as the arcuate fasciculus, the inferior 
fronto-occipital fasciculus, the inferior longitudinal fasciculus, the uncinate fascicu-
lus, and the corticospinal tract, become clearly delineated [61]. This theoretically 
complemented the dissatisfaction for neurological deficit avoidance predicted by 
using cortical localization alone [62]. Also, it provided evidence of subcortical 
responses not predicted by cortical localization, as phonemic paraphasia in the pari-
etal lobe for subcortical arcuate fasciculus stimulation [38], facilitating the initial 
paradigm shift from cortical localization to connectomics [63]. Since then, a first 
atlas of white matter connections was provided which could be used to aid surgery 
by recognizing projections of relevant white matter tracts in healthy subjects as a 
guide for sparing these tracts during surgery [64].

Despite this major development, tractography suffers from major limitations and 
a role for tractography in tailoring surgical resection is debated [65]. Tractography 
reconstruction is prone to artefacts. The most common type of artefacts, false- positive 
results [66], can bias reconstruction connecting areas that should not be connected. 
However, this can be solved by using automated filtering (i.e. COMMIT2 [67]) or by 
manually filtering the streamlines, even if this is up to individual anatomical knowl-
edge. On the other hand, tractography also suffers from false-negative results, which 
means that it may not display existing tracts [61]. This represents a critical issue, as 
it suggests surgery may be safe in territories in which it is not. Notably, this can only 
be partially solved by using advanced methods for tractography reconstruction [i.e. 
high angular resolution diffusion tensor imaging (HARDI)], which allow visualiza-
tion of crossing fibers (occurring in more than 80% voxels in the brain when operat-
ing with clinical 2  mm voxel resolution [68]), as for example, between the 
corticospinal tract and the corpus callosum. When combined with neuronavigation, 
tractography suffers also from limitations of the neuronavigation systems, such as 
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brain shift phenomena occurring after dura opening due to liquid loss, or parenchy-
mal shift because of positioning or debulking. Nimsky and colleagues systematically 
investigated these shifts using neuronavigation and intraoperative magnetic reso-
nance, showing a mean of 8.4 mm for the cortex and 4.4 mm for deep tumour margin 
[69]. Accordingly, tractography should not be used alone for targeting resection [55]. 
Brain stimulation should be preferred to other techniques correcting for brain shift 
phenomena (intraoperative MRI, ultrasound, stereovision) since it has been shown 
that tractography corresponds with subcortical stimulation [70, 71].

Besides a role for presurgical mapping, tractography can also be used for risk 
stratification. Damage to the arcuate is associated with permanent post-operative defi-
cits [72], while tractography combined with navigated transcranial magnetic stimula-
tion can be used to stratify surgical risk in both motor and language domains [73–75].

2.2.3  Navigated Transcranial Magnetic Stimulation (nTMS)

Transcranial magnetic stimulation was developed in 1985 [76] as an alternative to 
the painful transcranial electric stimulation (TES) in the awake subject. Since its 
discovery, similarities and differences between TES and TMS have been established 
and TMS has been particularly valuable to measure motor ability and wider motor 
behaviour in normal subjects [76, 77], but also in neurologically injured patients 
[78]. Stimulation during behavioural tasks was first introduced in 1998 for language 
evaluation [79]. TMS can provide causal information compared with other mapping 
methods, such as fMRI, which rely on correlation. In neurosurgery, however, the 
first clinical series was introduced more than 20 years later [80]. This may seem 
surprising considering the theoretical advantage when compared with other preop-
erative mapping techniques. However, this derived from a limited reproducibility of 
stimulation in non-neuronavigated systems, affecting accuracy of neurophysiologic 
responses. Briefly, TMS generates a rapid magnetic field which is supposed to cause 
an electric depolarization at the level of axons bending in the gray–white matter 
boundaries. However, it is sensitive to a number of variables: coil shape (round- or 
butterfly-shaped), stimulation field direction, coil distance and perpendicularity to 
the brain cortex, stimulation intensity, and type of stimulation (single for motor 
mapping, repetitive for language/cognitive mapping). Under this premise, any 
movement between two stimulations strongly biases reproducibility. The imple-
mentation of a reliable neuronavigation system, which combines the patient’s head 
with their MRI and online presentation of coil position, offers a solution to these 
physical issues. Accordingly, while focality for single stimulus stimulation has been 
shown to be around 2 mm [45], stimulation accuracy is circa 5 mm [81].

Picht et  al. [82] provided the first comparison for motor mapping with direct 
cortical stimulation for neurosurgical planning, describing a motor mapping aimed 
at maximally reducing the intensity of stimulation in order to increase stimulation 
focality, which is now standard for presurgical planning [83]. Currently, correspon-
dence between DCS and nTMS ranges from 2.1 to 5 mm [82, 84], with nTMS being 
superior to MEG and fMRI [85]. Notably, the combination of nTMS for motor 
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mapping and direct cortical stimulation (DCS) has shown to increase resection 
safety in glioblastomas [74]. On the other hand, nTMS-tractography for the cortico-
spinal tract can be used to assess risk stratification for motor damage counting on 
impaired excitability measured with resting motor threshold of stimulation (RMT), 
distance inferior to 7 mm to the corticospinal tract, and drop in fractional anisotropy 
[74, 86].

nTMS is also performed for preoperative language mapping [84, 87, 88]. While it 
shows a rather high negative predictive value (83.4–99%) [84, 88], correspondence 
between nTMS- and DCS-induced errors was low (positive predictive value of 
35.6–69%). It is unclear why there is such a high discrepancy between these two tech-
niques. This is specific for language mapping, as reproducibility for motor mapping is 
higher. Indeed, there are fundamental differences in stimulation parameters: while lan-
guage mapping is commonly performed using a 50/60 Hz stimulation lasting for 3 or 
4  s, nTMS language mapping normally involves 5 pulse stimuli at 5 Hz or 7 pulse 
stimuli at 7 Hz [89, 83] (Fig. 2.1). This is to prevent the risk of inducing seizures [90].

Fig. 2.1 Illustrative case no. 1, on cortical and subcortical mapping. 63 years old man, left-hand 
dominance, presenting with generalized seizures. T2-weighted FLAIR MRI disclosed a right non- 
enhancing lesion bordering the lower part of the precentral gyrus (Berger zone 3). Clinical exami-
nation showed no deficits. (a–c) Pre-operative MRI. The pre-operative axial (a), coronal (b) and 
sagittal (c) T2-weighted FLAIR images show a non-enhancing precentral lesion. (d) Navigated 
transcranial magnetic stimulation (nTMS) mapping of language showing cortical spots evoking 
semantic paraphasia (blue dots), speech arrest (white dots), anomia (yellow dots), and hesitation 
(green dots). (e) The same eloquent cortical areas are overlapped to the advanced tractography 
reconstruction using high angular resolution diffusion imaging (HARDI), showing clusters of 
speech arrest at cortical terminations of the frontal aslant tract in the ventral premotor cortex. (f) 
nTMS motor mapping of hand showed responses clustering anterosuperior to the lesion. Grey dots: 
no response. Red dots: motor responses between 50–500 μV. Yellow dots: motor responses between 
500–1000 μV. (g) TMS motor mapping of facial muscles with responses clustering anteroinferior 
to the lesion. Grey dots: no response. Red dots: motor responses between 50–500 μV. (h) Spherical 
deconvolution (HARDI)-tractography showing the corticobulbar tract (lower) and the corticospinal 
tract (higher), suggesting the lesion lies between hand and orofacial projections. (i, j) Comparison 
between 3D reconstruction of neuronavigation with nTMS motor responses (blue) and micro-
scopic view after dura opening. (k–m) Microscopic (k) and neuronavigation (l) view of DCS stim-
ulation eliciting response from hand muscles (APB abductor pollicis brevis; green dot). The APB 
muscle responses (blue traces in panel m) were induced at 10 mA of intensity (train of five stimuli 
of 0.5 ms duration each). OOM orbicularis oris, Bic biceps brachii, APB abductor pollicis brevis, 
EXT extensor digitorum communis, Qua quadriceps femoris, TA tibialis anterior; tongue. Arcuate 
fasciculus (red) and corticospinal tract (blue) are indicated. (n–p) Microscopic (n) and neuronavi-
gation (o) view of subcortical stimulation eliciting response from face muscles (Orb Oris orbicu-
laris oris; tongue; green dot). The facial and tongue muscle responses (respectively orange and 
white traces in panel p) were induced at 4 mA of intensity (train of 5 stimuli of 0.5 ms duration 
each). OOM orbicularis oris, Bic biceps brachii, APB abductor pollicis brevis, EXT extensor digi-
torum communis, Qua quadriceps femoris, TA tibialis anterior; tongue. Arcuate fasciculus (red) 
and corticospinal tract (blue) are indicated. (q) Microscopic view after resection. (r–t) Post-
operative MRI showing complete resection of the lesion. (u, v) Postoperative nTMS stimulation 
showing preserved MEPs in hand muscles (u) and face muscles (v). Grey dots: no response. Red 
dots: motor responses between 50–500 μV. Yellow dots: motor responses between 500–1000 μV
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It is worth noting that language nTMS seems to be more effective for speech and 
articulation than semantics [88]. This is evident for stimulation of Broca’s area, 
where positive predictive value increases [88], but also for regions involved in 
speech articulation, such as the supramarginal gyrus/Geschwind’s territory [91]. 
Considering the high negative predictive value, language nTMS is more reliable for 
negative mapping—which is predicting non-responsive cortices during 
DCS. Nevertheless, it should be always combined with awake surgery when pos-
sible. Some data suggest that awake surgery with preoperative nTMS language 
mapping improves patient’s outcome when compared to DCS alone [75]. Few stud-
ies exist for surgery using nTMS without awake surgery for tumours in language 
areas. While these showed good results and nTMS was planned as a rescue method 
[92], we underlie that nTMS language must be combined with awake surgery 
whenever feasible. Even if results for negative mapping are promising, the lack of 

n o p

q

r s t

u

v

Fig. 2.1 (continued)

D. Giampiccolo et al.



47

positive predictive value is a limitation for language mapping. Indeed, negative 
mapping is no more accepted as a means for safe mapping paradigm during intra-
operative DES [93]. Evidence has since illustrated that insufficient current inten-
sity and inadequate stimulation parameters can lead to false-negative mapping in 
intraoperative cortical and subcortical stimulation in up to a third of cases [94]. 
Hence, a more reliable positive nTMS language mapping is needed. On this per-
spective, integration of nTMS with subcortical structural information obtained 
from tractography has recently been proposed [95], particularly for preservation of 
the arcuate fasciculus. The combination of nTMS and tractography has accordingly 
allowed to promote models of risk stratification for tumour patients with lesions in 
the perisylvian area [96], benefitting from improved tractography seeding from 
nTMS positive stimulations [95, 97]. However, the tractography used in these stud-
ies involves commercial diffusion tensor techniques which cannot solve fiber 
crossing and do not offer adequate pre-processing and head-movement correction, 
which may bias these tractography results [75, 97]. Interestingly, a recent study has 
evaluated correspondence for whole brain deterministic HARDI tractography for 
cortical terminations of the three segments of the arcuate fasciculus and nTMS 
language positive errors in tumour patients. It showed that the arcuate fasciculus is 
an optimal predictor for language errors also in case of distorted anatomy. In this 
perspective, selection of nTMS language errors on the cortical termination of white 
matter tracts can be used to increase positive predictive value of nTMS language 
mapping [98].

2.3  Neuropsychological Assessment

A comprehensive, perioperative neuropsychological evaluation is mandatory to 
evaluate patient’s outcome. Surprisingly, relatively few neuro-oncological centres 
have dedicated neuropsychologists. There is a general assumption that neuropsy-
chologist should be involved only in cases of awake surgery to be performed. For 
this reason, neuropsychological evaluation on patient’s outcome generally relates to 
language function. However, we believe that perioperative and follow-up neuropsy-
chological evaluation for brain tumour and epilepsy surgery should be always per-
formed in the awake as well as in the asleep setting whenever this is feasible. A 
recent survey reviewed neuropsychological assessments of 21 centres in 11 coun-
tries in Europe, showing that neuropsychological evaluation is progressively grow-
ing of importance in surgical neuro-oncology [99]. This survey suggested a core 
battery consisting of language tests—phonological and semantic verbal fluency 
tasks, object naming task, and semantic association task [generally the Pyramids 
and Palm Trees Test (PPTT)]. It also included attention and working memory evalu-
ation using the Forward and Backward Digit Span, Rey–Osterrieth Complex Figure 
Test, and Executive functions (i.e. cognitive control, attention, response inhibi-
tion)—Trail Making Test and the Stroop Test [100].
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While these tests can be administrated preoperatively and post-operatively, intra-
operative testing time is constrained [101]. Intraoperatively, the most common tests 
used are counting, visual object naming, the PPTT, line bisection, online repetitive 
movement for upper and lower limbs, and the mind behind the eyes test. Specific 
task-based tests are commonly performed with rhythmic movement as a double task 
[58]. To conclude, neuropsychological assessment is commonly administered to 
those patients in whom awake surgery would be indicated as a way to decide can-
didability for awake surgery. However, we remark that neuropsychological assess-
ment should not be used only for awake surgery screening, but for surgical indication, 
considering that patients who are not able to perform tasks are at higher risk of 
neurological deficits, and to allow the best post-operative rehabilitation possible 
considering postsurgical decrement of preoperative task performance.

2.4  Intraoperative Mapping

2.4.1  Principles of Brain Mapping: Stimulation Parameters, 
Probes, and Risk of Intraoperative Seizures

Brain stimulation techniques date from the first reports on awake dogs from Fritz 
and Hitzig [102], but have been included into clinical practice by the work of 
Penfield. The stimulation paradigm and the stimulation probe first adopted have 
since then become the standard in awake surgery and continue to be used in this 
manner without substantial modification. These involve a bipolar stimulating probe 
delivering biphasic pulses every 20 ms (50 Hz) for a stimulation duration up to 3–4, 
which would correspond to 150/200 stimuli. However, it should not be assumed that 
mapping has to be performed with a bipolar probe or with a 50 Hz stimulation, as 
other stimulation paradigms and probes exist. In the 1930s, 50 Hz was the maxi-
mum frequency of stimulation achievable and therefore it may be unsurprising that 
higher frequency stimulation (such as 250  Hz stimulation) has been included in 
clinical practice more recently. A bipolar probe has been historically more com-
monly used, having the benefit of higher focality and a more comfortable setup, 
since it has both cathode and anode on the probe and thus avoids adding a second 
electrode on the scalp. It should nevertheless be emphasized that bipolar and mono-
polar refer exclusively to the kind of probe used to deliver the stimulus, the first 
delivering a more focal electrical field, not to the parameters of stimulation.

Together with the development of more powerful stimulators reaching frequen-
cies up to 1000 Hz, in 1993 Taniguchi and colleagues tested systematically multi- 
pulse stimulation (up to 5 stimuli) with a frequency ranging from 200 to 800 Hz 
over the primary motor cortex with the aim to generate motor-evoked potentials 
(MEPs) under general anaesthesia. They demonstrated that a train of five stimuli 
every 4 ms (250 Hz) evoked MEPs reliably and with the lowest current intensity and 
used a monopolar probe with reference on the scalp at Fpz. As previously 
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A = 9.4mm2

Ø 1.5mm 8mm
A = 12.6mm2

2m
m
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m

Fig. 2.2 A comparison 
between monopolar and 
bipolar stimulation probes. 
On the left, monopolar 
probe. On the right, bipolar 
probe. (Reprinted with 
consent from [39])

mentioned, this is still commonly used at present, although the probe can be 
switched to bipolar or even concentric bipolar in conditions in which higher focality 
is needed [103] (Fig. 2.2).

Cortical stimulation provides access to brain function, but it also can cause sei-
zures. This has to be taken into account when performing functional neurosurgery 
since epilepsy can hinder further stimulation. While direct cortical stimulation 
always carries the risk of inducing a seizure, stimulation paradigms have different 
epileptogeneicity, which may be related to the administered charge density [104]. 
Szelenyi and colleagues investigated this systematically, demonstrating that the epi-
leptogenicity for 50 Hz stimulation is higher (6.8–20%) than 250 Hz stimulation 
(1.2–4.4%) [42]. Notably, the number of stimulation-related seizures may be under-
appreciated, especially among neurosurgeons using the 50  Hz stimulation tech-
nique, if electrocorticography (ECoG) is not used. Historically, surgery performed 
awake does not use ECoG, and therefore seizures are normally evaluated only clini-
cally [105] . In this scenario, intraoperative seizures may be underappreciated, and 
therefore may be more than those clinically described. Moreover, besides charge 
density, pulse frequency, and type of stimulation probe, pause length (the time the 
probe is not touching the cortex) between two stimulations may also have a role. It 
may be expected that rapid repetition of stimulations with only a short pause between 
repeating cortical stimulation may have a role in seizurogeneity. However, we are 
not aware of any paper evaluating this aspect of cortical stimulation (Table 2.1).
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With regard to subcortical stimulation, a comparison among probes and stimu-
lation paradigms has been performed for motor and language networks [39, 106]. 
For motor networks, 250 Hz stimulation is more effective in eliciting MEPs than 
50 Hz stimulation regardless of the type of probe used, while the monopolar probe 
was more effective in eliciting MEPs compared to the bipolar probe independent 
of the stimulation technique performed [39]. For language networks, Riva and 
colleagues provided evidence that 250 Hz monopolar stimulation is also effective 
in generating language disturbances, with induced errors akin to those induced 
with Penfield’ stimulation as soon as the repetition rate of 250 Hz stimulation is 
increased from 1 (every second) to 3  Hz (circa every 300  ms) [106]. Notably, 
these were not due to motor responses from the vocal tract, as highlighted by 
silent EMG recordings. However, while there was no statistical difference in the 
number of responses evoked, 50  Hz bipolar stimulation was slightly more 
successful.

2.4.2  Intraoperative Cortical and Subcortical Mapping 
and Monitoring of Brain Function

We have discussed the various types of probes and stimulation paradigms, as we 
strongly believe that understanding this is crucial for every surgeon who approaches 
neuro-oncological resection with the aim of preserving brain function. The tools 
available are numerous, and as the right microsurgical instruments are expected to 
be appropriately requested by the surgeon under the microscope, similarly stimula-
tion probes and paradigms represent the necessary armamentarium of the func-
tional neurosurgeon. In the next section, we will describe how these stimulation 
protocols can be used to perform the two aspects of intraoperative stimulation: 
localization of function, mapping, and online surveillance that a function is intact, 
monitoring.

Stimulation and anesthesia protocols largely diverge according to the network 
needed to be preserved. However, even if protocols may differ, we would like to 
suggest a three-step approach when performing surgery in deemed essential areas as 
follows.

First, once the dura is opened and the cortex is exposed, we apply direct electri-
cal stimulation over the cortex to identify eloquent areas and distinguish them to the 
ones that are not functional or carrying other functions. In this step, cortical map-
ping is performed to ensure a safe “entry zone” avoiding “eloquent zones”. In a 
second step, once functional cortices are detected, one strip (motor-evoked poten-
tials) is positioned over the brain surface and tumour resection commences. Very 
recently, we investigated the possibility to use two strip electrodes to monitor 
cortico- cortical-evoked potentials [44, 107], as a potential method for future clinical 
application.
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While surgery proceeds, continuous stimulation is performed to monitor cortico- 
cortical or cortico-subcortical integrity, and as the operation continues, increasing 
attention is given to subcortical functional borders. In this step, monitoring is used 
to safely approach resection margins. In the third and last step, subcortical mapping 
and monitoring are performed together to localize essential subcortical anatomy in 
order to maximize surgical resection while avoiding permanent neurological defi-
cits. In this step, subcortical mapping is used to evaluate distance to subcortical 
borders and perform a careful resection in the closest proximity of functional 
margins.

In this part, we will purposefully focus on motor and language mapping as 
these functions are the most mapped in neurosurgery. We want to stress, however, 
that this is far from comprehensive and that other functions in both left and right 
hemisphere are pivotal to behaviour and should be mapped. Moreover, in the indi-
vidual patients, a need for brain mapping is dictated by plasticity. As this latter can 
reshape brain networks differently individual from individual [108], intraoperative 
mapping is mandatory as preoperative measures to predict it are at current 
insufficient.

2.4.2.1  Motor

Primary Motor Cortex

Cortical Mapping

The primary motor cortex has been classically considered inoperable, with 
Penfield himself stating: “in the therapeutic approach, it should be pointed out 
that only very rarely has the Rolandic area been included in any excision and 
never has this region of the brain been touched unless a lesion was present that 
could be demonstrated grossly by operative inspection. This digression is made 
in the hope of discouraging surgical removal of normal brain from the Rolandic 
area, or elsewhere, whatever may have been the pattern of epileptic seizure.” 
[109]. For many decades, this has been a dogma in epilepsy and glioma surgery, 
corroborated by a localizationistic perspective. When performing cortical motor 
stimulation, both 50 and 250  Hz stimulation paradigms can be applied. In 
Penfield’s technique a single cortical biphasic stimulus of 0.5-ms duration with 
a frequency of 50–60 Hz lasting from 1–4 s is applied over the cortex with a 
bipolar probe. If no responses are recorded with an intensity up to 25 mA, fol-
lowing a 2  mA stepwise increment, that part of the cortex is considered not 
functional. However, before labelling a cortical area as non- eloquent or non-
functional, it is advisable to repeat the stimulation for consistency and to 
exclude possible technical problems. A stimulation study that is entirely nega-
tive may well be unreliable unless a severe or even complete preoperative defi-
cit existed.
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While Penfield’s technique is still considered a prime method for performing 
cognitive mapping, it has some disadvantages for mapping the primary motor cor-
tex and the corticospinal tract. First, its reliability is highly dependent on the anaes-
thesia protocol, with stimulation in asleep technique requiring much higher currents 
and possibly leading to false-negative mapping. Second, it may not provide reliable 
negative mapping in patients with an extensive history of seizures, patients under-
going reoperation, or in the presence of diffuse tumours, such as glioblastomas 
[94]. Third, Penfield’s technique has a very low success rate in eliciting motor 
responses in the paediatric cohort and may not be effective at all when performed 
in children under the age of 6 years [110]. Fourth, the incidence of intraoperative 
seizures is high and can occur up to a fifth of patients [42]. As an alternative to 
Penfield’s technique, the so-called “short train of stimuli technique”, normally per-
formed with five stimuli (To5), was introduced by Taniguchi et al. [40] and, since 
then, it has progressively replaced Penfield’s technique for motor mapping, in both 
asleep and awake fashion. It is important that this type of stimulation is generally 
monopolar, and as the reference is distant (generally on the scalp), one has to pay 
attention for stimulation to be anodic when stimulating the cortex, cathodic when 
stimulating subcortically. This type of stimulation is closer to the physiological 
firing from the primary motor cortex, which generates a direct potential for the 
corticospinal tract, called D-wave, with an optimal refractory period of circa 3.5 ms 
(285 Hz) [111]. It also better explains responses in the precentral gyrus, which can 
be considered as divided in an anterior premotor region and a posterior primary 
motor region [112, 113], with the anterior portion possibly representing M1-striatal 
fibers and the posterior corticospinal (motoneuronal) projections to the spinal cord. 
Accordingly, only stimulation of the posterior part of the precentral gyrus causes 
MEPs when stimulating at threshold [113], while stimulation of anterior parts of 
the precentral gyrus causes motor inhibition [112, 113]. Similarly, subcortical 
stimulation of projecting fibers from the anterior precentral gyrus causes motor 
inhibition [114], supporting also a subcortical anterior/posterior distinction 
[103, 113].

To conclude, the To5 is less epileptogenic and more effective in eliciting motor- 
evoked potentials (MEPs) in both adults and children [39, 42, 115].

Monitoring

Another advantage of Taniguchi’s method compared to Penfield’s technique is that 
it allows for continuous monitoring of cortico-subcortical pathways. In the monitor-
ing of motor function, a multi-contact strip electrode is placed under the dura over-
lapping the precentral gyrus; this gyrus can be directly or indirectly identified; 
directly with cortical stimulation and the aid of the neuronavigation; indirectly 
using a phase-reversal technique to localize the central sulcus [116], or using the 
stimulation points of the preoperative nTMS motor mapping, which can also allow 
for a better understanding of M1 somatotopy. It is our practice to select the stimula-
tion point which evoked MEPs with the lowest current, in order to minimize 
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possible electrical spread: this is highly facilitated if the nTMS stimulation points 
are uploaded colour-coded for amplitude. The electrode with the lowest stimulation 
threshold in eliciting a contralateral muscle response is chosen for continuous MEP 
monitoring [117].

One of the main advantages of MEP monitoring is that it enables the monitoring 
of the functional integrity of the corticospinal tract along the whole pathway from 
the cortex to the muscles. In fact, MEP changes may occur not only due to a 
mechanical injury to the corticospinal tracts following coagulation, traction, or tis-
sue damage, but also as a result of an ischaemic injury in the case of vessel occlu-
sion or vasospasm. These vascular derangements can be identified and possibly 
prevented using only MEP monitoring, and not through cortical or subcortical map-
ping techniques.

During surgery, once the strip is placed and MEP monitoring is initiated, careful 
attention is required to ensure stable MEPs throughout the surgery, as it is well- 
established that MEP deterioration predicts motor deficits [117–119]. Therefore, 
warning criteria for MEP monitoring have been developed, with significant reduc-
tion being associated with permanent motor deficit [117, 118]. Overall, warning 
thresholds between 50–80% of amplitude reduction have been proposed in the lit-
erature, the 50% criterion being less specific and the 80% being less sensitive [117–
119]. MEP monitoring is particularly valuable in case of vascular insults, since it 
allows to enact corrective measures before ischemia causes permanent damage. 
Rapid cessation of the surgery, warm irrigation, hypertension, and papaverine 
administration can reverse vascular ischemia in a third of cases, therefore prevent-
ing hemiplegia [119].

To ensure the best surgical outcome, MEP monitoring should be combined 
with subcortical stimulation. When subcortical stimulation is performed without 
MEP monitoring, the corticospinal tract may be mechanically disconnected and 
this may go unnoticed by the surgeon. This may happen for CST stimulation cau-
dal to the disconnection, since stimulation here can still provide MEPs. This phe-
nomenon is prevented by MEP monitoring, since direct damage to the CST is 
revealed by reduction in MEP amplitude as the CST is evaluated in its full exten-
sion from the cortex. Conversely, MEP monitoring without subcortical mapping 
cannot provide the distance from the corticospinal tract, and therefore MEP reduc-
tion could occur with the corticospinal tract already been irreparably discon-
nected/damaged. In this regard, it is worth describing a phenomenon which could 
provide similar information to subcortical mapping: MEP fluctuations monitor-
ing. When surgical resection approximates the corticospinal tract (<5  mm dis-
tance), often MEPs from the cortical strip may become unstable, with a normal 
amplitude MEP followed by a reduced one. As in our experience this suggests that 
the corticospinal tract is within 3–5 mm distance (unpublished data), we advise to 
perform subcortical mapping every time cortical MEP fluctuations are individu-
ated intraoperatively.

MEP changes may give false-positive and false-negative results, with the inter-
pretation being not always straightforward as it can be complicated by the large 
variability of MEP amplitude, even under physiological conditions. Anaesthesia, 
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body temperature, blood pressure, and parameters of stimulation may all affect the 
reproducibility of MEPs: expertise is required to interpret these signals. However, 
there are cases in which false-positive and false-negative results in MEP monitor-
ing are not due to technical or interpretative issue, but from theoretical 
misconceptions.

One of such cases applies to surgical series combining direct cortical and tran-
scranial MEP monitoring. As the type of stimulation and the stimulation paradigm 
are the same, it could be assumed that they have the same predictive value [120]. 
However, it must be emphasized that the predictive value of MEP monitoring is 
obtained from direct cortical stimulation. In transcranial electrical stimulation, the 
international 10–20 EEG montage with a C1–C2 or a C3–C4 montage is used to 
evaluate the integrity of the corticospinal tract stimulating directly from the scalp 
using needle or cork-screw electrodes [121]. We want to stress that transcranial 
MEP monitoring has limitations with respect to direct cortical MEP monitoring and 
cannot substitute it. The first obstacle to overcome is the electrode placement. This 
is necessarily suboptimal, as ideal electrode position is modified to fit the surgical 
flap, thus decreasing focality. The second obstacle is faced once the dura is opened, 
as brain shift due to positioning, CSF drainage, and tumour resection can modify 
the relative position of the primary motor cortex with respect to the placed elec-
trodes, further decreasing focality. Decreased focality and associated increased 
stimulation intensity, often associated to a shift to larger dipoles (C3/C4 compared 
to C1/C2), activate the corticospinal tract deeper and more distant from the cortex, 
potentially at thalamic level or lower [121]. This means that the CST closest to the 
lesion may be bypassed, thus preventing from effective MEP monitoring: in this 
case disconnection of the CST at a level superior to the thalamus will be unnoticed. 
This means that for a perirolandic tumour, tcMEP and dcMEP may be discordant: 
one could lose dcMEP with preserved tcMEP. In this case, tcMEP are ‘falsely’ pre-
served: the CST has been in fact disconnected before the level of the thalamus. 
Indeed, tcMEP (as opposed to dcMEP) cannot signal this because tcMEP are moni-
toring the CST from the thalamus downstream to the muscles, while it is the warn-
ing from dcMEP providing ‘true’ monitoring signal. Thus, even if tcMEP monitoring 
combined with dcMEP monitoring can be valuable in excluding technical issues, 
we advise against the use of tcMEP monitoring alone when performing supratento-
rial resection as it may oversee vascular or mechanical CST damage for cortically 
located tumours.

To conclude, another case in which MEP monitoring may provide false-negative 
results is for resection of SMA lesions [122], and more broadly, for circuits of motor 
control (e.g. anterior M1, inferior parietal cortex). We want to stress that MEPs 
represent a neurophysiological marker for motor execution, specifically for the cor-
ticospinal tract [118, 123], and do not provide information regarding preservation of 
other white matter anatomy involved in motor control. Under these premises, the 
cases should not be considered false-negative as other mapping techniques should 
be adopted to prevent them [44, 103]. The issue of using MEP monitoring for sur-
gery in areas of motor control and how to monitor these white matter structures will 
be addressed specifically in the next paragraphs.
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Subcortical Mapping

While at the cortical level, mapping aims to guide the surgeon on “where to enter” 
to obtain access to subcortical lesions, at the subcortical level the main goal is to 
decide “when to stop” the removal of a brain tumour. It is important to remember 
that, overall, two thirds of the cortex may be buried within the sulci and therefore 
negative cortical stimulation may not exclude function subcortically.

This is of particular importance in surgical operations since subcortical tracts are 
extremely compact (millimeters to few centimeters in diameter) and the distance 
from safe margin is minimal. This would hold true for thalamic tumours close to the 
internal capsule or insular tumours: as MEP monitoring alone may be insufficient to 
ensure safe resection, subcortical mapping can be used to characterize the proximity 
of essential white matter anatomy.

As with motor mapping, the CST can be localized at a subcortical level using the 
same techniques used for cortical stimulation. It is our preference to use the To5 
technique using a monopolar probe rather than Penfield’s technique, for both corti-
cal and subcortical mapping. Leaving aside that the To5 is less epileptogenic and 
more successful in eliciting MEPs, it has the advantage of determining the distance 
between the resection and the corticospinal tract [124].

Nevertheless, we would like to emphasize that, regardless of the technique, the 
most important variable for successful mapping is the individual experience of the 
team (neurosurgeon and neurophysiologist/neuropsychologist).

In the recent past, there has been a great interest in the relationship between the 
threshold current necessary to elicit a subcortical motor response (subcortical 
threshold) and the distance between the stimulation site and the corticospinal tract 
itself. Evidence suggests that a subcortical threshold current of 1 mA correlates with 
a 1 mm distance between stimulation site and the CST [71, 125]. However, this 
“rule of thumb” depends on the parameters of stimulation. Shiban and colleagues 
found that this correlation is more proximal to the 1:1 when the pulse duration 
ranges from 0.5 to 0.7 ms and cathodal rather than anodal stimulation is used [126]. 
Hence, with these parameters, one can expect that a stimulation with a subcortical 
motor threshold of 10, 5, and 1 mA corresponds to a distance from the CST of 10, 
5 and 1 mm, respectively. These criteria must be applied carefully to the non-adult/
paediatric population, as the myelination of the CST differs across infancy and ado-
lescence and the related threshold may vary accordingly [127].

A matter of great interest is the correlation between subcortical mapping thresh-
olds and the risk of post-operative deficits. Most of the data available in the literature 
are related to motor function. It is intuitive that the lower the threshold capable of 
eliciting a motor response, the higher the risk of incurring a post-operative deficit 
(because of the proximity to the motor pathways). So, for example, if the threshold is 
lower than 3–4 mA, there is a significant risk of damage as the CST would be gener-
ally expected to be only 3–4 mm away from the dissection. In general, while thresh-
olds above 5 mA can be considered safe, a threshold of 2–3 mA is reported to be 
significantly related to higher risk of post-operative paresis—at least transient [128] 
(Fig. 2.3).

D. Giampiccolo et al.



57

It is important to point out that subcortical mapping strategies differ according to 
stimulation paradigm. Penfield’ stimulation is currently used with a stable intensity 
of stimulation: once cortical intensity of stimulation causing transient deficit (usu-
ally speech arrest) is identified, this is kept constant through the surgery, in both 
cortical and subcortical mapping [129]. As previously discussed, this does not apply 
to 250 Hz stimulation: subcortical stimulation here reflects distance to the cortico-
spinal tract, and therefore it is adjusted according to its proximity. This difference is 
particularly critical during awake surgery with a Penfield’ stimulation. During peri-
rolandic surgery with this type of stimulation paradigm, intraoperative subcortical 
stimulation inducing movement has been shown to be associated with CST discon-
nection [130]. This means that every time the stimulation was inducing movement, 
there was a higher chance of causing permanent deficit by transecting the CST and 
therefore bipolar stimulation may not be efficient enough to map the CST before it 
is disconnected [120]. In this scenario, we believe that switching the probe and 
stimulation parameters to a To5 paradigm in order to more efficiently map the CST 
should be the first choice [94].

Recently, technological innovation has significantly aided subcortical mapping. 
Thus, suction devices and ultrasonic aspirators have been combined with stimulat-
ing probes, allowing the surgeon to perform continuous or sub-continuous subcorti-
cal mapping without the need to periodically alternate tissue removal with 
stimulation [131]. It is likely that, apart from the instance of vascular injuries, irre-
versible MEP changes during tissue removal at apparently safe subcortical mapping 
threshold (above 3–5 mA) may be due to inappropriate temporal and spatial cou-
pling of the surgical field, with transection of the CST occurring between the two 
consecutive subcortical stimulations. With the technical adjustments offered by 
these new tools, it has been suggested that subcortical thresholds as low as 1–2 mA 
can be tolerated, resulting in only transient deficits [125, 132]. We would caution 
that such outstanding results also reflect robust and well-established experience in 
both intraoperative neurophysiology and brain tumour surgery as much as the sub-
cortical mapping. While subcortical mapping will be pushed forward in coming 
years, at the current state of the art, we would regard as critical any threshold below 
3–5 mA and would not recommend tissue removal below this level to avoid any 
permanent injury to CST (Fig. 2.4).

Surgery for Intrarolandic Tumours

Although the first evidence for resecting lesions surrounding the precentral gyrus 
started in the 1980s [33, 133], the first systematic series on gliomas were described 
in the early 2000 [38, 134, 135]. Keles and colleagues described a retrospective 
series of 294 glioma patients operated with Penfield’ stimulation both in awake 
and in asleep technique, showing that resection of perirolandic areas was feasi-
ble—and despite 20.4% of patients suffering from post-operative motor deficits, 
only 4.8% were permanent [134]. Interestingly, while they were able to recruit 
motor activity from the cortex in 260 patients, in only 132 patients the 
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Fig. 2.3 Illustrative case no. 2, on subcortical mapping and tractography. A 8-year old right 
handed boy presented with a left hemiparesis (3/5). (a–c) Contrast-enhanced, T1-weighted MRI 
showed a lesion occupying the right thalamus and displacing anteriorly the internal capsule. (d–f) 
Optimised HARDI-tractography revealed the corticospinal tract (in light blue) displaced anteriorly 
and laterally to the tumour. (g) 3D reconstruction of subcortical stimulation sites described in “i”. 
(h) During surgery, TES evoked MEP from the left abductor pollicis brevis (APB) and the left tibi-
alis anterior (TA) were elicited at 120 mA and 200 mA respectively, while no MEPs were obtained 
following DCS up to 35 mA after cortical stimulation (not shown). (i) Response from the left APB, 
extensor digitorum communis (EXT) and TA were recorded following subcortical stimulation at 
10 mA as showed in the stimulation point A. Approaching the core of the lesion, response from the 
left APB, EXT and TA was recorded at stimulation intensity of 3 mA in point B. Towards the end 
of tumour resection, subcortical mapping at stimulation point C showed responses from the left 
APB, EXT and TA at 2 mA, when stimulating the anterior inferior margin of the tumour. At this 
point, surgery was abandoned. Noteworthy, from a single spot multiple muscle response are elic-
ited due to the convergence of corticospinal tract fibers in the proximity of the internal capsule. 
Pathology revealed a pylomixoid astrocytoma (WHO II). On post-operative day one, the child 
developed a hematoma in the surgical cavity, which required surgical removal. Clinically, he woke 
up with a severe hemiparesis (2/5), which incompletely recovered at the 3 month follow-up (4/5). 
(j–l) The 3-month post-operative T1-weighted MRI with gadolinium displays a subtotal resection. 
L OOM left orbicularis oris, L EXT left extensor digitorum communis, L Bic left biceps brachii, L 
APB left abductor pollicis brevis, L TIB ANT left tibialis anterior

corticospinal tract could also be elicited subcortically. Subcortical stimulation of 
the corticospinal tract was significantly associated with a worse outcome, with a 
risk of permanent motor deficits increasing from 2 to 7.6%. This has been con-
firmed more recently in a larger series by the same group, with 703 perirolandic 
gliomas [130]. In this series, they described a higher rate of deficits, with 30% of 
patients showing post-operative motor deficits and 6.9% of patients suffering 
from long-term deficits. The corticospinal tract could be found subcortically in 
less than half of patients (43%). Again, patients in whom the CST was elicited 
subcortically had a significantly higher risk for permanent motor deficits of 12% 
compared to 3.2%. In a series of 591 gliomas using the 250 Hz stimulation, Bello 
and colleagues showed 63.9% of post-operative deficits, but only 3% of perma-
nent motor deficits. Importantly, they compared this technique with the Penfield’ 
stimulation, showing up to 60% of false-negative mapping using Penfield’s tech-
nique [94].

This is even more critical when considering intrarolandic surgery. In the past, 
the precentral gyrus was deemed inoperable [109] and also currently resection 
within this area is largely debated [136]. A surgery within the precentral gyrus 
questions a system where the motoneuronal corticospinal output makes up the 
whole fiber population of the precentral gyrus, as there would be no entry zone. 
However, the precentral gyrus represents also a cortical hub where cortico-cortical 
and subcortico- cortical association and projection fibers converge before cortical 
motor output, and as such, it comprises also of intragyral, short-range and long-
range association fibers, and fronto-striatal projections [114, 137, 138]. As these 
fibers may have more plastic potentials than cortico-motoneuronal projections to 
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the spine, these may be therefore amenable to surgery [139]. Indeed, cytoarchitec-
tonic maps [140], intraoperative stimulation [113, 141], and non-human primate 
models [142] suggest a distinction within the so-called primary motor cortex in the 
precentral gyrus, interpreted in the form of a motor/premotor distinction [112] or 
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as an older M1 in the anterior precentral gyrus and a newer M1 in the posterior 
precentral gyrus and in the depth of the central sulcus [142]. This was already 
described in Brodmann (1909); [30], which termed the anterior areas in the precen-
tral gyrus as 6a and 6b, with the primary motor cortex area 4 lying more posterior. 
Indeed, intrarolandic surgery has been shown without incurring hemiplegia [103, 
139, 143]. Accordingly, gliomas, and particularly LGG, are currently being resected 
also within this area.

A first series is that of Magill [143], for which 49 patients underwent intrarolan-
dic surgery using a Penfield’s stimulation. While extent of resection was optimal 
(91%), a third of patient incurred long-term hemiparesis. A more recent series is the 
one of Rossi [103], showing intrarolandic resection in 102 patients using a modified 
To5 technique with decreased or increased number of pulses (from To2 to To9). 

j k l

Fig. 2.3 (continued)

Fig. 2.4 Illustrative case no. 3, on tractography and subcortical mapping for re-operation of tha-
lamic tumor recurrence. After 4 years, the same patient was admitted to the ER for nausea and 
headache. Clinical examination at admission showed 4/5 right hemiparesis on the upper and lower 
limb. (a–c) Contrast-enhanced, T1-weighted images showed a recurrence of the tumor occupying 
the right thalamus and displacing anteriorly and laterally the internal capsule (a–c). (d–f) Optimised 
HARDI-tractography revealed the corticospinal tract (in light blue) displaced anteriorly and later-
ally to the tumour. (g) Optimised HARDI-tractography of the corticospinal tract is shown and 
location of subcortical stimulation sites is shown (red spheres: A; B). (h) At surgery, MEPs from 
the left abductor pollicis brevis (APB) and the left tibialis anterior (TA) were elicited at 200 mA 
using transcranial electrical stimulation (TES). (i) Subcortical stimulation. MEPs from the left 
OOM were evoked at 20 mA (A). At the end of tumour resection, subcortical mapping B responses 
from the left OOM, EXT and APB at 15 mA (B), when stimulating the anterior margin of the 
tumour. (j–l) Postoperative T1-weighted MRI with gadolinium. At discharge, the clinical examina-
tion showed unchanged motor status, with the pre-existing right arm and leg hemiparesis (4/5). 
APB abductor pollicis brevis, L APB left abductor pollicis brevis, L Bic left biceps brachii, L EXT 
left extensor digitorum communis, L OOM left orbicularis oris, L TIB ANT left tibialis anterior, TA 
tibialis anterior, TES transcranial electrical stimulation
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While extent of resection was similar (85.3%), long-term neurological morbidity 
was lower (2%). Interestingly, none of the LGG operated showed permanent defi-
cits, suggesting that in case of LGGs the surgery within the precentral gyrus may be 
pushed to the corticospinal tract also considering sacrificing cortico-cortical asso-
ciation and corticofugal (striatal) white matter projection tracts involved in wider 
motor behaviour [139] (Fig. 2.5).
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Secondary Motor Areas

Surgery outside the primary motor areas is generally considered to be safe, as per-
manent motor strength deficits are assumed to arise only from corticospinal tract 
damage. In this perspective, MEP monitoring combined with cortical and subcorti-
cal mapping should be sufficient to prevent every permanent deficits, since MEPs 
are a neurophysiological marker of the integrity of the corticospinal tract [111]. 
However, if loss of MEPs predicts long-term motor deficit [118, 144], preservation 
of MEPs at the end of the procedure does not ensure preserved motor ability [118]. 
This has been historically shown for resections within the superior frontal gyrus. 
Resection of the SMA/preSMA complex causes a striking contralateral hemiplegia/
hemiakinesia (accompanied by aphasia on the dominant side) despite preserved 
intraoperative MEPs [122]. This is not due to MEP loss after strip electrodes 
removal: post-operative TMS [123, 145] shows that MEPs in these patients are pre-
served despite inability to move. Recently, we investigated this phenomenon in a 
cohort of 125 patients undergoing surgery with IONM for perirolandic tumours 
[118]. We divided patients’ deficits according to MEP monitoring variations using a 
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50% drop threshold, as generally used [119, 144], and evaluated motor deficits in 
three periods, at 2 and 5 days after surgery and at least 3 months follow-up. The 
post-operative results indicated that motor deficits other than corticospinal tract 
damage are more common than debated: of 63 patients with post-operative deficits, 
two thirds occurred despite no MEP reduction. Notably, SMA damage corresponded 
only to half of these post-operative deficits, leaving place for a large system of 
motor control in both the frontal and the parietal lobe also to make up for motor 
deficits. More importantly, we observed cases in which long-term deficits occurred 
for resections outside of the corticospinal tracts: of 22 patients, 12 suffered from 
permanent deficits despite no MEP variation, although the vast majority of the defi-
cits were mild to moderate. Analysis of resection cavities showed that these deficits 
do not represent false-negative results of MEP monitoring, but instead represent a 
form of permanent SMA-syndrome. In fact, long-term deficits despite no MEP 
reduction specifically occurred for resections of the SMA/preSMA complex includ-
ing also the anterior cingulate cortex, including Brodmann area 32, and the dorsal 
premotor cortex at the level of the anterior precentral gyrus, possibly underlying a 
system where both internally driven and externally driven goal-directed actions are 
damaged [146]. While on a clinical perspective this advocates to re-evaluate other 
motor mapping techniques, especially during awake surgery [147], novel stimula-
tion modalities [44] may allow to perform this also in the asleep patient.

These results question a surgery on motor areas centered exclusively on the cor-
ticospinal tract. First, they show that motor strength deficits may originate not only 
for disorders of motor execution, but also for disturbances of motor control, similar 
to what can happen in other motor disorders, such as Parkinson’s disease. Second, 
they pinpoint to all those higher-order motor syndromes that do not involve motor 
execution but impact wider motor behaviour. These syndromes, such as apraxia, 
abulia, athymorrmia, and amimia, could be as impairing as hemiplegia. In this per-
spective, dual strip stimulation techniques, which involved MEP modulation to 
unravel cortico-cortical connectivity converging on the primary motor cortex, may 
allow for unprecedented monitoring possibilities and could be an avenue to a novel 
system of mapping behaviour in the asleep patient. Outside supratentorial surgery, 
this is the case for cerebello-motor stimulation [107], where direct cerebellar stimu-
lation is combined with transcranial MEPs and MEP modulation underlies the 
cerebello- dento-thalamocortical pathway, therefore representing a way to possibly 
prevent a behavioural disorder most common in pediatric posterior fossa surgery, 
akinetic mutism [148].

In summary, while complete disappearance of MEPs predicts permanent loss of 
motor function, preservation of MEP does not ensure motor ability. Rather than 
considering it a false-negative result, motor deficit with preserved MEP may reflect 
a condition in which adequate motor ability necessitates a wider frontal and parietal, 
cortico-cortical, but also cortico-striatal/−brainstem network involving motor pro-
gramming and control rather than sole motor execution [146, 149, 150]. In this 
scenario, monitoring of MEPs provides an essential but incomplete information, as 
it specifically focuses on the integrity of the corticospinal tract (CST) [111], while 
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Fig. 2.5 Illustrative case no. 4, on cortical and subcortical mapping. A 57-year-old right-handed 
woman with a history of high grade serous ovarian carcinoma (FIGO grade IVB) presented to the 
ER with sudden severe right hemiparesis (MRC scale 2), which rapidly deteriorated into hemiple-
gia (MRC scale 0) in 2 days. Right-sided hyperreflexia and positive Babinski’s sign were noted. (a) 
Contrast-enhanced, T1-weighted MRI showing two left Rolandic lesions with conspicuous perile-
sional oedema. (b) Preoperative HARDI tractography of the corticospinal tract (CST, in yellow). 
The two lesions (in red) were located between and anterior to the CST, that appeared to be dis-
placed posteriorly. (c) Cortical stimulation showing MEPs at 15 mA for the ABP and EXT. APB 
abductor pollicis brevis, EXT extensor digitorum communis; (d) Intraoperative site for cortical 
MEP (APB) as disclosed by the neuronavigation (green dot). APB abductor pollicis brevis. (e) 
MEP monitoring throughout surgical resection showing preserved MEPs at 23 mA (train of five 
stimuli, each of 0.5 ms duration) for the upper limb. Note that MEP for the lower limb were not 
monitored due to strip placement. (f) Intraoperative picture showing sites for cortical (green dot, 
like in picture “d”) and subcortical stimulations (yellow asterisk). (g) Subcortical stimulation 
showing preserved MEPs at 15 mA for the ABP. APB abductor pollicis brevis. (h) After 3 months 
MRI revealed complete resection of the lesions in the precentral gyrus. (i) The postoperative 
HARDI-optimised tractography at 3 month showed cortico-subcortical integrity for the corticospi-
nal tract (yellow). (j) After 1 year nTMS showed bilateral MEP persistence for upper (APB; FDI) 
and lower limb muscles (TA; AH). Grey dots: no response. Red dots: motor responses between 
50–500 μV. Yellow dots: motor responses between 500–1000 μV. White dots: motor responses 
over 1000 μV. APB abductor pollicis brevis, FDI first dorsal interosseous, TA tibialis anterior, AH 
abductor hallucis. Early postoperatively, the patient remained hemiplegic (MRC scale 0), but after 
1 month she reported voluntary movement of the formerly paralyzed contralateral hand, and after 
2 months, movement of the contralateral leg during sleep. At 3 months, the patient walked with 
spastic gait when supported, with mild paresis in right upper and lower extremities (MRC scale 4) 
and right foot dorsiflexion (MRC scale 3). After 1 year, complete motor recovery for both right 
upper and lower extremities was reported (MRC scale 5), except from a mild foot dorsiflexion defi-
cit (MRC scale 4). Therefore, preserved intraoperative MEPs in a clinical hemiplegic patient were 
predictive of motor recovery. (Reprinted with consent from [98])

other methods may need to be developed for extensive assessment of motor kine-
matics. On the other hand, besides the adoption of awake procedures, techniques 
pioneering MEP modulation could potentially represent systems to preserve cortico- 
cortical connections involved in higher-order motor syndromes, and therefore motor 
cognition.

2.4.2.2  Language

Traditional and Current Cortical Localization of Function

The mapping of language function started with the introduction of task-based map-
ping. This was introduced in the operating theatre by Penfield and Roberts using a 
naming task [151]. At that time, classical cortical localizationism relied on a strict 
segregation between a language production cortex, Broca’s area, in the inferior 
frontal gyrus, and an (auditory) perception cortex, Wernicke’s area in the superior 
temporal gyrus [152]. This was strongly supported by clinical data from aphasiol-
ogy, where large strokes involving either the frontal or the temporal lobe were 
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known to cause respectively production or comprehension deficits. From a concep-
tual point of view, this division survives until nowadays in the dual stream model of 
Hickok and Poeppel [153], where ventral cortices map sound to meaning and dorsal 
sound to action. However, already early on clinical experience showed that resec-
tion of language-unrelated areas, such as the parietal lobe, could incur language 
deficits [62] which could not be fully explained by these models. On this aspect, the 
advent of tractography [61] but most of all the beginning of subcortical awake map-
ping [38] revolutionized surgical practice, allowing to increase surgical extent of 
resection preventing language deficits [21, 38]. This allowed also to attribute func-
tion specific to subcortical structures, especially phonological encoding to the arcu-
ate fasciculus [38], semantics to the inferior fronto-occipital fasciculus (IFOF) 
[154], and articulation to the third branch of the superior longitudinal fasciculus 
(SLF-III) [155]. Moreover, this allowed to constrain to subcortical anatomy the two 
streams in a ventral stream mapping language to meaning subserved by IFOF and 
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Dorsal pathway

Ventral pathway

Fig. 2.6 Dorsal and ventral pathways involved in language function

ILF [156] and a dorsal stream mapping language to speech output subserved by AF/
SLF-III [58, 129]. It is noteworthy that both the role of the pars opercularis in 
Broca’s area and the posterior temporal gyrus in Wernicke’s area have been recently 
reappraised. First, it is now widely accepted that the pars opercularis is not the pri-
mary motor area for speech [157, 158], while this is represented by the end of the 
precentral gyrus, the ventral premotor cortex [155]. Similarly, the posterior superior 
temporal gyrus reliably causes speech arrest and as such is involved in production, 
clashing with the tradition for which it is involved in Wernicke’s aphasia [159].

Subcortical Anatomy of Language Function

As previously mentioned, current models of language function rely on a dorso- 
ventral cortical distinction [153] (Fig. 2.6). Cortically, this is at odds with anatomi-
cal [160, 161], neuroimaging [162, 163], and stimulation evidence [158] that these 
systems are adjacent and/or even overlapping in both deemed dorsal and ventral 
cortices. On a subcortical level, however, an articulatory/phonological (dorsal) and 
lexico/semantic (ventral) distinction within the language system is well-established 
[58, 129].

Within the dorsal phonological stream, the AF runs deeper than the SLF-III and 
provides connections between the posterior and middle temporal structures (supe-
rior, middle, and inferior temporal and fusiform gyri) and the posterior frontal gyrus 
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(ventral premotor cortex, pars opercularis, and triangularis), but also the most ven-
tral and posterior part of the dorsolateral prefrontal cortex (posterior middle frontal 
gyrus). The SLF-III is more superficial and is instead dedicated to articulation/
phono-motor conversion. It is important to stress that this tract links both the supra-
marginal gyrus and the posterior part of the superior temporal gyrus (area Spt) [159] 
with the ventral premotor cortex, but also the inferior frontal gyrus. As such, stimu-
lation of the posterior STG that cause articulation deficits reflects stimulation of the 
SLF-III and not of the AF [164]. In this view, the AF provides phonological/pho-
netic data to be translated into articulatory motor programs within the ventral pre-
motor cortex conveyed by the SLF-III. Notably, this subcircuit also supports the 
conversion of auditory inputs, which are processed in the verbal working memory 
system, into phonological/articulatory representations in the ventral premotor cor-
tex [165]. At the level of the ventral premotor cortex, the vocal tract motor area can 
convey the appropriate motor command thanks to the corticobulbar tract that is con-
nected to vocal tract nuclei within the rhomboid fossa in the brainstem [166, 167]. 
It is important to stress that the area involved in motor execution for the vocal tract 
lies in both the precentral and postcentral gyrus [168], with a somatotopic cranio- 
caudal distribution—except for duplication of the larynx area [169] which seems to 
be specific to human [170, 171]. This is a critical aspect, as speech is performed 
with vocal tract modulation during expiration [167] and therefore airflow through 
the larynx has to occur before any other phonatory modulation justifying why this 
second larynx area is at the most dorsal end of this somatotopic cranio-caudal dis-
tribution of the vocal tract [169].

Of note, the frontal aslant tract (FAT) is also involved in speech initiation as well 
as in speech control in the dominant hemisphere [172].

The ventral route, which has a more bilateral distribution [153], is composed of 
a direct white matter pathway, the IFOF, and indirect subpathways supported by 
both the anterior ILF and the UF [156]. It is generally accepted that the IFOF con-
nects the occipital lobe, middle/superior temporal, and fusiform gyri with frontal 
regions, including the pars triangularis, the orbitofrontal cortex [164, 173]. More 
recent investigations as well as evidence from intraoperative stimulation would 
moreover include IFOF components in the superior parietal lobule, precuneus, and 
dorsolateral prefrontal cortex [174, 175]. As the main pathway of the ventral lan-
guage system, the IFOF should play a pivotal role in verbal and non-verbal semantic 
processing. Indeed, electrostimulation of this circuit generates semantic paraphasias 
in left hemisphere or non-verbal semantic impairments in both the left and right 
hemispheres [176]. The indirect pathway is formed by the ILF that links occipito- 
temporal junction at the level of the posterior fusiform gyrus with the anterior tem-
poral pole (ATL). The latter area constitutes a conceptual node enabling multimodal 
integration of the multiple invariant semantic-related signals originating from the 
sensory systems [177]. Accordingly, the ILF has been associated with lexical 
access [178].

We will describe language function using picture naming, as this is the most 
common paradigm used during awake surgery. We want however to stress that 
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during picture naming visual access is used instead of acoustic input, which differs 
from conversation.

First, visual input is conveyed from the eyes to V1 in the occipital lobe through 
the optic pathways allowing visual perception. Then, the ILF may carry the visual 
information from V1 to the inferior-ventral temporo-occipital junction, either in the 
visual word form area (VWFA) [179] in the left hemisphere if the perceived object 
is a letter or a word, or in the object word form area in other cases [180]. Stimulation 
at this level causes pure alexia [181]. From this ventral epicenter, the language net-
work diverges into streams that process information in parallel: a dorsal phonologi-
cal stream supported by the SLF-III/AF and a ventral semantic stream supported by 
the IFOF/ILF/UF.

Surgery in the Left Temporal Lobe

Surgery in the temporal lobe is generally deemed at risk because of the proximity 
with the so-called Wernicke’s area [182, 183]. However, some caveats have to be 
considered. The first is that cortical mapping in the temporal lobe is highly variable 
[184] and often negative [185], to the point that one could erroneously assume that 
no function is present at that level because no positive mapping could be evoked. 
However, it has to be noted that inferior temporal regions are often covered by the 
bone and cannot be tested, while it has been shown that these induce transient lan-
guage deficits [186]. Therefore, negative mapping in the temporal lobe may often 
reflect undersampling of the cortical surface in the inferior and fusiform temporal 
gyri. These aspects stress the importance of individual subcortical mapping.

The second caveat is that the type of deficit arising clinically after temporal dam-
age is often more subtle than that in the frontal lobe: except for disconnection of the 
SLF-III component branching to area Spt in the posterior superior temporal lobe, 
aphasias for surgery in the temporal lobe are fluent. These deficits, as for anomia, 
conduction aphasia, or Wernicke’s aphasia, may be less striking than non-fluent 
aphasia, often need neuropsychological evaluation to be unmasked, and are never-
theless overwhelming for the patient. Accordingly, neuropsychological evaluation 
must always be performed perioperatively and during rehabilitation, also in those 
cases that cannot undergo awake surgery.

Cortical Mapping

When mapping the temporal lobe, cortical mapping should be performed first. The 
most common cortical error is anomia [159, 184]. Chang and colleagues reported 
that the posterior superior temporal gyrus has both the highest probability and also 
the highest variability for showing anomia. However, anomia has also been gener-
ally shown when stimulating the middle superior temporal gyrus, which has been 
confirmed in a recent atlas of cortical and subcortical stimulation during awake 
surgery [164]. This location corresponds to the end of transverse/Heschl’s gyrus and 
has been recently shown to be specifically involved in encoding of phonetic features 
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[187, 188]. It is important to stress that this area covers the middle superior temporal 
gyrus, and not the posterior, which is commonly an area for speech arrest [159].

Literature on mapping the temporal lobe generally focuses on the importance of 
the (posterior) superior temporal gyrus. On one hand, we believe it is important to 
stress that both the posterior and the middle superior temporal may be equally 
important, as an antero-posterior gradient in the human superior temporal gyrus has 
been debated [187, 189] whereby more anterior regions may be devoted to percep-
tion (acoustic feature recognition [187, 188]) and more posterior areas to action 
[auditory-motor processing/articulation and spatial hearing [190 159]. On the other 
hand, we want to stress that the ventral tem-poral lobe represents another critical 
cortical language area [186]. This has been clearly shown by Lüders, who first dem-
onstrated using grid electrodes that a large basal lateral temporal area from 3 to 
7 cm behind the tip of the temporal lobe causes a striking anomia when stimulating 
[186]. As previously mentioned, this strongly points out that negative mapping may 
reflect a limitation in cortical exposure where inferior temporal and fusiform gyri 
are not accessible. We believe this latter aspect is critical when targeting surgery in 
the temporal lobe, because the cortical function of the ventral temporal lobe is not 
as well-acknowledged as it has been historically less investigated during awake sur-
gery. Notably, this area not only includes the visual word form area (VWFA) at the 
occipito-temporal junction whose resection has been associated with long-term 
alexia [181], but also the ventral lateral anterior temporal lobe (vATL), which has 
been independently associated with permanent anomia in epilepsy [191] and glioma 
surgery [136].

Subcortical Mapping

From an anatomical point of view, a critical subcortical structure that is often for-
gotten is the stratum sagittale [192, 193]. Initially described by Dejerine, the stra-
tum sagittale is a multilayered structure crossing longitudinally the temporal lobe 
over the temporal horn and atrium of the ventricle. This densely myelinated struc-
ture carries the majority of white matter pathways in this area, which means that 
damage to this can cause almost complete disconnection of the temporal lobe [192]. 
The superficial layer carries the IFOF and the ILF, while the deeper layer carries 
thalamic projections to the temporal and the occipital cortex, namely the optic and 
acoustic radiation. It is also an important anatomical landmark, since just over it 
runs the arcuate fasciculus [193, 194].

As a matter of surgical practice, numerous white matter fascicles are involved in 
language function in the left temporal lobe. These include the arcuate fasciculus and 
the SLF-III for the dorsal pathway and the IFOF, the ILF, and possibly the UF.

Stimulation of the arcuate fasciculus reliably causes phonological paraphasia. 
Accordingly, surgical resection should stop whenever causing phonological para-
phasia, as it has been shown that disconnection of the arcuate fasciculus is associ-
ated with permanent aphasia [72]. It is important to note that in a recent cortical and 
subcortical white matter atlas, phonological paraphasias associated to the arcuate 
fasciculus largely exceeded the generally accepted cortical terminations of this tract 
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within the classical Wernicke’s area in the superior temporal gyrus to include extra- 
Wernicke cortical terminations in more ventral anterior (anterior/middle ITG; mid-
dle fusiform gyrus) as well as posterior (posterior ITG; VWFA) cortices. This points 
at a wider system for phonology supported by the arcuate fasciculus as normally 
acknowledged and that should be taken into account when targeting posterior tem-
poral lobe resection. As suggested by Carl Wernicke, a damage to the arcuate fas-
ciculus is supposed to cause conduction aphasia [183], a phonological encoding 
disorder where speech is fluent but with frequent phonological paraphasias, repeti-
tion disturbances, and impossibility to repeat or read pseudowords. This is opposed 
to non-fluent aphasia, characterized by the articulation disorders and forms of 
apraxia of speech, which is associated with the SLF-III [195]. As mentioned, the 
SLF-III has components reaching the temporal lobe, particularly the posterior supe-
rior temporal gyrus. This area is continuous to the posterior supramarginal gyrus 
(anterior to the sulcus of Jensen where the parietal continues into the temporal lobe) 
and overlaps with area Spt. Indeed, stimulation of the SLF-III in both the frontal and 
also in the temporal lobe causes articulation disorders to the extent of speech arrest 
[159, 164], representing also in the temporal lobe a pattern of “Broca’s aphasia”.

It is generally acknowledged, even though non-unanimously [196], that the IFOF 
provides semantic information [129]. This has been clearly shown for the first time 
using awake surgery [154] and then confirmed using fMRI-tractography [197]. 
Indeed, semantic paraphasias after IFOF stimulation are well-established. In the 
temporal lobe, this occurs at the level of the superior layer of the stratum sagittale, 
over the atrium and temporal horn of the ventricle. For this reason, preservation of 
the IFOF posteriorly allows to protect also the optic radiation, which at this level 
lies on a deeper layer [173]. Progressing toward the temporal stem, the IFOF dis-
sociate from the ILF which posteriorly runs lower to the IFOF. At this level, the 
IFOF enters the temporal stem and then the external capsule to progress to the fron-
tal lobe, while the ILF projections inferiorly to the ventral anterior temporal lobe. 
Damage to the ILF can cause lasting disorders of lexical retrieval and its stimulation 
causes anomia [136].

To sum up, for surgeries in the temporal lobe and once cortical mapping is per-
formed, the arcuate fasciculus together with the SLF-III can theoretically represent 
the posterior anterior and postero-inferior subcortical border, the IFOF the medial 
border, and the ILF the inferior medial and inferior border. Pragmatically, consider-
ing the huge plastic potential of some of these structures (especially IFOF and ILF), 
mapping must guide resection to ensure the most suitable borders [108, 136].

Surgery in the Left Frontal Lobe

Cortical Mapping

Since Paul Broca, the pars opercularis has been considered a critical area in speech 
production, and for this reason, awake mapping has been advocated when operating 
the frontal lobe. However, surgical [198, 199] as well as stroke evidence [157] has 
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shown that this area is not necessarily associated to permanent language deficits. In 
the contemporary view, the critical area for speech production is located at the end 
of the precentral gyrus [112, 158]. This area corresponds to area 6b in Brodmann’s 
original maps [200, 201] and arguably area 6v/43 in the Glasser parcellation [202]. 
Its stimulation can cause both hand and face movement inhibition [112], and for this 
it is generally considered homologous of the ventral premotor cortex in non-human 
primate [141, 203]. Therefore, when considering a primary area for speech output, 
it has to be stressed that this is represented by the ventral premotor cortex and not 
the pars opercularis. Indeed, comparing lesions in the pars opercularis against those 
in the ventral premotor cortex, Bizzi and colleagues showed that gliomas involving 
the ventral PMC were fivefold more likely to cause aphasia compared to gliomas 
involving the inferior frontal gyrus [204]. Currently, the pars opercularis is instead 
considered as an optimal route for the transcortical approach to the insula [199] and 
its resection is therefore advocated. This is normally a safe entry point in LGGs; 
however, cortical mapping is always of primary importance. When discussing pri-
mary articulatory areas, it is important to stress that a second output area has been 
identified dorsally to the ventral premotor cortex [169], possibly corresponding with 
area 55b in the Glasser parcellation [202]. This also can cause speech arrest when 
stimulated [112, 159] as well as vocalization [109].

When stimulating the ventral premotor cortex during a double task (naming and 
arm movement) [58], as a rule of thumb, if speech arrest is combined with move-
ment inhibition, this may be reputed to reflect transitory disconnection of the frontal 
aslant tract (FAT), while speech arrest/articulation disorders in isolation may be 
attributed to the SLF-III.  However, recent data from Viganò and Howells [205] 
show that EMG patterns are critical to distinguish these motor phenomena, and 
therefore quantitative studies on MEP pattern variations during awake surgery are 
needed to assert possible neurophysiological features of these cortico-subcortical 
structures. Moreover, speech arrest occurring when stimulating the pre-SMA may 
represent both cortico-cortical (FAT) and fronto-striatal connections (FST) involved 
in action initiation [206] (Fig. 2.7).

Another critical structure for preservation in the frontal lobe is the posterior mid-
dle frontal gyrus, also referred to as the dorso-lateral prefrontal cortex (DLPFC) in 
the surgical literature [174]. Indeed, stimulation of this area, during both naming 
and pyramid and palm tree test (PPTT), induces semantic disturbances [154] and 
represents a newly described critical semantic hub [174], which may be non- specific 
for language. Conversely, semantic paraphasias evoked on the inferior frontal gyrus, 
particularly in the pars triangularis, may reflect verbal semantics. Both verbal and 
non-verbal semantic disturbances at this level may be due to stimulation of cortical 
terminations of the IFOF [173].

Subcortical Mapping

As for the temporal lobe, there are a number of subcortical structures that are con-
sidered critical for language in the frontal lobe. Together with frontal terminations 
of the arcuate fasciculus, the SLF-III and the IFOF, other white matter tracts that are 
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of prime importance are the corticobulbar tract, fronto-striatal projections (from 
both vPM and the pre-SMA), and the FAT. It is important to remember the location 
of the arcuate fasciculus and the SLF-III in the coronal plane: as the arcuate runs 
deeper, it runs medial to the SLF-III. One could use the circular sulcus of the insula 
as an imaginary plane to divide the two tracts on the coronal plane: the AF runs 
medial while instead the SLF-III runs lateral to this sulcus. This is critical when 
targeting insular gliomas through a transcortical approach, since once in the insula 
the arcuate and the SLF-III represent the superior border, one more medial and the 
other more lateral.

Progressing anteriorly from the temporal lobe, the IFOF enters the temporal stem 
and then covering the anterior perforating substance within the external capsule 
projects superiorly to the DLPFC and anteriorly to the pars triangularis, opercularis, 
and the lower orbitofrontal gyrus. As there are no Sylvian perforating arteries at the 
level of the temporal stem, this area can be well addressed with subpial dissection 
also when approaching it from the temporal lobe. As discussed, when resecting the 
insula through a transcortical approach, language function can be encountered supe-
riorly (SLF-III) or within the posterior insula, since the IFOF enters at this level the 
stratum sagittale from the parietal lobe [175]. However, resection within the insula 
during awake surgery deals medially with fronto-lenticular [207] projections from 

Fig. 2.7 Illustrative case no. 5, on cortical and subcortical mapping. A 29-year-old woman with 
right hand dominance was admitted for focal motor (orofacial) seizures, secondarily generalized. 
The neurological examination showed no deficits. (a–c) The pre-operative axial (a), coronal (b) 
and sagittal (c) T2-weighted gradient-echo MR images disclosed a left infero-frontal lesion with 
contrast enhancement compatible with a cavernoma. (d) Pre-operative high angular resolution 
tractography (HARDI) showing that the lesion lies in proximity of the arcuate fasciculus (in red) 
but far from the corticospinal and corticobulbar tracts (in yellow). (e) Pre-operative language map-
ping using navigated transcranial magnetic stimulation (nTMS). During stimulation language 
errors clustered at the level of the superior temporal gyrus and precentral gyrus. Yellow spheres: 
semantic paraphasia; green sphere: hesitations; tracts: arcuate fasciculus (red); corticospinal tract 
(blue). (f) Pre-operative high angular resolution tractography (HARDI) combined with nTMS 
results. Yellow spheres: semantic paraphasia; green sphere: hesitations; blue sphere: anomia; 
tracts: arcuate fasciculus (red); corticospinal tract (yellow). (g–i) Direct cortical stimulation (DCS) 
of the middle superior temporal gyrus (Wernicke’s area). Anomia was elicited (Letter “A”). 
Electrocorticography (ECoG) from the strip electrode was used to detect afterdischarges and pre-
vent DCS-induced seizures. Panels (h) and (i) show the location of anomia in the neuronavigation 
system, in 3D reconstruction and axial view respectively. Arcuate fasciculus (red) and corticospi-
nal tract (blue) are indicated. (j–l) Direct cortical stimulation (DCS) over the ventral premotor 
cortex evoking speech arrest (Letter “M”). Electrocorticography (ECoG) from the strip electrode 
was used to detect afterdischarges and prevent DCS-induced seizures. Panels (k) and (l) show the 
location of speech arrest in the neuronavigation system, in 3D reconstruction and axial view 
respectively. (m–o) The site of subcortical stimulation evoking semantic paraphasia is indicated by 
the tip of the probe (green dot) in the intraoperative navigation system (projections of the inferior 
fronto-occipital fascicle are not shown). (p) Illustration of DCS responses on HARDI tractography. 
HARDI tractography reconstruction illustrating the location of semantic paraphasia during subcor-
tical stimulation (in yellow). (q–s) Post-operative CT scan showing complete resection of the lesion
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motor areas, and only posteriorly with the posterior part of the internal capsule car-
rying the corticospinal tract but also sensory thalamocortical projections to the pari-
etal lobe. In asleep fashion, this surgery may be performed using MEP monitoring 
and taking advantage of the 1 mA:1 mm rule setting the minimum current intensity 
at 3 mA. In this way, since the internal capsule becomes more lateral at the end of 
the insular cortex and ‘opposes’ the access to the atrium of the ventricle [208], using 
an MEP amplitude of at least 3 mm can allow to spare both corticospinal and thala-
mocortical projections when accepting possible residuals in the posterior insula.

When considering tumours confined to the frontal lobe, subcortical borders may 
differ. Despite a high inter-individual variability and the necessity for mapping, one 
could have the ventral premotor component of the FAT causing both speech arrest 
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and movement arrest as a posterior border, together with speech arrest in isolation 
caused by SLF-III stimulation. More superiorly, the arcuate fasciculus and the IFOF 
run in close proximity underneath the middle frontal gyrus, and stimulation can cause 
anomia, or either phonological paraphasia for the arcuate fasciculus as opposed to 
perseverations [209] or semantic paraphasia when stimulating the IFOF. Perseveration 
are most common when approximating the caudate nucleus [209].

Damage to the ventral premotor cortex causes Broca’s aphasia, a non-fluent type 
of aphasia with agrammatism and difficulty in articulating and repeating words 
[195]. This is largely contributed by multiple disconnection of the SLF-III [155, 
195], but also the corticobulbar tract, the arcuate fasciculus, and possibly also FAT/
FST components. Conditions with disorders of speech initiation resulting in apha-
sia, but transient, should reflect instead disconnection of the FAT/FST.

Surgery in the Left Parietal Lobe

While surgeries in the left frontal or temporal lobe are deemed to be at higher risk 
of language deficits, because of past cortical localizationism it was commonly 
assumed for surgery in the parietal lobe to be safer. At current, it is well-established 
that surgery in the parietal lobe (particularly at the level of the supramarginal gyrus 
or Geschwind’s area) is at a very high risk of language deficit. Together with a risk 
of cortically damaging the parietal portion of the SLF-III and therefore causing non- 
fluent/Broca’s aphasia, the main issue is the disconnection of all components of the 
AF and the SLF-III subcortically, with devastating consequences for the patient. 
Moreover, superior parietal/precuneal components of the IFOF project in the depth 
medially to the arcuate fasciculus to reach the external capsule causing often non- 
verbal semantic disturbances at this level [175, 210].
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Cortical Mapping

Cortical mapping at the level of the posterior supramarginal gyrus, anterior to 
Jensen’ sulcus, until the posterior superior temporal gyrus can result in articulation 
disturbances, until speech arrest [155, 159]. Superior cortical terminations of the 
IFOF are rarely investigated and it is uncertain whether they would correspond with 
the superior parietal, the dorsal posterior postcentral gyrus continuing into the cin-
gulate gyrus, or even the precuneal cortex [175].

Subcortical Mapping

The critical structures that must be preserved at this level are the SLF-III/AF com-
plex and, more medially, the IFOF. Anatomically, the SLF-III runs more superficial 
than the AF and turns to the posterior superior temporal gyrus already at the level of 
the anterior supramarginal gyrus, possibly together with some fibers from the supe-
rior temporal and middle temporal component of the arcuate fasciculus [211, 212]. 
Conversely, a more dorsal component of the AF (dorsal arcuate) runs more deeper 
and turns under angular gyrus [212]. As discussed, on a coronal plane, the SLF-III 
runs ventral and lateral, the AF dorsal and medial. When approaching this region, it 
is important to remember that during subcortical mapping, after having evoked 
articulation disorders, deeper resection will encounter the arcuate fasciculus, as the 
SLF-III covers it only ventrally and superficially [155]. For resections in the depth, 
medial to the arcuate fasciculus, the IFOF can cause semantic disturbances, possi-
bly associated with awareness disorders [175]. Therefore, when targeting resection 
in the parietal lobe, thalamocortical projections to S1 may represent the anterior 
border, together with subcortical components of the arcuate fasciculus (deeper and 
dorsal) and of the SLF-III (superficial and medial). It is moreover important that at 
the level of the angular gyrus, it is still possible to disconnect the arcuate fasciculus 
for deep resection. To conclude, more superior and deeper semantic disturbances 
may be elicited for stimulation parietal projections of the IFOF [213].

Clinically, white matter damage at this level generally causes non-fluent aphasia 
for disconnection of the SLF-III. Conversely, damage to the arcuate fasciculus in 
isolation (approached from the posterior supramarginal gyrus or angular gyrus) may 
cause instead conduction aphasia.

Asleep Language Mapping

In the precedent sections, we specifically referred to patients operated awake. Of 
course, since language evaluation is task-based, there is potentially no system that 
can map or monitor this function during asleep surgery. Indeed, even if awake map-
ping should be always advocated, there are cases in which this is not feasible. 
Patients suffering preoperative language deficits or having an inappropriate psycho-
logical profile are generally not candidates. This is critical for paediatric neurosur-
gery, since no awake operation is indicated below the age of 10 years [214], and 
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even after indication awake surgery is disputed [110]. For these patients, being 
operated under general anaesthesia without mapping means undergoing surgery 
without methods to online preserve functional anatomy. With the understanding of 
the cortico-subcortical structures subserving language, however, an attempt can be 
made in preserving part of language function by preserving specific connections. 
We want to stress that conceptually, this may not differ from monitoring the corti-
cospinal tract using MEP to preserve motor function instead of having the patient 
performing a repertoire of motor gestures.

In awake surgery, cortico-cortical-evoked potentials (CCEPs) have been initially 
described by Matsumoto and colleagues as a mean to evaluate language connectiv-
ity represented by the arcuate fasciculus in perisylvian but also extra-sylvian corti-
ces [43]. In CCEPs, one of two cortical terminations of a white matter tract is 
stimulated electrically, and cortical-evoked activity is recorded at the other cortical 
termination in form of evoked potentials. Twenty to 120 raw traces are convention-
ally averaged, similarly to cortically recorded somatosensory-evoked potentials. 
Initially, CCEPs were described having two components, an N1 between 20 and 
30 ms [43, 215], and a second, later component peaking at 100–150 ms [43], though 
some authors claim this later component could represent epileptogenic activity 
instead [216]. More recently, earlier positive components have also been described, 
such as P1 [217] or P0 [218, 219]. During awake surgery, modification of N1 ampli-
tude has been shown to correspond with language outcome [220, 221]. However, 
even if some potentials have been recorded in the awake patient also during the 
asleep phase [220], clinical use of these specifically in a fully asleep patient has 
been lacking until very recently [222, 223] and therefore monitoring of the N1 com-
ponent has to be validated in this cohort of patients.

The recording of CCEPs is generally limited to awake patients, on one side 
because of the suppression of neural activity due to anesthesia [224], on the other 
side by chance to identify location for strip electrodes’ placement using functional 
mapping [43, 225]. In a recent work in a cohort of nine patients with tumours in the 
left perisylvian area who could not undergo awake surgery, we recorded CCEPs of 
the arcuate fascicle undergoing asleep tumour resection [222]. Results indicated 
that reliable potentials of small amplitude (of the order of 20–200 μV) could be 
obtained from the arcuate fasciculus also under anesthesia and that strip electrode 
placement can be made more effective by combining tractographic MR information 
and presurgical neuronavigated TMS (nTMS). Results in the asleep setting resem-
bled those in the awake setting: an N1 potential with a latency of 21 ms was shown, 
together with an earlier positive potential peaking at 12 ms (P1). This is well in line 
with the results of Suzuki and colleagues showing that anaesthesia impacts CCEPs’ 
amplitude more than latency [224] and our results have been recently replicated in 
other two studies [223, 226]. In our preliminary results, evoked potentials clustered 
in the middle temporal gyrus while stimulation mainly covered the ventral premo-
tor cortex. However, inferior temporal gyrus components of the arcuate fasciculus 
have not been extensively investigated in this study, which must be taken into 
account as previous work showed CCEPs also being recorded in basal temporal 
areas [43]. Moreover, no data on language outcome could be provided.
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To sum up, there is a growing interest in mapping language function also in the 
asleep patient. While these preliminary results are encouraging, a rigorous investi-
gation of how they impact functional language outcome has not been performed. 
Indeed, the arcuate fasciculus cannot be used as the only tract to be monitored as its 
preservation is insufficient to preserve language function and therefore outcome just 
based on arcuate/N1 component preservation is biased. Nevertheless, it is expected 
for this field to grow in the following years as cortico-subcortical structures and 
their network involvement will be unraveled.

2.5  Future Perspectives

Since the early 2000, glioma surgery experienced an unprecedented improvement in 
both overall survival and quality of life offered to the patient. This was accompanied 
by formulation of important theoretical concepts, such as that of onco-functional 
balance [22], and direct evidence for the existence of neuroplasticity [227].

This has offered novel possibility to increase extent of resection and preserva-
tion/restoration of function. Nevertheless, current evidence has posed new chal-
lenges. Crucially, it has highlighted that the right hemisphere is far from being 
“silent” [58]. Under this premise, mapping and understanding better the right hemi-
sphere represents an impending issue for neurooncological surgery [228].

2.5.1  Neuroplasticity, Prediction, and “Prehabilitation”

Evidence for brain plasticity after damage was initially documented in stroke [229]. 
This clashed with a static idea of brain function towards an integrated systems of 
connection in which function can re-adapt dynamically [58, 227, 230].

Hence, a “meta-networking theory” of brain function has been proposed [58]. In 
this system, input from the periphery (such as: visual pathways, ascending sensory 
pathway) and output to the periphery (efferent motor pathways) should have very 
low plastic potential [231], while more integrated networks, such as those involved 
in goal-directed and context-based action, but also emotion, would have higher 
plasticity [58]. This anchors subcortically the cortical gradients hierarchically 
ordered in primary and unimodal cortices with sensory and motor functions to 
higher-order, transmodal association cortices first proposed by Mesulam [232] and 
currently established to be rooted in structure [233], evolution [234], neurodevelop-
ment [235], and function [236]. In this view, higher plasticity of transmodal associa-
tion cortices is also reflected in higher plasticity of the white matter tracts that 
connect them. Notably, while previous models [136, 231] proposed a cortex/white 
matter duality with the cortex being more plastic that the white matter, this model 
rebalances models of plasticity according to network integration. In this view, net-
works such as the IFOF, which widely integrates (transmodal association) frontal, 
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parietal, temporal, and occipital cortices, can reorganize after damage. This has 
been shown in a recent atlas of plasticity [178], but also considering reorganization 
after surgery [237]. Similarly, frontal cortical terminations of the arcuate fasciculus 
in pars opercularis, pars triangularis and the middle frontal gyrus can have potential 
for neuroplasticity, and therefore can be resected during surgery without causing 
permanent language deficits [198, 199]. In this scenario, damage to cortico-subcor-
tical network, but not complete disconnection, can support reorganization and plas-
ticity for restoration of function [58]. This has important surgical implications, 
particularly when considering reoperation, as commonly occurs for LGGs [11, 
238]. Reoperation should be always considered whenever the tumour volume grows 
over 10–15 cc, as the risk of malignant transformation is higher [19, 24]. However, 
it is the second operation which may be critical, as neuroplasticity and reorganiza-
tion occurring after the first surgery may allow more extensive resection during the 
second surgery, as functions may migrate [237, 239].

The first implication of a dynamic model of brain function is that intraoperative 
mapping is always necessary. In this perspective, the function of a network cannot 
be inferred from the anatomy in the single patient except for input and output sys-
tems (primary and unimodal cortices with sensory and motor functions) [235]. This 
means that while function for the corticospinal or visual pathways may be assumed 
also from the anatomy, the other networks have to be mapped in the individual 
patient. The reason for this is that, on one side, complete disconnection of a func-
tional subcortical network will cause long-term loss of function, on the other side, 
sparing non-functional subcortical networks based on imaging can reduce extent of 
resection, thus diminishing the individual patient’s life expectancy without justifica-
tions when total or possibly supratotal resection could be achieved. It is important 
to note that overall survival in LGGs is strongly enhanced despite molecular biology 
when performing supratotal resection, whenever the tumour is IDH-mut and co-
deleted, only IDH-mut or even IDH-wild-type [20, 23, 26].

It is important to stress that reorganization of function is not just based on pat-
terns of cortices being connected, but it is supported and allowed by the white mat-
ter on a network level. For example, the IFOF and the AF share a similar pattern of 
connectivity in the middle temporal gyrus and pars triangularis. However, the IFOF 
does not vicariate phonological encoding if the AF is damaged and, conversely, the 
AF does not vicariate semantics if the IFOF is damaged. This supports a vision in 
streams, as for dual [240] and three-way [241] streams, where function diverges in 
subcortical pathways in a parallel and segregated way while it integrates in cortical 
hubs [58]. Similarly, a network should be specifically involved in a group of func-
tions, but not others (i.e. phonology for the AF and semantics for the IFOF), and 
mapping will be used to test whether a predicted function is present or absent for 
that specific connection. Neuroplasticity as migration of function from previously 
responsive cortices is now a well-established phenomenon, which has been shown 
with both DES [242] and nTMS [243]. In neurosurgery, this may be the case of 
SMA-syndromes: recovery of movement, also for motor dexterity, can occur with 
extensive movement rehabilitation whenever resection of motor–premotor 
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connections is not complete [118]. This is particularly apparent in LGGs. Of course, 
in LGG the tumour itself pushes brain plasticity [237]. Its slow growth, around 
3  mm/year, allows for reorganization and it’s the foundation why patients with 
LGGs are normally asymptomatic (except for seizures), despite such voluminous 
tumours [11]. Indeed, seizure may represent the limit of plasticity and a sign that the 
brain is/can no more compensate the tumour mass [244].

In LGGs, initial evidence of specific pattern of reorganization has been provided. 
Herbet et al. [108] showed that stimulation of the ILF systematically induces pure 
anomia only when the temporal pole is not infiltrated by the tumour, showing that 
the information conveyed by this tract can be rerouted to alternative pathways when 
the temporal pole is widely lesioned and abandons its function. Importantly, in the 
patient in whom the tract was functional and was disconnected, aphasia was perma-
nent, suggesting that reorganization needs at least partial white matter preservation. 
Moreover, also the wider cortex of the temporal lobe is remapped, showing plastic-
ity to underlie whole networks reorganization.

A second reason to propose systematic mapping is that studies on cortical and 
subcortical function are mostly coming from mapping in LGGs. Therefore, the 
assumption that areas, such as Broca’s area, are surgically amenable [199], maps 
regarding plasticity [136], and atlases of white matter function [164] is based on a 
patient population where it is known that plasticity is particularly developed [227]. 
There is strong evidence to suggest that neuroplasticity does not take place in HGG 
as in LGG as the tumour growth in the first group of patient is faster [20]. This 
implies a need for developing maps that are specific to a “native” brain, a brain 
which has not already reorganized allowing for enhanced resections more typical of 
LGG. This is a critical aspect, as patients with HGGs not only have a lower life 
expectancy, but may also have a higher risk of neurological deficit, as it has been 
recently shown [20]. From this point of view, while maps developed from LGGs can 
provide information of neuroplasticity, particularly for cases with a second surgery, 
still maps of function should be performed in other groups of patients, where HGGs, 
cavernomas, and epilepsy patients may represent more appropriate patient to pro-
vide a “native brain” map.

As previously mentioned, a system of meta-networks suggests a hierarchical 
reorganization of brain function. Evidence from non-invasive stimulation in stroke 
[245] and also in aphasic patients [246] suggests that this network can be pushed to 
reorganize, and therefore plasticity can be externally targeted and enhanced, allow-
ing for behavioural improvement to complete restitution of function. This issue has 
been recently addressed by Duffau [230], suggesting that non-invasive stimulation 
should be performed post-operatively in areas that were found functional during the 
surgery to further increase behavioural rehabilition and the reoperation. Notably, 
preliminary studies using invasive plasticity stimulated before reoperation to enhance 
resection have been carried out successfully [247]. We believe this proposal should 
be further enhanced. Indeed, preoperative TMS, as well as resting-state fMRI, can 
provide information of cortical function, thus enhancing cortical mapping during 
surgery. In this scenario, it may also be used to approximate cortical areas deemed to 
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be functional before the first surgery. Under this premise, preoperative techniques 
such as nTMS can potentially first inform the state of brain function through a task-
based mapping. Then nTMS mapping-positive sites can be used for targeted repeti-
tive stimulation to push reorganization before surgery (or “prehabilitation”). To 
conclude, surgery could be performed increasing the extent of resection without 
neurological deficit. We believe this may be particularly critical for those patients, 
such as those suffering from HGGs, where there is less space for reoperation.

2.5.2  A Need for Mapping the Right Hemisphere 
and a Reappraisal of Psychosurgery

Awake surgery is generally indicated for left hemispheric tumour in regions deemed 
to be associated with language function, with the right hemisphere considered as 
non-dominant and mapping for this hemisphere as not necessary beyond preserva-
tion of the corticospinal tract and the visual pathways. This is highlighted by the fact 
that very few centres operate right hemisphere tumours awake and no specific map-
ping for right-lateralized function in the asleep setting has been developed. Similarly, 
a comparison for surgery in the right hemisphere comparing asleep and awake set-
ting is also lacking.

While the right hemisphere is generally reputed to be less noble (at least surgi-
cally), evidence from neuropsychological analyses challenges this surgical dogma 
[228]. Indeed, there is evidence that patients with right hemispheric tumour report 
poorer quality of life compared with those with left hemispheric tumours, particu-
larly for tumours involving the frontal lobe [248]. This is surprising, considering 
that language deficits strongly impact life quality [249] and this function is strongly 
left-lateralized. Attention [250], cognitive control [251], and emotional processing 
[252, 253] are considered predominantly right-lateralized functions, with the right 
hemisphere supposed to have dominance in social cognition [254]. Indeed, both 
attention and cognitive control are impaired in patients operated in the right hemi-
sphere [255].

Since the paradigm shift in the early 2000 from cortical localizationism to con-
nections, there has been progressively more interest in white matter anatomy. 
However, possibly driven by language, a system that is most recent evolutionarily 
[256], the main focus has been on association tracts (cortico-cortical connections), 
with surpassed cortical localizationism seemingly becoming cortico-cortical local-
izationism. There is both theoretical [257] and clinical evidence [258, 259] that this 
conception should be revised. Indeed, breakthrough discoveries in deep brain stimu-
lation (DBS) [260] are those that most strikingly advocate for a revision of cortico- 
cortical models. The recent unification of DBS targets for obsessive compulsive 
disorder in a white matter tract connecting the brainstem to the middle frontal gyrus 
and the preSMA [259, 260] is a prime example of this. During awake surgery, 
fronto-caudate connections have been those addressed by a larger number of studies 
[100, 261, 262]. Indeed, fronto-striatal connections are crucial and should be further 
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elucidated [147]. However, connections from the anterior internal capsule—and 
generally connections from DBS targets in psychiatric diseases—should be inte-
grated also in tumour surgery as their disconnection may be burdened by personal-
ity or mood disorders also in resective surgery. Together with the anterior cingulate 
for negative emotions [263], projections from the anterior internal capsule have 
been demonstrated to be pivotal in mood regulation [264]. This is unsurprising, as 
bilateral disconnection of the anterior internal capsule represents the first target in 
the history of psychosurgery in the form of prefrontal leucotomy, or lobotomy, pio-
neered by Moniz [265].

To sum up, we strongly believe that mapping the right hemisphere is crucial and 
should be considered a priority. A recent study on 1333 stroke patient recently 
investigated function of white matter using existing task-related fMRI meta- analysis 
and the 7 T diffusion dataset of the HCP project. This study clearly showed that 
much less is known about the white matter function of the right hemisphere in com-
parison with the left [228], urging a reappraisal. We believe this is particularly 
important in resective surgery as it is in stroke literature, and we firmly believe that 
adequate mapping, functional identification, and preservation of essential anatomy 
also in the right hemisphere is crucial to preserve patient’s higher-order behaviour, 
and thus, identity.

2.6  Conclusions

Tumour surgery has experienced dramatic progress in the last 20 years, thanks to a 
better understanding of subcortical anatomy and the adoption of subcortical map-
ping. Advances in clinical practice resulting from this paradigm shift have allowed 
to confront lesions previously regarded as inoperable, but also to preserve essential 
cortico-subcortical anatomy, thus extending life expectancy and enhancing quality 
of life.

We have described well-established stimulation techniques and the warning cri-
teria for cortical and subcortical resection in the motor and the language system. As 
mapping has become crucial in resective surgery, we stress that adequate knowledge 
of stimulation paradigms and functional anatomy is mandatory whenever perform-
ing this type of surgery. We would caution that the surgeon should always remember 
that a number of variables can affect the results of mapping: pulse duration, current 
intensity, number of pulses, train duration, frequency of stimulation, and stimulating 
probe (bipolar vs. monopolar). In addition, it should be kept in mind that subcortical 
mapping only localizes subcortical structures, while it is monitoring that can provide 
continuous feedback regarding their functional integrity. When surgery is performed 
in proximity of motor areas, the role of MEPs is invaluable and we believe that MEP 
monitoring combined with cortical and subcortical mapping using a To5 techniques 
should be preferred, as it is more effective than the more common Penfield’s stimu-
lation paradigm. While we are of the opinion that awake surgery should be per-
formed whenever feasible, we are aware that this is not always possible. In this 
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scenario, even if MEP monitoring combined with cortical and subcortical mapping 
is sufficient to assess the corticospinal tract’s integrity, we must stress that motor 
behaviour largely exceeds motor execution [146] and therefore more sophisticated 
forms of mapping should be introduced. On this aspect, we believe that in asleep 
patients MEP-conditioning paradigms [44, 266] or cortico- cortical-evoked poten-
tials [222, 266] may be valuable options, although results using these techniques are 
only preliminary. When considering language function, current evidence suggests 
revision of a fronto-temporal production/comprehension duality. Speech production 
is evidenced in both the so-called Broca’s and Wernicke’s areas, and Lüders’ basal 
temporal areas [186] advocated existence of language cortices outside Wernicke’s 
area in the temporal lobe. Moreover, contemporary language models imply a wider 
system to be mapped, way beyond the preservation of the sole arcuate fasciculus as 
it is often advocated. In this scenario, not only the arcuate fasciculus, but also the 
SLF-III, the IFOF, the FAT, and the ILF (among other tracts) should be systemati-
cally preserved using brain mapping whenever functional. Whenever surgery in 
these areas has to be performed asleep, novel monitoring technique such as CCEPs 
should be considered, but still needs clinical validation.

Glioma patients can, and particularly LGGs should, be reoperated. In this sce-
nario, it is our opinion that also temporary deficits (i.e. SMA syndrome) should be 
avoided during the first surgery as function often is migrated in the second surgery, 
thus allowing for larger resections with optimal quality of life. In case of incidental 
gliomas, “preventive” surgery should be considered as supratotal resection is likely 
[267], thus increasing patients’ life expectancy [20]. Under this premise, we believe 
that forms of targeted plasticity, both invasive [247] and non-invasive [230, 246], 
may represent the future of the discipline, enhancing both functional preservation 
and extent of resection.

To conclude, there is increasing evidence for the importance of mapping the right 
hemisphere. While only few centres are currently operating the right hemisphere 
using functional mapping, we believe this represents a pressing issue. This is particu-
larly crucial considering the ample evidence that this hemisphere is specialized in 
social behaviour. As a role of the right hemisphere and the frontal lobe in general can 
be dated back to the dawn of psychosurgery [265], we believe that current evidence 
from DBS must be appraised also in resective surgery of these areas [268, 269], since 
mapping and preservation of these structures represent our current ethical responsi-
bility to truly preserve not only patient’s cognition, but personality and identity.
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Chapter 3
Craniopharyngiomas: Surgery 
and Radiotherapy

Sergey Gorelyshev, Alexander N. Savateev, Nadezhda Mazerkina, 
Olga Medvedeva, and Alexander N. Konovalov

Cranipharyngiomas offer the most baffling problem which confronts the neurosurgeon 
(H. Cushing, 1932)

Craniopharyngioma still remains a frustrating and disappointing lesion because of its inac-
cessibility (D. Matson, 1969)

To this day the surgical management of craniopharyngiomas remains a challenging experi-
ence to every neurologic surgeon (R. Rand, 1985)

There is perhaps no other primary brain tumor that evokes more passion, emotion, and, as 
a result, controversy than does the craniopharyngioma (James T. Ruthka, 2002)

Current treatment strategies are debated, ranging from radical surgical strategies … to 
limited surgical approaches … focused on quality of life (Stephanie Puget, 2019)

Ninety years have passed, but the craniopharyngioma is still an unsolved 
problem…

3.1  Introduction

Craniopharyngiomas are rare histologically benign embryonic neoplasms of the sel-
lar/parasellar region that represent 0.5–2.5 cases per one million, that is, 2–5% of all 
primary brain tumors in adults [1] and 5.6–13% in children [2]. Most often, 
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craniopharyngiomas appear in the age groups of 5–14 years and 50–74 years [3]. 
These tumors form the largest group of non-glial tumors in children. CP contribute 
to up to 56% all tumors of the chiasmo-sellar region in children [2]. In 2011, Nielsen 
et al. performed a meta-analysis of 15 epidemiological studies of CP (with total of 
1232 patients). According to these data, the incidence was 1.34 (1.24–1.46) per one 
million people and 1.44 (1.33–1.56) per one million children [4].

3.2  Our Experience

During last 40 years, more than 2000 patients with craniopharyngiomas were oper-
ated in the National Burdenko Neurosurgical Center (Moscow).

Since 2005 till 2015, more than 350 children (0–18 years) with craniopharyngio-
mas were operated and more than 200 patients have been treated in the Department 
of Radiotherapy and Radiosurgery. From April 2009 to January 2015, 68 patients 
were irradiated with the CyberKnife.

For the comparative analysis of the treatment results of surgery and radiotherapy, 
155 patients with known follow-up (mediana = 7.1 years), endocrinological, oph-
thalmological, quality of life investigations performed before and after surgery, 
MRI before, after treatment, and during follow-up were analyzed. Two hundred and 
ten surgical procedures including transcranial microsurgery (135), endonasal endos-
copy (65), and Ommaya reservoir (10) were done. Radiotherapy was performed in 
75 patients in this group.

The majority of transcranial surgery was performed by the first author.

3.3  Embriology

CPs develop from the embryonic remnants of the craniopharyngeal duct (Rathke’s 
pouch), connecting primary digestive tract and hypophysis during the process of 
pituitary gland formation. Stem cells deposited along its migratory path play a cru-
cial role in CP formation [5].

3.4  Biology

There are two histological types of CP: adamantinomatous and papillary. 
Adamantinomatous CP are diagnosed both in children and adults (with two peaks 
4–14  years and 40–65  years), while papillary CP are found only in adult age 
(50–60 years old).

Papillary craniopharyngiomas. Papillary CP usually harbor somatic BRAF 
V600E mutations. These tumors are composed of solid sheets of well-differentiated 
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squamous epithelial cells interrupted by cores of fibro-vascular stroma. Keratinization 
and calcification are usually absent. Tumors are generally encapsulated and sepa-
rated from surrounding brain tissue and are typically solid.

Adamantinomatous craniopharyngiomas. Adamantinomatous CP are driven by 
somatic mutations in CTNNB1 (which encodes β-catenin) and drastically improve 
β-catenin stability (Fig.  3.1b). Tumors consist of epithelial lobules. Cells at the 
periphery are palisaded, whereas internally situated cells are loosely textured (“stel-
late” reticulum). Extensive keratinization and calcification are common. Tumors are 
locally invasive with glial “pseudocapsule” and are predominantly cystic.

Recently, we performed whole exome sequencing (WES) in two half-sisters with 
adamantinomatous craniopharyngioma-produced evidence for the APC gene dys-
function as a novel tumorigenic driver in adamantinomatous CP (Fig.  3.1c). 
CTNNB1 remained intact, while the disruption of both APC alleles in the tumor 
strongly suggested the role of a second hit event [6].

Glial capsule of craniopharyngioma. Tumor cells may penetrate into surround-
ing brain tissue of thalamus and hypothalamus. Gliotic reactive tissue at the tumor 
boarder may facilitate the resection, but on the other hand provide false impression 
of a gross total removal (Fig. 3.2).

High expression of GHR (growth hormone receptor) is associated with shorter 
duration of postoperative stable disease in patients with craniopharyngioma. If high 
GHR expression is found in the surgical specimens of craniopharyngiomas, GH 
supplementation should be introduced more carefully [7].

a b c

Fig. 3.1 β-Catenin destruction complex under normal conditions (a), with a CTNNB1 exon 3 
missense mutation (b), and with an APC truncation (c). Normally, β-catenin destruction complex 
enables a β-TrCP ubiquitin ligase to mark β-catenin for proteasome-mediated degradation. This 
relies upon β-catenin being phosphorylated by specific amino acid residues encoded in exon 3 (a, 
blue circles). This mechanism fails if a missense mutation is introduced to or adjacent to these sites 
(b). Alternatively, a truncating mutation may render APC incapable of stabilizing the destruction 
complex, which allows cytoplasmic β-catenin to escape even when the exon 3 is intact (c). In both 
scenarios, β-catenin becomes free to reach the nucleus and induce the expression of its target 
genes. S33, S38, T41, and S45 denote amino acid residues and their position in the protein 
sequence (S for serine and T for threonine). APC adenomatous polyposis coli, AXIN axin1, CK1 
casein kinase 1 alpha 1, CTNNB1 catenin beta 1, GSK-3β glycogen synthase kinase 3 beta, βTrCP 
beta-transducin repeat containing E3 ubiquitin protein ligase
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Fig. 3.2 Tumor digitations 
into the brain tissue. 
Gliotic reactive tissue at 
the tumor boarder may 
facilitate the resection, but 
on the other hand provide 
false impression of a gross 
total removal

3.5  Classification

Many classifications were proposed to reflect the biological peculiarities of CP and 
to facilitate the surgical planning.

Choux, Raybaud (1991) proposed the classification of these tumors based on 
their relation to the sellar, pituitary stalk, and third ventricle: intracellar, infundibu-
lar, intraventricular, and global.

Kassam et al. [8] in his classification based on the anatomical relation of tumor 
to infundibulum define the preinfundibular craniopharyngiomas (Type I), transin-
fundibular (Type II), and retroinfundibular (Type IIIa, b) [8].

Puget et al. [9] advocated classification based on the functional relation of the 
tumor to hypothalamus. Thus, she outlines the tumors with no hypothalamic 
involvement and thus no possible surgical hypothalamic damage (Grade 0); cases 
where hypothalamus is displaced by the tumor and minimal hypothalamic damage 
is possible (Grade 1)—and with hypothalamic involvement and severe possible 
hypothalamic damage (Grade 2) [9].

In the Burdenko National Neurosurgical Center, the classification based on the 
embriological origin is used. Thus, the following groups are distinguished: endosu-
prasellar, pituitary stalk, and intraextraventricular (Fig. 3.3).

Endosuprasellar craniopharyngiomas (Fig. 3.4) take their origin in the embry-
onic remnants of the craniopharyngeal duct in the anterior hypophysis. Thus, it 
primarily grows in the sella, destroys the hypophysis, and may expand to the supra-
sellar region. Diaphragm may be distended and become an external layer of a tumor 
capsule or may be penetrated when tumor grows along the stalk. Hypothalamus is 
displaced but not destroyed. These tumors usually manifest with the signs of hor-
mone pituitary deficiency followed by visual disturbances.

Pituitary stalk craniopharyngiomas (Fig. 3.5) have an origin in the pituitary stalk 
and primarily destroy it. They grow above the diaphragm and beneath the third ven-
tricle floor and minimally invade the hypothalamus. Tumor capsule is separated 
from the brain tissue by pia mater and from vessels—by arachnoidea. The major 
part of these tumors are cystic and may grow anteriorly under the frontal lobe 
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I

I - endosuprasellar
II & III - suprasellar (pituitary stalk)
IV -  Infundibular (intraextraventricular)

III

II

IV

Fig. 3.3 National 
Burdenko Neurosurgical 
Center classification: I—
endosuprasellar CP, 
II—Suprasellar (pituitary 
stalk) CP, III—
Infundibular 
(intraextraventricular) CP

Fig. 3.4 Endosuprasellar 
craniopharyngiomas have 
their origin in the cellar
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Fig. 3.5 Suprasellar- 
extraventricalar CP 
originate in the pituitary 
stalk

Fig. 3.6 Intraextraventricular 
CP originate in the 
infundibulum

(antesellar growth), posteriorly (retrosellar growth) into the prepontine cystern, and 
laterally to the middle fossa. The first sign is usually visual loss.

Intraextraventricular craniopharyngiomas (third ventricle CP) (Fig. 3.6) origi-
nate in the floor of the III ventricle and severely destroy the hypothalamus. This type 
of CP typically manifests with the signs of raised intracranial pressure.
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3.6  Surgery

Surgery is still the first step in almost all the cases [10–18]. But today the surgical 
challenge is not only the visual function, not only the tumor control, not yet the 
endocrine function, but prevention of hypothalamic disturbances and restauration of 
an acceptable quality of life [19–22].

The main task of a surgeon, and at the same time the main challenge, is the iden-
tification of hypothalamus during surgery and assessment of the degree of its 
involvement in order to prevent its damage. It is much easier to totally remove CP 
than to perform subtotal removal and to leave a small fragment of a tumor capsula 
specially near the hypothalamic area. Unfortunately, we cannot monitor the 
hypothalamus!

Because of the unacceptably high complications rate and the lack of 100% pre-
vention of recurrence following radical tumor resection, there has been a growing 
advocacy for less-invasive tumor resection with adjuvant therapy [9, 23].

We outline 3 grades of radicality of tumor removal: total—when there are no 
visible remnants on MRI (performed 24–48  h after surgery); subtotal—with flat 
remnants of capsula less than 0.5 cm2 (volume can’t be estimated precisely); and 
partial with volumetric 3D part of the tumor.

In our series, the gross total removal (GTR) was achieved in 40% of patients, 
subtotal (STR)—in 26%, partial (PR)—in 19%, endonasal endoscopic evacua-
tion—in 11%, and aspiration via Ommaya reservoir—in 4% of patients.

Primary surgery has significantly better survival rate (due to more radical 
removal) than secondary one: 43% 5-PFS, vs. 19% 5-PFS (Gehan’s Wilcoxon: 
p = 0.03; Log-Rank: p = 0.05).

Localization of a tumor has no influence on recurrent free survival. There was no 
significant difference between groups of patients according to surgical approach; 
nevertheless, for the endosuprasellar tumors, recurrence free survival with transcra-
nial approach is worse; may be due to worse visualization of the endosellar region.

Location of tumor remnants has minor influence on recurrence free survival 
rates. Despite the absence of significant difference, we see more rapid relapses in 
cases with endosellar remnants (medium RFS is 7.2 months vs. other localiza-
tions—15.0 months, Mann–Whitney; p = 0.0053). Thorough follow-up or immedi-
ate adjuvant radiotherapy should be kept in mind.

3.6.1  Endosuprasellar Craniopharyngiomas

The best option for the removal of endosuprasellar craniopharyngiomas is the endo-
scopic transnasal (transsphenoidal) approach (Figs. 3.4, 3.7 and 3.8). If the tumor 
has an anterior extension and trancranial approach is impossible (due to short optic 
nerves), the anterior extended transsphenoidal approach may be used (Figs. 3.9 and 
3.10). If the transnasal approach is impossible (in young children, absence of sinus 
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Fig. 3.7 MRI T1 
CE. Endosuprasellar CP 
before surgery

Fig. 3.8 MRI T1 
CE. Endosuprasellar CP 
after radical surgery

sphenoidalis), the transcranial subfrontal approach is indicated with endoscopic 
assistance, which gives the possibility to view, and manipulated in the sella with 
angled optics and instruments (Fig. 3.11).

Hypothalamus is usually far from the operating field and remains intact. The 
visual nerves in the majority of cases are long (which makes possible the removal of 
a tumor via subchiasmal approach).

The origin of a tumor is inside the sella, thus remnants of pituitary stalk may be 
seen on the upper pole of the tumor.
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Fig. 3.9 Transnasal 
approaches: blue arrow—
straight approach, red 
arrow—anterior extended, 
green arrow—posterior 
extended

Fig. 3.10 Transnasal 
endoscopic approach. The 
view on the roof of the III 
ventricle. Both foramen 
Monro, fornix, choroid 
plexus, and internal veins 
are seen

Fig. 3.11 Microsurgical 
endoscope-assisted 
approach. The view to the 
sella cavity, radical 
removal. Coagulation of 
the CP remnants by angled 
forceps
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3.6.2  Pituitary Stalk Craniopharyngiomas 
(Suprasellar-Extraventricular)

The whole set of approaches were proposed for the removal of suprasellar and intra-
ventricular tumors (Fig. 3.12).

Usually suprasellar-extraventricular CP has large cysts which facilitate surgical 
actions. In cases of anterior extension, a tumor is clearly seen just below the frontal 
lobes (Figs. 3.13 and 3.14). The ACA and AcoA are on the posterior pole of the 
tumor. The subfrontal approach is indicated in such cases. Visual nerves may be 
rather long what makes possible to remove a tumor subchiasmatically (Fig. 3.15).

In cases of suprasellar-lateral growth, pterional approach may be used. The posi-
tion of the bifurcation of ICA which may be disclocated, compressed, or covered by 
the tumor should be kept in mind (It is extremely dangerous to manipulate above the 
ACA even if the tumor capsula is clearly seen as it is possible to damage the tiny 
perforating arteries that go across it (Figs. 3.16 and 3.17).

The most difficult situation occurs in CPs with retrosellar growth (Fig. 3.18). In 
these cases, the combination of subfrontal and retrosygmoid approach may be use-
ful for the removal of both parts of the tumor.

Infundibulum is usually stretched and displaced upwards and located on the 
upper pole of the tumor. Capsula of suprasellar CP due to its origin is covered by the 
arachnoidea and even though there may be tight adhesions, it is usually feasible to 
find the cleavage between the capsula and infundibulum and remove tumor with 
minimal damage to hypothalamus.

Visual nerves and a chiasm are usually tightly attached to the tumor capsula and 
here is the second place where the remnants of a capsula may be left in order to 
preserve visual functions.

Fig. 3.12 Approaches to 
the retrochiasmal space 
and III ventricle
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Fig. 3.13 MRI T1 
CE. Suprasellar- 
extraventricalar CP with 
anterior extention before 
surgery

Fig. 3.14 MRI T1 
CE. Suprasellar- 
extraventricalar CP with 
anterior extention after 
surgery. The preserved 
hypothalamus is seen

The origin of a tumor is at the pituitary stalk but above the sella, thus its remnants 
may be seen on the inferior (basal) surface of the tumor. In the very rare cases, it is 
feasible to maintain its anatomical integrity, but function is unfortunately lost.

There are three pathological components in the tumor: solid, liquid, and calci-
fied. The latter can be represented as a huge coral-like structure which is impossi-
ble to divide into parts. It can be a source of relapse and such patients need 
irradiation.

3 Craniopharyngiomas: Surgery and Radiotherapy



108

Fig. 3.15 Microsurgery 
with endoscope assistance. 
Removal of a tumor 
capsula with the subfrontal 
subchiasmal approach

Fig. 3.16 MRI T1 
CE. Suprasellar- 
extraventricalar CP with 
retrosellar growth after 
surgery. Small remnants of 
capsula near the big 
vessels
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Fig. 3.17 Microscopic 
view on the suprasellar 
CP. Bifurcation of ICA 
compressed by suprasellar 
tumor

Fig. 3.18 MRI T1 
CE. Suprasellar- 
extraventricalar CP with 
retrosellar growth before 
surgery
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3.6.3  Intraextraventricular (III Ventricle) Craniopharyngiomas

Intraextraventricular CP are located both on the scull base predominantly behind the 
chiasm and in the III ventricle (Figs. 3.6, 3.19 and 3.20).

The variety of basal approaches may be used for the removal of the inferior part 
of the tumor (Fig. 3.12).

Subchiasmal approach is the least useful as the chiasm usually shifted anteriorly 
and pressed to the scull base.

Translaminaterminalis approach may be used for the removal of the anterior 
intraventricular part of the tumor, but it is rather narrow as the distance between the 
chiasm and ACoA may be very small [24]. In addition, it requires the large traction 
of the frontal lobes (Fig. 3.21). There is a variant of this approach above the AcoA 
up to anterior commissure [18].

An approach through the optico-carotid triangle allows to remove the retrochi-
asmal part of a tumor, but it is limited by the chiasm, ICA and ACoA (Fig. 3.22). 
Despite the narrow space, an approach may be enlarged by gentle shift of the chiasm 
and ICA; an arterial spasm which often seen during surgery has no clinical signifi-
cance and need no treatment.

All manipulations lateral to ICA should be very carefully done in order not to 
damage the a. choroidea ant. and III nerve.

Trancallosal approach (Fig.  3.23) is possible in patients with hydrocephalus. 
There are three ways to reach the cavity of the III ventricle: through foramen Monro, 
subchoroideal, and transfornical.

An access via the enlarged foramen Monro (Fig. 3.24) allows to view the whole 
cavity of the III ventricle except the most anterior part. Ventricle roof, aqueductus 
Sylvii, midbrain, basilar artery, and Lilienkvist membrane are easily seen after the 
gross total removal of a craniopharyngioma. The dorsum sella is the most anterior 

Fig. 3.19 MRI T1. 
Intraextraventricular CP 
occupying the whole cavity 
of the III ventricle
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Fig. 3.20 MRI T1 
CE. Small remnants of the 
tumor capsula in the 
hypothalamic region

Fig. 3.21 Approach to the 
III ventricle via lamina 
terminalis

Fig. 3.22 Microsurgery 
with endoscope assistance. 
Removal of a tumor using 
an approach through the 
optico-carotid triangle
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Fig. 3.23 Transcallosal 
approach. The view to the 
pericallosal and calloso- 
marginal arteries, lying on 
the corpus callosum (white 
matter)

Fig. 3.24 Transcallosal 
approach. View on foramen 
Monro obstructed by CP in 
the III ventricle

structure seen in the operating field. The anterior view is limited because of risk of 
columna fornicis damage which leads to fixation amnesia (Fig. 3.25). Nevertheless, 
transcallosal approach is the method of choice for the resection of large tumors 
occupying the III ventricle.

Subchoroideal access lays through the fissure between thalamus and tela choroi-
dea and permits view of the most posterior part of the III ventricle up to the 
pineal region.

Transfornical approach performed by the longitudinal splitting of fornix could 
provide an ideal access to all parts of the III ventricle, but it is feasible only in cases 
of huge tumors pushing apart the bodies of the fornix. Otherwise, we have a great 
risk to damage it.
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Fig. 3.25 The “geometry” 
of transcallosal approach. 
The “blind area” in the 
anterior part of the III 
ventricle

Transcortical approach is much easier than transcallosal one, but it is more “lat-
eral” and cannot provide an adequate view of the ipsilateral part of the III ventricle.

In order to reach both basal and intraventricle part of the tumor, it is useful to 
combine basal and transcallosal approaches.

Hypothalamus is located on both sides of a tumor as an “equator” and can be 
hardly differentiated from tumor capsule. As this type of CP arises in the III ven-
tricle floor, it doesn’t separate from the brain tissue by arachnoidea and thus may 
have digitations into hypothalamus (Fig. 3.2). That’s why, it is better to leave some 
remnants in this area in order to preserve the diencephalic functions.

3.7  Endoscopy-Assisted Microsurgery

Endoscope assistance during microsurgical removal of craniopharyngiomas may be 
performed for initial inspection of operating field, especially its deepest part and 
areas “around the corner”. During removal of the tumor, it provides better illumina-
tion of the operating field, additional magnification, and manipulations beyond the 
microscope view. In the end of the surgery, it allows to find the remnants of the 
tumor, to look for, and stop the possible hemorrhage in remote places.

Endoscope assistance may be performed in air or water environment.
In air environment, endoscope-assisted microsurgery is performed with a special 

assistant endoscope, microscope, and conventional microinstruments. For the key- 
hole neurosurgery, an assistant endoscope with special “para”endoscopic instru-
ments or traditional endoscope with two working canals and endoscopic instruments 
may be used.

In water environment, the routine one or two working canals endoscope with 
endoscopic instruments may be useful.
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In cases of craniopharyngioma surgery (Figs. 3.15, 3.22, 3.26 and 3.27), an 
endoscope allows to view the suprasellar area under the frontal lobes, the ret-
rochiasmal space, the endosellar area, to easily identify the pituitary stalk, 
ACA and ACoA hidden behind the tumor, remove the endosellar part of a tumor 
via the subfrontal approach, and even reach the retrosellar part. The special 
application of this method is in the course of transcallosal approach where it 

Fig. 3.26 Endoscope 
assistance. View to 
chiasma. 00 optics. The 
OCT is enlarged

Fig. 3.27 Endoscope 
assistance. View under 
chiasma with 300 optics 
through the enlarged 
OCT. Capsula attached to 
chiasma is clearly seen
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Fig. 3.28 Endoscopic 
ultrasound aspiration of 
CP. v.thalamostriata (on the 
right), choroid plexus (in 
the bottom), CP capsula 
being removed by 
US-aspirator is seen in f.
Monro

Fig. 3.29 MRI T1 
CE. Giant policystic CP

makes possible the removal of the tumor anterior to foramen Monro (columna 
fornicis).

For endoscopic ultrasound aspiration, the Gaab endoscope, Söring endoscopic 
US-aspirator, water pump, bipolar endoscopic coagulation, and holding arm are 
necessary. For the safety of this procedure, it is necessary to maintain the balance of 
irrigation and suction. Irrigation is performed with the water pump through the 
canal of endoscope and suction—through US-aspirator. As a result, we have the 
clear view even in a case of bleeding! (Fig. 3.28).

In cases of cystic CP (especially polycystic ones), endoscopy may be used for 
fenestration of all cysts and installation of only one catheter for intracavitary treat-
ment or controlling the cysts volume during radiotherapy (Figs. 3.29 and 3.30).
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Fig. 3.30 All cavities are 
fenestrated with endoscope 
and connected with one 
catheter

3.8  Radiation Therapy

3.8.1  Historical Note

Attempts to use radiotherapy (RT) for the treatment of CP have been undertaken 
since the beginning of the twentieth century. The first results of irradiation of 
patients with CP, published by Carpenter in 1937, were unsatisfactory and the 
authors concluded that “tumors of the pituitary stalk can be resistant to radiation 
exposure” [25].

However, in 1950, Love et al. got good results of irradiation after partial removal 
of the tumor [26]. Subsequently, conventional fractionated RT has begun to be used 
more often in patients with CP.

Kramer published the first report of RT for pediatric CP in the Royal Marsden 
Hospital in 1961. Between March 1952 and March 1954, six children and four 
adults underwent stereotactic aspiration of cyst with subsequent conventional radio-
therapy. The tumor dose delivered by radiotherapy varied from 5000 R in 37 days to 
6550 R in 57 days in the children, and from 5580 R in 51 days to 6950 R in 39 days 
in the adults. One adult patient died in 2 years of intercurrent disease, but all six 
children were alive and free from tumor relapse over 6.5–7 years [27].

In 1993, Rajan et al. published their results: 77 patients after non-radical surgical 
removal underwent a course of radiation therapy to a total dose of about 56 Gy in 
1950–1986. 5-year and 10-year PFS was 83% and 79%, respectively [28].

Later with the development of technology stereotactic irradiation techniques 
appeared. The use of radiation therapy with incomplete removal of CP allowed to 
increase a progression-free survival up to 75–90% [28–32].
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Currently, only stereotactic irradiation techniques should be used in CP, includ-
ing stereotactic radiosurgery (SRS), standard fractionated, and hypofractionated 
RT [33].

3.8.2  Single-Fraction Radiosurgery

For the treatment of small residual tumor or relapses of CP, a stereotactic radiosur-
gery (SRS) can be used with a relatively high dose of radiation during a single frac-
tion. Through this radiation technique, the dose outside the target decreases sharply 
without substantial damage to healthy brain tissue [34].

It was shown that PFS after radiosurgery with CP is equivalent to survival after 
fractionated stereotactic RT. The 5-year PFS of patients who received SRS immedi-
ately after surgery or for recurrence of craniopharyngioma was 56.7–91.6%, while 
the 5- and 10-year OS were 86–97% and 88–91%, respectively [35–38]. The 
weighted average value of the 5-year PFS, estimates on the data from several studies 
(231 patients) [35, 37–39], was 67%. It should be noted that most relapses occur 
outside the volume of radiosurgical irradiation.

No significant differences in the efficacy of SRS and fractionated RT were dis-
closed by Jeon et al. after an analysis of 50 observations [39]. The volume of tumor 
smaller than 1.6 cm3 and the dose more than 14.5 Gy [35] were found out by Xu 
et al. [35] as prognostic factors for better tumor control. The authors considered the 
absence of a cystic component of the tumor and the minimum number of surgical 
procedures before radiation as additional factors associated with a good response of 
CP to SRS [35].

3.8.3  Image-Guided Radiosurgery 
and Hypofractionated Radiotherapy

Stereotactic navigation during radiosurgery can be performed with a frame 
(Gamma Knife, Novalis, etc.) or using frameless navigation (CyberKnife). There 
may be difficulties with fixing the frame in young children, patients after sur-
gery, especially after large bifrontal approaches, while CyberKnife has no such 
disadvantage. Besides that, frameless navigation provides the possibility of mul-
tiple uniform positioning of the patient, which allows to perform the hypofrac-
tional irradiation. The doses used by CyberKnife are similar to those using the 
Gamma Knife [40, 41] and the geometric accuracy is higher than 0.5  mm 
[42–44].

During last 20 years, the hypofractionation mode in the treatment of brain tumors 
was actively introduced into practice. This process was facilitated by the usage of 
robotic linear accelerator for the frameless stereotaxis as CyberKnife, in which 
modes of radiosurgery or hypofractionated radiotherapy may be carried out.
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Hypofractionated radiation therapy which is performed in 2–10 fractions has a 
set of advantages in comparison with the standard course of radiotherapy and radio-
surgery. First, unlike radiosurgical treatment, it is feasible to irradiate patients with 
relatively large tumors located close to or inside vital structures such as visual path-
ways, brainstem, pituitary gland, and hypothalamus. On the other hand, according 
to the biology of the tumor, the hypofractionation is similar to radiosurgery. Second, 
in the treatment of patients with cystic CP, fast fractionation mode which takes from 
3 to 5 days allows to avoid an increase in the tumor cyst during radiotherapy and, 
thus not to lose the tumor borders beyond the limits of the radiation volume, which 
can happen with the standard course of radiotherapy (6-week duration). Third, from 
the radiobiological point of view, hypofractionation mode let us target the 
hypoxic cells.

The hypofractionation regimen uses a single dose (SD) more than 3  Gy. 
Irradiation in this mode can be carried out at many linear electron accelerators. 
However, in the majority of publications devoted to hypofractionated RT, the 
CyberKnife was used.

In the situation of compression of the optic chiasm by the tumor, Lee et  al. 
reported no complications and a 90% tumor control with preservation of visual 
functions in 11 patients with craniopharyngiomas after treatment with CyberKnife 
(total dose was 20–25 Gy in 3–5 fractions) [41].

Iwata et al. analyzed results of hypofractionated radiotherapy (2–5 fractions with 
marginal dose of 13–25 Gy) by CyberKnife in 40 patients with craniopharyngiomas 
and reported the 85% PFS with a median follow-up of 3 years (tumor volume was 
0.09–20.8 cm3, the hypofractionation regimens 8 Gy × 2 fractions, 7 Gy × 3 frac-
tions, and 5 Gy × 5 fractions were used). The author noted a temporary increase of 
cystic component after treatment in nine patients, but no serious complications were 
reported [40].

Presently, the dose of 25–27.5 Gy with hypofractionated irradiation is consid-
ered to be optimal for craniopharyngiomas, as tolerant doses to critical struc-
tures [33].

We recommend to include both solid and cystic components of the tumor in the 
GTV when planning radiation therapy. Any tumor capsula fragments in the opera-
tive field as well as cyst walls and all calcifications visible on high resolution MRI 
and CT scans should be incorporated in GTV.

It is helpful to use a preoperative MR and CT scan in addition to MRI and CT 
studies at the time of radiation therapy, taking into consideration the data of the 
surgical protocol. It is recommended to use CTV equal to GTV, and PTV is formed 
as CTV plus 1–2 mm margin for SRS or hypofractionated SRT.

For cases with a small GTV when the position of a tumor border allows to 
exclude optic chiasm and the hypothalamus from the PTV, single-fraction SRS is 
recommended. Hypofractionated SRT can be used even in cases where critical 
structures are inside the tumor.
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3.8.4  Standard Fractionated Radiotherapy

For standard fractionated radiotherapy, dose per fraction is less than 2.2 Gy (for 
WBRT—up to 3.0 Gy). Stereotactic technology of irradiation provides full cover-
age of tumor and minimal dose to healthy tissue and vessels. It allows to reduce risk 
of side effects [45–49].

5-year PFS after SRT for CP with total dose 50–54 Gy exceeds 73% [50]. 
Regime after analysis of 56 patients with 17 years median follow-up after SRT 
demonstrated that recurrence risk increased to 44% with dose less than 54 Gy 
in contrast with 16% with dose more than 54 Gy [51]. Currently, total dose for 
standard fractionates stereotactic radiotherapy is usually 54 Gy, delivered in 30 
fractions.

According to the experience of the National Burdenko Neurosurgical Center, 
5-year PFS after SRT with total dose 54 Gy for partial resected CP or it’s relapse is 
83.6%. It is recommended to include in CTV all solid and cystic parts of tumor and 
tumor bed which may contain small residual fragments of tumor.

3.9  Results of Surgical Treatment and Irradiation

As it was mentioned above, the main task of a craniopharyngioma treatment is the 
avoidance of recurrence on one hand and prevention of hypothalamic disturbances 
on the other hand. That’s why it is so important to compare two main methods of 
treatment: radical surgery and subtotal surgery with irradiation.

3.9.1  Recurrence-Free Survival

Conservative surgery is associated with higher recurrence rates with an average rate 
of 75%. Limited surgery and RT have demonstrated results equivalent to radical 
surgery alone. Recent studies report at least 90% disease control with 5-year follow-
 up [52].

Radiotherapy dramatically increases the survival rate in non-total surgery 
(Fig.  3.31). The degree of radicality does not matter, but almost all non-totally 
removed CP (partial and subtotal) recover sooner or later! We obtained the exactly 
equal results of GTR and non-GTR + radiotherapy (Fig. 3.32).

Another important question is the time when to start radiotherapy in cases of 
small remnants: either to start immediately after surgery or to wait for the first signs 
of recurrence. The timing of post-surgery RT remains controversial [53]. Several 
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Gehan’s Wilcoxon Test, p<0,00001
Log-Rank Test, p<0,00001
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Fig. 3.31 Radiotherapy dramatically increase the survival rate in non-total surgery

studies demonstrated no significant difference in progression-free survival after 
early postoperative versus late radiotherapy for tumor regrowth [54]. In contrast, 
others found fewer craniopharyngioma relapse with early radiotherapy given as ini-
tial therapy when compared with those received late radiotherapy for recurrence 
[55]. Our investigation shows that PFS rates after adjuvant and salvage radiotherapy 
are equal (Fig. 3.33).

From April 2009 to January 2020, more than 200 patients were irradiated. All of 
them had previous surgery, 2/3 of them—by transcranial and 1/3—by transnasal 
approaches.

Radiosurgery was performed in patients with small tumors (<5 cm3) and suffi-
cient distance to optic pathways, or for tumors in contact with the optic nerve on the 
side of the blind eye. Median dose was 16  Gy. Median target volume—1.7 сm3 
(0.07–5.1). 5-year PFS was 85%.

Patients with larger tumors (>5 сm3) and/or with a tumor adjacent to critical 
structures were irradiated with hypofractionated regimen. The following regimens 
were used: 3 fr. × 7 Gy (total dose 21 Gy), 5 fr. × 5 Gy (total dose 25 Gy), and 5 
fr. × 5.5 Gy (total dose 27.5 Gy). Median tumor volume was 3.1 cm3 (0.25–15.3). 
After hypofractionated SRT for CP, 5-year PFS was 91%. After irradiation with a 
dose of 27.5 Gy for 5 fractions, PFS was higher and reached 96%.
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Gehan’s Wilcoxon Test, p=0,80201
Log-Rank Test, p=0,82216
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Fig. 3.32 The RFS rates of GTR and non-total + radiotherapy are equal

Gehan’s Wilcoxon Test, p=0,72715
Log-Rank Test, p=0,81047

Complete Censored

1,0

0,9

0,8

0,7

0,6

0,5

0,4

0,3

0,2

0,1

0,0
0 20 40 60 80 100 120 140

Months

Adjuvant
Salvage

C
um

ul
at

iv
e 

P
ro

po
rt

io
n 

S
ur

vi
vi

ng

Fig. 3.33 The RFS rates of adjuvant and salvage radiotherapy are equal
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Standard fractionated SRT was performed for patients with the largest tumors, 
with infiltration of the optic nerves and in the presence of multiple small fragments 
of the capsule along the tumor bed after surgery. Median dose was 54 Gy. 10-year 
PFS reached 82%.

The median follow-up was 48.4 months (1.4–95.1 months). Progression of cystic 
component was observed in 4.4% patients (which required aspiration of the cyst or 
its surgical removal). Progression of the solid component of the tumor was absent. 
Average 5-year PFS after all types of SRT and SRS (86%) was higher than after 
partial or subtotal removal of CP without subsequent irradiation (19%), p < 0.00001, 
and equivalent to 5-year PFS after total removal of the tumor (79%), p = 0.4.

3.9.2  Surgical and Radiation Morbidity

Although RT now is more commonly used in the management of childhood onset 
CP, it may carry considerable morbidity and mortality. Endocrinopathies, vascu-
lopathies, visual deterioration, neurocognitive impairment, and second malignan-
cies (1.9% at 10 years) are registered following RT for these tumors [52]. However, 
the vast majority of studies of side effects of radiation treatment reflect the risks 
associated with the use of conventional RT—a method which is currently no longer 
used in CP. Stereotactic irradiation methods provide much lower doses on critical 
structures minimizing complications.

Thus, with surgery and stereotactic radiation therapy, only visual, endocrine, and 
cognitive complications should be monitored.

3.9.3  Visual Deficits

In the majority of patients (80%) after surgery, visual functions remain stable or 
improve (Fig. 3.34). Only in 20% of patients, vision deterioration was detected. 
These cases are related to situations where capsule was firmly attached to the 
visual pathways, or to an attempt to resect a solid calcification behind the chi-
asm. The main risk factor for visual deterioration is the low vision before sur-
gery. The worse the vision was  before surgery, the greater was the risk of its further 
decline.

It is believed that the maximal tolerance single dose to the visual pathways is 
10–12 Gy [29, 56]. The risk of radiation damage to the visual pathways is associated 
with fraction dose and total dose. According to the published data, radiation injury 
to the optic nerves is observed in 1–2% of patients who received a dose of 50 Gy or 
more with conventional irradiation and more often is observed in patients who had 
previously shown visual disturbances [28, 57].

Among patients who received 50–55 Gy with 1.8 Gy per fraction, the risk of 
visual deficit is less than 2.5% [58–60]. However, the frequency of this complica-
tion significantly increases at doses of 55–60  Gy [51, 61]. After stereotactic 
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14%

66%

20%

improvement stable deterioration

Fig. 3.34 Visual functions 
in the follow-up period 
after surgery

15%

62%

23%

improvement stable deterioration

Fig. 3.35 Visual functions 
in the follow-up period 
after surgery + RT

radiosurgery and hypofractionated RT, damage to the optic nerves was noted only in 
a few cases [41, 62].

The same results were supported in our investigations (Fig. 3.35).

3.9.4  Endocrinological Dysfunctions

To estimate an influence of surgery and radiotherapy on endocrine functions, it is 
necessary to compare the state of endocrinological functions before and after treat-
ment in the long-term follow-up period.

3.9.4.1  Endocrine Disorders at the Time of Diagnosis

Tumor embryogenesis determines its close approximation to hypothalamus–pitu-
itary complex and high incidence of endocrine disorders in CP patients. Inflammation 
could be an additional factor in the formation of hypopituitarism, particularly GH 
deficiency through IL-1α-induced pituitary fibrosis [63].
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The first clinical symptoms of CP include headache, vomiting, visual loss, and 
endocrine disorders: growth retardation, delayed puberty in elder children, exces-
sive thirst and polyuria, weight gain, and fatigue.

According to analysis of 411 pediatric patients [64], the most frequent symptom 
before diagnosis was headache—50%; the combination of headache and growth 
failure was most frequent (18%). The median time between appearance of first sign 
of disease until diagnosis was 12 months, with a range of 0.01–96 months. Stunt 
growth and weight gain were the symptoms observed with the longest duration of 
history. A combination of headache, visual impairment, decreased growth velocity, 
weight gain, and polydipsia and/or polyuria is highly specific for childhood CP and 
should lead to further investigation [65].

Endocrine disorders include anterior pituitary deficiencies, diabetes insipidus, 
and weight gain/obesity. At the time of CP diagnosis, at least one endocrine deficit 
is presented in 40–87% of patients [66–68].

GH deficiency is the most common deficit in children occurring in up to 75% of 
patients at the time of diagnosis [69]. The main symptom is decreased growth veloc-
ity (less than 4 cm/year), resulting in short stature. Other signs include decreased 
muscle mass and strength, increased subcutaneous and visceral fat mass, and 
dyslipidemia.

Gonadotropin deficiency (LH and FSH) is the most common deficit in adoles-
cents occurring in up to 50–70% of patients resulting in arrested puberty in younger 
children, amenorrhea, or erectile dysfunction in elder adolescents.

Secondary hypothyroidism (TSH deficiency) is present in 21–42% of cases. 
Symptoms include weight gain, dry skin, dry and brittle hair, fatigue, cold intoler-
ance, and bradycardia.

Secondary adrenal insufficiency (ACTH deficiency) occurs in 20–25% of 
patients at the time of diagnosis and can present with fatigue, myalgias, arthralgias, 
weakness, and hypoglycemia and hyponatremia due to glucocorticoid deficiency.

Diabetes insipidus (ADH deficiency) occurs in 17–28% of patients and may 
present with polydipsia and polyuria with low urine osmolality.

Obesity/weight gain is the third most common clinical endocrine abnormality 
associated with CP. Hypothyroidism, GH deficiency, and direct hypothalamic injury 
can contribute to obesity and weight gain. Obesity and weight gain are reported in 
about 20% of presenting patients.

Hypopituitarism can be easily diagnosed using basal hormone levels except GH 
and ACTH deficiency, which may require the stimulation tests. Preoperative assess-
ment includes detecting of basal levels of TSH/T4, cortisol, LH/FSH, sex steroids, 
cortisol, IGF-1 levels, urinary output, and osmolality. Obtained test results allow for 
perioperative hormone replacement as necessary and may be helpful in CP topogra-
phy detection.

Some studies have reported about higher incidence of pituitary dysfunction at the 
diagnosis in childhood onset CP, than in adult onset [66–68].

According to our data of 155 CP pediatric patients, endocrine deficit depends on 
the tumor location. Patients with endosellar CP had more prominent pituitary defi-
ciency before surgery (20% panhypopituitarism) than patients with suprasellar CP 
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(5% panhypopituitarism). In patients with endosellar CP, the incidence of GH defi-
ciency before surgery was 98%, TSH deficiency 74.5%, ACTH deficiency 67.4%, 
gonadotropin deficiency 86.7%, diabetes insipidus 25.9%, and 20% had panhypopi-
tuitarism. In patients with suprasellar CP, the incidence of GH deficiency before 
surgery was 81.5%, TSH deficiency 18.2%, ACTH deficiency 14.9%, gonadotropin 
deficiency 88.5%, diabetes insipidus 10.5%, and 5% had panhypopituitarism [70]. 
Preoperative assessment of endocrine function can be useful in the detection of CP 
location and surgery planning.

3.9.4.2  Endocrine Disorders After Surgery and Radiotherapy

Hypothalamic–pituitary dysfunction may result from the tumor itself or its surgical 
or radiation treatment; however, additional dysfunction may develop in the months 
to years following initial treatment.

Pituitary Insufficiency

Majority of clinical studies provide data on the deterioration of endocrine func-
tion upon treatment at the follow-up up to 95–100% of pediatric onset СP. Patients 
have at least one endocrine deficiency and about 50% children are obese [66–68, 
70, 71].

According to our data, 80% patients after surgery had panhypopituitarism and 
diabetes insipidus [70]. Therefore, RT as a risk factor for endocrine deficiency is 
important only in 20% of patients with partially preserved endocrine functions.

Nevertheless, hormone deficit before and after surgery depends on the localiza-
tion of a tumor. It increases nearly to the same extent in all types of tumors, but the 
initial state is much worse in endosuprasellar tumors (Fig. 3.36a–c).

The majority of studies showed that the incidence of anterior pituitary insuf-
ficiency is similar in patients treated with surgery alone compared to those who 
had surgery and RT [68]. The dynamics of endocrine functions after combined 
treatment in our series were estimated only in patients with partial hormone defi-
cit after surgery before irradiation. There was a minor deterioration of hormone 
state after radiation therapy due only to the increased ACTH deficiency [70] 
(Fig. 3.36d).

It was shown that an average single dose of 15 Gy or less to adenohypophysis 
does not cause hypothyroidism and hypogonadism, and a single dose of 18 Gy or 
less does not cause hypocortisolism [72].

The rate of radio-induced endocrinopathies is a dose-dependent parameter. With 
conventional irradiation with a dose of more than 60 Gy, the new endocrine defi-
ciency was detected in more than 80% of patients and with dose of 54–60 Gy—in 
36% [73]. Now the doses greater than 60 Gy are not used in RT.

Xu et al. showed that SRS in patients with endosellar pituitary adenoma causes 
pituitary deficiency up to 30% of irradiated patients within 3 years, developing in 
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a b

c d

Fig. 3.36 Dinamics of endocrine functions before and after surgery in patients with endosellar (a), 
suprasellar (b) and intraextraventricular (c) CP. Dinamics of endocrine function before and after 
radiation treatment (d)

the majority of cases somatotropic insufficiency and hypothyroidism, less often 
hypogonadism, and even less often hypocorticism.

Diabetes insipidus is not typical for RT/SRS and appears in the majority of cases 
due to tumor regrowth, rather than to radiation damage [52].

Hormonal Substitutional Therapy

Adequate hormonal substitutional therapy can restore normal pituitary physiology. 
The impact of hypopituitarism on the QoL is low [74], so preservation of pituitary 
function isn’t the goal of the surgery.

Substitutional therapy includes GH therapy in GH deficiency, l-thyroxine in 
hypothyroidism, hydrocortisone in adrenal insufficiency, and desmopressin in 
diabetes insipidus. As ACTH deficiency can be life-threatening, substitution 
should be initiated as soon as a deficit is confirmed. Hypogonadism is usually 
compensated by sex steroids replacement in both sexes; LH, FSH analogs, or 
pulsatile gonadotropin- releasing hormone may be recommended in fertility 
induction.
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Despite GH deficiency, some CP patients after tumor resection have normal or 
accelerated growth. Insulin and leptin presumably play a leading role in this 
phenomenon.

Patients with pituitary insufficiency have higher rates of cardiovascular compli-
cations and mortality in comparison to the general population [75], so follow-up 
and proper hormonal replacement therapy in CP patients are crucially important. 
GH substitution is safe in terms of its possible effect on the risk of tumor recurrence 
[76] and may have a positive effect on body composition and lipid profile. 
Compensation of hypogonadism with low-dose estrogens instead of contraceptives 
in female and avoiding of glucocorticoid overreplacement may decrease cardiovas-
cular morbidity and mortality.

Hypothalamic Dysfunction and Obesity

Another factor worsening quality of life and increasing the risks of metabolic syn-
drome, cardiovascular disease, and contributing to early mortality is weight gain/
obesity.

In 1996, De Vile et al. for the first time have shown that hypothalamic lesions 
positively correlated with weight gain after tumor resection [77].

Hypothalamic area is a relatively small structure of 100 mm3 volume, containing 
several nuclei and tracts which have highly diverse molecular, functional, and struc-
tural organization, providing important functions which can be summarized to 
maintain homeostasis. It includes regulation of endocrine, metabolic, autonomic, 
emotional, and behavioral functions, including neurohormonal control of the pitu-
itary gland, hemodynamic, water and electrolyte metabolism, energy supply, body 
weight and eating behavior, sexual/reproduction functions, sleep cycles, body tem-
perature regulation, and cognitive and memory function .

The symptoms of hypothalamic dysfunction may include rapid weight gain/obe-
sity (in rare cases cachexia), emotional and behavioral changes, disturbed circadian 
rhythm (daytime sleepiness), body temperature disturbances (hyper/hypothermia), 
imbalances in regulation of thirst, hemodynamic homeostasis (heart rate, and/or 
blood pressure), memory and cognitive impairment, and in rare cases urinary/fecal 
incontinence.

At the time of CP diagnosis, signs of hypothalamic dysfunction may present in 
about 20–35% of childhood patients, but its incidence dramatically increases fol-
lowing surgical treatment up to 50–70% [69].

Obesity. Patients usually rapidly have increased weight within the first year after 
surgery due to impairment of satiety regulation and hyperphagia. In contrast to ordi-
nary obesity, caloric restriction and lifestyle modification have usually low effect to 
prevent or treat the hypothalamic obesity due to their multifactorial origin.

The pathogenesis of hypothalamic obesity involves the inability of adequate 
transduction of afferent hormonal signals of adiposity, in effect mimicking a 
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state of CNS starvation [78]. It is associated with several endocrine dysfunc-
tions, such as hyperleptinemia, hyperinsulinemia, decreased metabolic rate due 
to suppression of sympathetic nervous system activity, impaired 
11β-hydroxysteroid dehydrogenase- 1 activity, and dysregulation of melatonin 
and oxytocin secretion. Furthermore, increased daytime sleepiness, reduced 
physical activity, chronic apathy, and psychosocial problems may also contrib-
ute to the obesity development.

Despite theoretical understanding in mechanisms of hypothalamic obesity, effec-
tive medical treatment has not yet been developed.

In our investigations, it was shown that radicality of tumor removal and its loca-
tion plays a crucial role in deterioration of hypothalamic dysfunction. Body mass 
index (BMI) as a marker of a diencephalic damage is much higher in patients with 
total surgery (Kolmogorov–Smirnov = 0.25, 160, p < 0.01) (Table 3.1) BMI also 
correlates with tumor location: it is significantly higher in patients with III ventricle 
craniopharyngiomas (p = 0.0252) (Table 3.2).

The role of radicality of tumor removal and the importance of preservation of 
hypothalamic area may be illustrated on two very similar cases of intraextraven-
tricular craniopharyngiomas. In the first case (Fig.  3.37), the CP was removed 
totally with unavoidable hypothalamic damage which resulted in panhypopituita-
rism, diabetes insipidus, obesity, body temperature disturbances, memory and 
cognitive impairment, and limited socialization. In another case, the tumor was 
resected subtotally and a small piece of capsula was intentionally left at infundibu-
lum which allowed to avoid hypothalamic disturbances. Stereotactic irradiation 
prevented recurrence without further deterioration of endocrine functions 
(Fig. 3.38).

Table 3.1 Correlation between radicality of a tumor removal and BMI (as a marker of a 
diencephalic damage)

Radicality Mediana Δ SDS BMI (before and after surgery)

Total 0.80 (−1.51 to 7)
Non-total 0.30 (−3.04 to 4.4)
   – Subtotal 0.47 (−3.04 to 2.5)
   – Partial 0.28 (−0.73 to 4.44)
   – Aspiration 0.11 (−1.73 to 3.6)

Table 3.2 Correlation between localization of a tumor and BMI

Localization Mediana Δ SDS BMI (before and after surgery)

Endosuprasellar 0.11 (−3.0 to 4.4)
Suprasellar 0.63 (−1.1 to 3.6)
III ventricle 0.80 (−0.7 to 7.0)
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a b

Fig. 3.37 A case of radical excision of intraextraventricular craniopharyngioma. (a) MRI T1 CE 
before surgery; (b) MRI T1 CE shows radical removal of the tumor hypothalamic area is damaged

a b

Fig. 3.38 A case of radical excision of intraextraventricular craniopharyngioma (nearly the same 
picture as the previous one). (a) MRI T1 CE before surgery; (b) MRI T1 CE after surgery. The 
small remnant of a CP capsula near the infundibulum dramatically changes the endocrinologi-
cal outcome

Quality of Life

Hypothalamic obesity is the major factor, negatively influencing QoL in CP 
patients. In the multinational KRANIOPHARYNGEOM 2007 trial, CP patients 
treated with gross total resection resulting in hypothalamic lesions presented with 
significantly lower self- and parent-assessed QoL during the follow-up of 3 years 
after surgery than patients treated with incomplete resection with or without radio-
therapy [79].

Since the main factor determining the decline in the quality of life in CP patients 
is hypothalamus dysfunction over the last two decades, the morbidity associated 
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with hypothalamic function has become the focus of CP outcome. Planning of sur-
gery strategy and avoiding irreversible hypothalamic damage became key goals in 
the treatment and have led to a trend towards more conservative surgery, aiming to 
preserve hypothalamic structures, with a greater reliance on postoperative radiation 
treatment [80].

Recent studies demonstrate that gross total resection associates with higher mor-
bidity and mortality compared to subtotal resection and RT [81].

Despite the trend towards hypothalamus-sparing surgery in patients with initial 
hypothalamic tumor involvement and as a result, decrease of the frequency of hypo-
thalamic obesity, about half of the patients are morbidly obese [82].

In our study on 155 CP pediatric patients in cases of endosellar CP, the degree of 
tumor resection didn’t influence QoL. In patients with suprasellar CP, QoL score 
was significantly higher after partial resection/Omaya followed by RT, than after 
gross total resection (Fig. 3.39).

3.9.5  Сognitive and Neuropsychological Dysfunction

After radiation treatment of tumors of sellar and parasellar localization, cognitive 
deficiency was observed in the 1990s [83, 84]. The correlation between cognitive 
impairment and exposure of large area of the brain in conventional RT is well 
known. The invention of stereotactic RT and SRS decreased the frequency and 
severity of cognitive disturbances [28, 51, 85–88].

Merchant (2006) analyzed IQ in 27 patients with craniopharyngiomas before 
and after stereotactic RT. Follow-up during 48 months showed a significant dif-
ference in the IQ between patients younger and older than the age of 7.4 at the 
time of RT. Moreover, the intelligence level of children younger than 7.4 years 
after RT decreased linearly over time, while in older patients it remained almost 
stable [86].

Kiehna together with Merchant analyzed in 2010 32 articles concerning RT in 
children with craniopharyngiomas and noted that IQ remains stable during 5 years 
after conformal RT with a possible subsequent decrease [52]. The following nega-
tive prognostic factors for cognitive functions were found: an age less than 7 years 
old at the time of RT, female gender, presence of hydrocephalus, large cystic com-
ponent, traumatic surgery, and diabetes insipidus before surgery [52].
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Fig. 3.39 PedQl and DeVile scales show better quality of life in patients after primary non-total 
surgery + RT than after primary total removal
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3.10  Conclusions

We advocate the treatment of CrPh according to the degree of hypothalamic involve-
ment estimated by localization of tumor and confirmed at surgery (Fig. 3.40).

To the low-risk group, we refer the patients with endosupresellar and suprasellar 
extraventricular tumors. There is no hydrocephalus in such patients as there are no 
CSF occlusion in the III ventricle area. Due to their origin, these tumors don’t infil-
trate the hypothalamus and the safe gross total removal may be performed.

In the high-risk group, there are patients with third ventricle craniopharyngiomas 
(intraextraventricular) with related hydrocephalus and hypothalamic syndrome. 
These tumors usually invade the hypothalamic area and cannot be totally removed 
without its damage.

Despite the MRI data, the precise relation of CP to hypothalamus may be revealed 
only during surgery.

Low Risk
Endosuprasellar

Suprasellar extraventricular
No hydrocephalus

No diencephalic disorders

High Risk
III ventricle

(intra-extraventricular)
Hydrocephalus

Diencephalic disorders

No Yes

Estimation of hypothalamic
involvement during surgery

GTR Subtotal removal

Observation < 7 years > 7 years

MRI every 3 months during 2 years

Cystic recurrence Recurrence

Intracavitary treatment Stereotactic radiotherapy

MRI every 6 months after 2 years

Fig. 3.40 Our strategy in pediatric craniopharyngioma treatment
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In cases of GTR, we recommend observation with MRI investigations every 
6 months at least during 2 years, then once a year. In patients older than 7 years with 
subtotal removal, the stereotactic radiotherapy is indicated.

If the purely cystic recurrence is diagnosed, the intracavitary treatment may be 
performed.

The use of stereotactic radiotherapy or radiosurgery in a setting of presence of 
a residual tumor, tumor relapse, or progression of craniopharyngioma significantly 
increases the disease-free survival after non-radical surgery to a level similar to 
that obtained after total resection of the tumor. SRT and SRS after non-radical 
surgery are safer for visual function preservation than total removal of the 
craniopharyngioma.

Stereotactic irradiation in patients with CP rarely exacerbates hormonal defi-
ciency (6.7% of cases). Hypofractionated SRT and SRS do not lead to a worsening 
of the diencephalic disorders. In patients with CP that infiltrates the third ventricle, 
the quality of life is higher after non-radical operations followed by stereotactic 
radiation than after total or subtotal removal of the tumor.
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Chapter 4
Treatment of Cystic Craniopharyngiomas: 
An Update

Federico Bianchi, Alberto Benato, and Luca Massimi

4.1  Introduction

Adamantinomatous craniopharyngioma (AC) is a rare brain tumor arising from 
remnants of the craniopharyngeal duct epithelium. It accounts for 1.53–2.92/100,000 
cases/year in children under 15 years and for 5–10% of sellar tumors in the pediatric 
population [1, 2]. AC is largely most common than the papillary variant in children 
and, in about 90% of the cases, it shows a cystic or multicystic component with a 
variable size [3].

Since the first experience with this tumor by Harvey Cushing [4], AP still contin-
ues to represent a significant challenge for the clinicians for several reasons:

 1. The cystic components may reach a huge volume, determining acute hydroceph-
alus as well as causing compression even in intracranial districts far from the site 
of origin (Figs. 4.1 and 4.2). Cases of gigantic AC even reaching the posterior 
fossa and the cerebello-pontine angle are not rare in the clinical practice [5];

 2. The site of origin together with the progressive growth in the cisternal spaces 
accounts for both the frequent encasement of eloquent or vital structures (optic 
pathways, pituitary gland and stalk, hypothalamus, Willis’ circle) and the pos-
sible endocrinological, visual, and neurological deficits at diagnosis and after the 
treatment (Figs. 4.1 and 4.2);
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a b

c d

e f

Fig. 4.1 Typical MRI appearance of AC in a 9-year-old boy. Note the large, multiple, and not 
homogeneous cysts (a–f), invading also the retroclival space of the posterior fossa (b). The solid 
portion is extended from the sellar/suprasellar region to the third ventricle, making the hypothala-
mus not recognizable (a) and the third ventricle visible only in its posterior part (f). An encasement 
of the Willis’ circle is present (c). After gadolinium administration, an irregular enhancement of the 
solid portion and a thin enhancement of the wall of the major cyst can be appreciated (e, f). Because 
of the mass effect, especially due to the greater cyst (d), a biventricular hydrocephalus results (b, c)
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a b

Fig. 4.2 CT scan of the same case in Fig. 4.1. Note the irregular appearance of the cysts and the 
gross calcifications in the solid portion (a) and along the wall of the major cyst (b)

 3. The aforementioned aspects make the surgical management of AC challenging. 
The gross total resection (GTR) of this tumor, which is still the most effective 
treatment option whenever possible to ensure the longest disease and progres-
sion free survival, is hard to be obtained [3, 6];

 4. In spite of the apparently benign biological behavior, the risk of tumor recur-
rence is high even after GTR [3]. Moreover, AC can show an aggressive course 
with recurrence even after an appropriate surgical and adjuvant (radiation ther-
apy) management [7];

 5. A solid multidisciplinary team is needed for a proper management of the patients 
affected by AC, either in childhood and adulthood, namely because of the pos-
sibly permanent posttreatment deficits, which range from the hormonal to the 
visual, neurological, and cognitive ones. Moreover, successful surgery can be 
complicated also by unusual events, such as vasospasm in case of huge cyst 
removal [8].

In this chapter, the latest advances in the knowledge and the management of 
cystic AC are addressed, focusing onto the pertinent literature as well as on the 
authors’ experience. The first part of the article is dedicated to the most important 
new insights from the base research. Actually, to improve the knowledge of such a 
complex tumor is mandatory to enhance its treatment, looking also for possible 
target therapies. Under a biologically and molecular point of view, indeed, AC is a 
surprisingly rich tumor. The second part encompasses the progresses in the manage-
ment strategies.
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4.2  Basic Research

4.2.1  CTNNB1-WNT–β-Catenin

The dysregulation of WNT/β-catenin pathway is typical of AC, being observed in 
57–96% of cases [9]. The WNT pathway is necessary for the organ formation during 
the embryogenesis and for maintaining the stem cells in adulthood, while the 
β-catenin is a key protein among the WNT pathway encoded by CTNNB1 gene [10, 
11]. More in details, β-catenin is a cytoplasmic protein whose role is to control gene 
transcription and cell adhesion and migration. Somatic mutations in exon3 of 
CTNNB1 gene are hallmarks leading to lack of regulatory residues of the β-catenin 
protein stability. Following such modifications, β-catenin tends to accumulate inside 
the cells as a result of lacking β-catenin destruction complex formation (via altera-
tions of serine and threonine residues at phosphorylation sites of GSK-3β) [12, 13]. 
Cytoplasmatic increase in β-catenin levels leads to its translocation into the nucleus 
where interaction with transcription factors, as lymphoid enhancer–binding factor 
1/T-cell-specific transcription factor, takes place. Those interactions stimulate cell 
proliferation and migration through the expression of the actin bundling protein fas-
cin-1 and activation of WNT pathway [9]. Such a condition leads to a growth factor 
signaling disruption and eventually to an increased expression in epidermal growth 
factor receptor (EGFR), vascular endothelial growth factor (VEGF), fibroblast growth 
factor (FGF), growth hormone (GH) receptor, and insulin-like growth factor (IGF)-1 
receptor (IGF-1R), thus explaining the invasion properties of AC cells [14, 15].

The β-catenin accumulation has been shown also by immunohistochemical stud-
ies demonstrating how, though tumor cells show normal membranous expression of 
β-catenin (despite carrying CTNNB1 mutations), not all tumoral cells but, rather, 
only clusters of them present the β-catenin accumulation [3, 13, 15–17]. Only this 
small population of cells would be responsible for AC growth and proliferation [18].

Animal studies depicted the role of β-catenin-accumulating cell clusters as a 
control tower for AC cells. In these experiments on murine models, a degradation- 
resistant (activated) form of β-catenin is expressed in either Rathke’s pouch deriva-
tives (Hesx1Cre/+/Ctnnb1lox(ex3)/+ mouse line; AC embryonic model) or 
Sox2-expressing adult pituitary stem cells (Sox2CreERT2/+/Ctnnb1lox(ex3)/+ 
mouse line; AC inducible model) [19]. Clusters of this β-catenin would act in a 
paracrine manner by secreting promoting factors or inflammatory modulators as 
SHH, FGFs, BMPs, TGFB1, IL1, IL6, and other chemokines. The described para-
crine tumorigenesis mechanism is believed to be determined by β-catenin cluster 
cells’ positivity for cellular senescence markers, such as viable but nonproliferative 
expression of cell-cycle inhibitors, increased lysosomal compartment, presence of 
DNA damage, and activation of a DNA damage response [3, 20]. These cluster cells 
are, thus, able to promote proliferation and invasion of the nearer AC cells improv-
ing at the same time their pro-tumorigenic microenvironment. Further corrobora-
tion of the importance of senescence in AC came from the upcoming evidence of 
efficacy of ‘senolytics’ drugs in reducing tumorigenic potential [3, 21].
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Despite the centrality of the WNT/β-catenin signaling in AC development, no 
current targeted treatment options are available yet. In adults, non-CNS tumors’ 
inhibition via reagents such as XNW7201, CGX1321, and RXC004 is reported in 
ongoing trials, but there are no data on children yet also because of the concerns on 
the possible off-target effects [9]. However, the CTNNB1 mutation remains an 
important prognostic factor, pointing a higher risk of recurrence [22]. The recent 
study by Zhu et al. actually confirmed that the cyst components in AC with CCTNB1 
mutation show more aggressive radiological characteristics than in the wild type 
[23]. These radiological characteristics are: presence of multiple cysts (vs. single 
cyst), irregular shape of the cyst (vs. regular shape), hypointense signal of the inte-
rior cyst on T1-MRI (vs. hyperintense), enhancement of the cyst wall after gado-
linium (vs. missing enhancement), and adherence to the optic chiasm (vs. no 
compression on the optic chiasm).

4.2.2  Inflammatory Mediators

Differently from the WNT/β-catenin pathway, which is crucial to understand the 
ontogenesis of AC but still with a limited role for its treatment, the inflammatory 
response that AC can generate plays a promising role not only to explain the tumor 
development and progression but also to find possible therapeutic targets. Both AC 
cystic and solid components, indeed, express various cytokines, chemokines, and 
inflammatory mediators, which can be involved in various cancer cells activities 
[24]. Therefore, the link between immune response and AC raises a great interest in 
the scientific community just because of the potentially wide field of therapeutic 
options that it opens [9, 14, 19, 25].

According to immunohistochemical and proteomic studies, the composition of 
cystic fluid appears to be characterized by a rich spectrum of well-known cytokines. 
Actually, some studies highlighted the presence of high levels of cyst fluid IL-6, 
IL-8, CXCL1, and IL-10, while other studies reported on high levels of tumor 
necrosis factor as well as inflammasome-like patterns triggered by the cholesterol 
crystals typically present in AC [19, 26]. The aforementioned studies also pointed 
out an overexpression of immunosuppressive factors (IL-10, indoleamine-pyrrole 
2,3-dioxygenase and galectin-1) as well as programmed death ligand 1 (PD-L1) 
[14, 15, 19, 21, 26, 27].

The proteomic analysis, performed onto AC cystic fluid with high-performance 
liquid chromatography and mass spectrometry, usually shows high levels of inflam-
matory proteins [28]. In the authors’ group experience, α-defensins 1–3 were the 
first of such proteins to be detected [29]. Human α-defensins are contained in the 
azurophilic granules of neutrophils, working as antibacterial and antiviral factors. 
Increased levels can be observed in the saliva of patients with oral squamous cells 
carcinoma and in the plasma of patients with sepsis. The high levels observed in AC 
cystic fluid would suggest no blood barrier disruption for the cyst formation, since 
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the serum levels of defensins are very low. The preoperative high levels of 
α-defensins we found would therefore indicate a role of inflammation in stimulating 
the secretion of cyst fluid by the epithelial cells of the cyst wall, while the decrease 
of defensins in the postoperative period would account for the reduced fluid produc-
tion and the cyst shrinkage [29]. As further support to this hypothesis, the same 
study demonstrated that a treatment with interferon-α (an antiviral protein produced 
by peripheral leukocytes) is able to reduce the defensins levels through an antitu-
moral effect on the squamous epithelial cells, an immunomodulatory action on the 
recruitment of inflammatory cells, and an antiangiogenic activity. Moreover, 
Jokonoya et al. reported on the antibacterial properties of AC cyst fluid mediated by 
α-defensins [30]. Their study started from the evidence of a low rate of infection in 
exposed Ommaya reservoir after skin breakdown in patients with AC.  The 
α-defensins’ immune response of AC cyst fluid was demonstrated against Gram 
positives, but not against Gram negatives. A possible explanation for this discrep-
ancy is that some components of the cystic fluid, like magnesium, alkaline phospha-
tase, blood urea nitrogen, glucose, urea, and creatinine, are more likely to interfere 
with Gram-positive bacteria than Gram-negative ones. Finally, other studies 
depicted how interferon-α treatment leads to a decrease not only in the cyst fluid 
concentrations of α-defensins, but also in the cyst volume (tumor shrinkage). Such 
a fluid volume reduction appears to be mediated by the activation of the Fas apop-
totic pathway [31, 32].

The extensive proteomic analysis on AC cystic fluid, obtained by integrating 
bottom-up and the top-down approach, allowed us to find several other inflamma-
tory or similar proteins, thus leading to the hypothesis that AC is an “inflamma-
tory” tumor [28, 33–35]. The most important among them are: (1) Apolipoproteins, 
possibly involved in the cyst fluid formation and characterization. Apolipoprotein 
C-I (synthetized in the liver and secreted in the plasma but expressed also in the 
brain) is actually necessary for the cholesterol and triglycerides’ removal from the 
tissues. Apolipoprotein A-I, on the other hand, is involved in the inverse choles-
terol transport and cholesterol esterification and is characterized by anti-inflamma-
tory and antioxidant properties; (2) α1-antichymotrypsin, possibly involved in the 
production of the cyst fluid. Secreted glycoprotein of the serpin family, this protein 
acts as inhibitor of chymotrypsin-like serine proteases and mast cell chymasesm, 
thus having a role in inducing the acute phase of inflammation (it is upregulated in 
CSF of patients with glioblastoma); (3) α2-HS-glycoprotein (or fetuin A), possibly 
involved in the cyst fluid formation and characterization. It is a serum glycosylated 
heterodimer involved in the tissue mineralization and in the processes of pathologi-
cal mineralization. By binding of small clusters of calcium and phosphate, it can 
act as pro-inflammatory, pro-calcification, and signaling protein; (4) β-thymosins, 
possibly involved in the progression of AC. β-Thymosins are a family of 16 pep-
tides first isolated from the calf thymus. The isoform β4 and β10 are abundant in 
extracellular fluid because of a cell damage or a secretory process. In cystic AC, the 
isoform β4 (Tβ4) is 10 times more expressed than β10. Tβ4 is a major G-actin-
sequestering molecule in mammals, regulating the organization of the cytoskeleton 
and thus influencing the cell differentiation, migration, and morphogenesis. In 

F. Bianchi et al.



145

addition, it promotes angiogenesis, tissue repair, and tumor growth. The upregula-
tion of Tβ4 would be able to promote the motility and invasion of AC cells by 
activating the matrix metalloproteinase 7 and by activating the WNT/β-catenin 
pathway [36, 37].

The key role of inflammation in the genesis/progression of AC has been con-
firmed by several other studies demonstrating an overexpression of inflammatory 
mediators both in the solid and in the cystic component [19, 25–27, 38–41]. In sum-
mary, these studies show that: (1) The cyst fluid has a high concentration of cyto-
kines and chemokines (namely, IL-6, IL-8, IL-10, CXCL1) that correspond to the 
transcriptomic analysis of the solid counterpart; (2) IL-6, in particular, seems 
involved in inducing the inflammatory reaction surrounding the tumor. AC is able to 
produce IL-6 and its receptor (IL-6R) and glycoprotein 130 which are useful also 
for the AC cells migration; the block of IL-6 with monoclonal antibody (tocili-
zumab) significantly decreases AC cells migration; (3) The transcriptomic analysis, 
on the other hand, demonstrates high levels of several inflammatory factors (FGF, 
TGFB, and BMP families) as evidenced by immunostaining against the phosphory-
lated proteins pERK1/2, pSMAD3, and pSMAD1/5/9. The inhibition of the MAPK/
ERK pathway with trametinib (a MEK inhibitor) reduces the proliferation and 
increases the apoptosis in AC cultures; (4) On these grounds, given this inflamma-
tory role in AC genesis and progression, several targets for inflammation blockade 
are under investigation. As mentioned, one of the more interesting targets is IL-6, 
whose blockage was proven efficient in systemic illnesses such as juvenile idio-
pathic arthritis, multicentric Castleman disease, and CAR (chimeric antigen recep-
tor) T-cell-induced cytokine release syndrome. Tocilizumab and siltuximab are 
indeed human monoclonal antibodies binding both IL-6 receptor and IL-6, thus 
hindering IL-6 from exerting its proinflammatory effects. In addition, antagonists of 
pro-inflammatory cytokines such as IL-8 and CXCL1 have also shown therapeutic 
potential in preclinical human cancer models. Among the potential drugs, BX-IL8, 
an antibody that inhibits IL-8 function, is supposed to be useful in countering tumor 
growth in various preclinical studies, even though no definite data are available yet, 
thus preventing clinical application at the moment [42, 43].

4.2.3  Other Factors and Pathways

4.2.3.1  Programmed Cell Death Protein 1/Programmed Death-Ligand 1 
(PD-1/PD-L1)

AC has been demonstrated to show tumor cell-intrinsic PD-1 expression in whorled 
epithelial cells with nuclear-localized β-catenin and to express PD-L1 by tumor 
cells comprising the cyst lining [44]. PD-1 and PD-L1 could be potential targets 
since the epithelial cells exhibit elevated target for rapamycin (mTOR) and mitogen- 
activated protein kinase (MAPK) signaling.
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4.2.3.2  Sonic Hedgehog Pathways (SHH)

SHH was considered a promising source for target therapy because it plays a role in 
the regulation of cell differentiation and proliferation, and because it is involved in 
the development of the Rathke’s pouch [45]. Actually, an upregulation of SHH sig-
naling has been found in AC [46]. Nevertheless, the studies on animal models dis-
courage the use of SHH inhibitors for the treatment of AC. Indeed, visomodegib, a 
SHH pathway inhibitor, produces a significant reduction of the median survival in 
murine models and increases the tumor cells proliferation in AC human cultures [47].

4.2.3.3  BRAF

BRAF mutations, although peculiar of papillary craniopharyngioma (PC), can be 
encountered also in AC. BRAF gene encodes for B-Raf, a cytosolic kinase in the 
mitogen-activated protein kinase (MAPK) pathway. The mutation on V600E point 
raises great interest about the possible therapeutic implications. Indeed, in tumors 
like melanoma, targeted therapies against this variant of mutated BRAF showed a 
significant efficacy, modifying completely the prognosis and the treatment proto-
cols [3, 15]. An interesting report on BRAF role in AC has been provided by Petralia 
et al. who made a thorough proteomic analysis [48]. Accordingly, even though the 
BRAFV600E mutation is rare in AC in comparison with PC, the proteomic changes 
in non-mutated AC still resemble those of BRAFV600E low grade glioma tumors. 
Such a finding would suggest a hypothetical benefit of chemotherapy against BRAF 
mutation, despite the presence of the gene alteration.

4.2.3.4  Retinoic Acid Receptors (RARs)

As confirmation of the relatively high number of molecular alterations that it can 
show, AC also presents immunoreactivity to RARs, namely RARa, RARb, and 
RARg, the RARg/RARb immunoreactivity ratio being strictly related to the AC 
recurrence risk. RARs’ role is to drive cell maturation and differentiation; therefore, 
alterations in their pathways might result in tumorigenesis. RAR isotypes’ expres-
sion seems to be associated with a higher recurrence rate. Such a finding was related 
to the expression of specific cathepsins, which are proteases necessary for cell turn-
over. Cathepsins D, B, and K seem to be most important cathepsins involved, which 
are already known to have a role in neurodegenerative diseases [14, 15, 49–51].

4.2.3.5  BMP and MMPs

Bone morphogenetic protein (BMP) and matrix metalloproteinases (MMPs) path-
ways are involved in the aforementioned paracrine growth-related signaling [15, 
18]. Those proteins are downstream effectors of the WNT/β-catenin-mediated tran-
scription, thus being abnormal in function in CTNNB1 mutations. AC cells highly 
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express both BMP2 and BMP4, which result in the formation of the intracystic 
calcic components. Alterations in MMPs encoding, on the other hand, lead to a 
modification in the extracellular environment resulting in an enhanced tumor inva-
sive capacity.

4.2.3.6  VEGF and HIF-1α

Vascular endothelial growth factor (VEGF) is a key regulator in angiogenesis being 
involved in many tumor growths, while hypoxia inducible factor 1α (HIF1α) is a 
transcription factor often altered affected in cancer cells where the cellular response 
to hypoxia is downregulated. With regard to AC, there are conflicting results about 
the role these factors could play in the tumor recurrence. Actually, Liu et al. docu-
mented their high levels in recurrent AC, while Xu and colleagues did not experi-
ence this phenomenon [52, 53].

4.2.3.7  Survivin

Survivin, which is an antiapoptotic protein, seems to be involved in AC tumorigen-
esis. In fact, this protein was found to be selectively increased in AC compared to 
normal brain [54]. In addition, survivin is present in higher levels in recurrent ACs 
compared with nonrecurrent ones [14].

4.2.3.8  Ep-CAM

Epithelial cell adhesion molecule (Ep-CAM) is a cell-to-cell adhesion molecule 
whose altered expression can be found in several various systemic tumors as well as 
in the AC stellate reticulum cells and whorl-like arrays. This finding is considered 
to be associated with higher risk of AC recurrence [14, 55].

4.2.3.9  Osteonectin

Osteonectin is a protein that can be seldom involved in metastatic cancers. Some 
studies suggested its role in organizing the stromal tissue surrounding AC cells 
facilitating their diffusion [14, 56].

4.2.3.10  P53 Protein

p53 is a well-known cell-cycle regulatory protein and tumor suppressor most often 
involved in tumorigenesis [57]. Its role in AC was largely debated, being initially 
denied and, afterwards, reconsidered based on new evidences that seem to correlate 
p53 level increase with the AC recurrence risk: the higher the p53 levels, the higher 
the chance to have a more aggressive AC [14, 58].
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4.2.3.11  Ki-67

Ki-67 is a nuclear protein commonly used as a proliferation marker [59]. Similarly, 
to what happen with p53, increased Ki-67 expression appears to be common in 
aggressive AC. Prieto et al. suggested that high Ki-67 expression can be considered 
as a reliable marker in predicting aggressive behavior and recurrence risk of AC 
[14, 60].

4.3  Treatment Options

4.3.1  Evolution of the Surgical Management

Being deep-seated tumors, embracing vital neural and vascular structures, AC has 
been representing one of the major challenges for neurosurgery over the last cen-
tury. Nonetheless, progress and diffusion of microsurgical techniques made these 
lesions increasingly approachable, leading to a progressive adoption of aggressive 
resective strategies. This was motivated by the traditional belief that the “benign” 
histology of craniopharyngioma made it a curable disease, so that it was worth tak-
ing the risks of radical excision. This trend, culminating in the 1990s, was rein-
forced by the increased availability of hormonal substitutes, which permitted to 
balance the postoperative endocrinological and electrolyte disturbances that were 
one of the dreaded consequences of aggressive surgical approaches [61, 62]. On the 
other hand, however, thanks to the accumulating evidence gathered through large 
follow-up series, the long-term outcome of aggressively treated patients (especially 
those with hypothalamic involvement) was often showed to be disappointing 
because of the relatively high rate of recurrence (in at least 17.6% of patients after 
microsurgical gross total resection) and the inveterate consequences of multi- 
hormone imbalances (with up to 70% of patients developing diabetes insipidus and 
30% obesity or hyperphagia) [61, 63–65]. Therapeutic approaches thus started to 
shift towards the experimentation of less invasive strategies that could provide a 
good balance between disease control and perioperative and long-term morbidity.

Owing to its peculiar characteristics, AC has especially benefited from this trend, 
with the introduction of dedicated treatment options that promise to reach such a 
balance [61, 62, 66, 67]. Indeed, the search for an equilibrium is favored, on one 
hand, by high recurrence rates of AC (up to 47%) and, on the other hand, by the 
significant decompression that can be obtained with less efforts by employing treat-
ment strategies that are less invasive and well-tolerated [66, 68]. The second phase 
in the history of AC treatment has thus seen the diffusion of a less radical surgical 
philosophy, with the affirmation of maximal safe resection followed by adjuvant 
radiosurgery; in parallel, tumors with predominant cystic components started to be 
treated with minimally invasive catheter drainage (with or without the intracystic 
administration of therapeutic substances), eventually followed by irradiation of the 
remaining solid tumor components.
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In the last years, the accumulating data on long-term outcome of patients treated 
with minimally invasive strategies, and especially on the long-term consequence of 
radiation treatment in children [69], have promoted a resurgence of interest towards 
surgery, with a special look towards novel approaches that could allow for the ben-
efits of substantial/complete resection in face of lower complication rates when 
compared to traditional microsurgical approaches.

In the next paragraphs, an outline of the different treatment options, which have 
been developed or enhanced in the last years to offer new strategies to deal with this 
complex disease, is provided. An important limit of the literature concerning AC is 
the difficulty in making comparisons among the different studies. First of all, the 
definition of disease progression varies widely, with different authors attributing 
different meanings to cyst regrowth [70]. A second bias is related to the fact that the 
data are mainly referred to patients treated in an elective setting, even if also after an 
emergent treatment (e.g., AC associated with acute hydrocephalus) there is room for 
planning the surgical steps in order to obtain a good balance between immediate 
treatment efficacy and long-term outcome. A further limitation is generated by the 
still existing discussion about the use of microsurgical (craniotomic) versus endo-
scopic (transsphenoidal) approaches. Microsurgery offers a wider exposure of the 
surgical field and a large space for the surgical maneuvers, while endoscopy grants 
a minimally invasive approach with a better visualization of hidden angles. 
Therefore, it is about two different techniques to be used for different types of 
patients. Since the goal of the present chapter is the management of cystic AC, the 
advances in the endoscopic approaches are reported because they have resulted par-
ticularly useful in this subset of patients also due to the double option provided by 
the transsphenoidal and the transventricular option.

4.3.2  Endoscopic Approaches

Compared with microsurgery, whose evolution started much earlier, the endoscopic 
approaches have showed huge progresses in the last two decades and are gaining 
more and more consensus in the management of AC [71]. The success of endo-
scopic techniques is favored by the possibility to obtain a significant shrinkage of 
the (often huge) cystic component of the tumor with a poorly invasive approach, 
which is easily used even in emergency. Should tumor remnants be left behind or 
the tumor regrowth, the treatment can be completed with adjuvant therapies. Indeed, 
endoscopic techniques can be used alone and in combination with each other or 
with other treatment modalities. A recent development of endoscopic surgery, 
designed to decrease complications and enhance effectiveness, is represented just 
by the combination of endonasal and transventricular endoscopy for the manage-
ment of very large AC. Deopujari et al. reported on 18 cases (16 children and 2 
young adults) out of a series of 125 cases who were treated first with a trans- 
ventricular endoscopic procedure to decompress the cystic component, followed by 
EES 2–6 days later [72]. This strategy allowed the patients to improve after the cyst 
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decompression (often also because of relief of hydrocephalus) and to undergo the 
remaining tumor removal in an optimal setting. GTR was actually obtained in 84% 
of these patients, with only two cases of permanent diabetes insipidus and no cases 
of morbid obesity.

4.3.2.1  Endonasal Transsphenoidal Surgery

The use of endonasal endoscopic surgery (EES) in the pediatric population has sig-
nificantly expanded over the last decade, as documented by the parallel increase in 
the number of published data on this technique; more than one third of the papers 
including the keywords “transsphenoidal” and “children” have been published in 
the last 5 years. This growing interest has also been reflected in the field of cranio-
pharyngioma treatment, motivated, on one side, by the resurgence of surgery (as 
opposed to conservative treatments) and, on the other, by the need to find alternative 
approaches to the traditional microsurgical treatment.

Some peculiarities of pediatric patients were traditionally deemed as potential 
obstacles to EES (i.e., small nostrils and nasal cavities, insufficient pneumatization 
of the sphenoid bone); through the accumulation of experience (and thanks to the 
refinement in endoscopic instrumentation), it has been shown that these drawbacks 
can be easily overcome [71, 73]. In fact, endonasal endoscopic approaches have 
been shown to be a feasible and safe alternative for the treatment of pediatric cra-
niopharyngiomas. In 2011, Elliott and colleagues published a systematic review 
comparing EES and traditional trans-frontal surgery (TFS), gathering data on 2773 
microsurgically treated patients vs. 373 EES cases, with a special focus on pediatric 
patients [63]. In spite of the obvious limitations of such a study (retrospective analy-
sis, inherent selection bias), the evidence showed that EES was associated with 
good postoperative outcome and lower rates of complications with respect to tradi-
tional surgical approaches. Indeed, a 72.1% vs. 60.9% GTR, 8.0% vs. 17.6% recur-
rence after GTR, 85.5% vs. 47.7% vision improvement, 2.3% vs. 13% vision 
deterioration, 3.1% vs. 9.4% neurological morbidity, and 23.9% vs. 69.1% postop-
erative diabetes insipidus were reported; the rate of postoperative obesity/hyperpha-
gia was the same for both types of treatment (32%). These observations have been 
confirmed by other large-scale studies, as the national retrospective series published 
by Lin and colleagues in 2017, outlining the outcome of the 314 craniopharyngioma 
patients treated in the USA in 2003, 2006, and 2009 [74]. When compared to TFS, 
EES was associated with lower rates of diabetes insipidus (38% vs. 69%), lower 
rates of panhypopituitarism (5% vs. 8%), cranial nerve deficits (1% vs. 6%), post-
operative stroke (2% vs. 5%), seizures (0 vs. 12%), and death (0% vs. 1%). As 
expected, there was a statistically significant association between EES and shorter 
hospital length-of-stay (LOS), EES patients having a 6.6-days mean LOS (median 
4 days), while TFS patients a 12.3-days mean LOS (median 10 days). However, 
cerebrospinal fluid (CSF) leak affected 19% EES versus 4% TFS resections, thus 
confirming this complication as the weakest aspect of this kind of surgery.
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The view offered by EES is advantageous over TFS especially when dealing with 
AC with sellar extension and/or origin from the pituitary stalk (as often seen in 
children), allowing a good direct visualization of pituitary gland and stalk, optic 
pathways, and related feeding vessels. For this reason, EES was originally reserved 
to predominantly intrasellar craniopharyngiomas. In recent years, however, the 
alternative viewpoint on suprasellar structures (and hypothalamus itself) provided 
by EES has been increasingly exploited to approach lesions with suprasellar exten-
sion or even purely extrasellar location [72, 75–79] and recurrent tumors [78]. 
Reported outcomes of these more extensive approaches are generally good, and 
even if they appear less optimal when compared to the mentioned general data on 
EES, they still compare favorably with TFS. GTR rates actually range from 45 to 
85% (similar to TFS) [78, 79], and complication rates as follows: new onset diabe-
tes insipidus from 31 to 63%, new anterior pituitary dysfunction between 40% and 
80%, visual deterioration between 0 and 26%, and new onset neurologic deficits 
between 0 and 10% [75, 78, 79]. The number of published cases is still limited, and 
the heterogeneity of data suggests that there is still room for improvement with 
increasing expertise. Indeed, the complication rates are still too high in these 
instances. It is interesting to note that, according to the blind post-hoc survey per-
formed by Jeswani and colleagues among the series of extensive EES approaches, 
all their EES and TFS cases could have been approached by both routes according 
to the preference of the different surgeons, somewhat attenuating the selection bias 
but also suggesting the surgeons’ preference and expertise as a way to reduce com-
plications [79].

If the transcranial microsurgical route still maintains a remarkable value in the 
AC management, the microsurgical sublabial access (SA) is almost abandoned in 
favor of EES. Especially in children, the authors’ personal experience on 51 chil-
dren (34 undergoing EES and 17 undergoing SA) demonstrated several statistically 
significant advantages of EES over SA that can be summarized as follows [73, 80]: 
(1) shorter mean LOS (4 vs. 5 days); (2) lower transfusion rate (20% vs. 60%); (3) 
lower need of nasal packing (20% vs. 100%); (4) better quality of the early postop-
erative course as measured by a 0–8 pain scale (2.7 vs. 4.2 mean value). The 2 
nostrils-4 hands technique provided also a significantly better intraoperative view 
other than a poorer mucosal trauma and, in particular, a minor disruption of naso- 
facial bone structures that is important for the facial growth in children.

4.3.2.2  Transventricular Endoscopy (TE)

In approaching AC extending to the third ventricle, Hollon and colleagues devel-
oped a score to help in selecting patients who are candidates to transventricular 
endoscopic treatment [81]. According to their algorithm, lesions without hypotha-
lamic involvement are candidate to surgical resection (EES or TFS), aiming at radi-
cality whenever possible; lesions with hypothalamic involvement are treated with 
TE if predominantly cystic in nature or in absence of chiasmopathy. If chiasmopa-
thy is present, lesions with hypothalamic involvement are preferably candidate to 
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surgical debulking. Aside from the predominantly cystic nature of tumors, the main 
criterion dictating the choice of an endoscopic versus open microsurgical approach 
was hypothalamic involvement, due to the high risk of endocrine disruption associ-
ated with open resection in these cases [64]. According to the TE technique, the 
tumor cyst lesion is approached and fenestrated superiorly through the foramen of 
Monro and then inferiorly (at the level of the floor of the third ventricle) by “passing 
through” the cyst and creating a third-ventriculostomy. The authors report good 
postoperative outcomes, with good cyst volume reduction and no patients develop-
ing postoperative hormonal imbalances or acute visual deficits; residual disease was 
managed with stereotactic radiosurgery (unfortunately, data on long-term follow-up 
are limited). Takano and colleagues have reported good long-term results in terms 
of disease control and endocrinologic function with TE cyst fenestration followed 
by radiosurgery for residual tumor tissue: the reported 5-year recurrence rate for the 
9 treated patients was 14.6%; no endocrinologic or visual complications were 
observed [68].

One of the main risks of endoscopic cyst fenestration is represented by potential 
spillover of cystic fluid in the ventricular system, resulting in aseptic meningitis, 
even if it is difficult to quantify the real impact of this phenomenon on surgical 
practice [68, 82–84]. It is worth noting that the spillage of the fluid outside the cyst 
did not produce any ill effects both in the personal series and in that of other authors 
[85]. However, to drain the cyst content through an endoscopically guided catheter 
before fenestrating the cyst has been proposed as an easy and effective way to pre-
vent this event [83].

As mentioned, TE can also be indicated as a first approach in patients developing 
symptomatic hydrocephalus due to third ventricular involvement. An endoscopic 
procedure, while less immediately available than the placement of an external CSF 
drainage, allows for both a rapid and reliable treatment of hydrocephalus while eas-
ing the way for an elective surgical step [68, 72].

4.3.2.3  Keyhole Endoscopic-Assisted Surgical Approaches

Strategies to deal with giant cystic craniopharyngiomas, which pose significant 
challenges to surgeons, have been repeatedly described in the literature [5, 86–88]. 
In such cases, an intracystic endoscopic approach can provide significant advan-
tages, allowing to safely access impervious anatomical locations by “navigating 
through” the cyst. After strategical placement of an expanded burr hole (or mini- 
craniotomy), the dura is opened, surgical route is explored and prepared microsurgi-
cally, and then an endoscope is introduced to access the lesion. There are reports of 
huge cases that have been successfully managed with an endoscopic approach alone 
by entering the cyst and promoting its collapse while removing its solid components 
[86]. It is interesting to compare such reports with almost identical cases managed 
through complex skull base approaches, e.g., trans-petrous route, with good results 
[5]. Both endoscopic-assisted and craniotomic experiences on such complex cases, 
however, are often based on case reports with missing data on long-term follow-up.
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In cases that cannot be managed satisfactorily through endoscopic approaches 
alone, endoscopy can anyway be helpful in decompressing the cyst and allowing for 
a safer and easier microsurgical resection [87]. Moreover, as described below, trans-
ventricular endoscopy can be useful to optimally guide the positioning of an intra-
cystic catheter, in order to obtain a good communication between the cyst cavity and 
the ventricular system and thus promoting both cyst collapse and continuous wash-
out by CSF circulation. This can be followed by other treatments (such as 
radiosurgery).

4.3.3  Radiation Therapy (RT)

As previously mentioned, there is a solid experience with the use of RT for the adju-
vant treatment of AC. The progressive adoption of radiosurgical techniques to treat 
tumor residue (or recurrence) has paralleled the trend towards a less aggressive 
surgical philosophy, encouraged by data supporting the non-inferiority of subtotal 
resection plus adjuvant radiation treatment versus gross total resection in terms of 
disease control [89–91]. In particular, according to the systematic review published 
by Yang and colleagues in 2010, the long-term outcome of GTR and STR + RT did 
not differ significantly, the 5-year PFS being 67% after GTR and 69% after 
STR + SR; and the 10-year OS being 98% after GTR and 95% after STR + RT [92]. 
Both groups had comparable mean tumor sizes and epidemiological data. The ben-
efits of adjuvant radiation treatment after complete or incomplete surgical resection 
have also been confirmed by later reviews, which emphasized the low rates of post-
operative endocrinological and visual complications [90]. Complication rate appears 
to be lower for patients treated by an adjuvant setting than in those treated for recur-
rence [89]. Table 4.1 summarizes the main case series published to date covering 
different radiation treatments [89, 93–97].

With respect to older radiosurgical techniques, which allowed for the targeting 
of spherical volumes (e.g., gamma knife), more recent techniques (such as proton 
beam therapy, or intensity-modulated radiation treatment) are able to precisely 
mold the irradiation target on tumor conformation, potentially allowing for an 
even lower rate of normal tissue injury (with reported visual morbidity rate 0–6% 
for cyber knife) [70, 90]. At the same time, the progressive adoption of frameless 
technologies has allowed for a better flexibility in dose fractionation [7, 89, 90]. A 
well-known limit of these treatments is the restricted accessibility due to high 
costs and the complex technological apparatuses required. Moreover, no signifi-
cant differences on PFS have been demonstrated with different radiosurgical tech-
niques [70]. For example, in the comparative case series dealing with proton beam 
therapy vs. intensity-modulated radiation treatment published by Bishop and col-
leagues, no significant differences between groups were identified in 3-year over-
all survival rate, cyst progression, and nodular progression [89]. It is worth noting, 
however, that the follow-up period was too short to formulate definitive 
comparisons.
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In spite of these technological advances, AC continues to represent a special 
challenge also when dealing with RT. In contrast with solid craniopharyngiomas, 
cystic tumors show an unpredictable response to RT, and the behavior of the solid 
and cystic components of mixed tumors during treatment appears to be independent 
from each other [7, 91, 98]. Indeed, the shrinkage of the solid part can often be 
accompanied by stability or increase of the cyst volume (in up to 40% of patients) 
[89, 99–101]. This causes both a modification of target conformation over the course 
of treatment and an increase in the radiation dose required to cover the cyst volume, 
which besides is relatively insensitive to radiation [89]. The integrated management 
of the cyst by means of a catheter with reservoir (see below) would be then useful 
to make radiation treatment more effective by reducing the volume of the cystic 
component [99, 101]. There could be also room for the development of protocols 
combining RT and intracystic therapies. This would allow to effectively target all 
components of the tumor.

The management of patients showing recurrence after RT is complex. Considering 
the potential number of surgical procedures that patients may undergo after the first 
recurrence, it has been proposed that, at least in this context, GTR should remain a 
goal [102]. This supports the reemerging tendency towards radical surgical 
approaches in selected cases, as described above. Additional treatment strategies 
with subcutaneously administered interferon have also been proposed to slow the 
course of the disease in these patients, in order to delay the surgical intervention 
(see below).

4.3.4  Specific Management Options for the Cyst

4.3.4.1  Intracystic Catheter

One of the major changes in the treatment of AC has been the larger use of 
approaches specifically focused on the management of the cystic component. The 
most direct among them is the cyst drainage through an intracystic catheter con-
nected to a subcutaneous reservoir (Rickham or, more frequently, Ommaya reser-
voir). This simple tool allows a rapid cyst decompression with symptom relief and 
repeated percutaneous cyst aspirations in case of intracystic fluid re-accumulation. 
Such an approach is considered as a transient measure in (quickly) growing AC or 
in patients in poorly clinical condition to gain time for a more “radical” treatment. 
However, quite surprisingly, good results in purely cystic AC have been reported 
after the stereotactic placement of the catheter alone. More in details, up to 70% of 
patients did not require further treatments after a follow-up longer than 7  years 
[103] and the progression free survival did not differ significantly from that of 
microsurgically treated patients [66]. Two thirds of the patients in the series by 
Moussa and colleagues were younger than 16 years, thus pointing out the need for 
even longer observation to confirm the good published results [103], while the 
patients treated stereotactically in the series by Rachinger and colleagues were 
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considerably older (median age: 54 years) [66]. Similar results have been obtained 
also with different approaches to implant the catheter for the cyst aspiration, e.g., 
with endoscopic guidance [104].

A proper placement of the catheter is mandatory to achieve good results. A key 
point is represented by the position of the catheter holes, which should span across 
the cyst wall, thus ensuring a continuous drainage of cystic fluid into CSF spaces 
(cisterns and/or ventricles). To enhance this effect, some authors proposed to mod-
ify the catheter by placing additional holes [105] and to pierce through the cyst from 
wall to wall, creating a double communication with both the ventricular system and 
the basal cisterns [66].

When dealing with mixed or anatomically complex AC, the “catheter plus res-
ervoir” option can be utilized as part of a more elaborate surgical strategy. For 
example, preoperative stereotactic reservoir system placement and staged cyst 
aspiration have been used in patients with mixed lesions candidate to microsurgi-
cal resection, facilitating surgery and reportedly obtaining lower rates of postop-
erative hormonal and electrolyte imbalances with respect to microsurgical 
resection alone [88]. Placement of reservoir systems has also been presented as a 
valuable adjunct to radiosurgical treatment [99, 101]. As mentioned, cystic tumors 
are challenging radiosurgical targets, partly due to the inhomogeneous radiation 
sensitivity of their components and partly because of the often-huge size reached 
by the tumor. Therefore, preemptive stereotactic cyst drainage facilitates radiosur-
gery and allows an optimization of conformational and dosimetric parameters by 
removing the least radiosensitive part of the mass and by reducing the irradiation 
field [101]. On the contrary, catheter drainage for cyst recurrence after radiosur-
gery has shown disappointing results, with most patients eventually requiring fur-
ther treatments [102].

Catheters can be also left in place after transventricular endoscopic resection of 
lesions abutting the ventricular system [105, 106]. With respect to stereotactic guid-
ance (neuronavigation), catheter placement under direct visualization provides the 
theoretical advantage of a tailored targeting, thus offering a more effective and per-
sistent drainage of the cyst fluid [104, 106–108]. This approach would be especially 
useful for granting an optimal communication of the catheter with both the cyst and 
ventricular system, as already mentioned. For this reason, it has also been proposed 
for tumors without direct involvement of the third ventricle or without associated 
hydrocephalus [109]. Recently, robotic guidance of stereotactic procedures has 
been used as another means to improve targeting accuracy compared with standard 
neuronavigation [99, 101]. In these reports, frameless navigation with laser-assisted 
registration of anatomical landmarks provided guidance to a robotic instrument 
holder that was precisely brought to the desired trajectory.

On the other hand, at least according to past studies, a significant difference in 
terms of complication rates among the different techniques for catheter placement 
has not been observed [110]. In fact, a rate of complications (misplacement or con-
trast leakage) of 16.3% has been reported regardless the surgical modality. Such a 
result was explained considering variations in resistance and elasticity of the cyst 
wall as the decisive factor affecting the surgical outcome. Independently from the 
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surgical technique, actually, the increased resistance of the cyst wall could deter-
mine the sliding of the catheter over the cyst rather than its actual perforation [110].

4.3.4.2  Beta-Emitting Radionuclides

Intracystic injection with β-emitting sources (such as Yttrium90, Rhenium186, 
Aurum198, or Phosphorous32) has been used as another means to directly target neo-
plastic tissue with sparing of the surrounding neural and vascular structures. The 
3–4 mm penetration width of beta-radiation makes it especially effective in damag-
ing the cyst wall, while solid tumor nodules are less affected. Their use still raises 
some controversies because of the feared side effects and, in particular, the safety 
principles required for their transport, handle and disposal, and the poor availability 
of the radioisotopes, which reduce their application.

Phosphorous32 (P32) is generally preferred over Yttrium90 and other radionu-
clides due to its longer half-life, lower required dose, and lower half-value tissue 
penetrance (0.8–1.1 mm vs. 1.1–2.2 mm) [111, 112]. Brachytherapy with intracys-
tic injection of P32 has been proposed as a relatively safe means of providing selec-
tive radiation damage to tumoral tissue. When used alone, however, this treatment 
has shown a partial effectiveness, with short-term induction of cyst shrinkage in 
70–80% of patients but significant rates of recurrence, especially due to the limited 
efficacy of P32 on the solid part of the tumor and on the collateral cysts [113–115]. 
Also, case series reported good results (75% rate of disease control), but mainly 
after a short follow-up period (mean follow-up: 48.6 months) [116].

The observed endocrinological and visual sequelae after intracystic irradiation 
vary widely, even if the global incidence of side effects appears to be generally as 
low as <5% [85, 114–116]. Long-term collateral radiation damage to vascular and 
neural structures cannot be excluded [85, 111]. According to Kickingereder et al., 
who reported on one of the largest series (53 patients), a permanent neurological 
side effect was observed in 3.9% of cases, while the rate of deterioration in hor-
monal functions was 2% [112]. Therefore, the complication risk seems to be com-
petitive with other treatments.

With regard to another feared risk of radioactive drugs, which is represented by 
the spillover of the radioactive agent itself into the cerebrospinal fluid, it is difficult 
to quantify the incidence of this phenomenon (which anyway appears to be anec-
dotical) and to evaluate its real toxic impact [117]. In order to improve the manage-
ment of the treated patients, some authors have presented experimental biochemical 
and physical means of monitoring radioactivity diffusion through the evaluation of 
radioactivity in biological patient samples and the use of gamma cameras [117, 118].

The future in this field could be represented by the identification of the responders 
to radionuclides, in order to propose such a limited resource only to the best candi-
dates. This way has been followed by Hu et al. who recently reported on an interesting 
study on P32 interstitial therapy for recurrent craniopharyngiomas (both AC e PC) 
[119]. In details, the authors investigated 32 patients with recurrent craniopharyngi-
oma treated by P32 colloid interstitial radiotherapy. The tumor imaging features of the 
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patients were classified into 4 types according to the thickness of the cyst wall: I-purely 
cystic with thin wall; II-mainly cystic (solid part <25%) with one or more cyst, thin 
wall; III-as above but with thick wall; IV-partially cystic, multiple cysts, thick wall. 
The expression of vascular endothelial growth factor (VEGF)/vascular endothelial 
growth factor receptor-2 (VEGFR-2) was evaluated with immunohistochemistry 
before radiotherapy. Only VEGFR-2 expression was associated with the imaging fea-
tures of tumors. As a final result, craniopharyngiomas with thin cysts (type I and II) 
and expression of VEGFR-2 (clues of high radiosensitivity) showed a good response 
to P32 treatment, while types III and IV (no VEGFR-2 expression) did not.

A further means to improve the control of the disease and to limit the radiation 
exposure is to identify other therapeutic substances for intracystic injection. The 
crucial point advancing the search for nonsurgical and non-radiating therapeutic 
methods is the need, namely in younger children, to delay the time of surgical and/
or radiation treatment and the related potential adverse effects on growth, hormonal 
and electrolyte balance, and neurologic function. The main experience has been 
accumulated around bleomycin and, more recently, around interferon-alpha.

4.3.4.3  Bleomycin

After the studies conducted in vitro by Kubo and colleagues in 1974 [120], who 
demonstrated the toxicity of bleomycin on craniopharyngioma cell cultures, several 
authors have presented the results of in vivo intracystic injection of this drug. In 
spite of the long experience with this treatment and the relative abundance of gath-
ered data, the available evidence is highly heterogeneous. Actually, even three 
sequential Cochrane reviews failed in providing any recommendation about intra-
cystic bleomycin use in the clinical practice, suggesting the need of randomized 
trials conducted on larger and more homogeneous patient samples [121–123]. 
However, the missing randomized trials, justified by the rarity of AC and the small 
niche represented by the intracystic treatments, do not cancel the impact of a 30-year 
experience and about 300 articles on the use of bleomycin [124].

Bleomycin is a glycopeptide antibiotic secreted by Streptomyces verticillus act-
ing on inhibition of DNA and RNA synthesis. It is very effective in squamous cell 
carcinomas and, for this reason, it has been used also in AC (with presently the same 
epithelial characteristics). Bleomycin is instilled in the tumor cyst through an 
Ommaya reservoir. The dose varies according to the Center and the size of the cyst 
(usually 2–5 mg for each administration; 3 doses per week (daily administration in 
some Centers); meanly for 5 weeks).

Generally, good immediate or early results on the cyst volume reduction are 
reported in the literature, with a variable but significant percentage of patients 
achieving a > 90% cyst reduction, compared with disappointing data on long-term 
disease control [85, 125]. A single randomized controlled trial, conducted on a 
small patient sample (7 patients; mean age 9.6 years), compared intracystic bleomy-
cin, intracystic P32, and the combination of both [126]. The results suggested that 
combination treatment (bleomycin+P32) is more effective than the different treat-
ments alone; nevertheless, two patients in this series (22%) reported severe adverse 
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events (bilateral thalamic infarction). Indeed, more than the short-term effect, the 
main limit of intracystic bleomycin therapy seems to be the adverse reactions asso-
ciated with the treatment and the possible extracystic drug diffusion. Commonly, 
patients experience fever (up to 70% of cases), headache, and nausea just after bleo-
mycin administration; moreover, some patients show delayed toxic effects due to 
documented damage to nearby neural and vascular structures [122, 127]. These 
range from steroid-responsive neurological deficits, to severe manifestations such 
as ischemic vasculopathy, irreversible optic pathway damage, hypothalamic dam-
age, and diabetes insipidus [127–130]. Unfortunately, a negative leakage test does 
not eliminate the risk of such reactions [128, 129].

For these reasons, the use of bleomycin as an intracystic agent is progressively 
falling out of favor, while research has been directed towards the experimentation of 
less toxic agents, such as interferon alpha and, more recently, target therapies [125].

4.3.4.4  Interferon Alpha

Interferon-α (IA) is a cytokine produced by leucocytes belonging to the family of 
interferons (natural signaling proteins with antiviral activities) together with 
interferon-β (fibroblasts) and interferon-γ (lymphocytes) [131, 132]. IA is secreted 
by macrophages and lymphocytes as response to viral infection or tumor progres-
sion. It is codified by 15 genes of the chromosome 9. Its antitumoral activity is real-
ized through three different mechanisms: (1) differentiation of T-lymphocytes into 
T-helper 1 lymphocytes (response against a specific target) and inhibition of other 
lymphocytes; (2) stimulation of the proliferation on natural killer cells and macro-
phages, and stimulation of their production interleukine-1 and IA itself; (3) increased 
identification of the tumor cells through the expression of the major histocompati-
bility complex class 1 and expression of surface antigens.

The rationale for the use of IA for the treatment of AC originates from the experi-
ence with skin tumors sharing the same embryological origin (i.e., squamous and 
basal cell carcinomas), where subcutaneously administered IA has a well- 
documented efficacy [133]. This rationale was further supported by the favorable 
combination between the characteristics of AC cyst (inflammatory genesis) and the 
immunomodulatory, proapoptotic, and antimicrobial effects of IA that can effec-
tively act against the cyst reaccumulation or growth [9, 30, 32, 35, 41]. In the late 
199’s, Jakacki and colleagues conducted the first exploratory phase II trial by 
administering subcutaneous IA to patients with craniopharyngioma, demonstrating 
a significant radiologic response in 25% of treated subjects [133]. On this basis, 
other groups started to investigate the use of intra-tumoral interferon injection, with 
the potential advantages of having both less systemic side effects and higher local 
drug activity and persistence. Cavalheiro and colleagues realized the first clinical 
studies on the IA intracystic injection and reported a complete response in about 
two thirds of patients with cystic tumors in the short term (mean follow-up: 
1.7 years), with only mild adverse events (mainly self-limiting headaches, fever, 
fatigue) [31]. Therefore, the authors prepared an administration protocol, which is 
shared by all the Centers using IA (with small variants), emphasizing the possibility 
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to repeat the treatment several times and the absence of treatment discontinuation 
[6]. The dose scheme for IA intracystic administration is three million International 
Units (IU) of interferon-α-2a every other day for a total of 12 administrations per 
cycle (36 million IU). The cycle can be repeated 1 month after the end of the previ-
ous one for 3 or more times. IA is administered through an Ommaya reservoir and 
an intracystic catheter, previously placed by a microsurgical approach (almost aban-
doned), by neuronavigation alone, or by neuroendoscopic control (especially if 
hydrocephalus has to be managed at the same time).

The results on the clinical studies with IA published so far have been summa-
rized on Table 4.2. Such a cumulative experience shows a response of AC cyst in the 
majority of cases, with a complete cyst effacement in about a half of the patients (as 
a result both cysts collapse due to the aspiration and effects of IA) and a partial 
response or cyst/stabilization in the remaining cases (Fig. 4.3). Such a result is vari-
ably maintained during the follow-up (meanly lower than 5-years), about one third 
of cases requiring further treatments during this period. The largest study published 
to date is an international multicenter cooperative study provided in 2017 by Kilday 
and colleagues [136]. Overall, 56 children affected by AC received intracystic IA 
according to the Toronto protocol (borrowed from the original Cavalheiro et  al. 
one), that is: (1) permeability study, conducted at least 2  weeks after catheter 
implantation; (2) aspiration of cystic fluid and instillation of three million IU every 
other day for 12 days (totaling 36 million IU); (3) cycle repeated if deemed appro-
priate and tolerated. All patients were under 18 years of age (median age: 6.3 years): 
23% received intracystic IA as a first treatment, while the others had previously 
received other treatments. Median follow-up was of 5.1 years (median follow-up 
after IA administration: 2.7 years). Seventy-five percent of patients showed clinical 
or radiological progression during observation, but 33% of them did not require 
treatment for this progression at last follow-up. The mean time to surgery or radio-
therapy for progression was of 5.8 years. Forty-one percent of patients in the cohort 
did not experience any adverse event; the most common side effects of treatment 
were influenza-like malaise (29%), headaches (18%), fatigue (13%), transient 
hyponatremia (2%), appetite loss (2%), and weight loss (2%). None of these symp-
toms were severe (maximum grade II). However, there were two cases of brain 
toxicity (optic pathway damage with radiologic evidence of edema and brain atro-
phy with hydrocephalus) due to suspected extravasation of IA in CSF spaces.

A possible advantage of IA over other intracystic drugs is its safety. Indeed, IA 
was generally believed to show a low potential for toxicity in case of extracystic 
diffusion [6, 31, 134, 135]. Also in the personal experience, based on only one case 
of brain IA diffusion, this event did not produce any symptoms. However, along 
with the progressive accumulation of clinical data, there have been reports of sus-
pected IA neurotoxicity [136, 138, 139]. Although, in some instances, the toxicity 
shows a spontaneous resolution, this event raises the problem of reliable leak tests 
before administration (Fig. 4.4).

Aside from studies about intracystic IA, there has been some continuing interest 
around subcutaneously administered pegylated IA (PIA), which has been used by 
Yeung and colleagues [135], who treated recurrent AC with 1–3 μg/kg/week of PIA 
for 2 years, and recently by Goldman and colleagues [137], who treated recurrent or 
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a b c

e f g

d

Fig. 4.3 Pretreatment MRI of a large AC in a 5-year-old girl: axial (a, b), sagittal (c), and coronal 
views (d) after gadolinium show a small suprasellar solid component and a large suprasellar cyst, 
effacing the third ventricle and causing biventricular hydrocephalus. MRI of the same case per-
formed 8 months later (after endoscopic insertion of intracystic catheter, intraoperative cyst reduc-
tion by aspiration and one cycle of IA): note the significant reduction of the cyst and the 
re-expansion of the third ventricle with resolution of the hydrocephalus (e–g). The solid portion of 
AC is roughly unchanged

unresectable AC in children and young adults with or up to 18 courses (108 weeks) of 
PIA (Table 4.2). In spite of the limited number of patients (overall: 23 cases) and the 
short follow-up in both series, these studies provide some promising data in terms of 
disease stabilization. Yeung et al. actually had all their 5 patients stabilized or better 
after a 43-month mean follow-up [135]. According to Goldman et al., no significant 
radiological response was evident (especially in patients who previously received RT), 
but an improvement of the median PFS was detected (19.5 months) [137]. As foresee-
able, systemic toxicities were more frequent and severe than those reported with intra-
cystic therapy alone. However, only grade 2 and 3 hematologic toxicities occurred (no 
grade 4 or 5). Further studies are needed to better assess this treatment modality.

In summary, therapy with intracystic IA offers a favorable risk/benefit ratio and a safe 
and relatively easy means to control disease progression. However, it has to be consid-
ered mainly as a transient option to delay more aggressive treatments. Due to the relative 
rarity of AC, it is hard to evaluate its implications in a randomized setting and on homo-
geneous patient samples. Further studies shall better explore the implications of its usage 
in clinical practice, both alone and in combination with other treatments.

4.3.4.5  Future Directions

In the era of target therapies, the results of the aforementioned basic researches are 
expected to allow for the development of therapeutic agents (both intracystic and 
systemic) acting on the molecular pathways guiding tumor growth and cyst 
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Fig. 4.4 CT-scan-based leak test. First, a basal CT scan is performed to verify the correct place-
ment of the catheter and size and volume of the cyst (a, b). Afterwards, the iodate contrast medium 
is injected into the cyst through the subcutaneous reservoir looking for a possible spillage of the 
contrast. The quantity of contrast medium to be administered is calculated according to the quan-
tity of cyst fluid taken out before the injection. The test is negative if the cyst is «designed» by the 
contrast medium without its diffusion into the brain (c–f)

a b

c d
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accumulation and maintenance [15, 41]. One example is the IL-6 pathway, for 
which target drugs are already available and have been tried in craniopharyngioma 
patients with initial but promising data [25]. Tocilizumab (an anti-IL6 monoclonal 
antibody) was systemically administered to two patients as a compassionate treat-
ment after recurrence. The first patient (age: 7 years) was treated for recurrence after 
catheter cyst drainage and radiosurgery; he completed a 7-month cycle obtaining 
tumor volume reduction (and stability during subsequent follow-up) and no side 
effects. Another patient (age: 3 years) had the first cycle interrupted after 8 months 
due to disease progression; therapy was then started again with a combination of 
tocilizumab and bevacizumab (an antiangiogenetic, anti-VEGF monoclonal anti-
body) obtaining disease control. During this second cycle with combination therapy, 
the patient developed transient grade 3 neutropenia [25].

Application of similar treatments for intracystic administration could allow for a 
greater local effect with less adverse events. This could allow for a long-lasting 
tumor (and symptoms) control, both as a means to delay surgery and/or RT, to make 
them less invasive and to prevent recurrence afterwards.

4.4  Placement of Intracystic Catheter

The Ommaya placement is a crucial option in the current management of AC, either 
to perform cyst aspiration and to deliver selected drugs into the cyst, being intracys-
tic chemotherapy one of the major advances in AC treatment. Some authors use a 
direct microsurgical placement via subfrontal craniotomic approach (mainly in the 
past) [31, 140], while others utilize a stereotactic navigated or robotized insertion 
[104, 141]. Although both the previous options maintain their effectiveness, the 
placement of the intracystic catheter by a navigated endoscopic transventricular 
approach is the most commonly used technique in the current clinical practice. This 

e f

Fig. 4.4 (continued)
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type of approach, indeed, conjugates the mini-invasiveness of neuroendoscopy with 
the reliability of neuronavigation and offers the possibility of a direct visual control 
of the position of the catheter across the cyst and the opportunity to perform addi-
tional surgical maneuvers, if needed (e.g., tumor biopsy, cyst aspiration, third ven-
triculostomy, septostomy). As expected, several differences can be observed among 
the different authors with regard to technical details, as head positioning, instrumen-
tation, number of burr holes, width in the opening of the cyst wall, and so on. On the 
other hand, there is quite a general agreement in considering neuronavigation as a 
key feature in performing this kind of surgery.

Head position: As a basic principle of neuroendoscopy, the patient’s head is 
placed in neutral position with a degree of flexion sufficient to have the burr hole in 
the higher point of the surgical field to minimize CSF leak and bubbles formation. 
Many authors, namely pediatric neurosurgeons, do not utilize head holders in this 
procedure [104–109]. On the other hand, authors mainly dealing with adults 
reported the use of the Mayfield head holder as a key feature of their ventriculo-
scopic technique [81].

Instrumentation: The choice of the ventriculoscope represents the main difference 
alongside the reported technical notes, as result of the experience and the resources 
of the different centers. The endoscopes most commonly used were: (1) 7-mm rigid 
endoscope with a 30° optic and associated trocar (Karl Storz, Tuttlingen, Germany) 
[105, 108]; (2) 4 mm rigid endoscope with a 0° optic and associated trocar (Karl 
Storz, Tuttlingen, Germany) [81, 104]; (3) Oi-Samii neuroendoscopic system 
(Oi-Samii Handi Pro; Karl Storz, Germany) introduced through a 14-F peel-away 
sheath [107]; (3) videoscope (Olympus Corporation, Tokyo, Japan) passed by an 
endoscopic sheath (NeuroportTM; Olympus Corp., Tokyo, Japan) [109]; (4) Gaab 
with 0° optic telescope (Karl Storz, Tuttlingen, Germany) with its trocar [106].

Number of burr holes: The number of burr holes also varies according to the author’s 
experience. All papers report the pre-coronal area as the chosen location for the burr 
hole(s). Some authors suggest to use a single burr hole to insert both the endoscope and 
the catheter [81, 104–106, 109], while other authors prefer to use two accesses to opti-
mize control of the instruments [107]. In our institution, we prefer to adapt this choice 
tailoring it on the patient’s characteristics, selecting the one-hole approach in cases 
with large ventricles and the two-hole approach in case of small ventricles. Such a 
strategy represents the evolution of the technique reported in 2009 [108].

Width in the opening of the cyst wall: A further difference found in the literature 
is the size of cyst wall opening. In fact, some authors suggest to make a small open-
ing in the cyst wall to avoid excessive leakage of the intracystic fluid as well as to 
reduce the chance of dislocation of the catheter [107, 108], while other authors 
propose to widely open the cyst to aspirate the fluid and to shrink the cyst before 
inserting the catheter [81, 104–106, 109].

Further steps: The most commonly reported extra procedures are ETV [109] and 
tumor biopsy [106]. A general agreement exists on to carefully reconstruct the galea 
and to suture the skin in multiple layers to reduce CSF leak and to adequately pro-
tect the subcutaneous reservoir.

Figures 4.5 and 4.6 summarize the personal procedure for intracystic catheter 
placement.

F. Bianchi et al.
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a b

c d

e

Fig. 4.5 The patient is supine with the head slightly flexed. A L-shaped skin flap is planned 
according to the trajectory selected by navigation (a). Two pre-coronal burr holes are then placed: 
the posterior one is used to introduce the endoscope, while the anterior one is utilized to introduce 
the catheter under both navigation and endoscopic views (b, c). The endoscope is kept in place 
until the end of the procedure (in particular, once the subcutaneous reservoir is connected) to rule 
out possible displacement of the catheter (d). Finally, the skin is sutured (e)
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a b

c d e

Fig. 4.6 Intraoperative endoscopic view of the case in Fig. 4.5. The procedure is performed under 
neuronavigation, either because of the small ventricles and because of the need to follow the right 
trajectory (a). The AC cyst is approached through the right foramen of Monroe and fenestrated by 
Thulium-laser (b). The catheter is ready to be inserted into the cyst (asterisk) (b). A small fenestra-
tion is done to ensure a quick closure of the cyst wall around the catheter and to avoid possible 
dislocation of the catheter rather than to limit the spillage of the cyst fluid (c). Finally, the catheter 
is introduced into the cyst for the length previously calculated according to the MRI (d). 
Postoperative MRI showing the correct position of the catheter (e)
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Chapter 5
Surgical Approach to Thalamic Tumors

M. Memet Özek and Baran Bozkurt

5.1  Introduction

Thalamic tumors comprise 1–5% of all brain tumors [1–3]. They can occur in all 
age groups; however, a preponderance of children and adolescents has been reported 
by several authors [2, 4–6]. Presenting signs and symptoms are increased intracra-
nial pressure, hydrocephalus, focal motor and sensory findings, tremor, visual prob-
lems, neuropsychological symptoms, and occasionally seizures [2, 3, 5–8].

Thalamic lesions, historically, have been inoperable due to complex architectural 
organization of vital thalamic nuclei and the proximity to critically important struc-
tures such as the internal capsule, subthalamus, and basal ganglia. Therefore, the 
outcome of children with thalamic gliomas has been poor [6]. Still some authors 
tend to be conservative in their surgical approach to these lesions, since the resec-
tion of thalamic tumors has been associated with an unacceptably high rate of mor-
bidity and mortality [7, 9].

However, recent improvements and developments in pre- and intraoperative 
technologies have allowed a more accurate approach to these lesions, and a reduc-
tion in morbidity and mortality [5, 10, 11]. These refinements have centered on 
improving the neurosurgical technique of tumor resection. Therefore, perioperative 
mortality has dropped from as high as 40% to as low as 0–1% [1, 5, 6, 11, 12].
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In some studies, histologic verification has been found useful, both for plan-
ning a treatment protocol and for judging the effectiveness of the treatment. 
Therefore, most neurosurgeons nowadays believe that all thalamic tumors 
should be verified histologically, and radical removal of the tumor must be the 
goal of the treatment, especially in patients with low-grade tumors [1, 2, 5, 6, 
11, 13, 14]. These studies have demonstrated improved outcomes with aggres-
sive surgical resection. Resection of thalamic tumors needs specific anatomical 
knowledge and surgical experience since the surrounding structures may limit 
a radical resection.

5.2  Territories of Thalamus and Their Arterial Blood Supply

Thalamus is often represented as a tetrahedron with three free surfaces exposed to 
ventricular system and one surface in contact with critical neural structures [15]. 
Composed of multiple nuclear grouping, the thalamus is a large mass of gray matter. 
The nuclear groups have their own pattern of afferent and efferent connections. It is 
bounded ventrally by the hypothalamic sulcus. Its caudal limit is at the level of the 
posterior commissure and aqueduct, its rostral limit is at the interventricular fora-
men, and superiorly it is related to the stria medullaris and the roof of the third 
ventricle. The lateral and caudal parts of the thalamus are enlarged and overlie the 
midbrain structures [1, 12].

The arterial and venous vascularization of the thalamus is well described in the 
literature and the thalamus is supplied by anterolateral (PCoA), lateral (AChoA), 
posterolateral (thalamogeniculate arteries), medial (diencephalic interpeduncular 
branches), and dorsal (P2) arterial systems [1, 16] (Fig. 5.1). These main arteries 
supply different nuclei in different parts of the thalamus through their terminal 
branches. Accordingly, seven different vascular thalamic territories have been 
defined [16].
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Paramedian a.

Polar a.

PCA Thalamo-
geniculate a.

Posterolateral
choroidal a.

Posteromedial
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Inferior
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thalamic v.

Thalamostriate v.

Superficial thalamic v.

Superior thalamic v.

Internal cerebral v.
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(Rosenthal)Basal v.

Great cerebral vein

Fig. 5.1 Arterial blood supply and venous drainage of thalamus
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5.2.1  Anterior Territory

The anterior territory includes parts of the anterior, ventral, and intralaminar regions 
of the thalamus and this part is supplied by the tuberothalamic artery [17]. It is 
absent in about a third of the normal population; in this case the anterior thalamic 
region is supplied by the paramedian artery or, more generally, the percheron artery 
[18]. The percheron artery is a rare variant of the posterior cerebral circulation, 
characterized by a solitary trunk and supplies bilaterally to the paramedian thalami 
and rostral midbrain [19]. The psychiatric syndrome of anterior thalamic infarction 
is unique. In the early stages of anterior thalamic infarction, patients may show 
shifting states of consciousness and may become withdrawn. In the later course of 
the disorder, recurrent personality changes are seen, which include disorientation of 
time and place, euphoria, loss of understanding, apathy, and lack of spontaneity 
[20–22].

5.2.2  Inferolateral Territory

The inferolateral territory includes the medial geniculate nucleus, the ventral poste-
rior, and ventral lateral nuclei and the pulvinar nuclei [17, 23]. The inferolateral 
arteries are composed of 5–10 arteries also known as the thalamogeniculate or infe-
rior external optic arteries that arise from the P2 or ambient segment of the posterior 
cerebral artery [24]. There are three main groups: the medial geniculate, principal 
inferolateral, and inferolateral pulvinar arteries. The medial geniculate nucleus sup-
plied by the medial branches occupies the inferolateral region, the ventral posterior 
and ventral lateral nuclei supplied by the major inferolateral branches, and the pul-
vinar nuclei supplied by the inferolateral pulvinar branches [17, 20, 23, 25].

Inferolateral artery infarction presents with the thalamic syndrome which 
includes sensory loss to a variable extent, with impaired extremity movement, 
sometimes with postlesion pain. The most prominent characteristic of this condition 
is the extreme pain that analgesics cannot alleviate, which can be associated with 
isolation of the thalamus from cortical inhibition [26, 27].

5.2.3  Paramedian Territory

The paramedian territory includes parts of the anterior, medial, and ventral thala-
mus. The intralaminar zone is also included in this territory [17].

The Paramedian Thalamic Territory is supplied by the paramedian arteries which 
are the posterior thalamosubthalamic paramedian arteries, posterior thalamoperfo-
rate arteries, or mesencephalic arteries. They arise from the P1 segment of the pos-
terior cerebral artery, also known as mesencephalic artery [23, 24, 28].
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Sections of the anterior, posterior, and ventral thalamus as well as parts of the 
intralaminar region form the paramedian territory which comprises of reticular, lim-
bic, effector, associative, unique sensory, and intralaminar from the nuclear classes 
supplied by the paramedian arteries [16].

Infarction or injury of the paramedian arteries group may result in some complex 
clinical conditions such as vision disturbance, hemiparesis, memory disturbances, 
and akinetic mutism [29, 30].

5.2.4  Posterior Territory

The posterior territory includes mainly the geniculate nuclei, parts of the intralami-
nar region, and the pulvinar [16]. It is supplied by the posterior choroidal arteries. 
The posterior choroidal arteries are derived from the distal P1 or proximal P2 por-
tion of the posterior cerebral artery. The medial branches pass to the choroid plexus 
under the corpus callosum and supply the choroid plexus in the roof of the third 
ventricle and a portion of that in the body of the lateral ventricle. The lateral branches 
pass to the cerebral peduncles, thalamus, and supply a portion of the choroid plexus 
in the atrium and posterior part of the temporal horn and body [31]. Most frequent 
symptom in patients with posterior choroidal artery infarction is homonymous qua-
drantanopia. A lateral posterior choroidal artery infarction may be presented with 
hemisensory failure. There can also be transcortical aphasia and memory disrup-
tions [32].

5.2.5  Variant Thalamic Territories

5.2.5.1  Anteromedian Territory

As suggested by the term, the anteromedian territory is created by merging the con-
ventional anterior and paramedian territories. Specifically, the posterior part of the 
anterior territory and the anterior part of the paramedian territory are merged [33]. 
Serious neuropsychological conditions, which are more severe where the infarc-
tions are bilateral, are the prevalent trait of anteromedian territorial infarcts. A typi-
cal characteristic of anteromedian territorial infarcts is extreme anterograde 
amnesia [16].

5.2.5.2  Central Territory

The central thalamic territory consists of the four traditional thalamic territories’ 
central intersection. While infarctions affecting this area alone are exceedingly rare, 
symptoms of cognitive decline, vertical gaze paresis, arousal loss, and ataxia are 
likely to show in patients [24, 33].
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5.2.5.3  Posterolateral Territory

The posterolateral territory consists of the fusion of the posterior part of the infero-
lateral territory with the posterior part of the posterior territory and the posterior 
segment of the vascular inferolateral territory [32]. Aphasia, ataxia, and lack of 
higher executive function are associated with infarction in this area. The signs of 
aphasia, ataxia, and lack of executive functions are well accompanied by a loss of 
associative nuclei activity due to infarction of the pulvinar and ventral region, which 
can be thought to offend this territory [16, 33].

5.3  Thalamic Venous Drainage

The thalamus is drained by deep cortical veins such as the thalamostriate and lateral 
thalamic veins [34] (Fig. 5.1). These drain into the internal cerebral veins with the 
caudate portion drained particularly by the Rosenthal basal vein and then enter 
Galen vein except for invariant instances [34]. It is important to remember that there 
are variable clinical manifestations of venous infarctions and neoplasms since they 
do not affect individual arterial regions. As predicted, there are greatly differing 
clinical effects ranging from headache to death (hemiplegia, mutism, drowsiness, 
hemorrhagic infarction of the basal ganglia) in case reports of patients with thalamic 
insults related to cerebral venous thrombosis [35].

5.4  Thalamic Peduncles

Thalamic peduncles or radiations are large projection fiber bundles that connect the 
thalamus and the cortex. It has been well described in both human and monkey 
brains and these bundles consist of both afferent and efferent fibers [36]. Based on 
cortical projections, five main fiber bundles have been defined: The anterior, supe-
rior, lateral, posterior, and inferior peduncles [1, 37]. These peduncles represent the 
staging areas of fibers originating from the cerebral cortex before passing through 
the reticular nucleus to enter the thalamic nuclei [16]. The functions of the thalamic 
peduncles can be inferred from the corresponding cortical areas where the fibers are 
projected. And lots of clinical information and evolving experimental evidence indi-
cate that the various thalamic nuclei have different intended roles [17, 20].

5.4.1  Superior Thalamic Peduncle

The superior thalamic peduncle is bounded laterally by the internal capsule and runs 
through the most medial portion of the internal capsule-posterior limb [36, 37]. 
Anatomically, it is located superior to the caudate nucleus and ventral to the 
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thalamus [38]. The superior thalamic radiations connect the ventral nuclear group of 
the thalamus with the precentral, postcentral gyrus, the caudal part of the cingulate 
gyrus, the parahippocampal gyrus, and the prefrontal cortex through the superior 
thalamic peduncle and the posterior limb of the internal capsule [36, 37].

In voxel-based morphometry studies, it has been shown that the superior tha-
lamic peduncle shows significant fractional anisotropy in patients with bipolar dis-
order. Therefore, it is thought that anisotropy in the superior thalamic peduncle may 
be considered as a risk factor in bipolar disorder [39].

5.4.2  Posterior Thalamic Peduncle

The posterior thalamic peduncle is a bundle of projection fibers, including optic 
radiation, that run through the posterior limb of the internal capsule providing the 
connection between the pulvinar and lateral geniculate nuclei of the thalamus and 
the posterior parietal and occipital cortex. This fiber bundle also includes optical 
radiation and is involved in visual and motor integration [40, 41]. Additionally, 
anomalies in the posterior thalamic radiation and left mediodorsal thalamic nucleus 
may result in anorexia nervosa. It has been claimed that the disorder of these white 
matter pathways may lead to impairment in the visual perception of the body and 
therefore may play a role in anorexia nervosa [42]. Recent studies have focused on 
the role of the posterior thalamic fiber bundle in high cognitive functions. In the DTI 
study conducted in 4400 subjects without a history of strokes, where the effect of 
microstructural changes of white matter pathways on cognitive performance was 
investigated, it has been reported that the lowest cognitive and grasping perfor-
mance may be mostly related to microstructural changes in the posterior thalamic 
projection fiber bundle relative to other white matter pathways [43].

5.4.3  Anterior Thalamic Peduncle

The anterior thalamic peduncle passes through the anterior limb of the internal cap-
sule and enters the most rostral part of the thalamus, and these fiber bundles form a 
reciprocal connection between the prefrontal and orbitofrontal part of the cortex and 
the cingulate gyrus. It also includes the fiber bundles between the supplementary 
motor area and the thalamus.

The anterior limb of the internal capsule contains anterior thalamic peduncle and 
frontopontine fibers and has been associated with the ability to dynamically shift 
focus and attention to various environmental stimuli. This feature is an indicator of 
cognitive flexibility [44, 45]. Also, it has been reported that there is a relationship 
between anterior thalamic radiation abnormalities and negative symptoms and cog-
nitive abnormalities in schizophrenia [46]. Accordingly, a significant correlation 
was observed between the integrity of the anterior limb of the right internal capsule 
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and cognitive functions (administrative function, working memory) in patients with 
schizophrenia, and it was reported that structural changes in the anterior limb of the 
right internal capsule may cause cognitive dysfunction in schizophrenia [46].

5.4.4  Inferior Thalamic Peduncle

The inferior thalamic peduncle passes medial to the posterior limb of the internal 
capsule and reaches the ventromedial side of the thalamus. These fiber bundles con-
nect the thalamus with the orbitofrontal, insular, and temporal cortex and the amyg-
dala [47, 48]. The inferior thalamic peduncle was first described by Velasco as a 
potential stimulation site for resistant depression [49]. In patients diagnosed with 
major depression, the inferior thalamic peduncle was thought to be metabolically 
abnormal, and this theory was confirmed by functional imaging and PET studies 
[50]. These studies also showed that hyperactive adverse interaction with pharma-
cological treatment was also possible, and it has been claimed that metabolic hypo-
activity is improved in this area by DBS [50–52]. In subsequent studies, in addition 
to major depressive disorder, significant remission results were obtained in other 
psychiatric conditions such as obsessive–compulsive disorder, resistant anxiety, and 
mood disorder [53, 54].

5.4.5  Lateral Thalamic Peduncle

The lateral thalamic peduncle is located between the proper thalamus and the reticular 
nucleus, and it is adjacent to the posterior limb of the internal capsule. This peduncle 
contains fibers from the upper and lower parietal lobules, superior temporal gyrus and 
sulcus, cingulate gyrus, and motor cortex [37]. It was named with the term “extracap-
sular thalamic peduncle” in another study and anatomically it was defined as fibers 
originating from the surface of the third ventricle of the thalamus and joining under 
the anterior commissure with the ansa peduncularis to reach the amygdala and tempo-
ral cortex. These peduncle fibers run outside the internal capsule opposed to the fibers 
of the anterior, superior, posterior, and inferior peduncles [12].

5.5  Surgical Approaches

Yaşargil described three different growth patterns of thalamic tumors [14]. Those 
with local expansion, which distort as well as displace the surrounding structures. 
The second group is those tumors with an expansion into the lateral ventricular cav-
ity without ependymal penetration. The third group of tumors may expand laterally 
and superiorly into the white matter of an adjoining gyrus.
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To reach thalamic region surgically, various surgical approaches have been 
described [10]. The popular ones are transcortical transventricular approach [5, 55], 
anterior interhemispheric transcallosal approach [10, 11], contralateral infratento-
rial supracerebellar approach [13], posterior interhemispheric parasplenial approach 
[14], and transsylvian–transinsular approach [1, 15]. Each of these approaches has 
its own indications and risk of complications.

5.5.1  Transcortical Transventricular Approach

Various transcortical transventricular approaches have been described for thalamic 
tumor resection, such as a frontal transventricular approach [4, 7] for superior ante-
riorly located tumors, occipital or parieto-occipital transventricular approaches [7, 
13] for posteriorly located tumors, and a transcortical transtemporal approach 
between T1 and T2 [1, 5, 55] for ventral posteriorly located tumors. For removal of 
more marked lateral expansion of the tumor, often in proximity to the temporal 
horn, a transcortical transtemporal approach is recommended because the risk of 
injuring important vessels is lower [5] (Figs. 5.2, 5.3 and 5.4).

The patient is placed in a supine position with the head rotated opposite to the 
lesion fixed in a head holder. A question mark or C-shaped incision is made to 
include above the posterior part of the zygomatic arc extending above the tragus and 
auricle. Alternatively, a straight skin incision can also be used. After the temporalis 
muscle is retracted anteriorly, craniectomy is performed above the middle temporal 
gyrus projection. Corticotomy parallel to the middle temporal gyrus is performed. 
Depending on the lesion location, the temporal horn of the lateral ventricle can be 
exposed to provide wider exposure. Arcuate fascicule fibers are situated underneath 
the cortex with the optic radiation below and the tapedial fibers on the posterior. The 
temporal horn can be accessed after going through the ependyma. Body of 

a b

Fig. 5.2 Transtemporal–transventricular approach. (a) Temporal craniotomy is performed. (b) 
Body of hippocampus can be visualized and atrium of the lateral ventricle can be accessed poste-
riorly. Dissection of the choroid fissure provides access to the ambient cistern. Posterior cerebral 
artery can be identified at this point. The fimbria of the fornix, the lateral posterior choroidal artery 
is exposed. The cerebral peduncle access is possible for inferiorly located lesions
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a b

Fig. 5.3 5 years old patient presented with mild hemiparesis. (a) T2-weighted MR imaging dem-
onstrated cystic large lesion in the right thalamic region. (b) Early postoperative CT demonstrates 
complete removed using transcortical-temporal approach

hippocampus can be visualized, with the collateral eminence inferolaterally and the 
choroid plexus superiorly. Atrium of the lateral ventricle can be accessed posteriorly 
and the calcar avis can be visualized at the deep end of the exposure. Dissection of 
the choroid fissure provides access to the ambient cistern. Posterior cerebral artery 
can be identified at this point (Fig. 5.2). The cerebral peduncle access is possible for 
inferiorly located lesions. Superiorly, the optic tract is located anteriorly, and the 
lateral geniculate nucleus is located posteriorly. Cinalli reported that when tumor 
cysts were present, usually the surgical corridor was dictated by the location of the 
cyst that contributed to significant displacement of the corticospinal tract [5].

5.5.2  Anterior Interhemispheric Approach

Most neurosurgeons prefer an anterior interhemispheric transcallosal approach in 
patients with a paramedian tumor with significant intraventricular component or 
located immediately below the ependyma in proximity to the choroid plexus attach-
ment—superior–anterior thalamic tumors [1, 5, 7, 9, 14]. With this approach, there 
is great flexibility for exploring the lateral ventricle with no disruption of hemi-
sphere tissue, no cortical incision. This approach can be utilized for gaining expo-
sure of the medial thalamus. Another advantage of this approach is the possibility of 
an endoscope usage. For this approach, the head is positioned either in supine with 
20° flexion or laterally with the lesion side below for the ipsilateral approach. Lesion 
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a b

c d

Fig. 5.4 (a, b) Preoperative contrast T1 axial and coronal cuts of the same patient demonstrate 
heterogeneous contrast enhancement of the large right thalamic tumor. (c, d) Postoperative MR 
3 months later does not present any contrast enhancement. Histopathology: pilocytic astrocytoma

side should be placed superiorly if a contralateral interhemispheric approach is 
planned. After craniotomy, the dura is incised in C shape and folded over the supe-
rior sagittal sinus. The interhemispheric bridging veins are dissected and preserved. 
After dissecting the interhemispheric adhesions, the cingulate gyrus can be visual-
ized. Callosomarginal artery can be traversing along the cingulate gyrus and can be 
seen at this point. After progressing through the interhemispheric space, pericallosal 
arteries and body of the corpus callosum can be seen. Callosotomy is performed 
toward the targeted ventricle at this point. The thalamostriate vein, anterior septal 
vein, and choroid plexus can serve as landmarks after the lateral ventricle is 
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penetrated. When the lateral ventricle exposure is achieved, caudate nucleus, medial 
thalamus, choroidal fissure, and fornix can be seen.

Lesion located in the superior part of the thalamus can be accessed without fur-
ther dissection into the third ventricle. If necessary, entry into the third ventricle can 
be achieved by splitting the choroid plexus from the choroid fissure or from the 
foramen of Monroe. If the choroid fissure is dissected from the medial side, care 
should be given not to damage the fornix as this may lead to memory deficits. 
Internal cerebral veins can be seen after entry as the extent of the thalamostriate 
vein. Meticulous hemostasis is required as in all ventricular approaches to prevent 
an obstruction in the aqueduct of Sylvius. Serra et  al. recommend continuously 
flushing for at least 30 min after lesion resection [11] (Figs. 5.5 and 5.6).

a b

c d

e

Fig. 5.5 Anterior interhemispheric approach. (a) The craniotomy flap is turned by crossing the 
midline and two thirds of the craniotomy is made on the anterior side of the coronal suture and one 
thirds on the posteior side. (b) after craniotomy, the dura is incised in C shape and folded over the 
superior sagittal sinus. (c) Exposure of the corpus callosum after dissecting the interhemispheric 
adhesions. The corpus callosum is incised in a vertical direction. (d) The thalamostriate vein, ante-
rior septal vein, and choroid plexus can serve as landmarks after the lateral ventricle is penetrated. 
(e) Access to the third ventricle can be achieved by splitting the choroid plexus from the choroid 
fissure or from the foramen of Monroe
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Fig. 5.6 (a, b) Axial and coronal preoperative T1-weighted MR imaging with contrast shows 
large well-circumscrabed lesion in the left thalamic region. It has shifted the lateral ventricle to the 
cranial direction. (c, d) After radical removal of the tumor using an anterior interhemispheric 
approach. Histology: pilocytic astrocytoma

5.5.3  Posterior Interhemispheric Approach

Posterior thalamic-pulvinar lesions can be reached using a posterior interhemi-
spheric approach easily. With this approach, a large section of the parasplenial area 
can be explored. Subsplenially, the pineal and parapineal areas as well as the pulvi-
nar thalami are exposed [11, 14]. For the posterior interhemispheric approach, the 
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patient is positioned either prone or laterally with the lesion side falling inferiorly. 
The craniotomy is performed to include the sagittal suture and lambdoid suture 
(Fig. 5.7). The angle of approach depends on the location of the lesion as well as the 
density of the bridging veins. It is very important to preserve the bridging veins of 
this area. Although the gravity helps with the retraction of the ipsilateral hemi-
sphere, a retractor may be needed. It is important to avoid placing the retractor over 
the calcarine sulcus as this may cause hemianopsia and, coupled with the splenium 
resection, may lead to disconnection syndromes. After dissecting the interhemi-
spheric adhesions, splenium of the carpus callosum is visualized. Falcotentorial 
junction can be seen posterior to the splenium. Anterior calcarine vein, also known 

a b

c d

e f

Fig. 5.7 Posterior interhemispheric approach. (a, b) Right paramedian occipital craniotomy is 
performed to include the sagittal suture and lambdoid suture. (c, d) After dissecting the interhemi-
spheric adhesions splenium of the carpus callosum is visualized. (e) The splenial resection will 
provide wide exposure of the pineal gland internal cerebral veins and the pulvinar. (f) Exposure of 
posterior thalamic region after a more lateral incision and extend of callosotomy
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a b c
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Fig. 5.8 7 years old boy was admitted to the hospital with visual disturbances. (a–c) T2-weighted 
images demonstrated a left medial pulvinar thalami lesion. A posterior interhemispheric approach 
with splenial dissection was performed with total excision of the lesion (d–f). Histology: pilomyx-
oid astrocytoma

as the internal occipital vein, can be seen crossing from the occipital lobe to below 
the falcotentorial junction. Although small, this vein should be preserved as failure 
may cause venous congestion and infarcts on the medial occipital region which will 
cause visual deficits. The splenial resection will provide wide exposure of the pineal 
gland internal cerebral veins and the pulvinar (Fig. 5.8). An incision in the precu-
neal region to preserve the integrity of the optic radiation enables entry into the 
atrium to resect bigger tumors extending into the atrium. But more aggressive 
retraction may be necessary for this approach (Fig. 5.9).

5.5.4  Supracerebellar Infratentorial Approach

Supracerebellar infratentorial approach has also been recommended for patients 
with pulvinar tumors, especially located in the medial posteroinferior aspect of the 
thalamus [5, 7, 13]. For this approach, the patient can be positioned in the sitting 
position or Concorde position. The craniotomy is done in the midline including the 
torcula. The dura is opened and suspended over the torcula. The cerebellar bridging 
veins will be encountered and required to be ligated. There are four main groups of 
bridging veins at the superior aspect of the cerebellum; the superior and inferior 
vermian bridging veins are situated at the midline, while the superior and inferior 
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Fig. 5.9 9 years old girl presented with hemiparesis. (a) T1-weighted contrast study presented a 
big thalamic lesion. (b, c) DTI demonstrated clearly that the corticospinal tract was shifted anteri-
orly. Therefore, a posterior interhemispheric precuneal approach was used. (d) The surgical tract 
to the lesion is presented with arrows. Total excision of the lesion is achieved. Histology: pilocytic 
astrocytoma

hemispheric veins are situated more lateral. The tentorial angle will be limiting fac-
tor of the extent of this approach. The steep pitch of the tentorium on either will also 
be limiting for the lateral exposure. The deep venous system can be seen after 
advancing along the midline. The superior vermian veins can be joined by the basal 
veins of Rosenthal to form the vein of Galen which will constitute the roof of the 
exposure. The internal cerebral veins also drain into the Galen which are situated 
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Fig. 5.10 Supracerebellar infratentorial approach. (a) Median suboccipital craniotomy is per-
formed. (b) Supracerebellar infratentorial space is dissected. (c) Exposure of quadrigeminal cis-
tern. (d) Pulvinar exposure after dissection of quadrigeminal cistern

opposite of this approach. The pineal gland can be exposed after dissecting the thick 
arachnoid. Superior colliculi are situated inferiorly. The medial aspects of both pul-
vinar can be exposed through this approach. The infratentorial way is completely 
extra-axial and less invasive. But the window between the two basal veins of 
Rosenthal is limited, and processes with a lateral extent of more than approximately 
1  cm from the midline cannot be removed by using this route. Therefore, this 
approach can only be used for small tumors originating in the medial aspect of the 
pulvinar thalami (Fig. 5.10). An important advantage of this approach is that no 
white matter pathway is disrupted for gaining exposure.

5.6  Paramedian Variation

The paramedian variation of the SCIT approach can be chosen over the midline 
approach when one-sided approach to the pulvinar is needed. This variation is ideal 
for lesions of the lateral posteroinferior thalamus. Less retraction is required on the 
cerebellum because of the angled structure of its superior surface. The craniotomy 
is performed extending laterally. After the dural opening and suspension of the dural 
flap, the superior and inferior hemispheric bridging veins can be encountered and 
may be required to be ligated. Further advancing will show the free edge of the 
tentorium and pulvinar on the medial. It is possible that the parahypocampal gyrus 
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Fig. 5.11 Paramedian supracerebellar infratentorial approach. (a) The craniotomy is performed 
extending laterally (left side). (b) After the dural opening and suspension of the dural flap, the 
superior and inferior hemispheric bridging veins can be encountered. (c) Supracerebellar infraten-
torial space is dissected. (d) Exposure of the free edge of the tentorium and left pulvinar on 
the medial

may obstruct the pulvinar access along with the tentorium. The tentorium in that 
case can be split. The structures on the medial side which needs to be identified and 
preserved are the basal vein of Rosenthal, internal cerebral vein, vein of Galen, the 
trochlear nerve, and the posterior choroidal arteries (Fig. 5.11).

5.6.1  Transsylvian–Transinsular Approach

Tumors presenting a close relationship with the insula can be reached with a pteri-
onal transsylvian–transinsular approach. Especially, the ventral posterior thalamic 
region lesions are good candidates for this approach. Yasargil has described this 
approach for the resection of AVMs, cavernomas, and gliomas of the insular or 
striocapsular regions [56]. Özek and Türe modified it for thalamic low-grade tumors 
[1]. The patient is positioned in supine with the head rotated opposite to the lesion 
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c

Fig. 5.12 Transsylvian–transinsular approach. (a) The pterional or posteriorly extended pterional 
craniotomy is performed. (b) Insular cortex and MCA M2 segments are identified by sylvian dis-
section. (c) Small incision has been made in the mid-portion of the postcentral sulcus of the insula 
(red line)

location. A wide pterional craniotomy is performed to allow wide dissection of the 
sylvian sulcus. Dura is opened in a C-shape and folded over the sphenoid side. For 
adequate visualization of the insula, the sylvian fissure should be opened along its 
entire length (Fig. 5.12). Care should be given to protect the sylvian veins as well as 
the branches of the middle cerebral artery.

The M2 segment of the middle cerebral artery appears over the insular cortex. 
The short and long gyri are identified. The posterior portion of the insular region is 
visualized, and it indicates the direction of exploration, which should follow the 
posterior limit of the posterior limb of the internal capsule. A short corticotomy at 
the mid-portion of the postcentral sulcus of the insula is performed and immedi-
ately, the tumor can be identified beneath the insular cortex. The lesion is then 
removed using routine microsurgical techniques. Precise knowledge of the topo-
graphical and vascular anatomy of the insular region allows us to use this surgical 
approach.

The use of this technique in patients with thalamic tumors is comparable to 
Kelly’s and Villarejo et al. technique for treating ventral posterior lesions [8, 55]. 
Compared with a cortical incision in the inferior temporo-occipital region and a 
transcortical transtemporal approach between T1 and T2, the transsylvian–transin-
sular approach is less invasive [15] (Fig. 5.13). The main criticism of this approach 
is that it apparently traverses the retrolenticular portion of the internal capsule. 
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Fig. 5.13 A 16-year-old patient presented with headache and left-sided hemiparesis. (a, b) 
T2-weighted axial and T1-weighted contrast images demonstrate well demarcated heterogeneous 
mass lesion in the inferior portion of the right thalamic region. Note the close relationship between 
the mass lesion and the insular cortex. A right-sided pterional-transsylvian approach was per-
formed. The patient’s left-sided hemiparesis was totally resolved within 3 months. (c, d) Axial and 
coronal MR images performed 6 months after surgery demonstrate the radical resection of the 
tumor. Histology: pilocytic astrocytoma
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However, it is the experience of some authors that the white matter tracts are sepa-
rated and splayed by the expanding tumor and can be safely preserved by confining 
the surgical dissection to the lesion [1, 15].

5.7  Conclusion

Thalamic tumors can be resected with low mortality and morbidity. Different surgi-
cal approaches are available depending on location of the tumor within the thalamus 
and its extension. Resection of these lesions needs specific anatomical knowledge, 
especially the vascular anatomy of the region and the white matter tracts of the 
thalamus.
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Chapter 6
Convection-Enhanced Delivery 
in Children: Techniques and Applications

K. Aquilina, A. Chakrapani, L. Carr, M. A. Kurian, and D. Hargrave

6.1  Introduction

Since it was first described in 1994, convection-enhanced delivery (CED) has under-
gone extensive pre-clinical and clinical investigations [1]. Although predominantly 
rooted in oncology, CED has been also used extensively in other fields in both adults 
and children, including neurodegenerative, metabolic, and neurotransmitter disor-
ders. The unique ability of CED to reliably deliver macromolecules, nanoparticles, 
and viruses directly to their site of action in the brain, bypassing the blood brain 
barrier, continues to hold promise. In this article, we review the principles of CED 
and describe its techniques and applications in children.
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6.2  The Blood Brain Barrier and Interstitial Fluid

The blood brain barrier (BBB) is the interface between the brain parenchyma and 
the vascular system. Its primary function is to maintain brain homeostasis by regu-
lating transport into and out of brain cells. The architecture and development of the 
brain microvasculature is highly conserved across species. Early growth of brain 
capillaries has been extensively described in the zebrafish, where the development 
of BBB properties parallels early angiogenesis and is strikingly similar to the mam-
malian brain [2]. The human brain contains an extensive network of capillaries, with 
an average diameter of 7 μm, and an estimated surface area of 15–25 m2. The vas-
cular system of the brain is arranged such that each neuron is no further than 
10–20 μm from the nearest capillary [3].

The BBB, at the level of the vascular endothelium, maintains homoeostasis for 
water, ions, amino acids, hormones, neurotransmitters, and immune cells as well as 
provides a barrier for toxic or infectious agents. In this way, it protects the brain 
against disruption of controlled neuronal signalling, inflammation, cerebral oedema, 
and exposure to pathogens. The neurovascular unit represents a structural and func-
tional interaction between vascular cells (endothelial cells, pericytes), the basement 
membrane, and glial cells (microglia, astrocytes, and oligodendroglia). Endothelial 
cells are held together by interactions between the extracellular domains of trans-
membrane proteins, which are anchored on their intracellular side to the cytoskele-
ton. These prevent paracellular transport of molecules, enforcing the need for 
transcellular active transport. This is a dynamic interaction, such that increased 
shear stress due to blood flow upregulates genes associated with junctional proteins 
and transporters. Endothelial cells lack fenestrations and allow only low rates of 
transcytosis [4]. In the post-capillary venules, endothelial cells also have low expres-
sion of leucocyte adhesion molecules, allowing higher control of white cell recruit-
ment to the perivascular spaces, limiting inflammation and oedema.

Brain capillaries are almost completely surrounded by astrocytic end feet. An 
astrocyte may support multiple endothelial cells. Astrocytes have a role in regulat-
ing blood flow in response to increased local neuronal activity, probably by chang-
ing calcium ion concentration in their end feet. The pericytes wrap around capillaries 
and are aligned with the direction of blood flow. They are separated from the endo-
thelial cells by a thin 100 nm basement membrane. One pericyte typically supports 
three endothelial cells [5]. Pericytes are contractile, as they have actin fibres spread 
throughout their body; they can regulate capillary diameter and blood flow. They are 
recruited to nascent capillaries during development.

The extracellular space in the brain occupies 15–30% of the brain volume. It sur-
rounds the neurons and glia in the brain and consists of a hyaluronan-based matrix 
and a fluid phase that contains lower protein, K+, and Ca2+ concentrations than 
plasma but higher Mg2+ levels. Its fraction of total brain volume has been estimated 
at 0.15–0.30 [6]. The fluid phase represents a reservoir of ions and neurotransmitters 
and allows movement of solutes and nutrients between the most peripheral capillar-
ies and the brain cells. It originates at the BBB, as the sodium–potassium pump 
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generates a net inflow of filtered plasma into the fluid phase [7]. CSF flow in the 
glymphatic system also mixes within the interstitial fluid, as it flows along the 
Virchow Robin spaces [8]. The geometry of the extracellular space has been 
described as an interconnected network of pores, up to 100 nm in diameter, running 
between adjacent cell membranes [6].

The BBB is a key obstacle in the treatment of several conditions that affect the 
CNS; only depression, schizophrenia, chronic pain, some of the white matter, neu-
rotransmitter and autoimmune disorders, and epilepsy are currently treatable with 
orally administered small molecule drug therapy [3]. The BBB represents an impor-
tant component of the gap between in vitro pharmacological success and patient 
outcomes in clinical trials. While small (<500 Da) lipophilic molecules can diffuse 
across the luminal and abluminal membranes of the endothelial cells, small polar 
molecules such as amino acids and nucleosides require carrier-mediated transport 
through the endothelial cells. Larger molecules such as proteins require endocytic 
transport, mediated by receptors or adsorption [3]. Efflux pumps actively return 
unwanted molecules back into the circulation. Ninety eight percent of all small 
molecules do not cross the BBB.

6.3  Convection-Enhanced Delivery: General Principles

6.3.1  Volume of Distribution

CED involves the bulk movement of a solute or drug along a pressure differential 
into the interstitial compartment, gradually replacing the extracellular fluid with 
infusate. The first injection studies, using blunt stainless steel 23G cannulae, were 
carried out in the corona radiata of anaesthetized cats, using a large (transferrin) and 
a small (sucrose) molecule [1]. These initial studies showed that ‘microinfusion’ 
could effectively raise the concentration of a substance within the brain parenchyma 
to several orders of magnitude of that in the systemic circulation. Early CED trials 
using diphtheria toxin for recurrent malignant gliomas demonstrated local tumour 
responses without systemic adverse effects [9].

CED was confirmed to be five to tenfold more effective than diffusion in deliver-
ing a substance [10]. Whereas diffusion is driven by a concentration gradient, CED 
can continue despite equal concentrations of the substance throughout the tissue. 
Distribution achieved by diffusion alone is limited to a maximum of 1–2 mm and is 
dependent on the size of the molecule. Diffusion is less effective for large mole-
cules. There is a steep drop-off at the peripheral margin of the distribution, by about 
250–1000-fold. In addition, the concentration of molecule at the point of dispersal 
must be very high, and therefore potentially toxic to brain tissue, at least at that point.

In contrast, CED, driven by a pressure differential, is able to distribute a mole-
cule homogeneously throughout a high volume of interstitial brain tissue. Molecular 
size is not a limiting factor, as the interstitial fluid is displaced by bulk flow of the 
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solute containing the drug. Its eventual distribution is limited by the total volume 
infused, the metabolism of the drug, the degree to which it is bound to or taken up 
by the local cells, and whether it is transported back into the microvasculature. 
Distribution by CED is best for high molecular weight (>400 Da) hydrophilic mol-
ecules, which are therefore not easily cleared out of the interstitial fluid by absorp-
tion into the systemic circulation through the local capillaries. Large, hydrophilic 
molecules are more likely to remain in the interstitial fluid rather than diffuse back 
into the circulation [11]. Long infusion times allow a longer opportunity for metab-
olism and clearance at the periphery of the distribution cloud, leading to reduction 
in distribution volume [12]. As a continuous pressure differential is required, it is 
essential that the materials used to inject the drug into the brain, including the 
syringes, tubing, and implanted catheters, are made of stiff non-compliant materials.

Several variables affect delivery of the drug into the brain parenchyma. These 
include anatomy of the target site, infusion rate, infusion frequency, drug type and 
concentration, as well as catheter design and placement [11]. Delivery is defined by 
the ratio of the volume of brain permeated (Vd) by the volume infused (Vi). This var-
ies by the permeability of the target brain tissue; a higher ratio implies superior 
delivery. Brain grey matter (cortex) has a lower interstitial fraction than white mat-
ter and has a typical distribution ratio of 4:1. White matter is more permeable and 
typically has a distribution ratio of 7:1. The high density of the white matter tracts 
in the brainstem gives it a typical ratio of up to 10:1. In addition, the anatomy of the 
target region defines the shape of permeation. In the cortex, flow is typically not 
constrained in any one direction (anisotropic) and fluid distribution is therefore 
spherical. In white matter, the direction of the tracts determines permeability, lead-
ing to isotropic distribution that is higher along the tracts.

The volume of distribution is also limited by ependymal and pial surfaces. Once 
the infused volume reaches these boundaries, the solute will then be lost to CSF. One 
study monitored the volume of distribution of gadoteridol-loaded liposomes infused 
by CED into non-human primates and canines [13]. This demonstrated that once 
leakage into the ventricles or sulci began, further distribution into the brain ceased 
or underwent marked attenuation. However, high molecular weight compounds 
may be contained by the pia and prevented from leaking into the subarachnoid 
space, if the pial surface itself is not punctured [14].

Particular issues related to the interstitial fluid and volume of distribution apply 
to CED in brain tumours. Brain tumours, especially higher-grade ones, disrupt the 
intercellular space and the physiological fluid flow within it. Neovascularization, 
increased permeability of immature blood vessels, sequestration of protein, and 
increased cellular components all raise fluid volume within the space and increase 
interstitial pressure [15]. The interstitial pressure in normal brain tissue is 0.8 mmHg, 
while within a tumour it has been measured at 7 mmHg [16]. Bulk flow of intersti-
tial fluid from inside to outside the tumour may reduce the efficacy of CED. Cystic 
tumour components create their own local effects on the surrounding tumour tissue 
and brain parenchyma, depending on their content, fullness, and permeability, and 
the pressure within them may be different from that in the ventricles or subarach-
noid space [17]. While in adult GBMs CED is usually administered after resection 
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of the tumour, this is not the case for diffuse intrinsic pontine glioma (DIPG) in 
children, where it is usually administered after radiotherapy. However, radiotherapy 
is known to degrade extracellular matrix, increasing its permeability [18]. Necrotic 
areas may act as sinks, reducing further forward flow of infusate. This is an impor-
tant factor considering that in most current trials CED is administered after other 
treatment modalities have failed.

DIPGs can contain cystic regions; precise positioning of a catheter tip at least 
10 mm from the cyst has been shown to preserve infusate volume, with avoidance 
of leakage into the cyst [19]. Regions of tumour necrosis lack interstitial architec-
ture and may lead to pooling of the infusate, and highly vascular regions in malig-
nant tumours can lead to infusate leaking into the systemic circulation [13]. The 
presence of a rich network of lenticulostriate vessels around the putamen may draw 
interstitial fluid and CED infusate into perivascular channels in a dorsoventral direc-
tion along a preferential extracellular flow pathway; a putaminal infusion approach-
ing from a dorsal direction exploits this natural flow [20].

The volume of distribution is also influenced by viscosity and surface properties 
of the infused solute [21]. Monodispersed maghemite nanoparticles distributed bet-
ter when their viscosity was increased by coating with dextran or when the infusate 
also contained sucrose or polyethylene glycol [22]. In a study evaluating delivery of 
viral particles, surface characteristics were found to be critical for their distribution 
[23]. Similarly, in another study evaluating spread of liposomes infused by CED, 
liposomes shielded by polyethylene glycol distributed further than unshielded lipo-
somes [24]. Positively charged liposomes were also more effectively bound to cells, 
reducing their spread in comparison to neutral or negatively charged ones [24].

6.3.2  Infusate Backflow

High variability in flow rate and infusion patterns has made it harder to evaluate the 
impact of CED across clinical trials; infusion rates, for example, have ranged from 
0.5 to 66 μL/min, and volumes infused from 2 to 108 mLs [11]. Infusions are usu-
ally commenced at a low rate, starting from 0.1 to 5 μL/min. The rate is slowly 
increased over subsequent hours. Effective infusion rates are specific to the catheter 
used and the target tissue. Historically, infusion rates have increased to enable suf-
ficient drug delivery within a reasonable time. Although an increase in flow rate 
theoretically increases the volume of distribution, in practice this also leads to an 
increase in backflow along the cannula back towards the surface of the brain.

Backflow, or reflux, reduces pressure at the point of injection, limiting wide sol-
ute distribution. Once an annular gap around the catheter is formed, backflow is 
established, offering a path of least resistance and leading to loss of large volumes 
of fluid [25]. The needle tract effectively forms a pressure sink with lower hydraulic 
resistance than brain parenchyma [26]. Rotational movement during insertion may 
compromise the parenchymal seal around the cannula and increase reflux [27]. 
Conversely, rapid needle insertion may reduce parenchymal injury and reduce reflux 
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[28]. Reflux is more extensive, both in volume lost and distance travelled, when 
cannulas with large diameter are used [26]. When catheters similar to shunt cathe-
ters were used, either with a single opening at the end or with multiple side open-
ings, distribution was poor; sealing of the burr holes, or use of a very low flow rate, 
was required to reduce large reflux [29, 30]. When multi-port hydrocephalus shunts 
were used, 80% of the fluid escaped through the three proximal holes, severely lim-
iting any forward solute delivery [31]. The position of the catheter tip with regard to 
the tumour and peri-tumoural region, as well as distance from the ventricle, the 
cortical surface, and major sulcal boundaries, also influences the extent of backflow 
and success of solute delivery [14].

Backflow is also influenced by hydraulic resistance in the region of the ventri-
cles. In computational three-dimensional models designed specifically to evaluate 
backflow and using realistic non-linear brain geometry, backflow varied with infu-
sion flow rates, catheter distance from the ventricles, and intraventricular pressure 
[32]. Catheters implanted close to low-pressure ventricles were shown to lose more 
fluid to ventricular CSF, whereas catheters close to high-pressure ventricles had 
high backflow. The authors recognize that more accurate flow modeling must be 
patient-specific and needs to take into account heterogeneities of brain tissue, par-
ticularly in the vicinity of a tumour, and the changes in the mechanical properties of 
the parenchyma occurring as a result of cannula insertion and progressive infusion 
[32]. A recent study in adult rat brains has demonstrated the efficacy of electroki-
netic CED of charged molecules along a current between two implanted electrodes; 
in this way, the infusion pressure, essential for CED, and the cause of backflow, is 
replaced by the electrophoretic mobility of the solute [33]. This technique also pro-
vides definitive directionality of distribution. Further pre-clinical studies are 
required to explore this concept further.

6.3.3  Catheters for CED

Catheters in current use are up to about 32G in diameter. Mechanical disruption and 
trauma of brain tissue around the catheter caused during insertion, as well as the 
presence of air bubbles, intermittent blockage, pressure spikes during infusion, 
large catheter diameter, and catheter hardness, all increase the volume and extent of 
backflow [34, 35]. Delaying the first injection to allow a longer tissue sealing time 
between the catheter and the brain has not been shown to effectively reduce back-
flow, probably because the healing time required is longer than the permissible wait-
ing time. Insertion of a small soft catheter over a stylet increases the risk of 
introducing air bubbles. To limit this, catheters often have an outer coat that is more 
rigid, obviating the need for an internal stylet.

Five categories of catheter design have been described. These include the end- 
port cannula, stepped profile catheters, multi-port catheters, porous-tipped cathe-
ters, and balloon-tipped catheters [21]. Most have been evaluated in agarose gel 
phantoms, considered similar to brain tissue, although understandably more 
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homogenous and validated against the porcine brain model [36]. The microporous- 
tipped cannula is characterized by a ceramic tip containing a large number of small 
holes, up to 0.45 μm in diameter, arranged around the circumference of the catheter. 
As the holes are so small, pressure within the core distal to the proximal holes is 
maintained, allowing for a more even flow from the whole tip.

Porous catheters, with high porosity over a 13 mm segment, starting 4 mm from 
the tip, have been evaluated for infusion of large volumes of fluid over a wide dis-
tribution, such as an entire hemisphere [37]. When compared to the SmartFlow™ 
cannula, a step end-port catheter, used in vivo in porcine brain, larger distribution 
volumes were obtained with the porous catheter, as fluid emanated radially and 
uniformly from the entire porous length. Balloon-tipped catheters have been used 
only experimentally; these allow a small balloon at the top to be inflated within the 
post-resection tumour cavity, allowing the drug to be delivered into the periphery 
where tumour recurrence is most likely, without the risk of pooling or sequestration 
into the cavity [38]. The infusate was delivered effectively into the brain paren-
chyma around the balloon in a canine model to a depth of 25 mm, which would be 
expected to cover the region of recurrence in a glioblastoma [39]. In another study, 
the balloon did not have an exit port; it was filled with 125I radiation source to deliver 
brachytherapy instead [40].

Stepped catheters have been used extensively for experimental and clinical CED 
and several designs have been developed. A step, fashioned close to the tip of the 
cannula, reduces reflux up the catheter, increases perfusion and interstitial pressure 
around the tip, and improves distribution (Fig. 6.1). The first stepped catheter was 
composed of a 0.2 mm needle with a glued-in silica tubing, 0.168 mm in external 
diameter, that extended beyond the tip of the needle by 5–10 mm [41]. Rigid can-
nulas, which contain ceramic or steel tubing with fused silica liners, are preferable 
for acute injection, as they minimize macro-motion during implantation and 

a b

Fig. 6.1 (a) Tip of the Smartflow TM CED cannula. The block arrow points to the step proximal 
to the tip of the cannula, designed to prevent reflux. The body of the cannula is made of rigid 
ceramic. (b) Intraoperative infusion of AAV2 gene therapy for San Filippo syndrome, with six 
simultaneous infusions connected to the same Harvard syringe pump
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injection [36]. For long-term implantation, however, the relative movement between 
the rigid cannula and the brain may promote reflux. A flexible cannula can move 
harmlessly with the frequent brain movements related to day-to-day activities. 
Subsequent developments included flexible cannulas with a rigid distal infusion tip, 
inserted over a removable rigid core. One of the first flexible catheter assemblies 
that was suitable for long-term implantation was used in a glial cell-line-derived 
neurotrophic factor (GDNF) study in Parkinson’s disease [42].

Renishaw PLC have subsequently developed a recessed sub-millimetre diam-
eter catheter in which two guide tubes, an inner and a longer outer one, form a step 
1.5 mm long just proximal (3–18 mm) to the catheter tip; the inner guide tube is 
shorter than the outer one, thereby forming a recess which, on insertion, is plugged 
with tissue and therefore limits further reflux [25, 38]. The developers argue that 
this cannula does not act as a point source of distribution, but rather as a controlled 
reflux device [25]. A higher recess (or longer step length) led to a longer and nar-
rower ellipsoid distribution; higher infusion flow rates led to reduced distribution. 
This applied to both in  vitro and porcine grey matter evaluation (thalamic and 
putaminal) [25]. The authors argue that the distribution can be designed as spheri-
cal or ellipsoid by using catheters with shorter or longer recess length, aiming to 
match their target more completely. A step length between 3 and 6 mm causes a 
length to width ratio of 1:1–1:1.5 (spherical), whereas a step length over 12 mm 
increases the ratio to 2:1 or 3:1 (ellipsoid). Except for infusion at high pressures, 
the step limited further backflow around the cannula. Infusate rose to the step and 
then stabilized and distributed laterally. The highest reflux was seen with the 
shortest step lengths and the highest infusion rates. This study also showed that 
large backflow rates could be reduced by lowering infusion rates, but in vivo this 
would necessitate MR imaging during infusion [25]. These catheters are able to 
connect to a delivery system incorporating a transcutaneous port at the skull 
surface.

Another cannula involves a valve-tip device, where a solid rod is inserted into the 
core of the cannula, and on insertion, is withdrawn 3–5 mm. The design of the core 
is such that this allows infusate to flow around the rod, reducing the dead volume of 
the cannula [43].

Specialist pumps that are able to maintain such low flow rates are clearly required.

6.3.4  Catheter Insertion Techniques

Various aspects of catheter insertion procedures have been described in the recent 
literature. Implantation of the Renishaw stepped catheter utilizes image guidance 
and stereotactic robot assistance, based on the NeuroInspire software [25, 44]. Each 
component of the cannula is delivered over guide rods. The outer guide tube is 
delivered over a tungsten carbide delivery rod, just short of the implantation posi-
tion. The inner guide tube is then passed over an inner steel rod under continuous 
aspiration to minimize entry of air into the tract. Finally, a 0.6 mm rod is advanced 
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beyond the inner guide tube to the injection point, creating a pre-formed track for 
the unsupported flexible cannula [25].

One of the principal difficulties in CED is the ability to visualize the distribution 
of the drug, ideally in real time, so that appropriate corrective action can be taken, 
if necessary, during the infusion to ensure complete coverage of the target. One 
technique to achieve real-time CED uses intraoperative MRI [45]. The ClearPoint 
navigation platform (MRI Interventions, Irvine, CA, USA) was developed to 
improve safety and accuracy of electrode implantation in deep brain stimulation and 
was subsequently modified to allow accurate drug delivery and real-time visualiza-
tion in an intraoperative MRI setting [45, 46]. The SmartGrid, a localizing adhesive 
grid, is positioned over the expected entry site before MR volumetric scanning and 
informs the positioning of the SmartFrame, a scalp or skull-mounted frame which 
contains the infusion cannula guide. The ClearPoint software generates the trajec-
tory and provides depth as well as co-ordinates on the XY axis. In addition, adjust-
ments using hand controllers that extend beyond the bore of the magnet can be made 
by the neurosurgeon, allowing the expected error at the target to lie below 0.5 mm. 
A burr hole is then drilled through the mounted frame along the appropriate trajec-
tory, and the SmartFlow cannula, after priming, is inserted to the required depth. 
Co-infusion with gadolinium allows real-time visualization of the injection; fast 
multiplanar T1 images are acquired every 5  min during the infusion. Once the 
infused fluid is seen in the target, the flow is increased as required by the protocol 
[45]. Bilaterally mounted SmartFrames allow simultaneous infusions in both 
hemispheres.

The aforementioned authors have used this system widely, including for the 
delivery of adeno-associated virus serotype 2 (AAV2), carrying a gene for amino 
acid decarboxylase (AADC), into the putamen of patients with medically refractory 
Parkinson’s disease. The primary benefit of the technique is that the volume infused 
may be varied depending on the coverage of the putamen, as it is visualized in real 
time [45]. The system has also been used in early phase trials for recurrent glioblas-
toma, delivering nanoliposomal irinotecan and a retroviral replicating vector con-
taining the gene for cytosine deaminase, an enzyme that converts the prodrug 
flucytosine to 5-fluoruracil in tumour cells. An implantable reservoir is currently 
being developed, opening the possibility of continuous long-term infusions.

A further development that has been trialled in non-human primate studies 
involves a frameless skull-mounted ball-joint guide array (BJGA) [27]. This device, 
made of PEEK and therefore MRI compatible, fixes to the skull through three 
screws; it rotates through 360° and has a maximum angulation of 16° to the vertical. 
Its centre contains three 2 mm holes, each allowing cannulas, electrodes, or biopsy 
needles up to 16 gauge to be inserted through. The device also contains fiducials 
filled with gadolinium that allows registration using T1-weighted MRI scans. The 
software allows the trajectory of the cannula to be matched to the pre-planned route. 
In a non-human primate study evaluating delivery along the long axis of the puta-
men, the mean Euclidean error at the target was 1.18 ± 0.60 mm. This is similar to 
the frame-based ClearPoint system, as evaluated in a small series of patients under-
going CED for DIPG or Parkinson’s disease [47]; a significant contribution to this 
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error comes from non-linearities in the MR field. As in the ClearPoint system, real- 
time visualization of the infusion is also possible [27]. The small size of the device 
is particularly suited for paediatric use and allows multiple burr holes to be used 
simultaneously, either bilaterally or unilaterally with multiple directions to the same 
target. The three close parallel tracts allow real-time optimization of trajectory by 
switching to an adjacent port as a ‘rescue infusion’. Real-time adjustment in the 
MRI scanner also allows compensation for brain shift, related to loss of CSF or 
entry of air [27].

Matching distribution of infusate to the target remains a challenge, particularly 
when the target is elongated or irregular and therefore difficult to cover with multi-
ple spherical infusion points. The ‘infuse-as-you-go’ technique has been described 
in a study that infused AAV solution to the putamen of non-human primates through 
an occipital trajectory [20]. The catheters were advanced in 2–4 mm increments 
during the infusion, under real-time MR guidance. Coverage of the putamen was 
superior to the standard transfrontal approach and could be achieved with a single 
trajectory. No reflux along the infusion cannula was noted [20].

6.3.5  Long-Term and Intermittent Infusions

Delivery of chemotherapy to brain tumours using CED is unlikely to be effective if 
only carried out once, or if general anaesthesia and insertion of a new catheter are 
required for every injection episode. Maintenance of a stable volume of chemo-
therapeutic agent within the parenchyma allows the drug to target tumour cells over 
various phases of the cell cycle. Prolonged use of external catheters connected to 
intracranial CED cannulas is difficult due to the inherent infection risk. The typical 
scenario in adults occurs after resection of the contrast-enhancing components of a 
glioblastoma multiforme (GBM). Tumour cells are still likely to be present within 
2–3 cm of the margins of the resection cavity. These cells, despite adjuvant therapy 
with radiotherapy and temozolamide, are almost always the source of tumour recur-
rence. The ability to effectively infuse chemotherapeutic agents in this area, for a 
prolonged period or at regular intervals, in a way that maintains a high dose through-
out the entire volume is required if CED is to be successful at prolonging survival. 
In one phase 1b study, continuous 100 h infusions of topotecan, to a total infused 
volume of 40 mLs, in 16 patients, in and around recurrent GBMs, using an external 
catheter, demonstrated tumour regression in 69% of patients [48, 49]. GBM patients 
in the cohort had a 20% 2 year survival, and one remains alive at submission of a 
subsequent report in 2020 [50].

The proof of principle for prolonged CED was established in a study on adult 
pigs [51]. A single catheter was implanted into the anterior limb of the right internal 
capsule and connected to a Synchromed II pump (model 8637-20, Medtronic) 
implanted subcutaneously. Topotecan was co-infused with gadolinium for 3 or 
10 days. Maximum enhancement volume was reached by day 3 and remained stable 
in those pigs that underwent 10 days of infusion [51]. The longer infusion period led 
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to a sustained volume of distribution beyond that achieved by the shorter 3-day infu-
sion. Long-term topotecan infusion was well-tolerated in all animals.

A longer study by the same group has been published recently and describes 
important aspects of the effects of chronic infusions [12]. This involved infusion of 
topotecan in adult pig brains over periods ranging between 4 and 32 days. Infusions 
were carried out in the posterior centrum semiovale and were well-tolerated. A fully 
implantable system using a SmartFlow Flex ventricular catheter, 0.5 mm internal 
diameter (MRI Intervention Inc.), connected via a silastic lumbar catheter to a 
Synchromed II pump was used. The infusion pumps were emptied and refilled every 
4–5 days. Typical infused volumes varied between 2 and 4 mLs per day. Priming the 
target tissue with a slow infusion for 1 or 2 days prior to increasing to a maximal 
dose reduced extravasation into the ventricles at the higher infusion rate. Drug dis-
tribution was measured by co-infusion with gadolinium. The distributed volume 
reached its peak early during the infusion and demonstrated a slight reduction as the 
steady state was reached [12]. Placement of the catheter tip within the sub-cortical 
white matter led to a distribution volume of 37.5% of the ipsilateral hemispheric 
volume; this was not significantly different between the short and long-term infu-
sions, with most of the incremental gains in distribution occurring in the first 48 h, 
suggesting that a steady state equilibrium between infusion and clearance develops 
within 4 days of continuous infusion. This balance is dependent on local anatomy, 
and in this study, was significantly lower in the hippocampus. The maximal volume 
of distribution was achieved prior to the development of a steady state, suggesting 
that intermittent short-term dosing may still achieve the same levels of distribution. 
Despite the long-term infusion, none of the animals developed adverse effects, and 
no topotecan was detectable systemically.

The authors also conducted an in vitro study to demonstrate that the presence of 
gadolinium does not affect the cytotoxicity of topotecan on U87 human glioma 
cells. In addition, multiple biopsies taken prior to sacrifice demonstrated a signifi-
cant positive correlation between gadolinium intensity and topotecan concentration. 
Histological analysis showed reactive astrocytes, microglia, and macrophages 
extending a few hundred microns from the catheter tip; this may be relevant to 
reducing backflow in long-term catheter implantation [12].

Another device that allows chronic or intermittent CED infusions has been 
developed by Renishaw PLC and has been used for recurrent glioblastoma, DIPG, 
and Parkinson’s disease to infuse carboplatin, valproate, and GDNF [52–54]. The 
device consists of implantable catheters connected to a transcutaneous bone- 
anchored port [52]. In the first report on its use, a patient with recurrent glioblas-
toma underwent stereotactic implantation of four carbothane microcatheters, with 
an outside diameter of 0.6 mm, targeting the tumour enhancement and the peri- 
tumoural penumbra. The bone-anchored port was implanted using the skin-flap der-
matome technique pioneered in bone-anchored hearing aid surgery. A dermatome 
was used to elevate a small flap of skin on an inferior pedicle, typically 25 mm in 
diameter; the underlying subcutaneous tissue was excised. The port was anchored to 
a burr hole in the skull bone at this site, the flap replaced, and the port then brought 
out through an opening in the skin flap. Infusions were begun on the third day, with 
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attachment of a needle administration device to the bone-anchored port. 
Hyperintensity on the T2-weighted MR sequence was used as a surrogate for vol-
ume distribution [52]. 12-h infusions were administered on three consecutive days, 
delivering a total volume of 27.9 mLs per day. Imaging showed a maximal distribu-
tion volume of 97.6 mLs, with a distribution to infusion ratio of around 3. Infusions 
were repeated using higher carboplatin concentrations at 4  weeks. Imaging at 
8 weeks demonstrated an almost 50% reduction in the volume of contrast enhance-
ment. Unfortunately, however, clear tumour progression was evident on further 
imaging 8 weeks later, outside the volumes of T2 signal change seen during the 
infusions. The patient subsequently died 8 months after implantation of the drug 
delivery system, and 33 months from diagnosis of her GBM [52]. All infusions were 
well-tolerated, with the exception of a single seizure on the third day of the first 
infusion set.

The ability to safely administer drugs by CED intermittently over long periods of 
time raises additional questions and opportunities. These include the development 
of infusion regimes to ensure satisfactory and efficient volume distribution, limit 
accumulation and toxicity, and allow periods of drug washout. Long-term scarring 
around catheter tips may modulate infusion volumes and require further develop-
ment of catheter design and materials. For devices that use implanted pumps with 
an integral drug reservoir, the stability of the drug at body temperature needs to be 
addressed, as well as safe and easy ways of emptying and refilling the drug. The 
effects of long-term infusions on serial imaging also need further study.

6.4  Applications of CED in Paediatric Neuro-Oncology

Diffuse intrinsic pontine glioma (DIPG) remains the main tumour for which CED 
has been evaluated in children. DIPG carries the worst prognosis of all paediatric 
brain tumours. It typically presents between the ages of 5 and 10 years, with a clas-
sic triad of long tract signs, cranial neuropathies, and cerebellar signs [55]. 
Hydrocephalus, due to occlusion of the fourth ventricle related to tumour growth 
and infiltration in the fourth ventricular floor, is rare at presentation. Latency 
between symptom onset and diagnosis is almost always under 3  months [56]. 
Median survival following radiotherapy is around 10 months, with overall survival 
of 30% at 1 year, 10% at 2 years, and 1% at 5 years [57]. These statistics have not 
been improved for decades. Diagnosis is traditionally based on MR imaging, with a 
mass lesion that causes expansion of the pons, has poorly defined boundaries, occu-
pies more than 50% of its axial diameter, remains clearly above the ponto- medullary 
junction, and often encircles the basilar artery. The lesion is hypointense on T1 and 
hyper-intense on T2-weighted imaging and may demonstrate variable enhancement 
with gadolinium. Contrast enhancement is an indicator of poor prognosis [58] 
(Fig. 6.2).

Stereotactic biopsy has been demonstrated to be safe, with diagnostic success of 
up to 96% and permanent morbidity of only 0.6% [59–61]. Biopsy has become 
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a b

c d

Fig. 6.2 Typical MR characteristics of DIPG, with large pontine mass, hyper-intense on 
T2-weighted axial image, encircling the basilar artery ventrally (a), and clearly delineated by the 
ponto-medullary junction on sagittal T1 sequence (b). The tumour does not restrict on diffusion- 
weighted imaging (c) and does not enhance on gadolinium administration (d)

more frequent as commitment to understanding the biology of DIPG and attempts 
to develop targeted therapy have intensified. Although routine biopsy has been 
advocated in several publications, a recent survey of European paediatric neurosur-
geons suggested that most surgeons would only consider biopsy within the gover-
nance of a clinical trial [62, 63]. Biopsy specimens have consistently demonstrated 
the H3K27M mutation, and this has led to a revision of DIPG nomenclature in the 
WHO classification of CNS tumours as ‘midline glioma, H3K27M mutant’ [64]. 
Beyond these histone changes, several additional genomic aberrations emphasize 
the molecular diversity of this tumour [65].
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In view of its infiltrative nature within the pons, cytoreductive surgery is not pos-
sible. Standard treatment involves focal, wide field radiation therapy to the pons, 
aiming to deliver up to 59.4 Gy in 30–33 fractions of 1.8 Gy daily [56]. Unfortunately, 
this is not curative, and the tumour recurs within months. Various chemotherapy 
regimens have been unsuccessful in improving the survival advantage conferred by 
radiotherapy alone. In particular, the use of concurrent temozolamide, effective in 
adult GBM, has had no impact on DIPG [66, 67]. Similarly, the addition of radio-
sensitizing agents such as topotecan, or raising the radiation dose to 78 Gy, has also 
had no impact on survival [68, 69]. The BIOMEDE trial offered targeted therapy 
with everolimus, erlotinib, or dasatinib based on biopsy findings; no statistical 
improvement in survival could be documented.

CED is a potentially promising drug delivery technique for DIPG. Unlike other 
high-grade tumours, which are usually associated with some degree of BBB com-
promise, DIPG appears to be protected by a relatively intact barrier, hence the fre-
quent failure to enhance on MR imaging. Dosing of chemotherapeutic agents 
administered systemically is limited by toxicity. From a CED perspective, the fac-
tors for and against CED in DIPG have been clearly summarized by Tosi et al. [70]. 
The tumour is located within an anatomically defined region, and lack of previous 
surgery ensures that it has remained as homogeneous a tissue as possible prior to 
CED. Distant dissemination is not commonly seen on MRI early in DIPG. In addi-
tion, the uniformly poor prognosis, despite extensive research over at least two 
decades, may reduce the regulatory burden of new investigative techniques. On the 
other hand, the diseased brainstem in a young child is potentially vulnerable to 
stress and pressure, and the infusion of relatively large volumes of toxic substances 
may worsen its ability to function, with potentially dire neurological conse-
quence [70].

Several pre-clinical and clinical studies have reported on the infusion of a num-
ber of drugs by CED into DIPG, including the radiolabelled monoclonal antibody 
Omburtamab, interleukin 13 pseudomonas toxin, panobinostat, small molecule 
kinase inhibitors, topotecan, and a combination of carboplatin and sodium valproate 
[30, 71–74] (Table 6.1). Panobinostat, a pan-histone deacetylase inhibitor, previ-
ously shown to have pre-clinical efficacy against DIPG, was evaluated in rat and 
porcine CED models and demonstrated satisfactory distribution without brainstem 
toxicity [73]. This is particularly encouraging considering that its ability to cross the 
blood brain barrier when administered intravenously is poor.

The highly complex nature of the brainstem, with its compact arrangement of 
long tracts and cranial nerve nuclei, may have been expected to preclude the infu-
sion of high volumes of drug by CED. However, several studies have demonstrated 
relative safety of single, prolonged, and even multiple infusions [30, 71, 72, 75]. In 
the first reported CED of an agent into a DIPG, IL13-pseudomonas toxin, a chime-
ric fusion protein, was administered to a 4-year-old girl at recurrence [76]. The 
infusion was carried out through a single frontal catheter, using a co-infusion with 
gadolinium-DTPA, under direct MR imaging. A maximal infusion volume of 
1.4 mLs was reached. A deterioration in the patient’s sixth nerve palsy improved 
after 5 days of corticosteroid therapy. Although tumour progression was arrested by 
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4 weeks, the child died 4 months after treatment [76]. In another of the earlier stud-
ies, and the first to use the transcerebellar peduncle route, topotecan was delivered 
by CED through two catheters in two children with DIPG, following a tumour 
biopsy in the same procedure [30]. CED was continued for 100 h, but did not pro-
long survival in these two patients, and although low infusion rates were well- 
tolerated, high infusion rates up to 2.8 mLs/h resulted in new neurological deficits 
and deterioration in the KPS scores.

IL13-Psuedomonas toxin was also administered by CED to five children with 
DIPG through a single catheter in a single-institution phase 1 study [72]. Most gli-
oma cell lines are known to overexpress IL13 receptors. In this study, it was hypoth-
esized that Pseudomonas exotoxin is internalized by cells expressing IL13 receptors, 
which will lead to inhibition of protein synthesis and apoptotic cell death [77]. 
Complete tumour coverage was not obtained in any of the five patients. Two patients 
demonstrated short-term radiological benefit, with temporary arrest of disease pro-
gression. Two patients reported transient cranial nerve deficits and lethargy. 
Progression was radiologically evident by 12 weeks after infusion [72].

Outcomes of a first single centre phase 1 dose-escalation trial using CED of the 
radiolabelled monoclonal antibody Omburtamab were reported in 2018 [71]. This 
antibody was radiolabelled with 124I; it targets the membrane-bound protein 
CD276 (B7-H3), which is overexpressed in DIPG and other paediatric brain 
tumours. Eligible patients were 3–21 years of age and had completed radiotherapy 
between 4 and 14 weeks before enrolment. In this way, changes in the tumour 
evaluated over a 30-day follow-up period were unlikely to be confounded by 
ongoing disease progression. Seven dose-escalation cohorts were planned, with 
the primary end point being the maximum tolerated dose. A semi-flexible catheter 
was inserted using the ClearPoint system, and 124I—Omburtamab was infused in 
an intensive care environment. The prescribed dose ranged from 0.25 to 4.00 mCi, 
using an infused volume of 240–4540 μL at a rate of up to 7.5 μL/min [71]. The 
half-life of 124I is 4.2 days, and therefore, as a true theranostic agent, is able to 
delineate drug distribution for several days, both in the brain and systemically, on 
PET imaging.

Twenty eight children were enrolled in this trial. No dose-related toxicity was 
observed, precluding the identification of the maximal tolerated dose. Only one 
patient developed treatment-related temporary hemiparesis. Estimated volumes of 
distribution were measured using MR and PET imaging and ranged from 1.5 to 
20.1 cm3, with a Vd to Vi ratio of 3.4. The distributions as measured on T2-weighted 
MRI and PET were not identical; distribution lasted for a longer period of time, up 
to a week, on PET imaging, and the Vd measured on PET was lower. The lesion to 
whole body ratio for the absorbed dose of radiation was higher than 1200. Although 
the authors emphasize that the purpose of the study was not to evaluate impact on 
survival, the median overall survival rate was 17.5 months, with 58.5% survival at 
1 year and three patients surviving for more than 3 years [70, 71]. It is also impor-
tant to note that at 30-day follow-up, 71% of the patients had performance indices 
identical to those at recruitment. In subsequent work, the authors have infused up to 
8000 μL, obtaining volumes of distribution up to 35 mLs [70].
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Seven of these children, who did not develop any evidence of tumour progres-
sion or toxicity within 30 days, went on to have further infusions of the same agent 
[78]. Six underwent a second infusion, and a seventh underwent a second and a 
third. Different entry sites and catheter trajectories were used. The distribution vol-
ume was not compromised on sequential infusions; in three patients where the new 
catheter tip was within 15 mm of the trajectory of a previous catheter, leakage of 
some of the infusate into an earlier track or injection site was noted. No significant 
adverse events were recorded.

A recent study has reported on a series of children who underwent CED with 
carboplatin and valproate for DIPG using a drug delivery system that allowed 
repeated infusion along four catheters [75]. All patients were treated on compas-
sionate grounds after DIPG recurrence. Thirteen children were treated between 
2017 and 2020. With the exception of two patients who developed persistent sixth 
nerve palsy, requiring reduction of drug concentration, all other adverse effects 
were transient. The four catheters, two frontal and two transcerebellar, were inserted 
stereotactically and positioned to optimize coverage of the pontine tumour, cen-
trally and laterally. Infusion rates were started at 0.03 mL/h and increased incremen-
tally to 0.3 mL/h. The side effect profile of each catheter was determined on the first 
infusion; the group developed the Pontine Infusion Neurological Evaluation (PIINE) 
score which defined the potential adverse effects of each catheter depending on its 
anatomical location [54]. Typically, infusions along the catheters were continued 
until the expected side effects occurred, at which point the infusion was discontin-
ued. In this way, the maximal tolerated volume was infused every time. Infusions 
were repeated every 4–6 weeks. Infusion was commenced within 72 h of implanta-
tion. Infusions through three or four catheters simultaneously at rates of up to 
3–5 μL/min were better tolerated than infusion through one or two catheters at 
higher flow rates. The estimated distribution was up to 30 cm3 per day. Children 
were typically discharged within 24 h of finishing the infusion [75].

Baseline performance status was maintained in all patients up to the time of 
tumour progression. The median progression free survival was 13  months. The 
median overall survival was 15.3 months, with three out of the 13 patients alive and 
independently ambulant at the time of reporting. The last five patients received what 
the investigators considered as the optimal combination in terms of drug dosage and 
delivery; their median overall survival was 17.9 months at report [75]. This case 
series shows interesting preliminary activity which needs confirmation in a prospec-
tive clinical trial.

Several issues with regards to CED in DIPG are still unclear. None of the trials 
to date have advocated a biopsy in addition to CED. There is concern that a biopsy 
needle track may divert drug infused by CED and compromise optimal coverage of 
the tumour [79]. Frontal catheters are considered essential to ensure satisfactory 
tumour distribution and are positioned along a trajectory towards the long axis of a 
DIPG; they are therefore likely to interrupt the corticospinal tract. A study evaluat-
ing catheter position with corticospinal tractography, however, showed that catheter 
transgression of the tract and its incorporation in the volume of distribution only 
rarely resulted in a neurological deficit [80].
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As DIPGs, like other infiltrative brain tumours, are already hyper-intense on 
T2-weighted MR imaging, the extent of tumour coverage during CED is difficult to 
determine. One case is described where ICOVIR-5, an oncolytic virus, was con-
fused with Gd-DTPA [81]. This showed a satisfactory volume of distribution of the 
combined solute, which was completely washed out by 30 h. The authors emphasize 
that the duration of distribution is unrelated to the duration of the tumour’s exposure 
to the virus, or indeed of any other drug, which is determined by the agent’s specific 
cellular affinity, rather than by the continued association of the drug with Gd-DTPA 
[81]. In addition, as it is a relatively small molecule, Gd-DTPA may overestimate 
the distribution of a therapeutic agent [19].

The deformational changes in the brainstem caused by infusion of fluid into 
DIPG have been investigated [82]. This is particularly concerning, as the volume of 
distribution within the pons is greater than the volume of fluid infused, and any 
increase in pontine swelling can potentially worsen obstructive hydrocephalus or 
increase pressure on tracts and cranial nerve nuclei. Twenty three children with 
DIPG underwent volumetric evaluation of the pons and lateral ventricles pre-, 1 day 
post-, and 30 days post-infusion of a single dose of radioimmunotherapy. With a 
mean volume of infusion of 3.9  mLs, pontine volume increased by a mean of 
2.5 mLs on day 1 post-infusion and tended to return to baseline by day 30. Lateral 
ventricle volume remained a mean of 5 mLs higher at 30 days compared to pre- 
infusion. None of the patients required a shunt within 90 days. The infusion volume 
had a weak positive correlation with the volume change in the pons and lateral 
ventricles, but changes in pontine volume did not relate to neurological deficits [82]. 
This study also suggests that an increase in pontine volume in the first month after 
CED is expected and not representative of tumour progression.

Oncological applications of CED in children are likely to extend beyond 
DIPG.  Other tumours, such as thalamic, hypothalamic, and other midline high- 
grade gliomas (HGGs), as well as cortical ones, are sometimes not completely 
resectable. CED applied to unresectable components, either at recurrence or even at 
their primary presentation, may become a realistic option. Safety concerns and drug 
toxicity related to the eloquence of the brainstem may be less significant for tumours 
in these locations and therapeutic windows for supratentorial tumours may be wider. 
For example, pre-clinical evaluation of doxorubicin in mouse models of brainstem 
and thalamic HGG demonstrated that the maximum tolerated dose when infused to 
the thalamus was ten times that in the brainstem, allowing an effective dose to be 
reached in the thalamus but not in the brainstem [83].

CED has been evaluated extensively for adult HGGs and it is likely that some of 
these findings are translatable to some paediatric tumours. Glioblastoma multiforme 
(GBM) represents the commonest brain tumour in adults. Although there has been 
some progress over the last 10 years, its prognosis remains poor, with a median 
survival of up to 2 years [84]. Jahangiri et al. and Ung et al. have recently summa-
rized some of the most relevant clinical and pre-clinical studies related to CED for 
GBM [49, 85]. Cytotoxins such as pseudomonas exotoxin targeted towards cell 
surface receptors that are overexpressed in glioma cells, such as the TGF-alpha, 
CD155, and IL4 receptors, have been used in phase I and II trials [86]. Topotecan, 
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gemcitabine, and carboplatin administered by CED to animal models showed better 
survival than controls [87, 88]. Bevacizumab administered by CED increased sur-
vival in an animal model over intravenous bevacizumab [89]. Fourteen clinical trials 
undertaken between 1997 and 2010 used conjugated toxins specifically taken up by 
glioma cells or chemotherapy agents that do not cross the BBB [85].

A notable improvement in a recent study was the inclusion of MRI-localized 
biopsies to allow study of the effects of drug infusion, in this case topotecan, on 
tumour cells and their microenvironment [50]. In addition, the importance of mea-
suring neurocognitive function and quality of life after CED in recurrent HGG was 
underlined in a study on 16 patients who underwent single dose topotecan CED; 
most patients demonstrated stability on the Cognitive Stability Index and SF-36 
over a 4 month follow-up period [90].

6.4.1  Reflections on CED Trial Failures in Oncology

CED should in theory be very effective treatment, yet the impact of CED in clinical 
trials has not been clear. Although these trials demonstrated the safety of CED, and 
many also showed some therapeutic efficacy, such as significant regression of recur-
rent GBM, overall success has been limited [48]. The translational model from ani-
mal to clinical studies, progressing from single to multiple to prolonged infusions, 
is well-illustrated by the long-term infusions of topotecan described above [49, 50].

One of the key issues related to trial failures in CED is catheter target accuracy 
and predictability of drug distribution, as shown in the phase III PRECISE trial, 
where IL 13-Pseudomonas exotoxin was delivered for recurrent GBM [91, 92, 93]. 
In this trial, fewer than half of the catheters had been optimally implanted, and 
although more accurate catheter placement correlated with a larger volume of dis-
tribution of agent, the coverage of the tumour was still low [92].

Another source of error, seen first in pre-clinical studies of gene therapy for 
Parkinson’s disease, is the presence of perivascular spaces in the basal ganglia that 
divert the infusate away from the target [94]. Delivery platforms that allow real-time 
imaging, or the ability to change volumes in subsequent infusions, should mitigate 
against this problem.

Particularly in the context of chronic multiple infusions, it is essential that cath-
eters are also placed in the periphery of a tumour, or where tumour recurrence may 
be expected. Attention to detail is required across a range of variables that also 
include the molecule, solute, and the histo-architecture of the target not just in the 
acute phase, but also in the longer term healing phase. This suggests that optimiza-
tion of distribution needs to be tailored to the patient and to the catheter, as well as 
to the time from implantation, and the stage of the disease process. It is unlikely that 
a standard infusion regime will ever lead to an optimal distribution in all patients. 
For example, in a resection cavity, it has been shown that the catheter tips should be 
positioned 2 cm from the margin, in the direction of anticipated tumour progression 
[95]. Multiple catheters should be at least 2–4 cm apart and should avoid proximity 
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to the ventricle, subarachnoid space, and areas of necrosis or cystic degenera-
tion [48].

The optimization of CED is a long translational process, which combines first 
principles and empirical pre-clinical, in vivo, and clinical evidence. Use of tracers is 
essential to allow optimization of coverage, and newer techniques using MR spec-
troscopy or PET imaging may be helpful.

Some mathematical models have been successful at predicting infusate distribu-
tion and coverage. These MRI-based models first identify fluid-filled cavities and 
surfaces, and using infusion volume, rate and catheter diameter calculate the extent 
of backflow and distribution with particular catheter positions [95]. The addition of 
diffusion tensor imaging has been useful [96]. More complex models have evalu-
ated additional variables, including protein binding, cell uptake, and drug metabo-
lism, as well as tissue permeability and drug diffusivity in different directions [97]. 
It is likely that a more refined understanding of the nature of interstitial fluid flow 
and bulk flow within the brain parenchyma, including that in the perivascular and 
perineuronal spaces, along white matter tracts, into the g lymphatics and along the 
meningeal layers is essential for optimization of CED [11].

Validation of the extent of drug distribution, at the correct dose, throughout the 
whole target volume is essential for a reliable assessment of outcome. Failure to 
cover the entire tumour leads to resistance and recurrence. In the study on CED of 
iodine-labelled omburtamab for DIPG, even in a small number of patients, the vari-
ance in tumour coverage was between 25 and 96% [71]. In addition, dosimetry 
considerations are site-specific. Pre-clinical studies have shown that agents such as 
doxorubicin are more likely to cause adverse effects when injected into the brain-
stem in DIPG animal models, rather than into the thalamus in similar HGG models; 
the dose tolerated in the thalamus was ten times higher [98].

The choice of drug is also relevant. A CED study using paclitaxel delivery to 
GBM was limited by toxicity [99]. Paclitaxel targets tubulin, stabilizing the micro-
tubule polymer, in this way preventing cells from undergoing metaphase during 
mitosis. As microtubules are also required for nutrient transport in all cell types of 
the brain, paclitaxel delivered by CED also damages non-tumour cells. In contrast, 
topotecan, by binding to the DNA—topoisomerase complex, only affects dividing 
cells and is therefore expected to be safe and tumour-specific in the low replicative 
environment of the brain. Topotecan use for GBM has historically been limited by 
its poor BBB penetration and severe systemic side effects. Similarly, carboplatin, 
also used in CED, binds to DNA and inhibits successful replication.

The use of combined systemic treatment for tumours that may spread early 
beyond their local confines in the brain or brainstem is an important consideration. 
At the time of autopsy, up to a third of DIPG patients had leptomeningeal disease 
and a fourth had disease outside the brainstem [100]. However, this does not mean 
that local therapy such as CED is not useful. Focal radiotherapy has been the main-
stay of treatment for DIPG for decades and is the only treatment modality that has 
improved survival. Focal surgical control, whenever possible, remains the first treat-
ment to most brain tumours in adults and children. This suggests that the combina-
tion of a local with a systemic or CSF-delivered approach will need to be explored 
for DIPG.

K. Aquilina et al.



219

6.4.2  New Trends and Opportunities in Neuro-Oncology

The combination of drugs with nanoparticle vehicles provides novel opportunities. 
Nanoparticles are typically 60–180 nm in size and have been investigated mostly in 
the context of GBM [101]. A size of about 70 nm appears to be ideal for delivery 
within the tumour interstitium [102]. Nanoparticles may promote drug retention in 
tissues, enhance accumulation of drug in specific regions, shield drugs from degra-
dation processes, improve long-term and controlled release, and reduce toxicity to 
healthy tissue. Drugs that were previously deemed too toxic, insoluble, or chemi-
cally unstable may potentially be re-explored in combination with nanoparticles 
[101]. Successful delivery with nanoparticles may reduce the need for repeated or 
prolonged infusions. Liposomes, micelles, and polymeric nanoparticles have all 
been used in combination with CED [103].

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been approved by the 
US Federal Drug Agency (FDA) and were used in a study evaluating its combina-
tion with carboplatin in rat and porcine CED models, as well as in glioma cell lines 
[104]. PLGA is biodegradable and breaks down into its natural metabolites lactic 
acid and glycolic acid. The study demonstrated that the combined drug provided 
greater tumour cytotoxicity and increased the tissue half-life of carboplatin. 
Similarly, PLGA combined with camptothecin and delivered by CED into rat mod-
els of high-grade glioma led to improved animal survival [105]. Camptothecin was 
present in tissues harvested 53 days after infusion, suggesting that this long tissue 
half-life may maintain exposure to the drug and potentially reduce the need for 
repeated dosing [105]. Nanoparticles may also support tumour imaging. 10 nm iron 
oxide nanoparticles conjugated to an antibody specific to the mutant epidermal 
growth factor receptor found on human GBM cells not only showed good efficacy 
against the tumour cells in vitro and in mouse models, but also allowed tumour cell 
and agent tracking by MRI [106].

Peptide-based nanofibres represent a new type of vehicle which are amenable to 
bind drugs and be infused by CED [102]. These carriers can be synthesized homog-
enously in various sizes, have a hydrophilic pegylated surface, and are, in addition, 
negatively charged, supporting more widespread parenchymal distribution. In a 
detailed evaluation, NFP-400 demonstrated the ideal size for wide convection, with 
a Vd to Vi ratio of 2.47, and reliably formed a sphere around the tip of the cannula; 
in terms of its clearance from the infused parenchyma, its half-life was calculated at 
25 h. The larger NFP-1000 had a longer half-life, up to 42 h, but its large size meant 
that its distribution was poor, with a Vd to Vi ratio of 1.07. The smaller NFP-100 had 
a shorter half-life of about 18 h, but distributed effectively along white matter tracts, 
potentially making it the vehicle of choice for tumours infiltrating white matter such 
as DIPG [102].

Genetically modified T cells that express chimeric antigen receptors, CAR T 
cells, are now considered an important component of cancer immunotherapy and 
have shown remarkable success in the treatment of haematological malignancies. 
Radiological regression and increased survival have been demonstrated with CAR 
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T cells in GBM, and a number of trials are currently underway [107, 108]. In one 
reported case involving a patient with diffuse recurrent GBM where the radiological 
and clinical response persisted for 7.5 months after initiation of therapy, CAR T 
cells were administered by direct intracavitary and intraventricular infusion using 
separate catheters [107]. CAR T cells have also shown efficacy in mouse orthotopic 
xenograft models of H3-K27M mutant paediatric diffuse midline gliomas [109]. In 
an animal model of xenograft atypical teratoid rhabdoid tumour (ATRT), CAR T 
cells delivered directly into the tumour and CSF showed significant benefits over 
cells delivered intravenously, with higher potency at the tumour and lower levels of 
peripheral inflammation [110]. However, the delivery of T cells by CED is challeng-
ing. Long delivery times inherent to CED lead to sedimentation of the T cells in 
their saline medium. The use of a low viscosity hyaluronic acid-based hydrogel 
carrier prevents sedimentation and allows homogenous delivery of T cells that 
remain viable and active on deposition [111].

6.5  CED for Neurotransmitter Deficiency 
and Metabolic Disease

CED also provides an opportunity to deliver gene therapy to targeted cells within 
the brain. Currently, gene delivery to the brain requires packaging of the DNA or 
RNA within an AAV vector. This is a small non-replicative non-pathogenic virus 
that lacks an envelope and adheres to the target cell membrane through heparin 
sulphate proteoglycan receptors. It then undergoes endocytosis, with transport to 
and release of the genetic material at the host nucleus. There it forms an extra- 
chromosomal episome and enables the host cell to translate its nucleic acid on a 
long-term basis. It can also integrate within the host genome at specific sites, as in 
human chromosome 19. The absence of most viral proteins prevents an inflamma-
tory response to the virus. Although small, the 20 nm AAV does not penetrate the 
BBB when administered intravenously. Pre-existing humoral immunity, thought to 
be present in 32% of the population, may also prevent the virus from surviving in 
the circulation [112]. When given through the CSF, it is unable to penetrate the 
ependymal barrier. CED is therefore an effective way of transporting it to the brain 
parenchyma [113].

Different viral capsids allow anterograde or retrograde transport along intercon-
nected circuits in a serotype-specific manner [113]. Transport to diffuse cortical 
regions after CED to the thalamus in non-human primates has been explored [114]. 
Barua et al. were subsequently able to demonstrate in their swine model that CED 
of AAV vectors into the white matter leads to specific and effective distribution into 
the overlying cortex [115].

A number of trials using AAV vectors are currently underway and include stud-
ies on Parkinson’s disease, mucopolysaccharidoses, AADC deficiency, and 
Alzheimer’s disease. In children, AAV2–AADC has been administered to 
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AADC- deficient patients. AADC is essential for the production of dopamine and 
serotonin from levodopa and 5-hydroxytryptophan, respectively. Children with 
AADC deficiency typically have a life expectancy of up to 7 years and present with 
movement disorders (hypotonia, hypokinesia, and dystonia), recurrent oculogyric 
crises, and autonomic dysfunction [116]. An early study involved infusion of 
AAV2–AADC into the putamen in ten children [117]. Although this did lead to an 
improvement in motor scores, the poor retrograde transport of AAV2 from the puta-
men to the substantia nigra and ventral tegmental pathways, where most of the 
dopamine is produced, compromised the benefits of this approach. A current trial is 
exploring the benefit of direct injection into the substania nigra and ventral tegmen-
tal areas and hopes to replicate the high AADC expression in the nigrostriatal and 
mesolimbic pathways which has been shown in non-human primate studies [118].

The mucopolysaccharidoses (MPS) are a group of rare monogenetic lysosomal 
storage disorders, caused by mutations in genes encoding proteins necessary for the 
breakdown of glycosaminoglycans. As a result, partially metabolized substrates 
accumulate in tissues, leading to widespread pathological effects that, in some, also 
include the central nervous system. MPS I (Hurler), II (Hunter) and IIIA and IIIB 
(San Filippo) involve the brain and are associated with progressive cognitive decline 
[119]. Bone marrow transplantation is effective at reducing only the systemic effects 
of MPS.  Intravenous enzyme replacement does not cross the BBB and also has 
minimal effect on disease progression in the brain.

One of the earliest trials of CED in MPS was in Gaucher disease, due to gluco-
cerebrosidase deficiency, where intravenous replacement of the enzyme had no 
effect on the neurological component of the disease [120]. CED into the frontal 
white matter in rats and subsequently in primates showed satisfactory activity of the 
enzyme in neurons throughout the infused frontal lobe and pons. This was subse-
quently replicated safely in a patient [121].

The MPS are considered ideal for gene therapy, as only one, known, gene is 
involved in a metabolic process that is well-understood and has been replicated in 
animal models. Lysosomal enzymes also transport well along axons and across syn-
apses [122].

The injection of AAV vectors by CED has been investigated in MPS IIIA. In one 
trial, four MPS IIIA symptomatic patients, aged between 32 months and 6 years, 
underwent bilateral CED with an AAVrh10-based vector, using three hemispheric 
white matter trajectories on each side [123]. One-year data confirmed that the pro-
cedure and the vector were well-tolerated, with stabilization of brain atrophy on 
MRI in some patients. A larger phase II/III trial is currently underway.

6.6  Conclusion

The potential to deliver large molecules directly to target areas in the brain has 
developed enormously over the last 20 years. This has required collaboration across 
multiple disciplines, with most successful CED projects progressing through a 
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common pathway starting with identification of a promising agent, pre-clinical test-
ing in small and large animals, and finally the multiple phases of a clinical trial to 
establish dosimetry, safety, and efficacy. Neurosurgeons have a unique practical 
understanding of the physiology and tolerance of the brain and have been intimately 
involved in this journey.

Further refinement of this process is necessary if clinical trials in CED are to 
become more successful, with continuous optimization of technology as well as 
prediction and visualization of volumes of distribution. A clear and well-defined 
roadmap, which could allow agents to be evaluated through a trusted delivery sys-
tem, could accelerate the regulatory processes and ensure that successful agents can 
be made available to patients in a timely manner, particularly for diseases where no 
treatment currently exists, such as DIPG.
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7.1  Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating condition that may 
lead to poor functional outcome and death. The outcome results from both early and 
delayed brain injuries that may occur during the intensive care unit (ICU) stay. 
Delayed cerebral ischemia (DCI) represents the most feared potentially preventable 
complication of SAH [1–3]. Hence, prevention, timely detection, and specific active 
management of DCI are crucial. Historically, DCI was thought to result from cere-
bral arterial vasospasm appearing usually around the tenth posthemorrhagic day. 
Nevertheless, a direct link between arterial vasospasm, DCI, and poor neurological 
outcome is still debated [2, 4]. Recently, several studies have confirmed the role of 
spreading depolarizations (SDs) in DCI and worse functional outcome during SAH 
[5, 6]. SDs are defined as self-propagating front of depolarization waves involving 
all central nervous system cell types located in the cortical matter. These can occur 
in a variety of acute brain injuries including SAH in which they can lead to vasocon-
striction, decreased cerebral blood flow (CBF), anomalies of the blood–brain bar-
rier, and cytokine release, all resulting in secondary brain injury [7–9]. This review 
will emphasize on the current experimental and clinical knowledge concerning the 
pathogenesis of SD occurrence in SAH. Furthermore, key therapeutic perspectives 
are discussed.

7.2  Pathogenesis of Cortical Spreading Depolarizations (SD)

In the context of his doctorate in Harvard University in 1944, Aristides A. Leão 
was studying the propagation of epileptic activity in the cerebral cortex. He 
approached the problem by applying electrical stimulation to the frontal convexity 
cortex of anesthetized rabbits and recording from an array of corticography elec-
trodes posterior to this. Instead of seeing propagating epileptic activity, he observed 
a period of electrical silence, which was first seen adjacent to the stimulating elec-
trodes, and did propagate from the site of stimulation backwards along the cerebral 
hemisphere at a rate of around 3 mm/min. The phenomenon resolved spontane-
ously after 5–15 min, with apparently full resumption of cortical electrical activity. 
He reported his findings in a landmark paper entitled “Spreading depression of 
activity in the cerebral cortex” [10]. A few years later, he described the large depo-
larization associated with these depressions of cortical activity and found that they 
looked like the slow DC shifts he observed after prolonged cerebral ischemia (dur-
ing carotid artery occlusion). Triggering SDs in different conditions, he already 
suggested that their development and characteristics were not determined by the 
stimuli, but depended on the local characteristics and conditions of the affected 
regions [11].

The mechanism underlying SDs onset is still debated and experimentally SD can 
be triggered by a wide range of cortical aggression such as potassium (K+) or 
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glutamate injection as well as ischemic, mechanical, or electrical stimulation. 
Following acute brain injuries, primary affected regions exhibit cell destructions 
with membrane rupture and massive ion spillage and glutamate release. For instance, 
extracellular K+ has been found to increase when cerebral blood flow (CBF) drops 
below 10 mL 100/g/min [12] or during hypoglycemia. SDs can also be triggered in 
penumbra area with higher CBF levels by worsening the supply-demand mismatch 
with cortical activation such as during tactile stimulation [13]. The infusion of fresh 
autologous blood in the subarachnoid space of normally perfused tissue is also able 
to trigger SDs which are even more frequent when there is the formation of a clot in 
a sulcus [14]. The subsequent acute hemolysis causes a marked K+ increase in the 
extracellular space, thereby leading to neuronal and glial depolarization that will 
spread from the site of injury to neighboring cortical areas at a rate of 2–6 mm/min 
[15]. During normal brain activity, the low extracellular K+ increase is normally 
recaptured by neurons with the NA+/K+ ATPase; the remaining K+ is recaptured by 
astrocytes and diffuse through their network via gap junctions [16]. When the ion 
regulation capacity is exceeded or impaired such as during cerebral edema with 
astrocytic swelling, the subsequent K+ accumulation may start SD that will last 
longer than in healthy cortical tissue [17]. The exact mechanisms that promote the 
cellular membrane depolarization are still to be elucidated as well as the nature of 
the ions channels that prolong this state. Neurons and their proximal dendrites are 
the main active players of spreading depolarization. The near complete breakdown 
of ions gradients that takes place leads to an initial explosive opening of conduc-
tance along pyramidal neuron with transmembrane potential reaching almost zero 
and followed by a wave-like centripetal closure towards the apical dendrites [18, 
19]. Potassium release with sodium, chlorine, and calcium inward current over-
comes the pumps’ capacity and leads to a near complete loss of electrochemical 
energy with a passive ion distribution across the membrane [20]. Intracellular 
hyperosmolality due to charged proteins will lead to cellular swelling, distortion of 
dendritic spine, and fragmentation of intracellular organelles such as mitochondria. 
However, in healthy well-perfused cortex, sodium ATPase pumps induce a rapid 
recovery of this ionic breakdown and restore cell morphology within minutes. 
Conversely, clusters of peri-infarct depolarizations induce sustain dendritic bead-
ing, suggesting that energy needs for recovery exceeded energy supply of compro-
mised blood flow [21, 22]. The slow propagation of SDs across the cortical matter 
does not involve synaptic transmission, but is rather a multifactorial process that 
remains a matter of debate. It involves the release of glutamate into the extracellular 
medium propagating the depolarization from near to near, notably via the NMDA 
receptors; as well as transcellular ion diffusion through gap junction in astrocytes 
and neurons [18, 23–25].

From an energetic point of view, life and subsequently brain homoeostasis is a 
nonequilibrium steady state. The amount of energy being consumed at any moment 
in time for the signaling and maintenance of the resting potential and ion gradients 
is small in relation to the total electrochemical energy that is already stored up in the 
system in the form of physiological ion gradients. This implies that much more 
energy is required to reboot the system after a breakdown than to maintain the 
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system [20]. Two pathological states can challenge this steady state: ictal epileptic 
activity and spreading depolarization. However, the loss of ion gradients across the 
membrane is much larger after SD. The energy that is needed to recover from an SD 
leads to a massive increase in glucose and oxygen consumption, leading to a drop in 
oxygen and glucose with a release in lactate in the extracellular space; a state also 
known as hyperglycolysis that characterizes a normal response to an aggression 
[26]. In the healthy brain, cortical tissue recovers within 45 min; however, repeated 
SDs in a cluster may lead to a prolonged drop in cerebral glucose and oxygen [27].

The restoration of the ionic gradients after SD is extremely energetically demand-
ing, and in the normal brain, the rise in metabolism is matched by a huge increase 
in CBF. In 1944, Leão already described a very conspicuous dilatation of the pial 
arteries that occurred as the electrical activity becomes progressively more and 
more depressed. This hyperemic response was occasionally followed by a long 
period of a relatively much slighter reduction of vessel’s caliber. The hyperemic 
vasomotor spread was strictly analogous to that of the depression of the electrical 
activity [28]. From now on, this pattern has been extensively reproduced and is now 
considered as a specific feature, so that some authors use it as a surrogate to electro-
physiologic recordings for SD detection [29]. This CBF increase can be altered by 
systemic cerebral aggressions such as hypoxia and/or hypotension with an initial 
dip, a lower CBF increase, and a long-lasting hypoperfusion [30]. In patients with 
acute brain injuries, SD consequences on microvascularization range from a classic 
hyperemic response to a flat one or even an ischemic response [8]. When an SD 
spread across differentially perfused cortical area, such as after an ischemic stroke, 
it will have different vasomotor consequences: a classic hyperemic pattern in nor-
mally perfused cortex (remote from the ischemic core), whereas in the ischemic 
core an inverse ischemic response occurs [31, 32]. In the penumbra area, a range of 
multiphasic patterns can be observed: the lower the pre-SD CBF, the more pro-
nounced the decrease in CBF induced by SD [31–33]. In the well-perfused cortex, 
SD can also lead to a sustain oligemic or ischemic response when neurovascular 
coupling-needed compound concentrations are modified. For example, in condi-
tions that mimic a subarachnoid hemorrhage [i.e., high extracellular K+ and nitric 
oxide (NO) scavenging with Hb or decreasing its release with NO synthase inhibi-
tors], SD will trigger an ischemic vascular response [34, 35].

7.3  Experimental Models

Various animal models exist depending upon the SAH induction mechanism used: 
Endovascular perforation, blood injection into subarachnoid space, or cortical ves-
sel perforation. Different techniques have been experienced to detect SDs: The gold 
standard remains local field potential recordings with a DC amplifier and a glass 
micropipette to record the negative DC shift (i.e., the depolarization); however, sev-
eral authors used indirect measurement of SD consequences such as magnetic reso-
nance imaging, nicotinamide adenine dinucleotide (NAD(H)) fluorescence, intrinsic 
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optical signal changes, extracellular potassium recording, and cerebral blood flow 
monitoring. One of the most detailed model studying SD mechanism in an SAH- 
like condition was developed by the team of Jens Dreier [34, 35]. Using cortical 
infusion of artificial cerebrospinal fluid (CSF) with purified hemoglobin (Hb) and 
elevated levels of K+ that mimic the hemolysis that follows SAH, they were able to 
demonstrate that the combination of NO scavenging by Hb and the blockage of the 
Na+/K+ ATPase by high extracellular K+ turns the SD-induced hyperemic CBF 
response into a CBF decrease also termed spreading ischemia. They were also able 
to demonstrate the impact of nimodipine that mitigates the spreading ischemia and 
restores the CBF-expected increase and clearly showed the tissue necrosis resulting 
from spreading ischemia [35]. The same group, among others, showed the inhibit-
ing effect of elevated potassium on N-methyl-d-aspartate (NMDA) receptor antago-
nist, that is known to restrain SDs [36].

These experimental models not only served to produce studies aiming at demon-
strating the occurrence of SDs in SAH models and better understanding the patho-
genesis of SDs following SAH, but also helped to test different therapeutic 
hypotheses. Among these, Dreier et al. confirmed the inhibiting effect of nimodip-
ine associated with moderate volume expansion and hemodilution on spreading 
ischemia probably through an effect on cortical microcirculation [37]. More 
recently, Sugimoto et  al. studied the effect of a phosphodiesterase-3 inhibitor 
(Cilostazol) on SDs in a prospective clinical trial and experimental study (rats): In 
their clinical series of 50 patients with aneurysmal SAH, there was a nonstatistically 
significant trend toward less DCI in the cilostazol group. However, in their experi-
mental work on rats, cilostazol significantly reduced the duration of spreading isch-
emia [38]. The effect of valproate on SDs has also been investigated by Hamming 
et al. on SAH rat model (carotid endovascular puncture and potassium application 
for the induction of SDs): the authors found that valproate significantly reduced the 
lesion growth in the rat group that has received topical cortical potassium [39].

7.4  Patterns of CSD in Patients with Acute Brain Injury

Cortical recordings in animal models and in patients with acute brain injuries (i.e., 
SAH, severe traumatic brain injury, intracerebral hematoma, or malignant hemi-
spheric stroke) evidenced that SDs propagate in the gyrencephalic brain at a speed 
of 1.7–9.2  mm/min [40]. Most SDs evolve with a radial propagation from the 
injured site on the surface of the gyrus, while some display spiral patterns or rever-
beration on anatomical structure; some sulci and pial vessels may also block the 
propagation of SD wavefront [41]. The spread of the depolarization, recorded on 
cortical electrodes, from one electrode to another is a characteristic feature of SDs; 
but the direction of the spread between electrodes may vary from one SD to the 
other if their propagation pattern is different [7, 41]. The terms and characteristics 
of SD-related event that can be observed on cortical recordings have been harmo-
nized in a recent review from the cooperative study on brain injury depolarization 
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(COSBID) group [7]. The Table 7.1 reports the current definition of each elements 
that constitute SDs: the negative DC shift (i.e., the depolarization) that spreads 
across the cortical surface will lead to a depression of the background activity, if 
present; ictal epileptic event that may be superimposed to SDs; the patterns that are 
clearly associated with ongoing cerebral damage (Fig. 7.1).

Although the occurrence of SDs is associated with a worse outcome, the patho-
genicity of isolated SDs remains controversial. Isolated SDs can be observed in 
patient with an improving neurological examination, in whom invasive monitoring 
removal would be considered, but they may also reflect ongoing injury in non- 
eloquent brain areas remote from the recording site [42]. On the contrary, there is 
now a consensus on the deleterious nature of certain patterns. Flowing the first SD 
at the onset of a new brain damage further SD may develop in a cluster pattern 
defined as at least 3 SDs occurring within 3 or less consecutive hours. SD clusters 
can be recorded remotely from the injured site, although the DC shifts are shorter as 
the depolarization spread in healthy cortical tissue [7]. Furthermore, cluster of SD 
may produce new brain lesions with persistent cellular edema and depression of 
brain activity [7, 21, 22]. In patient with an SAH, clusters of SD are associated with 

Table 7.1 Definitions of spreading depolarization features observed on cortical recordings

Cortical recording features of spreading depolarization (SD)

Negative DC 
shift

Abrupt negative shift of the slow potential recorded with a DC amplifier; the 
longer the duration of the DC shift, the more the metabolic burden imposed to 
the tissue. If the shift is recorded with a near-DC amplifier (frequency above 
0.01 Hz), the shape is distorted with multiphasic slow potential changes
The DC shift spread from one recording electrode to another at ~1.5–9.5 mm/
min. Non-spreading DC changes on all electrodes with unchanged background 
activity are considered as noise

Spreading 
depression of 
activity

SD-induced reduction of neuronal activity that is recorded by a cortical 
electrode. The duration of the depression outlasts that of the depolarization 
and may be persistent in case of repetitive SDs or if a cortical infarct occurs

Spreading 
convulsion

SD with a superimposed epileptic event, usually on the tail of the DC shift

Biomarker of cortical lesion

Cluster of SDs At least three SDs occurring within three or fewer consecutive recording hours
Isoelectric SD SD that occurs in electrically inactive tissue (no spreading depression is 

possible)
For example, a cluster of SD may lead to a persistent depression of 
background activity and evolve toward isoelectric SDs

Non-spreading 
depression of 
activity

Simultaneous arrest of spontaneous activity in neighboring electrodes before 
the occurrence of SDs +/− NUP, as a consequence of a drop in cerebral energy 
supply such as during an ischemic stroke, a cardiac arrest, or a severe 
hemodynamic shock
Short-lasting non-spreading depression of brain activity may be observed due 
to sedation or arousal changes, but does not fulfill the current definition

Negative 
ultraslow 
potential (NUP)

A very long-lasting, shallow negativity of the DC potential with superimposed 
SDs. The NUP is the electrophysiological correlates of the development of a 
cortical infarct with the inability of neurons to repolarize
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Fig. 7.1 (a) Local field potential (LFP) intracortical recording of a spreading depolarization (SD) 
with a glass micropipette (DC signal in red, AC signal in black) and a potassium selective electrode 
(green). (b) Cortical recording of an SD with a platinum/iridium subdural strip (DC signal in red, 
AC signal in black). (c) Cluster of SDs recording with a platinum/iridium subdural strip (DC signal 
in red, AC signal in black); note that the second SD is an isoelectric SD (iSD)

the occurrence of a delayed neurological deficit that may evolve to a cortical infarct 
[43]. If cortical electrodes are located in area undergoing new cortical ischemia, the 
drop of CBF under 15–23 ml/100 g/min will trigger a non-spreading depression of 
neuronal activity followed by the onset of a SDs on an isoelectric background (i.e., 
isoelectric SD) [44]. If the CBF is not restored, neurons will not be able to repolar-
ize and a negative ultraslow potential (NUP) can be observed. The recording of a 
NUP reflects the onset of a cortical infarct under the recording site [7, 45].

7.5  CSD in the Clinical Setting of SAH

Several clinical studies, mostly prospective, have established an association between 
SDs’ occurrence and functional outcome in SAH [6]. In 2006, Dreier et  al. per-
formed a multicenter prospective study recording SDs using a subdural electrode 
strip placed on the cortical surface in patients with SAH requiring aneurysm sur-
gery. The authors noted the occurrence of SDs in 72% of their patients with high- 
grade SAH and confirmed a clear association between repeated SDs with prolonged 
depression periods and delayed ischemic brain lesions [43]. Prolonged depressions 
were also associated to late epilepsy occurrence in patients with SAH [46]. 
Additionally to the deleterious effect of prolonged depression, the duration of SDs 

7 Cortical Spreading Depolarizations in Aneurysmal Subarachnoid Hemorrhage…



236

itself has also been shown to be correlated to DCI [47]. Furthermore, Woitzik et al. 
found a high incidence of SDs and DCI in patients with aneurysmal SAH even in 
the absence of angiographic vasospasm, reshuffling the cards in the common knowl-
edge concerning the pathogenesis of DCI and vasospasm in SAH [48]. Additional 
studies aimed at better understanding the mechanisms underlying the association 
between SDs and DCI in patients with SAH.  Variation of CBF is one of main 
parameters involved in this association. In contrast with the normal brains where the 
occurrence of SDs leads to hyperemia, SDs in acute brain injury including SAH 
provoke an inverse decreased blood flow response that may lead to ischemia [8, 15]. 
In 2016, Sugimoto et al. used simultaneous electrocorticography and monitoring of 
the pressure reactivity index to show a possible association between impaired cere-
brovascular autoregulation and increased duration of spreading depressions related 
to SDs in a patient with aneurysmal SAH [49]. In addition to the effect on cerebral 
blood flow, SDs may interfere with oxygen availability by increasing the consump-
tion required for the correction of ionic transmembrane gradients, particularly in the 
case of clusters of SDs [50–52]. The role of metabolic anomalies involving lactates 
and glucose concentrations has also been questioned, but still remains unanswered 
[52, 53].

7.6  Monitoring of CSD

In 1996, Mayevsky et al. were the first to record cortical SDs in the human cortex 
after traumatic brain injury (one out of 14 patients) using a multiparametric device 
with depth electrodes [54]. In 2002, Strong et al. set up a linear subdural strip, made 
of 6 platinum electrodes, placed on the cortex after a craniotomy in order to record 
both the depolarization and its spread [55]. This subdural strip of electrodes had 
become the standard recording technique in the human brain. From now on, an 
international group of investigators built the “Cooperative Studies on Brain Injury 
Depolarization” (COSBID) to discuss ways to advance these findings and further 
investigate their implications.

Unlike conventional EEG, the recording of SDs requires the acquisition of the 
full frequency electrophysiological signal: The DC band from 0 to 0.5 Hz, and the 
AC band over 0.5 Hz. The DC signal is usually deleted with a high pass filter to 
avoid artefacts and large baseline drift. The spreading negative DC shift that defines 
SD therefore requires amplifier devoid of analog high pass filters to acquire DC 
signal (>0 Hz) or near-DC signal (>0.01 Hz). Indeed, the slow potential change of 
spreading depolarization seems to be invisible in scalp EEG recordings, whereas the 
tenfold smaller discharges of epileptic seizures are easily identified. This paradox 
results from the potent capacitive resistance of the dura and skull, which filters slow 
voltage changes but allows high-frequency epileptic activity to pass through. On 
scalp EEG, slow potential changes with a depression of background activity may be 
observed when cluster of SDs occurs as evidenced on cortical subdural electrodes 
[56]. Yet it is not currently possible to rely solely on EEG data to detect SDs as a 
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clear spreading DC shift with or without spreading depression of activity cannot be 
identified [57]. Epidural electrodes were also recently tried to record SDs without 
opening the dura. They are also able to record SDs with similar characteristics com-
pared to subdural electrodes; however, some SDs may not be detected by epidural 
electrodes [58, 59]. Therefore, to date the gold standard in patients remains the 
platinum–iridium subdural strips placed on the surface of a gyrus in areas at risk of 
developing new lesions [7]. Although those electrodes are able to record SDs, the 
shape of the DC shift is altered compared to that recorded in animals with intracorti-
cal glass micropipettes (Fig. 7.1), and the use of other cortical devices such as gra-
phene micro-transistors may overcome this drawback [60].

In the clinical setting, recording of SDs may be obtained either with a 6-contact 
subdural cortical electrode strip (Fig. 7.2) or an intraparenchymal electrode array 
(Spencer depth electrode) (Fig. 7.3), all made of an alloy of platinum and iridium. 
The cortical strip electrode usually has 6 contacts and may be placed on the cortical 
surface of the brain during surgery (aneurysm clipping for example). Care must be 
taken to place the shiny side with exposed contacts toward the cortex. The contacts 
should be placed as close as possible from the lesion, but should avoid any infarcted 
cortex. Ideally, the strip should be positioned on the “penumbra” zone and extend to 
the healthy cortex, lying, if possible, in the same gyrus to avoid crossing major sulci 
and fissures. Attention is required to leave sufficient dural opening and a bone burr 
hole around the probe for an easy removal at the patient’s bed. The skin exit of the 
probe should also be enlarged with a forcep to 7–8 mm of width to allow the strip 

a b

Fig. 7.2 (a) CT-scan showing a severe SAH with large sylvian cisternal hematoma. (b) Large 
decompressive left hemicraniectomy after middle cerebral artery aneurysm clipping and sylvian 
cisternal hematoma removal. The strip electrode is positioned on the inferior frontal gyrus parallel 
to the sylvian fissure (dotted line). ICP intraparenchymal intracranial pressure electrode, CED 
cisternal external drainage
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Fig. 7.3 Depth SD 
electrode positioning

removal and should finally be sutured once the probe has been removed to avoid any 
CSF leak. The depth electrode can be tunneled or placed through an intracranial 
access bolt with other monitoring devices (microdialysis and/or ICP monitoring for 
example). It can also be positioned during an external ventricular drainage. In this 
case, data recording will be possible only for the most superficial contacts located 
in the cortical matter, while deeper contacts in the white matter could be used as 
reference electrodes. In parallel to SD recording, other simultaneous intracranial 
monitoring are feasible (e.g., PbtO2 or CBF probes or cerebral microdialysis) to 
implement in the ICU similar information that are used at the bench using laser 
speckle, laser Doppler, or videomicroscopy and better understand the correlation 
between SD occurrence and CBF and/or metabolic changes [61, 62].

7.7  Therapeutic Perspectives

The course of SAH follows a biphasic course. The first brain insult resulting from 
the initial bleeding is grouped together and termed early brain injuries (EBI) with 
up to 30% of patient remaining uncurious for several days during the next period at 
risk of DCI [63, 64]. DCI is defined as the occurrence of a new focal neurological 
deficit or decrease of the level of consciousness lasting more than 1 h, in the absence 
of other neuro-worsening cause [65]. Frequent neurological assessment is therefore 
critical and monitored in the ICU with the modified Glasgow Coma Scale (mGCS, 
i.e., using the worse motor score) or the abbreviated National Institute of Health 
Stroke Scale (aNIHSS, i.e., rating 7 items including the level of consciousness, left 
and right arm motor movement, left and right leg motor movement, speech fluency, 
and speech clarity). A 2-point mGCS decrease or a NIHSS increase and/or a new 
focal neurological deficit in patients with a reliable clinical examination must evoke 
a DCI in the absence of other differential diagnosis [66]. In patients with poor grade 
SAH who remain unconscious (because of early brain injuries or due to ongoing 
sedation), the detection of DCI is more challenging before irreversible ischemic 
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lesions are present. Daily wake-up trials in brain-injured sedated patients should be 
performed with extreme caution as it can raise intracranial pressure and reduce 
brain oxygenation [67]. Multimodal neuromonitoring is thus advocated looking for 
proximal vasospasm, cerebral energetic mismatch, or abnormal neurological activi-
ties. Any changes that would suggest a proximal vasospasm or a new cerebral injury 
would trigger a brain imaging (i.e., CT or MRI with vascular and perfusion informa-
tion) to confirm the presence of perfusion deficits with or without a proximal vaso-
spasm. The monitoring of SDs could therefore be implemented in this multimodal 
approach, as SDs are both a mechanism of DCI pathophysiology and a biomarker of 
new cortical injury even if the electrodes are distant from the injured area [7, 43, 
68–70]. The current management of patients who develop a DCI is based on a tiered 
approach. The first tier when a DCI occurs includes controlled hypertension with 
the optimization of cerebral perfusion pressure as well as cerebral metabolic supply 
such as blood glucose and oxygen concentrations. If a symptomatic vasospasm is 
evidenced, the next tiers include a cerebral angiography with intra-arterial calcium 
channels blockers and/or mechanical angioplasty [68, 71]. The escalation and de- 
escalation are based on the changes in clinical examination and multimodal moni-
toring. Electrocorticography (ECoG) monitoring that seeks SD occurrence can 
therefore be implemented in this multimodal monitoring both to optimize a cerebral 
metabolic supply and to detect DCI occurrence to trigger cerebral imaging.

The SD pattern that should be used as a biomarker to trigger therapeutic inter-
ventions is still debated; however it is now accepted that SDs are a marker of ongo-
ing cortical injury. When new SDs occur, the first tier would be to use SD as a 
biomarker of cerebral aggression and to look for systemic cerebral injury and cor-
rect systemic physiological parameters such as hypotension, hypoxemia, hypogly-
cemia, or hyperthermia. If those parameters are in a normal ranges, the presence of 
SDs (particularly if associated with other multimodal monitoring changes such as a 
decrease in PbtO2, CBF, or cerebral glucose) should lead to targeting more aggres-
sive ranges with permissive and controlled hypertension or hypercapnia [42, 71]. 
Nevertheless, it has been reported that SDs could also be recorded in patients with 
an improving clinical examination in whom invasive neuromonitoring would be 
withdrawn. In this situation, the appropriate response is debated; some argue for a 
withdrawal of monitoring, while others are in favor of a more aggressive manage-
ment to block the occurrence of SDs [42]. There are clear patterns described in the 
Table 7.1 that reveal clearly a new and severe cortical injury and are associated with 
a worse outcome. For instance, the occurrence of clusters of SDs with or without 
isoelectric SDs for at least 3–4 h indicates the presence of a severe and continuous 
cerebral aggression and produces persistent cellular edema that can be evidenced as 
diffusion abnormalities on an MRI [42]. The most effective agents that have proved 
to reduce the propagation and occurrence of SDs both in experimental models and 
in patients are the NMDA receptor blockers [72, 73]. The subsequent tier to reduce 
the burden of SD would therefore be to start ketamine infusion at a rate of 1–2 mg/
kg/h in addition to ongoing sedation (e.g., midazolam and sufentanyl); lower doses 
below 0.55 mg/kg/h having no effect on SDs [72]. There is a dose-dependent effect 
of ketamine; therefore if clusters of SDs are still present, a stepwise increase up to 
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4 mg/kg/h could be performed with close monitoring of side effects such as hepato-
toxicity [74, 75]. The feasibility of ketamine infusion to reduce SDs has been tested 
in one prospective trial that included 10 patients admitted for aneurysm clipping in 
SAH or hemicraniectomy in TBI, in the University hospital of New Mexico, 
Albuquerque [75]. However, the impact of such strategy on patient’s outcome or 
CBF and metabolism has not yet been evaluated in a prospective trial. During the 
last meeting of the COSBID group, it has been advocated that the first step should 
be to conduct a feasibility trial of a management algorithm based on ECoG monitor-
ing with a tier approach and its effect on SD burden [42]. Several elements that 
would compose this algorithm are not defined and may vary depending on each 
center organization since it requires a close collaboration between physicians 
trained in SD detection and interpretation and the ICU staff in charge of the patient. 
The frequency of ECoG interpretation and thereby the stepwise escalation or de-
escalation in the protocol steps should perhaps depend on patients’ condition and 
SD occurrence. We would argue for a more frequent reevaluation in patient with 
ongoing vasospasm, DCI, and/or SDs compared to stable patients. Moreover, a fre-
quent ECoG evaluation requires the availability of dedicated physicians able to 
interpret SD signals on a 24/7 basis.

7.8  Conclusion

An increasing number of experimental and clinical studies have produced clear evi-
dence of the association between SDs and DCI in aneurysmal SAH, even if the 
pathogenesis still remains debated. Further clinical trials will certainly help to iden-
tify interesting therapeutic targets to prevent the occurrence of DCI. Despite the fact 
that the monitoring of SDs in the clinical practice still remains invasive, SDs may be 
considered as a useful biomarker of brain injury during the evolution of aneu-
rysmal SAH.
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8.1  Part I: Traumatic Lesions

8.1.1  Introduction

Traumatic peripheral nerves injury is a complication that affects around 3–10% of 
patients who suffer a polytrauma [1–3]. These traumatic injuries primarily affect 
young adults and they are a major cause of physical and occupational disability.

In some cases, the injured nerves regain their function spontaneously, but in oth-
ers surgery is the only option that allows their functional recovery or the relief of 
neuropathic pain secondary to the injury. Proper management of these injuries can, 
in many cases, restore the lost function of the injured nerve.

The indication for a surgical treatment in patients with a peripheral nerve injury 
depends on several variables, including the mechanism and severity of the injury, 
the findings in the clinical examination, the intensity of the neuropathic pain, and 
the interval between injury and treatment [1–4]. This last variable, also known as 
the surgical timing, is one of the most important factors that influences obtaining a 
good result after the surgical repair [5–7]. Knowing the right moment for perform-
ing a nerve repair surgery will allow us to avoid unnecessary surgeries in cases in 
which a spontaneous recovery can be expected and, in other cases, to avoid a delay 
in the treatment, which could reduce the chances of success due to long-lasting 
muscular atrophy [8, 9].

8.1.2  Classification of Peripheral Nerve Injuries

Peripheral nerves can suffer different degrees of injury that has been classically 
divided by Seddon’s classification into three types: neurapraxia, axonotmesis, and 
neurotmesis [4].

This classification, described by Herbert Seddon in 1943 [10, 11], is still the 
most widely used since it allows us to, based on the pathophysiology of a nerve 
injury, establish a possible prognosis and an appropriate management [12] (Fig. 8.1).

Neurapraxia represents according to this classification the mildest type of periph-
eral nerve injury, defined as a local nerve conduction block without axonal involve-
ment and, therefore, without distal Wallerian degeneration. It occurs due to a mild 
segmental demyelination of the nerve. Larger nerve fibers in the nerve are affected 
in a greater degree than small fibers, leading to a greater motor function involve-
ment and to some degree of fine tactile hypoesthesia while thermo-analgesic sensi-
bility is usually preserved. The prognosis of these lesions is excellent since distal 
axonal degeneration does not occur. The function of the injured nerve recovers 
quickly, usually in the first 2 weeks. The nerve transmission blockage disappears 
through the remyelination of the nerve [4]. Since there is no direct axonal injury, 
there will be no axonal regeneration and, therefore, no Tinel’s sign advancing dis-
tally through the nerve path will be observed [13]. This type of injury is common in 

J. Robla-Costales et al.



247

Fig. 8.1 Types of nerve injuries according to Seddon. (Illustration by Crodac  
(Rodríguez-Aceves CA))

nerve palsies associated to tourniquet nerve compressions or other acute focal com-
pressions (e.g., radial nerve palsy called “Saturday night palsy”).

Axonotmesis, the second degree of injury, occurs when the trauma produces a 
loss of axonal continuity, but the nerve structure remains preserved, including the 
endoneurium that surrounds each axon [14]. So, axonotmesis is a specific lesion of 
the axon, always associated with Wallerian degeneration distal to the injury site. 
The preservation of the connective tissue covers (epineurium, perineurium, and 
endoneurium) guarantees the correct guidance of the regenerating axons from the 
point of injury to the end of the nerve fibers. The axon growth rate is around 
1–1.5  mm/day [10, 13, 15]. Although the damage is of a greater degree than in 
neurapraxia, spontaneous recovery is also possible, yet requires a longer period of 
time than in neurapraxia. This period of time varies from several weeks to months 
(up to 6). When there is axonal regeneration in this type of injury, we can assess the 
nerve regeneration over time with the progress of a Tinel’s sign along the path of the 
nerve [13].

In neurotmesis, in addition to the loss of axonal continuity and the internal nerve 
connective tissue structure, there is a rupture of the epineurium and therefore a loss 
of macroscopic continuity of the nerves, which prevents spontaneous regeneration. 
Neurotmesis represents the maximum nerve injury degree, associated to a complete 
section of the nerve, with loss of its function and the absence of any type of sponta-
neous recovery. The correct identification of this type of injury is the main objective 
since it requires prompt surgical treatment in all cases [4]. Neurotmesis is character-
istic of penetrating injuries with sharp objects, although it is also associated to 
severe traction injuries in which nerve avulsion occurs.

Both in axonotmesis and in neurotmesis, Wallerian degeneration of the axon 
occurs in the segment of the nerve distal to the injury site. Shortly after injury to the 
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nerve and secondary denervation of the muscle, the degeneration of the muscle 
fibers begins; 18–24 months after the nerve injury, muscle fibers are replaced by 
connective tissue and fat, which makes the muscle progressively refractory to rein-
nervation if it occurs [4]. As mentioned above, this fact emphasizes that nerve sur-
gery, when correctly indicated, must be performed as soon as possible [9].

Later, in 1951, Sunderland expanded the classification system by adding two 
more degrees of injury to the three described by Seddon [16]. The third and fourth 
degrees of Sunderland’s classification are subtypes of the original Seddon’s axonot-
mesis and neurotmesis. The third degree of Sunderland classification is a mixed 
injury of the axon and the endoneurium, which carries a recovery similar to an 
axonotmetic injury (Sunderland grade 2), but it is not complete in this case, since 
some axons are not able to cross the site of the injury. So, if in the time of evolution 
necessary to recover the nerve function ad integrum in an axonotmesis-type lesion 
(1–1.5 mm/day) we observe an incomplete recovery, we will classify the injury as 
Sunderland grade 3 [13]. A progressive advancement of Tinel’s sign along the nerve 
will be seen, but not a complete recovery of the nerve function.

The fourth degree is similar to neurotmesis, but the appearance of the nerve in 
this case is in continuity, since both severed ends of the nerve are joined by scarred 
connective tissue. So, even if the nerve is in anatomical continuity, axonal regenera-
tion through the injury site will definitely not occur and thus nerve function will not 
spontaneously recover, similar to what happens in a Sunderland grade 5 lesion (neu-
rotmesis) [13]. A positive Tinel sign at the level of the nerve injury site will be pres-
ent, but we will not observe its progress through the path of the nerve in periodic 
reviews since axonal regeneration will be blocked at the functional section site by 
scar tissue. This type of injury is frequently observed in severe nerve injuries due to 
traction and crush, in thermal injuries by cauterization, and in iatrogenic injuries 
due to injection of chemical substances [13].

In clinical practice, differentiate between second and third Sunderland degrees is 
difficult before the sixth month (i.e., complete recovery does not always occur 
before that time) and the differentiation between fourth and fifth degrees is fre-
quently made during surgical exploration, which is actually of little value from the 
point of view of managing the injury. The use of ultrasound and MRI neurography 
might help differentiate grades 4 and 5, but in practical terms, both needs surgical 
repair. In other words, although the Sunderland classification is more precise than 
Seddon classification, in the clinical practice it is less used because it adds complex-
ity without practical utility in the management of traumatic nerve injuries.

In 1988, Mackinnon and Dellon established a sixth degree of injury, which was 
defined as a mixed nerve injury, in which several or all five degrees of Sunderland 
nerve injury coexist variably within the same nerve injury [17]. We will observe a 
complete recovery of the fascicles function with a Sunderland grade 1 and 2 injury, 
a partial recovery in fascicles with a grade 3 injury, and we will not observe any type 
of recovery of the fascicles with grade 4 and 5 injury (Table 8.1). These types of 
injuries will benefit performing an internal neurolysis of the nerve and reconstruct-
ing the fascicles affected by a Sunderland’s grade 4 and 5 injury. Again, this grade 
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Table 8.1 Classification of the types of nerve injury according to Seddon and Sunderland

Seddon Sunderland
Grade of 
recovery Time of recovery Surgery

Neurapraxia I Complete Few days to 3 months –
Axonotmesis II Complete 1–1.5 mm/day (few weeks to 

6 months)
–

III Partial 1–1.5 mm/day (few weeks to 
6 months)

+/−

Neurotmesis IV (neuroma in 
continuity)

None – +

V None – +

Recovery prognosis and surgical management

of injury added by Mackinnon and Dellon broadens the Seddon and Sunderland 
classifications, but does not imply a different attitude in the clinical management of 
traumatic peripheral nerve injuries. The three degrees classification described by 
Seddon allows justifying an initial expectant management in most of the closed 
nerve injuries, awaiting the characteristic spontaneous recovery of neurapraxia and 
axonotmesis [18]. In the event that spontaneous recovery does not occur, the injury 
is interpreted as neurotmesis, and exploration and surgical reconstruction is indi-
cated. Of course, these types of generalizations are dangerous: a case-by-case man-
agement warrants a better diagnosis of the type of injury, and therefore, upon 
performing a correct management, we can obtain the best possible result in each case.

An additional tool that we have when determining the type of nerve injury is 
electromyography (EMG). The neurophysiological study should always be carried 
out from the third or fourth week before the trauma, because the axonal degenera-
tion occurs up to 2–3 weeks after the nerve injury. Conducting neurophysiological 
studies before this time can lead to false results, confusing the management of the 
lesion [1, 9].

Fibrillation potentials, as a consequence of spontaneous muscle fibers contrac-
tion, are characteristic when the continuity between the motor axon and the muscle 
fiber has been interrupted. Therefore, usually starting the third week after the injury, 
in the EMG at muscular rest, a fibrillation tracing in all the degrees of nerve injury 
except in grade I or neurapraxia is detected. Even more important in determining 
the type of nerve injury are the motor unit potentials (MUP), which consist of the 
sum of different action potentials of muscle fiber groups that are contracting almost 
synchronously. These potentials are obtained by weakly contracting the scanned 
muscle. The appearance of motor unit potentials from the 10th to 12th week after a 
nerve injury is a sign of reinnervation, and it will help differentiating injuries with 
potential for spontaneous recovery (axonotmesis, Sunderland grade 2 and 3) and 
those that will not have spontaneous recovery (neurotmesis, Sunderland grade 4 
and 5). MUPs are a very important tool to evaluate reinnervation since their pres-
ence indicates reinnervation even before voluntary movement is appreciated 
(Table 8.2).
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Table 8.2 Injured nerve structures in each grade of the Sunderland classification

Grade
Nerve injury EMG

Tinel Tinel progressMyelin Axon Endon Perin Epin FIB MUP

I +/− − N − −
II + + + + + +
III + + + + + + +
IV + + + + + − + −
V + + + + + + − + −
VI +/− +/− + +/−

Findings in electromyography. Tinel’s sign and progress of tinel’s sign along the path of the 
injured nerve
ENDON endoneurium, PERIN perineurium, EPIN epineurium, EMG electromyography, FIB 
fibrillations, MUP motor unit potentials

8.1.3  Management of Open and Closed Injuries

Traumatic peripheral nerve injuries can be classified as open or closed, depending 
on whether the skin integrity has been disrupted or not during the original trauma. 
This concept is essential in traumatic nerve injuries, as it determines the manage-
ment (Fig. 8.2).

Closed injuries are more frequently associated with lesions in continuity, in 
which the nerve is not sectioned and neurapraxia and axonotmesis are the main 
types of injury [19]. Therefore, spontaneous recovery is possible in these injuries 
and surgery will be indicated in general if no improvement is observed 3 months 
after the trauma. This waiting period until deciding whether to perform surgery or 
not is determined based on axonal growth (1–3 mm/day) and on the findings that 
can suggest reinnervation in the clinical, neurophysiological, and imagenological 
examination [1].

Conversely, open lesions in relation to the course of a nerve are more frequently 
associated with neurotmesis-type nerve lesions, in which the capacity for spontane-
ous recovery is nil. This type of injuries requires an early exploration and nerve 
reparation [20]. But: how early the surgery should be indicated?

8.1.4  Open Injuries: Clean Section Versus Blunt Nerve Ends

The anatomical type of nerve lesion determines the intraoperative election of a 
determined surgical reconstruction strategy (Fig.  8.3). As mentioned before, an 
open wound in an extremity with an impaired peripheral nerve function should 
prompt us to do an acute nerve exploration and repair before closing the wound 
[21]. But there are a number of factors that will determine the suitability of perform-
ing a primary repair or wait to do a secondary repair. We must assess the type of 
nerve injury, the type of wound, and if there is an adequate vascularization in the 
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Trauma in a limb with peripheral nerve injury

¿open or closed wound?

Closed Open

Wait three months
for spontaneous recovery.
Decide to explore in the
absence of spontaneous
improvement after three to
six months.

Nerve repair surgery

Sutured wound
without exploring the

nerve

Wait 2-3 weeks Nerve
reapir with direct

neurorrhaphy or with
interposed grafts

Loss of nerve tissue.
Blunt stumps.

Associated inflammation.
Contamination

Without loss of nerve
tissue.

Clean sharp sectioned
nerve stumps 

With adequate
technical conditions
 ( 9.0-10.0 sutures,

microscope)

Without
adequate
technical
conditions

Suture epineurium of  
stumps to an adjacent

structure. 
Reexplore 2-3 weeks

later and indirect
neurorrhaphy (grafts)

Suture epineurium
of  stumps to an

adjacent structure.
Defer suturing 
(≤3 days) until

having technical 
conditions.

Direct
neurorrhaphy

Fig. 8.2 Management of traumatic peripheral nerve injuries

surgical area. The appearance of the nerve stumps during the exploration of an open 
injury is the main factor in the decision to perform an acute primary repair or a sec-
ondary repair [19, 20]. We can differentiate between two different scenarios: sharp 
sectioned nerve stumps without associated inflammation or contused blunt stumps 
with an inhomogeneous appearance and significant inflammation.

8.1.4.1  Clean Section

If the nerve injury is a clean section from a sharp object, immediate repair should be 
performed by direct end-to-end neurorrhaphy. The clean section of a nerve allows 
for a correct coaptation of the stumps and a suture without tension [20]. The repair 
should be performed by a surgeon adequately trained in peripheral nerve surgery, 
using microsurgical technique [22, 23]. When lacking the appropriate ecquipment 
[24] (microsurgical instruments, 9.0 or 10.0 suture, and microscope), or training, 
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Fig. 8.3 Different strategies of nerve reconstruction. (Illustration by Crodac (Rodríguez- 
Aceves CA))

the repair should be deferred: any attempt to perform a nerve suture that is not per-
formed correctly will lead to unnecessary trauma to the nerve ends, increasing the 
fibrosis at the suture site, and therefore worsening the long-term results [25]. In 
these cases, in which a direct neurorrhaphy can’t be performed adequately, it is 
preferable to wait and carry out a good repair than to do it in poor conditions at the 
acute moment.

The term primary nerve repair is applied when the surgery is performed within 
the first week after the section. Undoubtedly, the optimal repair is the one performed 
just after the traumatic section, but it has been reported that nerve repair by direct 
neurorrhaphy between 5–7 days after section (delayed primary repair) has func-
tional results equivalent to a primary repair in the acute phase [21, 26].

A repeated situation in clinical practice is the outpatient evaluation of a patient 
who has undergone a nerve repair in the emergency service without the correct 
microsurgical technique-or perhaps with a doubtful reparation-, who has no signs of 
recovery of strength or sensibility after 6 or 8 months. At this point, it prevails the 
doubt whether the elapsed time from repair since repair is not enough, or the failure 
is due to an unsuccessful suture itself. This doubt will often result in delaying the 
reexploration of the nerve, which leads to a greater muscle atrophy and worse final 
results. Alternatively, an imagenological study with MRI-neurography or ultra-
sound can help the treating physician to decide whether to explore or wait for spon-
taneous recovery.
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As we have mentioned previously, it is important to consider not only if the nerve 
section is clean, as other important factors need to be considered. The wound should 
be acceptably clean, without excessive contamination (especially organic), and the 
adjacent tissues should not be severely damaged. If these features are present, a 
primary repair is not recommended. In these cases, it is better to suture the epineu-
rium of each nerve stump to an adjacent structure (tendon, fascia, etc.) to avoid 
excessive retraction of the nerve ends and facilitate their identification at the time of 
a secondary repair [1, 22]. At 3 weeks after section, as we will discuss later, or when 
the wound allows it, the nerve will be reexplored and repaired using the adequate 
technique (direct neurorrhaphy or graft, according to what is indicated) [21].

8.1.4.2  Blunt Nerve Ends

If during a nerve exploration blunt and contused nerve ends are noticed, a primary 
repair should not be done, since the inflammatory process that occurs at the nerve 
ends may last up to 3 weeks [19]. Therefore, we must wait at least 3 weeks to carry 
out the secondary repair. If the nerve repair is carried out before this period of time, 
there is a risk that fibrosis normally occurring during the nerve stump healing pro-
cess will prevent the passage of the regenerating axons [7, 19]. At 3 weeks-at the 
secondary repair-successive cuts in both nerves ends have to be done to remove the 
inflammatory tissue and the fibrosis that has been developed until healthy fascicles 
are identified. This differentiation between tissues is easy at that step, as fibrosis is 
whitish, hard, and has scarce bleeding [7, 25].

8.1.5  Towards a Consensus in the Management 
of Open Injuries

In the usual practice in many centers, deep wounds at the extremities are managed 
by just cleaning and closing the planes of the wound, without exploring the nerves 
neither repairing them. The patient usually comes to the consultation with a deficit 
established without any type of improvement and with a completely healed cutting 
wound of weeks or months of evolution. There is currently a consensus in the litera-
ture in the sense of not excessively deferring exploration and reconstruction nerve 
surgery in open wounds, since most of them are associated with a section of the 
nerve (neurotmesis).

The ideal time for the repair of this type of open lesions, already closed and 
healed, is around 1 month after the trauma, long enough to be sure that the proximal 
and distal stumps are not inflamed and it is possible to perform an end-to-end or 
interposed graft repair, according to what’s indicated [25].

In conclusion, with regard to open wounds with nerve involvement, we can 
establish that the best management is an early exploration and direct repair with 
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adequate microsurgical technique in cases where the circumstances previously 
described allow this strategy. If there is loss of nerve substance, blunt ends or any of 
the conditions that contraindicate a primary repair (contaminated wound, heavily 
damaged tissues), repair with, or without graft will be deferred for 3  weeks. 
Likewise, if the wound was not explored in acute, or if the adequate elements to 
repair the nerve were not available at that time, we should also perform the surgery 
3 weeks after the trauma, or as soon as possible in case this interval of time cannot 
be accomplished.

8.1.6  Exceptions in the Treatment of Open Injuries

Wounds from a firearm projectile, although they are penetrating, will be considered 
closed since there is no opening and tissue exposure, and the injury they generate is 
usually thermal due to the high kinetic energy of the projectile. This type of injury 
usually spontaneously recovers in many cases, at least partially. This occurs because 
the projectile generally does not pass through the nerve, but indirectly heats or trau-
matizes it. The continuity of the nerve will be preserved, causing neurapraxia or 
more frequently axonotmesis [27–29]. Therefore, nerve surgery for gunshot wounds 
should be performed when necessary, starting at the third or fourth month after the 
injury [29].

8.1.7  Closed Injuries

As we have previously mentioned, closed lesions are more frequently associated 
with nerve injuries in continuity, in which the nerve is not sectioned and neurapraxia 
or axonotmesis are the fundamental types of lesion. Therefore, a delayed manage-
ment is the general rule in closed nerve injuries: there is practically no indication for 
acute primary examination (some exceptions will be mentioned later). The observa-
tion period is usually 3 months, time during which the patient and his deficit must 
be closely monitored through serial clinical examination and electromyograms. 
Starting 3 weeks after the injury, and according to the clinical evolution, the EMG 
may be repeated every 1 or 2 months. Three months after the injury, if no sensory or 
motor improvement is proved, surgery will be indicated.

As mentioned before, when this type of lesions is explored, in many cases a neu-
roma in continuity is observed. In these cases, neurophysiological intraoperative 
monitoring with Nerve Action Potentials (NAPs) acquires important relevance [30], 
since they allow to determine if there is a block of conduction across the site of the 
nerve injury and therefore the injured portion should be removed and replaced by a 
graft. On the other side, if a nerve action potential can be elicited through the lesion, 
it will be enough to perform an external-plus more rarely an internal-neurolysis [1, 
31, 32].
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If the nerve function improvement occurs spontaneously after 3 months, but it 
is not sustained over time or if it is partial at 6 months, the nerve should also be 
explored. In these cases, in which there is partial recovery of function, neurolysis 
is usually sufficient as surgical treatment, and NAPs are not as important as men-
tioned above in determining the intraoperative procedure; in these cases, the 
necessity of cutting the nerve and replacing it with a graft is practically ruled out 
because, at least partially, the impulse is conducted through the site of the injury, 
which explains the clinical improvement of the patient before surgery. Likewise, 
the possibility of just a partial lesion, and an internal neurolysis under the micro-
scope, with a graft repair of just the most severely injured part of the nerve should 
be done.

8.1.8  Exceptions in the Treatment of Closed Injuries

As it was mentioned in the precedent part, there are certain situations in which 
closed nerve injuries are explored before the 3–6 months waiting period has elapsed, 
and early surgical exploration is warranted. Actually, three different clinical situa-
tions meet the requirements.

The first one is when an injured nerve is in the same area where surgery will be 
performed for another cause. An example is when urgent vascular surgery has to be 
done in order to repair an artery or vein adjacent to a nerve [33]. Another frequent 
case is when traumatology must perform an open bone reduction, for example plac-
ing a plate in the humerus exposing the radial nerve during the approach [34, 35]. 
Although the nerve injuries associated with long bone fractures are generally of the 
neurapraxia or axonotmesis type, in some cases the nerve may be sectioned. In both 
cases, a surgeon experienced in nerve injuries should be present at the time of the 
surgery, which will avoid undergoing a second later surgery to repair the severed or 
compressed nerve.

The second situation in which a delayed exploration of a closed nerve lesion 
should not be done is when the affected nerve is in a noncompliant compartment of 
a limb and may be affected by the compression associated to edema. For example, 
a median nerve acutely trapped in the anterior compartment of the forearm or a 
peroneal nerve at the head of the fibula is a rare situation that requires a careful 
diagnosis of the cause of compression and an acute decompressive surgery can be 
indicated.

The third situation when a prolonged conservative strategy is not recommended 
is in the case of a patient suffering from severe neuropathic pain that does not 
respond to maximal doses of antineuritic medication (Gabapentin, Amitriptyline, 
etc.). The typical injury-but not the only one-associated to this clinical picture are 
bullet wounds affecting the nerves. A good neurolysis is generally enough to solve 
the pain, yet in some serious injuries a neurorrhaphy is needed.

Outside of these three situations described before, one must wait at least 
3–6 months to explore a closed traumatic injury of a peripheral nerve.
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8.1.9  Conclusions of Part I

Peripheral nerve injuries suppose a functional deficit of the affected limb that can be 
treated and recovered appropriately. The moment in which the surgery is performed 
and the employed microsurgical reconstruction technique are the most important 
factors in the final result. Open lesions with associated nerve injury should be man-
aged with an early exploration carried out before 7 days. Closed injuries are usually 
deferred, with few exceptions, from 3 to 6 months after the trauma.

A frequently observed fact in the clinical practice is the late evaluation of nerve 
injuries, which leads to worse surgical and functional results than they could have 
and to permanent sequelae. The management of a traumatic injured nerve should be 
referred quickly to those who are accustomed to treat this type of injuries. This will 
result in better functional results.

8.2  Part 2: Compressive Neuropathies

8.2.1  Introduction

Compressive neuropathies (CN) refer to a group of pathological conditions that are 
characterized by a chronic nerve injury resulting from different degrees of “sus-
tained and segmental pressure-induced” neuropathy that manifests with pain and 
sensory or motor disturbances in the cutaneous distribution or muscles innervated 
by the affected nerve; even when nerves carry mixed fibers, autonomic dysfunction 
is uncommon [36, 37].

We must distinguish chronic compressions from acute compressions, the latter 
being a prolonged period of pressure resulting from a single traumatic episode, as in 
crush injuries. In contrast, CN are neurodegenerative changes that occur over time 
[38, 39].

Entrapments of upper and lower limbs are frequent in primary care or specialized 
consultation, with an estimated prevalence of 3.3%, being the compression of 
median nerve at carpal tunnel, the most common in the human being, followed by 
entrapment of ulnar nerve and common peroneal nerve at the elbow and knee, 
respectively [39–43]. However, several entrapment neuropathies exist currently, 
including nerves of the head, trunk and extremities, named according to the involved 
nerve, the anatomical region, the motion producing the compression, or the name of 
the describing authors [37]. In fact, CN are the most common entity in Peripheral 
Nerve Surgery’s daily practice.

Although the development of this condition relates to narrow anatomical spaces, 
the etiology is wide, and therefore, any people may be affected. Nevertheless, asso-
ciations with external and internal factors should be considered, which relay on 
general health status, comorbidities, family history, traumatisms, anatomical varia-
tions, and repetitive activities, as in sports or occupations. For this reason, we 

J. Robla-Costales et al.



257

observe that some syndromes occur more frequently in women than in men, and 
inversely.

Clinical manifestations can range from diffuse pain to well-established sensory 
or motor deficits in a specific nerve distribution, thus misdiagnosis is not uncom-
mon and frequently confused with polyneuropathies, other pain syndromes, muscu-
loskeletal, spine and brain disorders, and also interpreted as psychiatric illness. For 
that reason, a complete patient history, physical examination, and complementary 
electrodiagnostic studies (EDS) or imaging studies, if are necessary, should be part 
of the physician armamentarium for diagnosis. Namely, a proper diagnosis and a 
timely treatment will reduce the possibilities of irreversible damage to the affected 
nerve, evading devastating clinical consequences.

8.2.2  Microanatomical and Physiological Considerations

The classic descriptions of peripheral nerve (PN) anatomy focus on a characteriza-
tion of the arrangement of connective tissue (CT) and the nervous components. 
Understanding the pathophysiology of PN chronic compression requires a more 
detailed knowledge of the whole PN as a system, described less frequently.

Four very different layers of CT constitute a peripheral nerve: (1) the endoneu-
rium, which surrounds individually each axon/Schwann cell (in unmyelinated 
fibers) and axon/myelin (in myelinated fibers); (2), the perineurium that surrounds 
a fascicle that is a group of axons; (3) the epineurium that forms the nerve trunk 
itself, and (4) the mesoneurium which is the outermost layer composed by loose 
areolar tissue located between the nerve trunk and the neighboring tissues [13, 44–
48]. The first three CT coverages play a fundamental role in normal PN, functioning 
as scaffold, and providing strength, elasticity, nutrition, maintenance of internal 
environment, and serving as a diffusion barrier. By contrast, the mesoneurium acts 
as a gliding tissue during limbs’ movements. Besides, a repetitive pattern arrange-
ment in the perineurium and endoneurium forming transverse and oblique bands 
along the peripheral nerve bands called spiral bands of Fontana gives to the nerve 
trunk the ability to stretch and recover its normal length when it is subjected to 
stress without suffering damage. Thus, mesoneurium and the spiral bands of Fontana 
enable nerve trunk excursion or gliding [49–51]. Besides these properties, CT/neu-
ral tissue ratio changes along the path of all PN. When a nerve lies superficially, 
passes near a joint or within areas of greater tension, the number of fascicles 
increases and CT layers thicken, providing protection against stretching or com-
pression forces [45, 49].

An external and internal vascular system characterized by a dense branching 
anastomotic network of vessels in all layers of CT, and also by a system of larger 
endoneurial capillaries, delivers blood supply to the PN [45, 46]. These features 
allow the PN to tolerate episodes of ischemia for an unusual time, in comparison 
with the rest of the neurological tissue. However, this peculiarity does not protect 
PN to external chronic pressure [46, 49, 52, 53].
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The association between perineurial myofibroblasts and tight junctions of endo-
neurial capillaries (endothelial cells) forms the blood-nerve barrier (BNB), which 
maintains the endoneurial microenvironment isolated from the rest of the nerve, 
serving as a semipermeable diffusion barrier and protecting the fascicles. When 
BNB disrupts, it loses its gate function, and in the absence of true endoneurial lym-
phatic vessels, endoneurial milieu is compromised by edema and endoneurial 
microcirculation impairment [45, 52–58].

The continuous supply of oxygen provided by the efficient vascular system and 
the integrity of BNB enables the proper neuronal functioning for normal impulse 
transmission and the energy-dependent axonal transport of necessary elements. 
There are identified two types of axonal transport: (1) anterograde transport for sup-
plying distal axon with neurotransmitters, structural proteins, and lipids to maintain 
presynaptic activity, and (2) retrograde transport to maintain homeostasis by degra-
dation and recycling of elements, and neurotrophic signaling. In fact, compression 
on nerve fiber affects the normal axonal transport [52, 59, 60].

8.2.3  Pathophysiology

As we described before, acute and chronic nerve compressions should be distin-
guished. The former shows axonal damage and pathologic changes that spread to 
neuromuscular junction and target organs [38]. By contrast, chronic nerve compres-
sion is independent of axonal damage, although in later stages, axonal degeneration 
and degeneration of distal targets are present. Proliferation of Schwann cells and 
demyelination and re-myelination are the leading findings in this type of nerve 
injury [38]. In any case, PN structural changes in chronic compression settle slowly 
and relate directly with the degree and duration of the compression: thus, these his-
topathologic changes correlate with the clinical evolution, physical examination, 
and electrodiagnostic and imaging findings during patient evaluation.

Initial stages after applying a sustained compression are characterized by a 
reduced epineurial venular blood flow and an inhibition of the axonal transport, fol-
lowed by cessation of intraneural blood flow. Besides these changes, with a more 
prolonged compression, disruption of BNB is present, developing edema, followed 
by proliferation of inflammatory cells that leads to fibrosis and scar formation in all 
nerve compartments, increasing the pressure in the endoneurial compartment in late 
stages. If the compression persists, local and then diffuse demyelination may 
develop with subsequent conduction block. At a final stage, Wallerian degeneration 
appears. Associated thickening of connective tissue layers and loss of spiral bands 
of Fontana decrease the gliding capacity of the nerve trunk, increasing the tension 
on nerve fibers during excursion and worsening the nerve function with repetitive 
movements setting up a vicious circle, as exposed by Lundborg [13, 38, 49, 52–
55, 61–64].

In summary, mechanical and ischemic factors both contribute to peripheral nerve 
injury in chronic compression syndromes by microstructural changes and reduction 
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of flexibility and mobility, injuring first the peripheral and larger nerve fibers, which 
are more vulnerable to the effects of compression, mediated by an increased mecha-
nosensitivity induced by inhibition of axonal transport [65–69]. If a parallel to nerve 
trauma is traced, normally nerve compressions categorize either as grade I (neura-
praxia) or grade II (axonotmesis), yet very severe injuries might behave like as a 
grade V (neurotmesis) injury.

8.2.4  Etiology

Even though the main predisposing factor for nerve compression is the passage of 
the affected nerve through a well-identified narrow anatomical region, several inter-
nal and external causes, which can work separately or in concert, contribute to the 
development of injury. We must understand this condition as the result of an interac-
tion of static and dynamic processes [37, 68]. Several generic names have been 
given to these anatomical narrow spaces. For the purposes of this review, they will 
be referred as “tunnels”.

Apart from occupational factors (related to work, sports, activities, etc.), the 
external and internal factors may be categorized as follows: (1) external factors that 
increase the volume within the tunnel on either side of the nerve (e.g., obesity); (2) 
intrinsic factors that increase the volume within the tunnel (e.g., tumors); (3) extrin-
sic factors that alter the contour of the tunnel (e.g., fractures); and (4) intrinsic neu-
ropathic factors (e.g., diabetes) [70] (Table 8.3).

Table 8.3 Etiologies of peripheral nerve entrapments

Category Agent

Idiopathic Apparent spontaneous origin or unknown origin
External and internal factors

Acquired Postural, occupational, repetitive trauma, footwear, tight clothes, edema, heart 
failure, renal failure, musculoskeletal conditions, etc.

Degenerative Connective tissue disease, osteophyte, etc.
Congenital Accessory ribs, muscles, fibrous bands, narrow shapes, hypermobility, deformity, 

etc.
Trauma Fracture, dislocation, sprain, hematoma, direct injury
Vascular Aneurysm, arterio-venous malformation
Inflammatory Viral infection, bacterial infection, vasculitis, etc.
Autoimmune Arthritis, osteoarthritis, rheumatoid arthritis, other rheumatic disease
Metabolic Diabetes, hypothyroidism, drugs, intoxications, etc.
Iatrogenic Surgery, casting, manipulation, anesthetic position
Tumor Extrinsic tumors (soft tissue tumor, hematologic neoplasm, lymphoproliferative, 

cyst, neighboring tumors of any lineage), intrinsic tumors (schwannoma, 
hemangioma, etc.)

Hormonal Pregnancy, acromegaly, etc.
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Static process relates with the anatomical shape of osteofibrous, fibro-muscular, 
or muscular-tendinous passages which act as a tunnel with null or reduced capacity 
to expand its boundaries due to the rigidity of its components. As expected, a drastic 
change in space to alter function is unnecessary (Fig. 8.4). In opposition, dynamic 
processes are related to friction, stretching, or constriction of the nerve during joint 
mobility, muscular contraction, or even nerve mobility itself in the presence of 
fibrosis with reduced excursion (Fig. 8.5) [37, 68].

Considering these concepts, it will be easier to understand the trigger factors in 
the development of certain nerve compression syndromes. For instance, in Pronator 
Teres syndrome (compression of the proximal median nerve in the forearm), there 
is a dynamic muscular compression as the main cause of the compression. By dis-
tinction, in a nerve compression due to a metabolic disease like mucopolysacchari-
dosis, surgical decompression probably will not relieve the symptoms. Thus, having 

Fig. 8.4 Static 
representation of a  
nerve compression. 
(Illustration by Crodac  
(Rodríguez-Aceves CA))

Fig. 8.5 Dynamic representation of a nerve compression. (Illustration by Crodac 
(Rodríguez-Aceves CA))
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a clear identification of the precipitating or responsible factor is imperative for a 
proper management in NC syndromes.

8.2.5  Diagnosis

Chronic nerve compression may cause insidiously and slowly progressive symp-
toms, ranging from mild discomfort to localized pain over the site of entrapment, or 
diffused pain with proximal and distal radiation, alone or in association with sen-
sory and motor disturbances in the distribution of the affected nerve. These clinical 
manifestations are related with the pathophysiological underlying process and 
physical examination findings, so that it is possible to stage clinically the severity of 
illness as shown in Table 8.4 [52, 53, 68, 71, 72].

8.2.5.1  Clinical Assessment

The primary tools for a correct diagnosis are a detailed clinical history and physical 
examination. EDS, an imaging study, can be helpful additional tools to confirm the 
diagnosis. It is essential to distinguish peripheral nerve entrapments from other neu-
rologic entities such as plexopathy, radiculopathy, myelopathy, other central and 
peripheral nervous system, and musculoskeletal disorders. A perfect knowledge of 
anatomy and function of each nerve is imperative. Moreover, different predictable 
constellations of specific symptoms and signs exist even in compressions within the 
same nerve because of its different and variable branching patterns [39]. Table 8.5 
resumes some common and uncommon nerves entrapments found in practice 
[73–76].

Table 8.4 Clinical staging of compressive neuropathies

Stage
Features
Symptoms Signs Structural

I (early and 
mild)

Pain at rest, transient positive 
sensory symptoms (e.g., 
paresthesia, tingling), night 
worsening

Positive provocative 
tests

Blood flow 
impairment, 
blood–nerve barrier 
disruption

II (subacute 
and 
moderate)

Pain worsening, constant 
positive sensory symptoms, 
incipient negative sensory 
symptoms (hypoesthesia), 
subjective occasional weakness

Threshold tests, paresia, 
positive tinel’s sign

Edema, connective 
tissue thickening, 
local and diffuse 
demyelination

III (late and 
severe)

Constant pain, anesthesia, 
pronounced weakness, and 
autonomic dysfunction*

Abnormal two-point 
discrimination and 
sensory evaluation, 
paralysis and atrophy

Wallerian 
degeneration

*Autonomic dysfunction is less easy to identify unless severe nerve injury is present
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Table 8.5 Common and uncommon nerve entrapments

Nerve Site Symptoms

Head and neck

Greater, lesser and 
third occipital 
nerves

Between suboccipital 
muscles

Chronic headaches in occipital region

Supraorbital and 
supratrochlear

Frontal paramedian 
region and supraorbital 
notch

Chronic headaches in frontal and supraorbital 
region

Upper limbs

Median nerve Carpal tunnel Pain and paresthesias in 1°–3° digits and radial 
half of 4°, worst at night. Abductor pollicis 
brevis weakness and thenar atrophy

Ligament of struthers
Bicipital aponeurosis
Pronator teres muscle
Sublimis arch

Pain in volar forearm increased with prono- 
supination. Paresthesias and hypoesthesias in 
median sensory distribution. Weakness in 
anterior interosseous nerve supplied muscles

Ulnar nerve Arcade of struthers
Intermuscular septum
Cubital tunnel
Medial epicondyle
Arcade of osborne

Pain and paresthesias in 4°–5° digits, pain or 
discomfort at medial elbow
Blunder and weakness grip
Atrophy in first dorsal interosseous and 
abductor digiti minimi

Guyon’s canal Pain and paresthesias in 4°–5° digits
Clawing and blunder in 4°–5° digits
Atrophy in first dorsal interosseous and 
abductor digiti minimi

Radial nerve Radial tunnel Pain in dorsal forearm, worst with elbow 
extension and prono-supination
Weakness in posterior interosseous nerve 
supplied muscles

Brachial plexus Thoracic outlet Pain in shoulder, scapula
Numbness and paresthesias in distal 
distribution of C8-T1, worst with arm elevation

Superficial sensory 
branch of radial 
nerve

Between brachioradialis 
and extensor carpi radialis 
longus in forearm

Paresthesias in dorsolateral hand, worst with 
ulnar flexion of wrist and gripping

Intercostal nerves Vertebral foramen
Any site in the course of 
the nerve

Pain in a part of the corresponding dermatome

Axillary nerve Quadrangular space Pain in posterior shoulder
Weakness in shoulder abduction
Numbness in lateral arm

Suprascapular 
nerve

Suprascapular notch Pain in suprascapular area, posterior and 
lateral shoulder
Weakness and atrophy in supraspinatus and 
infraspinatus

Lower limbs

Common peroneal 
nerve

Peroneal tunnel at ankle Pain and paresthesias in anterolateral leg and 
dorsal foot
Weakness in dorsiflexion, eversion and toes 
extension
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Table 8.5 (continued)

Nerve Site Symptoms

Tibial nerve Tarsal tunnel Pain and paresthesias in medial ankle, heel, 
sole and toes
Weakness and atrophy in intrinsic muscles

Lateral femoral 
cutaneous nerve

Inguinal ligament
Anterosuperior iliac spine

Pain and paresthesias in anterolateral thigh, 
worst with activity

Plantar nerves Metatarsal heads Pain and paresthesias in involved webspace, 
worst with activity and relieved with rest

Sciatic nerve Piriformis muscle Pain and paresthesias in buttocks and posterior 
thigh

Femoral nerve Inguinal ligament
Iliacus fascia

Paresthesias in anteromedial thigh and medial 
leg
Weakness in hip flexion and knee extension
Atrophy in femoral nerve supplied muscles

Superficial 
peroneal nerve

Distal third of leg Pain and paresthesias in lateral leg and foot

Deep peroneal 
nerve

Anterior tarsal tunnel Pain and paresthesias in foot, ankle and first 
web space

Inguinal complex 
of nerves

Inguinal region
Hypogastrium
Iliac region

Pain and paresthesias in inguinal region, pubis, 
proximal anterior and medial thigh and 
external genitalia

Obturator nerve Obturator canal at medial 
thigh

Pain and paresthesias in medial thigh
Weakness in thigh adduction and internal 
rotation

Pudendal nerve Alcock’s canal Pain and discomfort in perineum, perianal 
region and genitalia

History and physical exploration require a careful, systematic, and routine 
approach, usually oriented by the main patient’s complaint. The present complex of 
symptoms, its onset, quality, frequency, distribution, progression, association with 
certain movements, positions or activities, relief factors, previous treatments for 
present illness, occupation, dominant hand, recreational activities, past medical his-
tory, medications, and family history need questioning [77–80].

A positive Tinel’s sign, yet unspecific, involves an abnormal mechanosensitivity 
of the regenerating nerves, produced by light percussion over a nerve, and it is 
described as a tingling sensation in a specific anatomic distribution. It is a pure sen-
sory sign, without any value for motor function evaluation [81, 82].

Physical examination should be completed with the evaluation of provocative 
tests, whose goal is to reproduce the sensory symptoms by two mechanisms: 
increasing tension on the nerve with stretching, or increasing pressure on the nerve 
with additional mechanical compression over an enclosed space. Many provocative 
tests have been described for different sites of entrapment [36, 37, 67, 68, 83, 84]. 
Like for Tinel’s sign, its presence is owing to an abnormal mechanosensitivity and 
is not specific sign, but forms an integral part of clinical examination [85].
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8.2.5.2  Complementary Studies

EDS and imaging studies may help in the diagnostic workup; however, if history 
and physical examination provide enough information for supporting the diagnosis, 
no further investigation is needed [76]. That said, electrical and radiologic investi-
gations should never replace the clinical assessment, and on the contrary, should 
serve as a complementary tool to confirm diagnosis.

EDS comprise of nerve conduction studies (NCS) and electromyography (EMG): 
both are helpful to establish the localization, severity, timing, and extent of injury in 
neural elements; hence, they are also helpful to differentiate entrapment neuropa-
thies from other conditions that can mimic their clinical picture.

NCS tests sensory and motor pathways by assessing parameters such as latency, 
conduction velocity, and amplitude of the generated potentials (sensory nerve action 
potentials for sensory conduction, and compound motor action potentials for motor 
conduction). Initial stages of entrapment neuropathies exhibit delayed distal laten-
cies along with slowing in conduction velocity. Also, a conduction block may be 
present in severe cases due to demyelination. When axonal damage is present, 
decreased amplitudes or prolonged or absent potentials are observed.

EMG assesses electrical activity within skeletal muscles. The examination uses 
a single concentric needle electrode introduced into the muscle, where it records 
four phases of muscular activity (insertion, resting, mild contraction, and maximal 
contraction) and tests the motor unit potential features. Characteristic neurogenic 
pattern in CN is only present in severe cases, showing signs of denervation (hyper-
excitability, spontaneous activity at resting phase, abnormal motor unit potentials, 
and decreased interference pattern) [86–89].

While the different techniques included in EDS play an important role in the 
evaluation of entrapment neuropathies, limitations, pitfalls, and disadvantages exist. 
For instance: its sensibility and specificity are limited by the clinical setting and 
nerve location, normal values don’t exclude nerve compression, and abnormal val-
ues could be misinterpreted as nerve compression in the absence of a thorough clini-
cal evaluation. The EMG is uncomfortable for patients, as well as it is contraindicated 
in certain circumstances (e.g., coagulopathy, pacemakers, etc.). Finally, EDS stud-
ies are operator-dependent.

Radiological assessment may include simple radiographies, computed tomogra-
phy, magnetic resonance imaging (MRI) neurography, or ultrasonogram (US). The 
first two techniques may help in visualizing bone or joint abnormalities or demon-
strate osseous causes of compression. MRI neurography and US are useful to evalu-
ate peripheral nerve anatomy, nearby tissues, and local pathology with an excellent 
resolution that allows for the identification of etiologic agents.

Nerves appear in US as oval or rounded shape structures with hypo-echoic signal 
in fascicles, and hyper-echoic signal in CT, giving the aspect of a “honeycomb” in 
the transverse axis. Peripheral nerve entrapments may produce changes in shape 
(flattening in the site of entrapment) or deviation of the involved nerves with fusi-
form enlargement in the cross-sectional area of nerve trunk proximal to the site of 
compression, changes in echotexture (hypo-echoic) inside and outside the nerve, 
increased vascularity and decreased mobility for edema, and perineurial/
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endoneurial thickening [90–94]. US evaluation also is a dynamic technique, which 
enables the evaluation of nerves during motion in real-time, as in ulnar nerve sub-
luxation. From its first description for the evaluation of peripheral nerves in 1988 
[95], continuous and fast evolution of technical advances has developed high-reso-
lution transducers with superior capacity to contrast nerve from surrounding tissues 
and for nerves’ inner anatomy identification. It is a low-cost, portable, moderately 
fast, and versatile modality, but requires a learning curve for an optimal use [96, 97].

MRI scanners with a field strength of 1.5–3 Tesla enable the evaluation of periph-
eral nerves with multi-sequential and multi-planar and selective and nonselective 
reconstructions, regardless the anatomical location [92]. The involved site will 
determine the precise technique and necessary coil. Subtle signal alterations in 
nerves owing to its high soft tissue contrast can be detected, which also allows a 
high-resolution evaluation of nearby normal and abnormal tissues. MRI is very sen-
sitive to show collateral damage as denervation changes in muscles. More recently, 
the acquisition of images based on diffusion-weighted imaging and diffusion tensor 
imaging techniques enables the evaluation of nerves, not only from a morphological- 
qualitative aspect, but also from a functional-quantitative point of view [97–100].

The aforementioned advantages are overshadowed by its high cost, time con-
sumption, inability to evaluate multiple sites at once, the magnetic effects on metal-
lic devices, the produced artifacts by some osteosynthesis materials, and the 
claustrophobic effect that generates in some patients.

The general protocol for morphological MRI includes T1-weighted spin echo 
and T2-weighted fat-suppression sequences in the axial plane and isovoxel 3D 
T2-weighted fat-suppression sequence reconstructed in different planes. Axial plane 
defines better the course of nerve, and T1-weighted sequence delineates with high 
resolution its internal structure. Normal nerves appear as oval/rounded isointense 
structures with well-delineated intra-fascicular pattern, surrounded by a rim of 
hyperintense fat, within muscles’ interfacial plane. On T2-weighted fat-suppression 
sequences, the nerve is isointense or slightly hyperintense in relation with surround-
ing muscles. Compression may produce enlargement, distortion of fascicular pat-
tern, and increased signal in T2-weighted sequences [99–102].

8.2.6  Treatment

The proper management strategy in CN relay on staging, meaning that, either con-
servative or surgical, the goal is to ease symptoms by identifying the cause of 
entrapment and releasing the underlying compression.

8.2.6.1  Conservative Treatment

During the initial steps of a CN, the patient can be managed conservatively, espe-
cially if just sensitive symptoms are present. Conservative treatment measures 
include, among others: (1) treatment, when present, of the systemic conditions 
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causing compression (e.g., hypothyroidism, diabetes, etc.), (2) reeducation mea-
sures, directed to reduce or remove occupational or recreational activities that pro-
duce vicious postures, repetitive trauma, or frequent deleterious mobility affecting 
the involved region, (3) rest and splinting, if the involved nerve crosses a joint and 
dynamic compression is a major issue; however, in the presence of additional static 
factors such as intra-tunnel masses or spurs, these measures are inefficient, (4) tai-
lored physical and occupational therapy: it is necessary to adjust the program to the 
patient’s needs and characteristics (e.g., age, associated conditions, access to ther-
apy, etc.) and ideally should be conducted by a specialist in rehabilitation medicine 
with experience in the field (stretching therapy, strengthening therapy, massages, 
pulsatile ultrasound, transcutaneous electrical stimulation, laser therapy, hydrother-
apy, cold and heat application, and sensory stimulation have demonstrated to be the 
most useful techniques), (5) oral nonsteroidal anti-inflammatory drugs, analgesics, 
and in certain cases, presenting incoercible neuropathic pain, anticonvulsants- 
antineuritic agents and tricyclic antidepressants, (6) PN blocks with corticosteroid 
plus local anesthetics-guided or not with ultrasound, fluoroscopy, computed tomog-
raphy, and electric nerve stimulation-into the tunnel or over the entrapped nerve 
course allowed as the last option before surgery if symptoms worsen, to confirm 
diagnosis or for opening aggressive management of pain in refractory cases, (7) in 
carefully selected cases with chronic intractable pain, chemoneurolysis, termofre-
quency lesioning, cryoneuroablation, and neuromodulation of injured nerve [37, 68, 
85, 103–111].

Broadly, conservative management is recommended for at least 3–4 months, and 
during this time, close monitoring is necessary to follow up patient’s evolution. 
Thereafter, when symptoms get worse, don’t improve despite conservative manage-
ment, or if at first consultation the patient complaints of severe symptoms (stage II), 
or motor symptoms like muscle atrophy are consigned (stage III), surgical treatment 
is necessary [65].

8.2.6.2  Surgical Treatment Considerations

In virtue of CN physiopathology, its basic surgical management consists in releas-
ing the nerve with decompression. This goal can be achieved either by open surgery 
or employing minimally invasive endoscopic-assisted techniques. However, addi-
tional surgical strategies may be necessary in selected cases, such as nerve transpo-
sition (e.g., ulnar nerve at the elbow), neurectomy in certain syndromes with 
recurrence of symptoms after primary decompressive surgery or even as primary 
procedure (e.g., Morton’s neuroma, Meralgia Parestetica), tissue interposition flaps 
also in recurrence and revision surgery (e.g., median nerve at carpal tunnel), and the 
recently described and still controversial “supercharge end-to-side nerve transfer”, 
designed to improve axonal regeneration in severe compressions (e.g., distal median 
to ulnar nerve in ulnar tunnel syndrome) [36, 111–116].

The chosen surgical strategy depends on the type of nerve compression syn-
drome, compression degree, the nerves and structures affected, and the existence of 
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previous surgeries. While outcomes after surgery are globally good, the success in 
each case depends on a constellation of factors, including the time of evolution, the 
severity of symptoms, and other underlying health conditions.

The planned surgical incision must be oriented out of sites of tension or pressure 
to avoid wound complications and to allow enough exposure to identify the nerve, 
its branches, the tunnel limits, and the structures to be sectioned or resected. 
Whenever possible, cutaneous branches should be respected. The surgeon must be 
sure to perform a complete release through the entire site of compression. Internal 
neurolysis has been described before, but its use is controversial, and in general is 
not recommended due to the risk of iatrogenic injury and intraneural fibrosis 
[117–123].

Regarding the endoscopic-assisted or the pure endoscopic decompression, 
many authors have described its use in different entrapment sites and its advan-
tages in aesthetical wound appearance and shorter hospitalization time. 
Nevertheless, long- term outcomes comparing open versus endoscopic release are 
similar [112, 124].

Since incomplete decompressions, wrong diagnosis, and mismanagement of 
medical underlying associated conditions are the main causes of surgical failure 
[125], all these factors should be avoided.

Whichever decompression technique we use, complications’ avoidance is of 
paramount importance: consequently, a correct diagnosis and an adequate surgical 
technique should be always warranted to each patient.

8.2.7  Conclusions of Part II

CN are common conditions that have a profound impact in patient’s quality of life. 
Some important facts should be remembered in CN: any nerve can be subject of 
compression, pain and sensory symptomatology over a well-defined nerve distribu-
tion in association with predisposing factors could be a sign of compression, motor 
dysfunction and atrophy should be surgically treated immediately, the diagnosis of 
nerve compressions is clinical, and a delayed diagnosis and incorrect management 
may cause irreversible nerve damage.

Appropriate management in early stages often results in symptoms improve-
ment. Surgical interventions, when are necessary, carry favorable outcomes. In 
recent years, peripheral nerve surgeons have introduced minimally invasive tech-
niques for nerve entrapment surgery, and even when its use by now is limited to 
certain syndromes, reduced surgical morbidity and improved postoperative recov-
ery times are possible. Radiological studies have evolved significantly in the pro-
curement of high-resolution images that make possible both structural and functional 
evaluation of the nerves. New insights concerning nerve compressions are focused 
on the association with chronic headaches and the possibility of successful out-
comes after nerve decompression [126, 127].
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8.3  Part III: Peripheral Nerve Tumors

8.3.1  Introduction

Peripheral nerve tumors are rare lesions that can originate in any nerve and any 
region of the body. Consequently, the list of differential diagnoses is often 
very long.

Peripheral nerves can be affected by various types of tumor. They can originate 
outside the nerve and compress it or start in one of the types of cell that the nerve 
itself contains, like unmyelinated and myelinic axons, Schwann cells, fibroblasts, 
comb cells, smooth muscle cells, and endothelium (in the vasa nervorum). Only 
those tumors that originate in one of the above-mentioned cell types should be con-
sidered peripheral nerve tumors, among which they can exhibit a broad range of 
biological behaviors: from benign (e.g., schwannomas, neurofibromas, and peri- 
neuriomas) to highly malignant, like malignant tumors of the peripheral nerve 
sheath (MTPNS) [128–137] (Fig. 8.6).

In general, given the relative quantities of each tissue type in peripheral nerves, 
most tumors are benign and originate in Schwann cells (schwannomas).

With a detailed clinical examination and neuroimaging studies, a fairly reliable 
preoperatory diagnosis can usually be made, which will ultimately always depend 
on histological confirmation. This diagnostic exercise is a crucial step in the man-
agement of peripheral nerve tumors, as surgical treatment varies widely, depending 
on whether a tumor is suspected to be benign or malignant.

8.3.2  Clinical Characteristics

Peripheral nerve tumors obviously originate within a nerve, and this clearly influ-
ences how they present and is the main clue to their diagnosis.

Fig. 8.6 Different types of benign nerve tumors. (Illustration by Crodac (Rodríguez-Aceves CA))
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Benign tumors generally exhibit slow growth and, because of this, may be asso-
ciated with very subtle symptoms, if symptomatic at all when first diagnosed (some 
may present as a painless mass).

When such tumors begin to generate symptoms, the symptoms are most com-
monly sensory, such as paresthesia or pain in the territory of that nerve. It is quite 
typical for percussion of nerve tumors to generate a positive Tinel’s sign. In later 
stages, even benign nerve tumors can produce motor symptoms. However, if motor 
deficits appear early and/or progress quickly, or if they appear in  locations other 
than at entrapment points (carpal tunnel, retro-epitrochlear canal, fibular tunnel, 
etc.), malignancy should be suspected [134].

In terms of semiology, in general, benign nerve tumors are tapered, moving eas-
ily along the transverse axis of the nerve, but not longitudinally. They also are gen-
erally soft upon palpation.

Conversely, malignancy should be suspected when a tumor is larger than 5 cm, 
grows rapidly, is very painful, presents with early motor signs, adheres to surround-
ing tissue planes, and/or is firm on palpation.

8.3.3  Common Types of Benign Nerve Tumor

Schwannomas are the most common benign tumors of the peripheral nervous sys-
tem (PNS) and they can arise anywhere.

Macroscopically, they are firm but elastic, tapered or rounded in shape, 
and smooth.

Voluminous tumors present as irregular lobulations or even as cysts, secondary 
to bleeding that occurs during their growth.

These tumors are composed of Schwann cells, with normal nerve fibers dis-
placed towards the periphery of the nerve. They are located anywhere along a 
nerve’s course.

They can present as single or multiple tumors, the latter characteristic of condi-
tions like neurofibromatosis and schwannomatosis.

Percussion or palpation of the tumor usually generates paresthesia or pain in the 
sensory territory of the affected nerve (Tinel’s sign), but generally not motor defi-
cits. This is quite characteristic that pain and sensory symptoms clearly predominate 
over motor deficits.

From a microscopic point of view, schwannomas contain, as an almost exclu-
sive element, a single cell type; that is, Schwann cells. The tumor is surrounded 
by a fibrous capsule composed of epineurium and residual nerve fibers. On histo-
logical study, the most distinctive characteristic of these tumors is the configura-
tion of cells forming Antoni A or B patterns. They also form clusters called 
“Verocay bodies”, which initially were described by the Uruguayan pathologist 
José Verocay.

Some schwannomas test positive for gliofibrillar acid protein (GFAP), while 
others contain keratin and antibodies that react to various keratins [pankeratins, 
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keratin cocktail (CK) (AE1/AE3)]. These two markers highlight the cellular areas 
of Antoni A, especially those adjacent to the capsule, in myxoid or degenerative 
areas, and in perivascular zones. In recent studies assessing large numbers of ret-
roperitoneal schwannomas, 84% of the tumors were positive for AE1/AE3 
and GFAP.

Immunohistochemical staining using anti-S-100 protein antibodies reveals uni-
form and intense staining of the tumor’s Schwann cells. This technique is an impor-
tant tool for diagnosis; in poor differentiated schwannomas, S-100 protein staining 
is helpful for confirming the diagnosis.

Neurofibromas lack the thick collagen capsule that characterizes schwannomas, 
instead surrounded by perineurium or epineurium of varying thickness. They also 
do not exhibit Antoni A or B areas or Verocay bodies, again characteristic of schwan-
nomas. One distinctive feature of neurofibromas is that immunoreactivity to the 
S-100 protein is observed only in a portion of their cells, as opposed to the uniform 
reactivity exhibited by schwannomas.

Neurofibromas become suspected based on clinical findings, but are con-
firmed by imaging studies like ultrasound and magnetic resonance imaging 
(MRI), followed by microscopic evaluation. On MRI, these tumors usually 
form a mass within the nerve, are spindle-shaped, capture contrast intensely, 
and demonstrate sharp edges that delineate the tumor from surrounding tis-
sues [138].

8.3.4  Treatment

There is no pharmacological therapy for either of the above-described tumors, ren-
dering surgery the cornerstone of treatment. In general, resection of these tumors is 
safe, if done under magnification and employing neurostimulation, which permits 
the separation and preservation of motor fibers.

As a basic principle, the entire tumor must be exposed, the capsule 360° stimu-
lated to identify passing motor nerve fibers, and incised in such a way that either 
fibers are not seen, or a motor response is elicited. Then the surgeon must look for 
the plane that distinguishes the nerve from the tumor. Subsequently, the tumor 
should be dissected both proximally and distally, locating the fascicles of the nerve’s 
origin, which must be sacrificed. It is the current authors’ practice to resect a ‘safety 
margin’, ensuring at least 0.5 cm of “healthy” nerve-referring to the fascicles from 
which the nerve arises—to reduce the risk of tumor recurrence. Obviously, only the 
tumor’s bundle of origin is sacrificed.

Normally, if dissection is performed meticulously and a good tissue plane is 
maintained, there will be complete preservation of motor function, though small 
areas of transient hypoesthesia may become evident postoperatively. With good sur-
gical technique, motor and sensory preservation can be achieved in 95% of patients 
[139, 140].
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8.3.5  Peripheral Nerve Tumors in Neurofibromatosis (NF) 
Types I and II

Neurofibromatosis (NF) is a serious genetic disorder that affects roughly one in 
3000–4000 individuals and has variable penetrance. It is a generalized and progres-
sive process that involves both the central and peripheral nervous systems. It also is 
multisystemic and is associated with cutaneous, neurological, and orthopedic mani-
festations. Its implications for SNP tumors will be discussed briefly.

Individuals with NF I or II warrant special consideration. This is because, over 
the course of their life, they tend to develop multiple tumors in different peripheral 
nerves, which may vary widely in their need for and approach to treatment. 
Neurofibromas are the characteristic tumor, but NF patients also may develop other 
tumor types, like schwannomas, atypical tumors of uncertain evolutionary potential 
(ATUEP), and malignant peripheral nerve sheath tumors (MPNST). Epidemiological 
data show that people with neurofibromatosis have a 100-fold increased likelihood 
of developing a MPNST than the rate observed in the general population [141–145].

There is no curative treatment. Management consists of monitoring patients to 
identify tumors that might require resection and, otherwise, supportive treatment. In 
addition to the markedly increased risk of MPNST, NF patients may experience 
malignant transformation of previously benign tumors, like schwannomas or 
neurofibromas.

8.3.6  Genetic Aspects

The NF-1 gene is located on chromosome 17 and produces a protein called neurofi-
bromin. Its main action is to regulate cell division within the nervous system. In 
essence, it serves as a kind of brake that prevents excessive cell multiplication.

The gene for NF-2, located on chromosome 22, has also been identified. As with 
NF-1, the gene product for NF-2 is an onco-suppressor protein (called schwannomin).

8.3.6.1  NF-1

NF-1 is a progressive disease, in which tumors develop in the peripheral nerves. 
Moreover, preexisting tumors can continue to grow at the same time that new 
lesions appear.

The prototype lesion seen in NF-1 is a neurofibroma, a benign tumor that origi-
nates from a medium-sized or large nerve. Neurofibromas usually contain elongated 
spindle cells and pleomorphic pseudo-fibroblastic cells. From a clinical and surgical 
points of view, neurofibromas are benign tumors that grow in the connective tissue 
of nerves and, as such, cannot always be completely resected without sacrificing 
nerve function.

8 State of the Art and Advances in Peripheral Nerve Surgery



272

Occasionally, neurofibromas—typically, plexiform neurofibromas that are bulky, 
deep, or located in the brachial or lumbar plexus—undergo malignant degeneration 
and transform into ATUEPs or MPNSTs. Unlike benign neurofibromas, MPNST 
are typically hypercellular and contain giant cells, a greater number of mitoses, and 
more vascular proliferation.

From the perspective of their natural clinical history, four types of neurofibromas 
are distinguished:

 (a) Cutaneous neurofibromas form within the dermis and epidermis, making it pos-
sible to move them along with the skin.

 (b) Subcutaneous neurofibromas are located deep within the dermis, such that the 
skin moves over them.

 (c) Plexiform neurofibromas can be either nodular or diffuse. Diffuse plexiform 
neurofibromas contain some elements typical of schwannomas or cutaneous or 
subcutaneous neurofibromas. They develop several fingerlike extensions that 
invade normal tissues extensively, so they typically cannot be completely 
excised. They can affect both superficial and deep tissues.

 (d) Nerve neurofibromas grow exhibiting a pseudo-infiltrative pattern, since 
they may invade more than one nerve bundle. Therefore, complete resec-
tion often entails sacrificing the nerve. For this reason, in neurofibromato-
sis patients, incomplete resection is an option that sometimes must be 
considered.

8.3.6.2  NF-2

Neurofibromatosis type 2 is also called central NF, since those affected have a rela-
tive scarcity of cutaneous manifestations, but a high incidence of tumors involving 
the central nervous system (meningiomas, gliomas of the optic nerve or tectal plate) 
and neurinomas within the VIII cranial nerve (usually bilateral).

NF-1 has a better prognosis than NF-2, since it has a lower incidence of CNS 
tumors. However, morbidity and mortality from NF-1 are not insignificant, largely 
depending on the number and location of the tumors that develop [141].

8.3.6.3  Considerations Regarding Surgical Treatment in Patients with NF

Given that, in NF, there will be sequential development of tumors that can affect 
virtually any nerve, the main therapeutic objective is to treat symptomatic tumors, 
those that are deemed to endanger either life or important functions, and in some 
patients, tumors that are aesthetically disfiguring.

Symptomatic peripheral nerve sheath tumors that are located in the brachial or 
lumbosacral plexuses become indications for surgery when they cause motor defi-
cits or severe, intractable pain. This said, the risk of postsurgical neurological 
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dysfunction is high; consequently, the decision to operate often requires careful 
consideration and extensive discussion with patients +/− their families to select the 
treatment best suited to them.

When a tumor invades the nervous tissue of a single nerve, resecting the 
nerve and restoring function with a nerve graft may be indicated, in rare 
instances. However, it is essential to consider the specific regenerative capacity 
of each nerve. Potential benefits should always be weighed against the index of 
suspicion for a malignant tumor and the potential for long-term neurological 
sequelae.

Plexiform neurofibromas often recur after resection, because residual clumps of 
tumor cells remain in deep soft tissues. Resection of these lesions also can cause 
copious bleeding, given their high vascularity and extensive spread.

With spinal tumors, it may be necessary to operate for minor symptoms to pre-
vent progression to spinal cord compression, even if the resection is incomplete.

Determining prognosis largely depends on the severity of disease. Most people 
with NF-1 have normal lifespans, but life expectancy can be shortened by up to 
15  years or even more with aggressive forms. In addition to reduced survival. 
Patients with aggressive forms of NF also tend to have a reduced quality of life 
[145, 146].

8.3.6.4  Neurofibromatosis Type 3

Neurofibromatosis type 3 was first described in 1973 and is a diagnosis reserved for 
patients who fail to meet the criteria for NF-1, but have schwannomas in several 
peripheral nerves, except for the acoustic nerve [147].

8.3.6.5  Segmental Neurofibromatosis (SN)

Segmental neurofibromatosis is a disease characterized by the presence of manifes-
tations of NF-1 limited to one area of the body. Symptoms may include café-au-lait 
spots, neurofibromas, freckles in the axillary or groin crease, and Lisch’s nodules, 
which are more frequent than either brown spots or neurofibromas. The reported 
incidence of SN is roughly one in 36,000–40,000 individuals in the general popula-
tion, making it 10–20 times less frequent than NF-1. SN may result from post- 
zygotic mutation within the NF-1 gene, which leads to somatic mosaicism. This 
has been documented in patients with segmental neurofibromatosis, in whom 
microdeletion of the NF-1 gene was reported in 18% of fibroblasts cultured from a 
café au lait patch, but was absent in fibroblasts from normal skin and blood lym-
phocytes. Its segmental distribution and the absence of any family history allow us 
to suggest that NS is a form of somatic mosaicism in the NF-1 gene located on 
chromosome 17.

8 State of the Art and Advances in Peripheral Nerve Surgery



274

8.3.7  Malignant Tumors of the Peripheral Nerve 
Sheath (MPNST)

Luckily, MPNST are much rarer than most benign peripheral nerve tumors. By defi-
nition, they are malignant lesions that arise within a peripheral nerve or its nerve 
sheath, excluding tumors that originate in the epineurium or vasculature of periph-
eral nerves. Given that they invade perineural structures during their growth, for 
years they were mistaken as soft tissue sarcomas exhibiting neural invasion. Due to 
their low incidence, experience in the management of these lesions is limited, and it 
is difficult to propose “standard” treatments.

The macroscopic appearance of MPNST is that of a pseudo-encapsulated 
spindle- shaped or globoid lesion of firm-to-hard consistency that usually is several 
centimeters in diameter at the time of diagnosis. These tumors form within nerve 
bundles, but usually invade adjacent soft tissues through the epineurium. Therefore, 
the approach to treatment must be multidisciplinary and customized to each patient 
[128, 134, 146].

Microscopically, they are highly cellular tumors that usually have fascicular 
characteristics, spindle-shaped nuclei, scant cytoplasm, and frequent mitoses.

As a first step, it is essential to obtain a complete history and look for signs of 
neurofibromatosis, since up to two thirds of MPNSTs arise from a plexiform neuro-
fibroma. The risk of a non-NF-1 plexiform neurofibroma becoming a MPNST is 
somewhat lower, estimated to be less than 1%.

Because these tumors are rare and have a very broad differential diagnosis, 
MPNST patients are often referred first to other surgical specialists and then to a 
peripheral nerve unit after the tumor is biopsied. It is recommended that patients 
with clinical signs considered suspicious for a malignant peripheral nerve tumor or 
having an initial biopsy confirming the diagnosis are referred to a multidisciplinary 
peripheral nerve unit for optimized treatment.

One debated point is whether or not a biopsy should be undertaken, since a 
needle biopsy can spread the tumor to superficial planes. On the other hand, 
definitive treatment of a MPNST is resection with cancer-free margins, which 
implies sacrificing the nerve and other structures within the same tissue compart-
ment. It is clear that, to propose such radical treatment, it is necessary to have a 
very high index of suspicion for malignancy and, if possible, pathological 
confirmation.

For this reason, some authors recommend exposing the tumor at the start of sur-
gery as would be required for a very wide resection, then taking an open biopsy after 
isolating the tumor from all surrounding tissues (to avoid seeding it). If malignancy 
is confirmed, the surgeon then can proceed to maximum resection.

Four specific MRI features have been proposed for use distinguishing MPNST 
from neurofibromas, with sensitivity and specificity rates of 61 and 90%, respec-
tively. Malignancy is highly suspected when two or more of the following features 
are observed: large size, peripheral enhancement pattern, perilesional edema, and 
intra-tumoral cystic changes.
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However, it is not possible to accurately characterize features delineating benign 
from malignant peripheral nerve tumors based on imaging findings alone, since 
schwannomas (particularly bulky ones), neurofibromas, and atypical nonmalignant 
schwannomas can also exhibit zones of varying signal intensity. Recent studies sug-
gest that PET is more specific for diagnosing malignancy, by assessing a lesion’s 
uptake of 2-fluoro-2-deoxy-d-glucose (FDG).

Making a presumptive diagnosis of a MPNST or of secondary involvement of a 
nerve by tumor originating from an occult primary neoplasm (e.g., Pancoast tumor) 
is supported by obtaining the patient’s history, performing a general physical exami-
nation, and obtaining complementary studies.

If it is the site where MPNSTs’ most frequently metastasize is the lung, com-
puted tomography (CT) examination of the chest is warranted if the index of suspi-
cion for malignancy is high. If the lung contains a suspicious lesion, a biopsy is 
necessary to confirm or rule out the presence of metastatic spread, one of the main 
determinants of whether treatment of the primary tumor should be radical or more 
conservative. The presence of metastases has an obviously negative effect on a 
patient’s prognosis and generally spurs the early initiation of adjuvant radiation 
therapy and chemotherapy.

MPNSTs have high metastatic potential. Surgical resection can be performed by 
plastic surgeons, orthopedics, and neurosurgeons, depending on the practitioner’s 
training; but, ideally, treatment should be multidisciplinary. Because MPNSTs are 
infrequent, the treatment of these tumors usually corresponds to whatever therapeu-
tic protocol is deemed indicated for a soft tissue sarcoma. It is not yet clear whether 
such an extrapolation of therapeutic plans is appropriate; but the low incidence of 
these tumors prevents single centers from gaining sufficient experience or perform-
ing adequately sized studies to determine which treatment approaches are best.

The currently recommended diagnostic workup for MPNST involves local stag-
ing by CT or MRI, performing an open biopsy at a specialized center, determining 
the tumor’s pathological grade, and confirming or ruling out the presence of metas-
tases. Thereafter, each case should proceed to multidisciplinary management, the 
first objective of which is usually to establish local control. For this purpose, wide 
resection to achieve tumor-free margins is usually indicated, which in the past often 
included amputation/disarticulation of any affected limb. Today, however, most cen-
ters and surgeons prefer to perform wide oncological resections that encompass the 
tumor, as well as the adjacent fascial and muscular planes, followed by chemother-
apy and/or adjuvant or neoadjuvant radiation therapy to spare the limb. Even in 
instances where tumor-free margins appear to have been achieved, adjuvant radio-
therapy is often administered, because tumor cells spread extensively within fascial 
planes, resulting in high rates of recurrence.

Most patients do not have evidence of metastases at the time of initial diagnosis, 
but the risk of future metastasis is high. For this reason, routine follow-up should be 
done with short intervals between assessments, using clinical evaluations and radio-
logical studies to detect both local recurrence and distant metastases.

The role of 18FDG PET/CT in the diagnosis of peripheral nerve tumors has been 
emphasized in recent years, as a way to permit practitioners to more accurately 
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determine what type of tumor they are treating. Given what has been discussed 
above, with peripheral nerve tumors, preoperatively determining whether a given 
tumor is benign or malignant is essential to surgical planning. Therefore, any test 
that might aid in obtaining an accurate diagnosis must be considered: MRI, PET/
CT, biopsy, etc. The diagnostic acumen of PET scanning stems from its capacity to 
assess a tumor’s metabolic activity, taking into account that tumor cells generally 
overexpress transporters due to increased glucose metabolism. The greater the poor 
differentiation, the greater the metabolism and, therefore, the greater the expression 
of glucose transporters.

One of the parameters used during PET scanning is the so-called SUV max, 
since it measures metabolism and has been shown to exhibit high sensitivity and 
specificity for a variety of tumors. In peripheral nerve tumors, an SUV max greater 
than 3.5 has been shown to be 97% sensitive and 87% specific for malignancy. The 
18F-FDG PET/CT has certain advantages over other imaging approaches for the 
diagnosis and monitoring of peripheral nerve sheath tumors, especially those in 
which malignancy is suspected. It is superior to resonance imaging in its ability to 
determine cell behavior and is, therefore, ideal for guiding biopsies (which should 
be in areas characterized by higher-level metabolism). It is also very useful during 
patient follow-up, as it evaluates a tumor’s response to treatment, detects metasta-
ses, and assesses the biological behavior of tumor remnants (in cases of incomplete 
resection) [148–152].

8.3.8  Conclusions to Part III

How peripheral nerve tumors are treated depends entirely on their specific pathol-
ogy. A thorough preoperative evaluation is, hence, crucial. Benign tumors (mostly 
schwannomas and neurofibromas) can usually be safely and completely resected 
without sacrificing the nerve of origin. When there is some suspicion of malignancy, 
whether associated with neurofibromatosis or not, confirmatory biopsy, together 
with modern diagnostic techniques, has been recommended by several specialized 
centers, though whether biopsies are indeed appropriate remains controversial. 
When malignancy is confirmed, extensive resection to optimize patient survival is 
the main objective, potentially at the expense of neurological function. This may 
then be followed by adjuvant radiation and/or chemotherapy, depending on the 
nature of the tumor and the completeness of resection attained.
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Chapter 9
Disorders of Secondary Neurulation: 
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LDM Limited dorsal myeloschisis
LLM Lumbosacral lipomatous malformation
MRI Magnetic resonance imaging
ONTD Open neural tube defect
RMC Retained medullary cord
SSD Segmental spinal dysgenesis
TMC Terminal myelocele
TMCC Terminal myelocystocele

9.1  Introduction

Over the last two decades, the number of patients with spinal open neural tube 
defects (ONTDs) has rapidly decreased in developed countries because of improved 
nutrition and sanitation, genetic counseling, prenatal prophylaxis and diagnosis, and 
termination of pregnancy. Instead, due to increased levels of clinical suspicion and 
advanced diagnostic tools, the number of patients with occult spinal dysraphism is 
rapidly increasing. Simultaneously, secondary neurulation became the central topic 
of research in this field.

Based on the advanced knowledge on secondary neurulation and new tech-
nologies in management including intraoperative neurophysiological monitor-
ing (IONM), pioneers in the field have enabled dramatic changes in the 
understanding of pathoembryogenesis and management strategies in occult spi-
nal dysraphism [1].

In this chapter, we briefly described the normal process of secondary neurulation 
and its various anomalous entities, mainly focusing on pathoembryogenesis 
(Table 9.1). This chapter includes summaries of our recent publication [2].

Some ideas proposed in this chapter were extrapolated from the data of chick 
embryos. In terms of secondary neurulation, human embryos are known to be more 
similar to chick embryos than to rodent embryos. Although the findings in chick 
embryos may not be the same as those in human embryos, they are still a good 
alternative model. Some of our speculations are conjectural, controversial, and con-
tradictory to the previous understanding. However, we hope they motivate further 
research to obtain deeper insights in this field.
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Table 9.1 Disorders of secondary neurulation and the results

Failed junction with the primary neural tube

   Junctional neural tube defect
    With the stenosis of the surrounding bony structures: segmental spinal dysgenesis
Hypoplasia or arrest of secondary neurulation associated with disturbed activity of caudal 
mesenchymal tissue

   Hypoplasia of the notochord: vertebral bone defect
   Failed formation of the spinal cord: hypoplasia of the distal spinal cord with blunt conus
   Failed regression of the spinal cord: failed regression spectrum of medullary cord
   Hypoplasia of the caudal mesenchymal tissue: anorectal, genitourinary, and abdominal wall 

anomalies
   Remote effects of an unknown mechanism
Duplication of the caudal cell mass associated with disturbed activity of caudal mesenchymal 
tissue

   Duplicated caudal cell mass: focal double vertebral columns and spinal cords
   Hyperplasia of the midline caudal mesenchymal tissue: septum formation in hindgut 

(including cloaca)
   Hypoplasia of the lateral caudal mesenchymal tissue: anorectal, genitourinary, and abdominal 

wall anomalies as shown in caudal agenesis
   Remote effects of an unknown mechanism: as shown in caudal agenesis
Failed ingression of the primitive streak to the caudal cell mass

   Associated with wide attachment between the primitive streak and the caudal cell mass: 
transitional myelomeningocele

   Failed ingression of the distal medullary cord from the ruptured terminal balloon: caudal 
(terminal) myelomeningocele

Focal limited dorsal neuro-cutaneous nondisjunction

   Pulling of the medullary cord to the surface ectoderm side: limited dorsal myeloschisis
   Pulling of the surface ectoderm to the medullary cord side: congenital dermal sinus
Neuro-mesenchymal adhesion

   Adhesion between the cranial part and the distal end of the medullary cord: lumbosacral 
lipomatous malformation (LLM) of transitional type

   Adhesion at the distal tip of the medullary cord with a pulling of the attachment site to the 
neural side without regression of the medullary cord: LLM of the caudal type

   Adhesion at the distal tip of the medullary cord with a pulling of the attachment site to the 
neural side associated with regression of the medullary cord: LLM of the filar type

Failed regression spectrum of medullary cord

   Incomplete regression of the medullary cord to the filum: thick filum
   Delayed luminal collapse of the last part of the medullary cord: filar cyst
   Failed regression at the stage of the medullary cord attached to the cul-de-sac with or without 

persistent luminal dilatation: ‘typical’ retained medullary cord, cystic or non-cystic type
   Failed regression at the stage of the medullary cord detached from the cul-de-sac: retained 

medullary cord with ‘low-lying conus’
   Failed regression at the stage of the medullary cord attached to the collapsed terminal balloon: 

terminal myelocele
   Failed regression at the stage of the medullary cord attached to the persistent terminal 

balloon: terminal myelocystocele

Reprinted from Yang et al. [2] with permission from the Korean Neurosurgical Society
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9.2  Brief Summary of Normal Secondary Neurulation

Secondary neurulation is associated with various anomalies of the distal spinal cord. 
Therefore, knowledge on steps in secondary neurulation is essential for understand-
ing pathoembryogenesis of the congenital anomalies in this area.

The processes of secondary neurulation have been studied extensively in chick 
embryos and mouse embryos. Various types of research were plausible with little 
difficulty in chick embryos. Moreover, the processes of secondary neurulation in 
human embryos are more similar to those in chick embryos than in mouse embryos. 
Here, the morphological and cytokinetic features during secondary neurulation in 
the chick embryo are briefly described.

In chick embryos, at the time when the posterior neuropore closes, the secondary 
neural tube is formed by aggregation of cells in the caudal cell mass (CCM). The 
CCM is separated from the surface-located primitive streak and it forms the caudal 
mesenchymal tissue as well. The multipotent cells of CCM at the node-streak bor-
der [3] (‘rhomboidal area’ [4]) arrange into a cord-like mass (medullary cord) which 
is continuous with the primary neural tube like a wedge-shaped ventral insertion 
from the caudal side (Figs. 9.1 and 9.2). The caudal end of the notochord at the area 

Fig. 9.1 A schematic drawing of Hensen’s node area in a chick embryo of Hamburger and 
Hamilton stage 8. The area immediately caudal to the Hensen’s node in the midline is the starting 
point of medullary cord formation. To the bilateral side of the area, neural plates at the caudal end 
of the primary neural tube are located. If the area immediately caudal to Hensen’s node (cranial 
part of the node-streak border) is adhered to mesenchymal tissue, the laterally located neural plates 
of the primary neural tube may not neurulate properly. Then the fat may be attached to the dorsal 
midline of the spinal cord up beyond the normal dorsocaudal end of the primary neural tube which 
is known as the junction of S1–2 spinal cord segments. 1 NT primary neural tube, 2 NT secondary 
neural tube, HN Hensen’s node, PS primitive streak. (Reprinted from Yang et al. [2] with permis-
sion from the Korean Neurosurgical Society)
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a b

Fig. 9.2 Axial sections of the junctional zone between the primary and secondary neural tubes in 
a chick embryo of Hamburger and Hamilton stage 16. (a) At the cranial part of the newly formed 
medullary cord (yellow circle), the lumen of the ventrally located medullary cord is continuous to 
the lumen of the dorsally located primary neural tube (arrow). The notochord (green circle) is in 
close contact with the medullary cord. (b) At a more caudal section, the size of the medullary cord 
compared with the primary neural tube is increased. There are tiny lumens in the medullary cord. 
The notochord merged with the ventral aspect of the medullary cord (red circle). H&E, ×400

a b

Fig. 9.3 (a) The caudal cell mass (arrowhead) and the surface ectoderm (open arrow) are continu-
ous in a Hamburger and Hamilton (HH) stage 16 chick embryo. (b) At HH stage 20, the two layers 
are clearly separated. Arrows multiple cavities in the medullary cord, NC notochord, NT neural 
tube, TG tail gut. (Reprinted from Kim et  al. [46] with permission from the Congress of 
Neurological Surgeons)

of the primary neural tube is continuous and merges with the cranial wedge of the 
medullary cord (chordo-neural hinge) and the cord-notochord demarcation in the 
axial section is no longer present distally. The overlapping of the caudal end of the 
primary neural tube and the cranial end of the secondary neural tube is called ‘junc-
tional neurulation’ [3]. Normally the junctional process does not involve anatomical 
separation of the two structures. The wedge-shaped ends of the primary and the 
secondary neural tubes face and contact each other. Multiple small cavities are 
formed in the medullary cord, and these cavities coalesce with the lumen of the 
primary neural tube (Figs. 9.2 and 9.3b). The medullary cord elongates to the caudal 
direction and the process of coalescence of cavities is completed by Hamburger and 
Hamilton (HH) stage 35 and the whole neural tube is transformed into one tube with 
a single continuous lumen. At this stage, the terminal portion of the medullary tube 
is dilated dorsally and contacts the surface ectoderm (‘terminal balloon’) (Fig. 9.4). 

9 Disorders of Secondary Neurulation: Suggestion of a New Classification According…



290

a b c

Fig. 9.4 Serial images of chick embryos showing a ‘terminal balloon’. (a) The central canal of the 
medullary cord is shown in Hamburger and Hamilton (HH) stage 28. (b) At HH stage 32, a termi-
nal balloon is seen as a focal dilatation of the distal end of the central canal which contacts the 
surface ectoderm. (c) At HH stage 36, the balloon shows partial deflation. (Modified from Lee 
et al. [41] with permission from Springer-Nature)

Thereafter, the balloon collapses, the caudal portion of the neural tube regresses, 
and the proximal portion develops into the normal spinal cord [5].

There have been some debates on whether the morphological changes in second-
ary neurulation in human embryos are more similar to those of chick embryos or 
mouse embryos [6–8]. It is now generally accepted that cavitation and coalescence 
of these cavities take place in chick embryos in a similar pattern to human embryos 
[9, 10].

Secondary neurulation does not involve the process of folding and fusion of the 
ectoderm as shown in primary neurulation. It made a belief that secondary neurula-
tion disorders do not make skin defects. However, we no longer support this belief 
as stated below in a separate section.

It is not easy to compare the steps of secondary neurulation of chick embryos to 
those in human embryos directly, because stages of development are classified by 
different scales: HH stages for chick embryos and Carnegie stages for human 
embryos. Nonetheless, considering the important milestones of development, 
Carnegie stage 18 of human embryos seems to be comparable to HH stage 35 of 
chick embryos, when the formation of the medullary cord is completed to the tip of 
the caudal end of the embryo with multiple cavities inside (Fig. 9.5a–c). The termi-
nal balloon is also found at this stage (Fig. 9.5d). After this stage, the caudal portion 
of the medullary cord reveals findings suggestive of involution [10] as in chick 
embryos [5].

During embryonal development, there are dynamic changes in the activities of 
cell proliferation and apoptosis concomitantly with the morphological changes. In 
the early stages of secondary neurulation of chick embryos, considerable activities of 
cell division are seen in the CCM. By HH stage 22, the rate of cell division begins to 
decline and apoptotic cells appear, especially in the central region. Thereafter, cell 
division is overtaken by apoptosis and stays the same until the CCM disappears [11]. 
The notochord itself did not show any proliferative activity which suggests that it is 
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Fig. 9.5 Human medullary cords at Carnegie stage 17 (a) and stage 18 (b–d). (a) At Carnegie 
stage 17, multiple cavities in the secondary neural tube (NT, arrows), notochord (NC), tail gut (G), 
and somites (So) are seen. (b) The tail gut is invisible at stage 18. There are multiple nuclear pyk-
noses at the secondary neural tube (arrows). (c) At a more caudal level at stage 18, the notochord 
is invisible. (d) In another embryo of stage 18, the caudal neural tube shows terminal dilatation of 
the lumen which contacts the surface ectoderm (arrow). H&E, bar 100 μm, (a–c) reprinted from 
Yang et al. [10] with permission from Springer-Nature, (d) reprinted from Pang et al. [72] with 
permission from Congress of Neurological Surgeons

formed from terminally differentiated cells that have already passed the stage of 
proliferation. The apoptotic cells in the CCM adjacent to the surface-located primi-
tive streak at HH stages 16 and 18 are also notable [12–14]. This supports the idea 
that the separation of the CCM from the surface-located primitive streak may be the 
result of cell death [11] (Fig. 9.6a). Such a role of cell death may further be applied 
to a similar process in the later stages of terminal balloon formation. The peak pro-
liferative activity in the medullary cord corresponds to HH stage 40, whereas during 
primary neurulation, the peak of proliferation occurs at HH stages 26 and 28, which 
reflects the time delay in the secondary neurulation compared to the primary neuru-
lation [11, 15, 16]. The ventral portion of the tail shows fan- shaped distribution of 
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Fig. 9.6 TUNEL assays in chick embryos of Hamburger and Hamilton stages 16 (a) and 20 (b). 
The lower side of each photograph corresponds to the ventral side of the embryo. (a) TUNEL- 
positive cells are found in the caudal cell mass (CCM) adjacent to the surface epithelium (SE) 
(arrows). There are also a few positive cells in the notochord (NC) (arrowheads). (b) There are 
many labeled cells in the ventral and ventrolateral regions of the tail (arrowheads). There are no 
labeled cells in the secondary neural tube (NT), notochord (NC), and somites (So). TG tail gut. 
(Reprinted from Yang et al. [11], with permission from Springer-Nature, H&E, bar 100 μm)

apoptotic cells in HH stage 20. It gives an impression that cells that are not destined 
to differentiate into structures such as medullary cord, notochord, and somites degen-
erate as early as HH stage 20, while the medullary cord still shows active prolifera-
tion [11] (Fig.  9.6b). It is also notable that there is no remarkable dorsoventral 
differences in proliferative activity in the medullary cord probably due to the differ-
ent mode of neural tube formation compared with the primary neural tube. The small 
multiple cavities detected at HH stages 40 and 45 at the tip of the tail may be the 
evidence of regression, supported by cytokinetic study [5, 11].

In human embryos, nuclear pyknosis at the medullary cord is observed at 
Carnegie stages 17 and 18, which suggests regression comparable to the morpho-
logical and cytokinetic findings observed in chick embryos [5, 11]. It is noteworthy 
that the apoptotic cells in the CCM adjacent to the surface epithelium are observed 
at the equivalent stages of not only chick and human embryos, but also mouse 
embryos. This suggests that the separation of CCM from the surface-located primi-
tive streak is a highly conserved event in secondary neurulation [10, 17, 18].

In summary, there are several characteristics in secondary neurulation compared 
with primary neurulation. First of all, secondary neurulation occurs later in time 
than primary neurulation. A step of separation of the CCM from the surface-located 
primitive streak is present. There is a transitional or junctional area between the 
primary and secondary neural tubes and the secondary neural tube needs functional 
connection with the primary neural tube. Both of the medullary cord and the caudal 
mesenchymal tissue are derived from the CCM and the disturbed activities of the 
caudal mesenchyme may be associated with caudal spinal cord malformations. 
Secondary neurulation progresses in the caudal direction from the node-streak bor-
der. The ventrodorsal difference, prominent in primary neurulation, is not so evident 
in secondary neurulation. There is a regressive phase in secondary neurulation [19].
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9.3  Failed Junction with the Primary Neural Tube

Peculiar cases in which the upper primary spinal cord is functionally disconnected 
from the lower secondary spinal cord and the two structures are connected via a thin 
fibrous band have been reported (Fig. 9.7) [20]. The entity was named ‘junctional 
neural tube defect (JNTD)’. Lesions were found in the thoracolumbar junction or 
upper lumbar region, and the lower spinal cord usually looked similar to a normal 
conus. Direct electrical stimulation elicited some electromyographic responses in 
the ankle and/or sphincter muscles. Some of the reported cases had elaborate anom-
alies of the spinal bone with severe narrowing of the spinal canal at the level of the 
nonfunctional band. The lesions are very similar to the older entity of segmental 
spinal dysgenesis (SSD) which has been defined and described based on bony 
anomalies [21]. Although the ‘neural’ structures have not received much attention 
in SSD, a review of cases with available information showed that most of the SSD 
cases also had typical disconnected cords and were found in regions similar to 
JNTD [22]. Hence, SSD seems to describe cases of JNTD with varying degrees of 
bony anomalies, originating from the same pathoembryogenesis which is the error 
that occurs during junctional neurulation.

Junctional neurulation, or the process of the connection of the primary and sec-
ondary neural tubes, has been elucidated in basic research [4, 23]. Most recently, 
Dady et  al. [3] used chick embryos to map the fate of the cells contributing to 
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Fig. 9.7 T2 sagittal and axial MRI images of a patient with segmental spinal dysgenesis which 
seems to be a kind of junctional neural tube defect. (a) The normal upper spinal cord is seen at the 
mid-thoracic level which tapers to a thin band below. (b) Severe bony stenosis is noted at the tho-
racolumbar junction. (c, d) The band widened to form a relatively normal looking spinal cord and 
conus below L2. (Modified from Wang et al. [22] with permission from Springer-Nature)
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secondary neural tube formation during junctional neurulation. They suggested that 
the junctional zone seems to extend from the lower thoracic to the upper sacral spi-
nal cord in humans providing an important clue to explain how various secondary 
neurulation anomalies including caudal agenesis, caudal duplication syndrome 
(CDupS), SSD, and lumbosacral lipomatous malformation (LLM) of the transi-
tional type are placed in higher regions than previously expected (below the junc-
tion between S1 and S2 segments of the spinal cord).

9.4  Hypoplasia or Arrest of Secondary Neurulation 
Associated with Disturbed Activity of Caudal 
Mesenchymal Tissue

Caudal agenesis is a disease entity with the common features of ‘agenesis of the 
lower sacral and coccygeal spine’ involving a wide variety of anomalies of the spi-
nal cord and the other organs (urogenital and gastrointestinal organs) of the ‘caudal’ 
region. It is frequently seen in complex syndromes including VACTERL (vertebral 
anomaly, anal atresia, cardiac anomaly, tracheoesophageal fistula, renal anomaly, 
limb anomaly), OEIS (omphalocele, cloacal exstrophy, imperforate anus, spinal 
defects), and the Currarino triad (caudal agenesis, presacral mass, anorectal anom-
aly). The location of the disease obviously points to the CCM and secondary neuru-
lation as the main players of its pathoembryogenesis explaining the wide spectrum 
of the clinical phenotypes [24–26].

As secondary neurulation begins with the formation of the medullary cord and is 
eventually completed by its regression, the anomaly of the spinal cord in caudal agen-
esis involves either the ‘failure of formation’ or the ‘failure of regression’ of the med-
ullary cord (Fig. 9.8). If a developmental error occurs during the early period, the 
medullary cord is not completely formed resulting in a ‘blunt-ended’ conus frequently 
seen in the thoracolumbar junction [27]. The thoracolumbar region is more cephalad 
to the area in which the spinal cord is formed by secondary neurulation only, implying 
that the junctional zone of the primary and secondary neurulation may be involved in 
the development of caudal agenesis. Errors during the late phase of secondary neuru-
lation will cause the ‘failure of regression’ of the medullary cord and the patient will 
have a conus at the normal or lower level with tethering lesions. The ‘failure of forma-
tion’ type usually will not benefit from neurosurgical intervention and the ‘failure of 
regression’ type may have tethered cord syndrome which needs untethering.

In the developmental process of the urogenital and distal gastrointestinal tracts, 
the mechanical role of the caudal mesenchyme originating from the CCM is known 
to be important. The association of the various anomalies of these organs may be 
explained by the problem in the formation of the caudal mesenchyme from the 
CCM. Hypothetically, an insufficient supply of the caudal mesenchyme will cause 
defective caudal–ventral push of the caudal mesoderm resulting in the various faults 
in formation of the urorectal septum and closure of the cloacal membrane [27, 28]. 
This will in turn generate anorectal anomalies such as imperforate anus or 
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Fig. 9.8 MRI images of patients with caudal agenesis and ‘failure of formation’ (a) and ‘failure 
of regression’ (b) of the spinal cord. (a) A T1 sagittal MRI image shows a blunt-ended conus at L1 
level (circle). (b) A T2 sagittal MRI image demonstrates a fatty filum with a low-lying conus 
(arrow). (Reprinted from Yang et al. [2] with permission from the Korean Neurosurgical Society)

genitourinary anomalies such as bladder exstrophy and hypospadia. An imperforate 
anus will be formed if the urorectal septum is deviated to an abnormally posterior 
location and the outflow of the anorectal canal is narrowed or occluded (Fig. 9.9). 
The failed fusion of the urethral folds may cause hypospadia, also due to the lack of 
the caudal–ventral push of the caudal mesenchyme (Fig. 9.10) [28].

9.5  Duplication of the CCM Associated With Disturbed 
Activity of Caudal Mesenchymal Tissue

CDupS is a complex anomaly involving the distal end of the trunk: a combination 
of gastrointestinal, genitourinary, spinal cord, and vertebral anomalies [29]. Due to 
its rare incidence, pathoembryogenesis of CDupS is still unknown, and hypotheses 

9 Disorders of Secondary Neurulation: Suggestion of a New Classification According…



296

Normal Imperforate Anus

e

f

a

b

c

d

a

b

c

Infolding of
cloacal wall

Urogenital
sinus
Rectum

Fig. 9.9 Speculative drawings showing division of the cloaca into the anteriorly located urogenital 
sinus and the posteriorly located anorectal canal (left) and formation of an imperforate anus by a 
posteriorly deviated urorectal septum (right). The caudal–ventral push of the caudal mesenchyme 
(curved arrows in left a and b) is crucial. When the ventral push of the caudal mesenchyme is inef-
fective (curved arrows with red Xs in right a), the urorectal septum is displaced posteriorly result-
ing in an imperforate anus. (Reprinted from Lee et al. [28] with permission from Springer-Nature)

have been made based on fragmentary case reports. This led to the need for a sys-
tematic review of the cases and a logical deduction of pathoembryogenesis accord-
ing to common clinical manifestations [30]. Moreover, recent advances in molecular 
biology have inspired new pathoembryogenetic theories that are more 
evidence-based.

9.5.1  Clinical Characteristics

Despite the diverse clinical manifestations of CDupS, common characteristics could 
be found. Regarding gastrointestinal anomalies, the mid-transverse colon was the 
most common originating point of duplication. Duplicated colons were not doubled 
into two different sets, but shared a common wall, or a septum, which made two 
colons (Fig. 9.11). Consequently, the duplicated colons ran in parallel. An anus was 
formed for each of duplicated rectums. From where the duplication started, triplica-
tion may occasionally occur, such as a triple sigmoid colon or triple ani. Other fea-
tures among gastrointestinal anomalies were anterior body wall defects such as 
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Fig. 9.10 A speculative drawing showing formation of a normal penis (left) and a hypospadia 
(right). Normally, the urogenital fold is fused in the midline by the bilateral caudal–ventral push of 
the caudal mesenchyme (curved arrows in left), resulting in the elongation of the genital tubercle 
to form a penis. The weak ventral push of the caudal mesenchyme results in failed closure of the 
urogenital folds in the ventral midline, leading to a hypospadia. (Reprinted from Lee et al. [28] 
with permission from Springer-Nature)

omphalocele, gastroschisis, or intestinal mesentery defects [29, 31, 32]. Imperforate 
ani were also reported [33].

Anomalies involving genitourinary organs resembled those of gastrointestinal 
organs. Duplicated bladders or uteri were separated by a septum. More distal struc-
tures were formed from corresponding proximal structures as normal, such as the 
urethras or vaginas from each of double bladders or double uteri. Anterior body wall 
defects such as exstrophy of bladder may also be associated. Renal anomalies 
including malrotation or agenesis may be combined [29, 30, 34].

Whole-set duplication of the spinal cord and vertebral column commonly started 
from the lower thoracic level to the distal end. The duplication branched off from 
one normal spine, resembling an inverted ‘Y’ shape. There was no case of CDupS 
in which duplicated segments merged again to form one spine below the level of 
duplication. Myelomeningocele, lumbosacral lipoma, or lipomeningomyelocele 
were frequently accompanied [29, 33, 35].

Developmental milestones were appropriate to age. Symptoms varied according 
to the duplicated organs. Constipation, recurrent urinary tract infection, urinary 
incontinence, or symptoms related to tethered spinal cord were reported. 
Symptomatic treatments such as staged correction of the colon with colostomy or 
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Fig. 9.11 Common patterns of caudal duplication syndrome. Proximal duplicated organs are 
separated by a septum, whereas the distal duplicated organs are formed from each of the proximal 
organ independently. (a) The patient has two urethral, vaginal and anal orifices. (b) In contrast to 
(a), duplicated colons are separated by a septum and run parallel. (c) Similar to (b), duplicated 
bladders share a septum in the midline. (Reprinted from Harris et al. [73] with permission from 
Sage publications, Inc.)

bladder augmentation were mostly successful. Aesthetic surgery was performed for 
duplicated external genitalia for those who desired, although the function was usu-
ally normal. Except for those with severe heart anomalies [33], patients lived an 
ordinary life, such that female patients had no problems in giving birth.

9.5.2  Pathoembryogenesis

Common features provide clues to pathoembryogenesis. Regions of whole-set 
duplication (spinal cord and vertebra) correspond to the area of the CCM, where 
secondary neurulation takes place. Therefore, our speculation is that it suggests 
duplication of the CCM.

At the late gastrulation phase, the area of the primitive streak is referred to as the 
CCM or caudal eminence. After the primary neural tube closes, secondary neurula-
tion progresses through the processes of condensation, vacuolization, and canaliza-
tion [8]. On the other hand, the hindgut, which is the premordium of the duplicated 
organ of CDupS, is not formed from the CCM but from the primordial gut [36]. 
However, caudal mesenchymal cells around the cloaca which were derived from the 
CCM normally migrate in from both lateral sides and separate the cloaca into the 
anorectal canal and the urogenital sinus (Fig. 9.12). Regarding septum formation of 
the proximal portion of duplicated organs, we inferred that invasion of mesenchy-
mal cells between the duplicated medullary cords (located in the posterior midline) 
into the cloaca may make the septum. Furthermore, the leakage of growth power of 
caudal mesenchymal tissue into the space between the two medullary cords (and 
midline of the cloaca) may reduce the normal migrating power of mesenchymal 
cells along the lateral and caudal aspects of the medullary cord. It may result in 
imperforate anus or abdominal wall defect such as gastroschisis or bladder 
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Fig. 9.12 A schematic drawing of the hindgut (including cloaca) and medullary cord during the 
anteroposterior division of the cloaca into the urogenital sinus and anorectal canal in the normal 
state (a) and in caudal duplication syndrome (CDupS) (b). The upper large circle indicates the 
cloaca, and the lower small circle(s) indicates the medullary cord. The arrow shows the movement 
of mesenchymal cells, whereas the length of the arrow indicates the power of the movement. 
Arrows numbered ① means the formation of the septum (normally urorectal septum, additional 
midline septum in CDupS) in the cloaca by the mesenchymal push from both lateral walls in nor-
mal development and from the posterior wall as well in CDupS. Arrows numbered ② indicate the 
ventral push of the caudal mesenchyme. Duplicated medullary cords give rise to an aberrant inser-
tion of mesenchymal tissue between the two medullary cords at the midline (b), which causes 
abnormal midline septation of the cloaca (or hindgut). Note that the ventral push of the mesen-
chyme around the lateral sides of the medullary cords in CDupS (b) is weaker than that in the 
normal state (a) due to a leakage of mesenchymal growth power through the midline. Weak ventral 
push along the lateral sides of the cloaca makes the urorectal septum located more posteriorly than 
in the normal position, as in caudal agenesis, which may later result in an imperforate anus. 
(Reprinted from Yang et al. [30] with permission from Springer-Nature)
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exstrophy which are also shown in caudal agenesis [27, 28] (Fig. 9.12). It is intrigu-
ing that CDupS shares common features with caudal agenesis in the case reports. 
This may implicate developmental errors at similar stages.

Experimental molecular studies have demonstrated the duplication or formation 
of ectopic primitive streaks in animals. In chick embryos, ectopic primitive streaks 
with embryonic delivery of the Gata2 gene have been shown [37]. Chordin misex-
pression also led to an ectopic primitive streak [38]. CYP26 gene was involved in 
duplication of the primitive streak [39].

In summary, duplication of the CCM that results from insult by molecular inter-
action at the late gastrulation phase may be a pathoembryogenetic mechanism. The 
leakage of caudal mesenchymal cells through the midline between the duplicated 
medullary cords may later form septa between the duplicated organs, whereas the 
deficient lateral and caudal mesenchymal movement caused by the mesenchymal 
leakage into the space between the two medullary cords may cause the anomalies 
shown in caudal agenesis including imperforate anus and ventral body wall defects.

9.6  Failed Ingression of the Primitive Streak to the CCM

Although ONTD has long been known as an anomaly resulting from the failure of 
primary neural tube closure, cases of myelomeningocele are found in the region of 
secondary neurulation, which is below the S1–S2 junction of the spinal cord. The 
typical morphology of the open type of skin is seen. Compared to ‘classic’ myelo-
meningocele, the rate of association with hydrocephalus or Chiari malformation is 
lower but the chance of retethering is known to be higher [40]. The elongated cord 
may have a cranial turn, to be attached to the skin defect as the neural placode 
(Fig. 9.13) or extend down through the sacral hiatus (Fig. 9.14). The former is simi-
lar to the morphology of the transitional type of LLM and the latter resembles the 
caudal type of LLM.

Although not as intuitive as the incomplete neurulation hypothesis during pri-
mary neurulation, various potential errors during secondary neurulation may bring 
about the ONTD. First, the formation of CCM from ingressed cells of the primitive 
streak may be considered. After the completion of ingression, the surface and the 
underlying CCM are disconnected. However, incomplete ingression may result in 
‘remnant’ adhesion between the surface and the medullary cord (Fig. 9.3). Second, 
during the late phase of secondary neurulation, a structure called the ‘terminal bal-
loon’ can be seen [41] (Fig. 9.4). If it does not degenerate and rupture, this may also 
result in ONTD. It should be noted that such ‘rupture’ of the terminal balloon with 
subsequent healing as a normal process has been described in chick embryos in the 
literature [42]. Arrest at this ruptured state may cause ONTD.

Interestingly, a recent study on junctional neurulation in chick embryos revealed 
that knockdown of a key gene, Prickle-1, resulted in the formation of an ONTD in 
the junctional region [3]. This study provides a clue that ONTD may be related to 
junctional neurulation.
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Fig. 9.13 A 2-month-old girl with a sacral myelomeningocele (MMC) who underwent a delayed 
operation. T2 (a) and T1 (b, c) MRI sagittal sections reveal a typical feature of an MMC at the level 
below S3. The distal spinal cord turns to the cranial side. (Reprinted from Yang et al. [2] with 
permission from the Korean Neurosurgical Society)

9.7  Focal Limited Dorsal Neuro-Cutaneous Nondisjunction

Congenital dermal sinus (CDS), a continuation of the surface squamous epithelium 
into the deeper layers of the body, is a well-known entity. Its potential catastrophic 
presentations have garnered the attention of clinicians, namely, neurologic deficits 
caused by intraspinal infection/inflammation or inclusion tumors. CDS is regarded 
as a result of failed normal disjunction between the primary neural tube and the 
cutaneous ectoderm during the process of primary neurulation, drawing the squa-
mous epithelium-lined skin tissue to the neural side. Dermoid or epidermoid cysts 
may be formed at the stalk.

It was not rare to encounter patients who show stalks similar to CDS on magnetic 
resonance imaging (MRI), but have different types of skin lesions, frequently 
‘closed’ flat cigarette-burn scars. Histological examination revealed fibroneural 
components and no squamous epithelial components in the stalk. In 2010, Pang 
et al. [43] introduced the term ‘limited dorsal myeloschisis (LDM)’ to these lesions 
and explained the pathoembryogenesis: failed normal disjunction between the pri-
mary neural tube and the cutaneous ectoderm like in CDS but pulling the neural 
tissue to the skin side, the direction opposite to that in CDS (Fig. 9.15). They clas-
sified LDMs into flat (noncystic) and cystic types.
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Fig. 9.14 A one-day-old girl with a low sacrococcygeal myelomeningocele. (a) A gross photo 
shows a cystic sac with a skin defect at the sacrococcygeal level. (b) T2 sagittal and coronal MRI 
sections demonstrate the low-lying cord protruding through the sacral hiatus going straight to the 
caudal skin defect area. (Reprinted from Yang et  al. [2] with permission from the Korean 
Neurosurgical Society)

LDM CDS

a b

Fig. 9.15 A schematic drawing showing pathoembryogenesis of limited dorsal myeloschisis 
(LDM) versus congenital dermal sinus (CDS). The common basic error is the failed normal neuro- 
cutaneous disjunction during primary neurulation. If the neural tissue is pulled up to the skin side, 
it results in LDM (a), whereas if the cutaneous tissue is pulled down to the neural side, it leads to 
CDS (b). (Reprinted from Yang et al. [2] with permission from the Korean Neurosurgical Society)
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Considering the common pathoembryogenesis of CDS and LDM, it is not sur-
prising that there are cases showing both CDS and LDM, in serial or in parallel 
fashion [44] and they are collectively categorized within a spectrum as ‘focal lim-
ited dorsal spinal neuro-cutaneous nondisjunction disorder’ [45].

According to the pathoembryogenesis suggested by Pang et  al. [43], LDM is 
believed to be an anomaly occurring during the process of primary neurulation only. 
However, we experienced cases of low-lying LDM as well as those in the area of the 
primary neural tube. Pang et al. [43] counted the level of LDM by the level of the 
vertebral body where the LDM stalk was attached to the dorsal spinal cord. We 
thought that this method of identifying the level of the lesion is not reasonable. We 
paid attention to the fact that the lumbosacral spinal nerve roots traverse a signifi-
cant distance to exit from the spinal canal or enter into the spinal cord through the 
corresponding intervertebral foramen. The level of spinal roots is determined by the 
level of the intervertebral foramen, not by the level of the vertebral body where the 
roots contact the spinal cord. Likewise, we determined the level of LDM by the 
level of the interspinous ligament through which the LDM stalk passes.

It has been reported that the spinal cord below the S1–2 junction is formed by 
secondary neurulation only [8]. Therefore, LDM stalks passing through the interspi-
nous ligament below S1–2 level can be assumed to attach to the spinal cord derived 
from the secondary neural tube.

In 2020, through the methods mentioned above, our team reported that approxi-
mately 40% (11/28) of all our LDMs were attached to the area of secondary neural 
tube [46] (Fig. 9.16). We could explain the pathoembryogenesis of the low level 
LDM by the continuity of CCM with the surface-located primitive streak in the 
early phase of CCM formation (Fig. 9.3). The abnormal persistence of the connec-
tion may cause LDM and CDS at the area of secondary neurulation. They are fre-
quently associated with low-lying cords or tethering spinal lesions.

9.8  Neuro-Mesenchymal Adhesion

In 1982, LLMs of the conus were classified by Chapman [47] into three types (dor-
sal, transitional, and caudal). There were minor modifications: filar type, lipomyelo-
meningoceles (an extraspinal extension of the LLM with extraspinal herniation of 
the subarachnoid space), and chaotic type (involving a placode and roots) [48, 49].

Regarding the pathoembryogenesis of dorsal-type LLM, McLone and Naidich 
[50] proposed the ‘premature disjunction theory’ in 1985 that the unilateral prema-
ture focal separation of the neural fold into the future neuroectoderm and the future 
cutaneous ectoderm provides a chance for underlying mesenchymal tissue to enter 
into the developing primary neural tube. It was widely accepted and experimentally 
supported [51].

Although the pathoembryogenesis of dorsal-type LLM has been well-described, 
less attention has been given to the transitional, caudal, or filar type. For these types, 
we suggest ‘neuro-mesenchymal adhesion’ during secondary neurulation as the 
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Fig. 9.16 Cases with a low-lying limited dorsal myeloschisis (LDM). The LDM stalks pass 
through the S3–4 interspinous ligament and are attached to the low-lying coni. The level of the 
stalks is counted as S3. (Reprinted from Yang et  al. [2] with permission from the Korean 
Neurosurgical Society)

pathoembryogenetic mechanism. The fact that the main fat masses in LLMs are 
directly connected to subcutaneous fat in the majority of LLMs (except for pure 
intradural lipomas which are rare and prevalent at locations other than the lumbosa-
cral area, and some filar-type LLMs) supports our speculation. Occasionally, iso-
lated small satellite fat masses are found, but they are closely located to the main fat 
masses and seem to fall off from them. The subcutaneous fat extends into the spinal 
canal through the lamina defect (in dorsal and transitional types) or sacral hiatus 
(caudal type and some of filar type). These findings suggest neuro-mesenchymal 
adhesion rather than the aberrant differentiation of hidden CCM cell clusters in the 
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medullary cord into fat tissue as the pathoembryogenetic mechanism. If the multi-
potent cells of the CCM remain hidden in the medullary cord and differentiate into 
fat later, the continuity to the subcutaneous fat in almost all cases of transitional and 
caudal types cannot be explained.

Some minor modifications may be present. (1) If the spinal cord and subarach-
noid space are herniated through the lamina defect, a lipomyelomeningocele (an 
extraspinal extension type) is formed. In some cases, only the spinal cord is herni-
ated out (lipomyelocele). (2) The medullary cord and adhered mesenchymal tissue 
may pull each other. More frequently, the mesenchymal tissue is pulled into the 
neural side, but occasionally, the spinal cord can be pulled out to the subcutaneous 
fat, especially in the extraspinal extension type where the traction force is increased 
by the protruding dome of the skin. (3) Frequently, the adhesion site is off the mid-
line, and the developing laminae from both sides push the adhesion site to the mid-
line rotating the spinal cord. On the other hand, enlargement of the fat mass, 
especially in early infancy, may push and rotate the cord to the opposite direction. 
(4) Small fragments may chip off, especially when the connection between the med-
ullary cord and mesenchymal tissue is thin, as shown in the filar type.We do not 
know why the neuro-mesenchymal adhesion occurs. As described above, abnormal 
continuity between the CCM and the surface-located primitive streak may bring 
about nondisjunctional anomalies such as ONTD, LDM, or CDS. We may imagine 
that the medullary cord may abnormally adhere to the mesenchymal tissue through 
focal defects in the basement membrane, although the CCM have normally been 
separated from the surface-located primitive streak. However, we do not have exper-
imental supports yet.

9.8.1  Transitional Type

The transitional type may be the result of adhesion between the dorsal surface of the 
medullary cord and the surrounding mesenchymal tissue. Because the mesenchy-
mal tissue of the early phase may include multipotent cells of the CCM, it is not 
surprising that fat tissue may have various mesenchymal components such as mus-
cle, cartilage, bone, blood vessels, and even renal tissue [52, 53] as well as periph-
eral nerve twigs from the adjacent neural crest.

In the early phase of secondary neurulation, the secondary neural tube is formed 
at the midline just distal to Hensen’s node and occupies the space between the bilat-
erally located neural plates of the primary neural tube. Then, it elongates to the 
caudal direction [3, 4] (Fig. 9.1). When neuro-mesenchymal adhesion occurs at this 
place of early secondary neurulation (immediate caudal part of Hensen’s node), the 
closure of the caudal neural placodes of the primary neural tube is disturbed. 
Consequently, the dorsal neuro-adipose connection may extend up along the mid-
line between the laterally located neural plates beyond the normal caudodorsal end 
of the primary neural tube (the junction of S1 and S2 spinal cord segments).
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Dorsal adhesion to mesenchymal tissue in transitional-type LLMs may extend 
down to the caudal end of the fully formed (before beginning regression) medullary 
cord. A wide contact area between the medullary cord and the mesenchymal tissue 
increases the chance of multiple fat masses as previously reported [54].

9.8.2  Caudal Type

If most of the medullary cord is well-formed and only the caudal end of the medul-
lary cord is attached to the caudal mesenchymal tissue pulling the abnormal neuro- 
mesenchymal adhesion site to the neural side through the sacral hiatus without 
formation of the normal filum, a caudal-type LLM is formed (Fig. 9.17).

9.8.3  Filar Type

If the neuro-mesenchymal connection in the caudal type is thin and the regression 
of the distal medullary cord progresses well (or close to normal), the product may 
be the filar-type LLM. When the fat tissue is slender, parts of the fat tissue may eas-
ily fall off from the main fat mass, forming satellite lesions.

Because the filar-type LLM is formed at the late phase of secondary neurulation, 
the dorsal part of the medullary cord is normally formed. Therefore, only the distal 
end of the medullary cord is involved. The small focal fat masses in the filum never 
have connections to the dorsal subcutaneous fat tissue through the laminar defect or 
interspinous ligament.

a b c d e

Fig. 9.17 A schematic drawing demonstrating relationship among the caudal-type lumbosacral 
lipomatous malformation (LLM), retained medullary cord (RMC), terminal myelocele (TMC), 
and terminal myelocystocele (TMCC). (a) A normal caudal spinal cord. (b) If the site of neuro- 
mesenchymal adhesion at the caudal end of the medullary cord is pulled into the spinal canal 
through the sacral hiatus, it results in LMM of the caudal type. (c) When abnormal neuro- 
mesenchymal adhesion occurs but there is no traction of adhesion site into the neural side, it may 
cause typical RMC. (d, e) If the spinal cord is pulled out to the extraspinal side, a TMC (if the 
terminal balloon collapses, d) or a TMCC (if the terminal balloon persists, e) is formed. (Reprinted 
from Yang et al. [2] with permission from the Korean Neurosurgical Society)
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9.9  Regression Failure Spectrum of the Medullary Cord

‘Failure of formation’ and ‘failure of regression’ are two types of mechanisms in 
spinal cord anomalies caused by defects in secondary neurulation. Based on the 
timing during each phase, different entities are assumed to emerge. Every disease 
entity described here appears during the regression phase, which occurs later in 
secondary neurulation.

9.9.1  Filar Lesion

The normal filum is a strand of thin elastic tissue continuous from the tip of the 
conus medullaris to the coccyx. If fat or fibrous tissue replaces glial tissue in the 
filum, it may form a fatty filum or thickened filum terminale. The pathological filum 
can lose its elasticity, causing the spinal cord to become abnormally tethered. Ion 
channel dysfunction is closely related to neuronal membrane deformity, and spinal 
cord traction can induce disrupted microcirculation and oxidative metabolism of 
neural tissue [55–57]. Gait disturbances, pain, sensory deficits, urological dysfunc-
tion, scoliosis, and foot deformities are all possible symptoms. Filar lesions are 
found by chance in 0.24–6% of the general population [58–60]. Surgery is recom-
mended if symptoms occur, and prophylactic surgery can be performed before 
symptoms arise. Symptoms are reduced or stabilized in 88% of patients after sur-
gery, and retethering may occur in up to 5% of patients [61, 62].

Filar cysts are generally asymptomatic and do not pose any harm (Fig. 9.18). On 
follow-up, filar cysts can remain unchanged, diminish, or even vanish, indicating 
arrested or delayed regression as the pathoembryogenesis. An isolated filar cyst is a 
benign condition that does not require surgery [63].

a b

Fig. 9.18 Sagittal (a) and axial (b) sonographic images of a 6-month old boy show a filar cyst 
immediately below the conus medullaris as a hypoechoic cyst (asterisk). (Reprinted from Yang 
et al. [2] with permission from the Korean Neurosurgical Society)
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9.9.2  Retained Medullary Cord (RMC)

Pang et al. [64] coined the word ‘RMC’ to describe a spinal cord with a functionless 
part that runs all the way down to the cul-de-sac. The RMC is thought to be a medul-
lary cord that has remained in place as a result of regression failure in secondary 
neurulation.

In RMC, MRI can detect the descent of the conus medullaris from its normal 
location. However, IONM testing for the existence of a caudal nonfunctional seg-
ment is needed to verify the diagnosis.

An RMC was originally described as a spinal cord that continues to the cul-de- 
sac without development of the thin filum terminale. On the other hand, Kim et al. 
[65] proposed that if there is a part of a nonfunctional distal cord, it may be an RMC 
even when the tip of the conus is not attached to the cul-de-sac. An RMC is a spinal 
cord with a nonfunctional portion in the distal conus, according to their definition 
no matter where the end of the conus is located (Fig. 9.19).

Many of the patients previously diagnosed with a low-lying conus are considered 
to have nonfunctional parts as well as cysts or fat masses. They could be considered 

a b

c

Fig. 9.19 MRI images and an intraoperative photograph in a patient with retained medullary cord 
(RMC). (a) In a T2 sagittal image, a cord-like structure was extended to the sacral area. (b) T2 
axial images at L5–S1 level (dotted line in a) show a tapering spinal cord or a thick filum. (c) Left 
L5 partial hemilaminectomy reveals an RMC passing through. (Reprinted from Kim et al. [65] by 
permission from the Korean Neurosurgical Society)
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as ‘probable RMC’ if the area of interest (distal conus) was not explored by 
IONM [65].

An RMC is thought to be triggered by a halt in regression during the secondary 
neurulation process. However, there is no straightforward reason why this arrest 
occurs. Many animal studies have indicated that apoptosis is the mechanism of 
medullary cord regression. As a result, if ‘apoptosis’ does not occur when it should, 
it can result in the formation of an RMC [7, 14, 66].

The clinical symptoms may include motor deficits, foot deformities, neurogenic 
bladder and bowel, frequent urinary tract infection, dysesthesia, leg pain, and coc-
cydynia. Surgery is required if the patient has symptoms. In some cases, even if the 
patient does not have symptoms, surgery may be performed to prevent neurological 
events. IONM must be combined during surgery for definite diagnosis. RMC seems 
to have a favorable prognosis when safe and complete untethering is accomplished 
with IONM [67, 68].

9.9.3  Terminal Myelocele (TMC)

TMC is a skin-covered spinal dysraphism in which the spinal cord herniates along 
laminar and fascial defects, similar to terminal myelocystocele (TMCC). However, 
there is no trumpet-like flaring, which is a terminal syringomyelic dilatation seen in 
TMCC. Only an expanded subarachnoid space and a herniated spinal cord and roots 
are responsible for the cystic contents (Fig. 9.20 left). Except for the collapse of 
terminal balloons, this entity has the same pathoembryogenetic background as 
TMCC. TMC may be considered one of the extraspinal forms of LLM because the 
spinal cord is attached to the subcutaneous fat tissue.

9.9.4  Terminal Myelocystocele (TMCC)

The syringomyelic distal spinal cord and the enlarged subarachnoid space are herni-
ated through the posterior laminar and fascial defects and covered by the skin in 
TMCC, a rare case of spinal dysraphism.

There are essential and nonessential features in TMCC. The caudal spinal cord, 
which extends out of the spinal canal, is an essential feature. The end of the spinal 
cord is adhered to the subcutaneous fat and is flared like a trumpet [69]. If the distal 
spinal cord lacks a syringomyelic cavity but has the other characteristics mentioned 
above, it is a TMC.

The pathoembryogenesis of TMCC is also regarded as a defect of secondary 
neurulation. Using chick embryos, Lee et al. [41] showed the embryological back-
ground. Normally, a ‘terminal balloon’ develops at the caudal tip of the medullary 
cord during secondary neurulation. The distal end (dome) of the balloon is adhered 
to the skin of the chick embryo. It had the same appearance as TMCC (Figs. 9.4 and 
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9.20 right). The terminal balloon then collapses and detaches from the skin as time 
passes. Schumacher [42] characterized the rupture and healing of the terminal bal-
loon in chick embryos as a normal process. TMCC is thought to be the result of 
regression arrest when the terminal balloon is attached to the skin.

Anomalies that may be associated with TMCC include imperforate anus, ambig-
uous genitalia, omphalocele, bladder exstrophy, and sacral bony abnormalities. 
These abnormalities come as no surprise when TMC and TMCC are regarded as 

a b

Fig. 9.20 MRI images of terminal myelocele (TMC) (a) and terminal myelocystocele (TMCC) 
(b). (a) A T2 sagittal MRI image of a case with TMC shows extraspinal herniation of the spinal 
cord through the laminar and fascial defects. Trumpet-like flaring is not seen. (b) A T2 axial MRI 
image demonstrates a terminal dilatation of the central canal as the trumpet-like flaring. The shape 
is similar to the ‘terminal balloon’ shown in Fig. 9.4b. (a) Reprinted from Lee et al. [41] with 
permission from Springer-Nature, (b) reprinted from Yang et  al. [2] with permission from the 
Korean Neurosurgical Society
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extraspinal variations of caudal-type LLM (type III by Morota et al. [54]) in which 
anorectal and urogenital anomalies may be associated. TMC or TMCC may be an 
associated spinal cord lesion of ‘failure of regression’ type in caudal agenesis. 
Hydrocephalus can also be combined.

A tethered cord is clearly made by a TMCC. However, the signs and symptoms 
can go unnoticed at first. Neurological deterioration can occur gradually, but if the 
cyst grows exponentially, neurological deterioration can occur unimaginably 
quickly due to the end of the spinal cord that is connected to the cyst dome being 
pulled away. Therefore, early repair with resection is advised. The cyst enlargement 
tends to occur in younger patients. Caution is needed for patients in infancy [70, 
71]. IONM is needed for maximum elimination of the nonfunctioning cord during 
surgery for successful untethering and prevention of retethering.

A schematic drawing showing a spectrum of caudal-type LLM, RMC, TMC, and 
TMCC is shown in Fig. 9.17.

9.10  Conclusion

Secondary neurulation has its own characteristics, differing from primary neuru-
lation: such as the need for a functional junction with the primary neural tube, a 
relatively absent neural-inductive role of the notochord, relation to the skin and 
caudal mesenchyme or the caudal endoderm and the presence of a regressive 
phase. Disordered secondary neurulation at each phase may cause various cor-
responding lesions, such as (1) failed junction with the primary neural tube 
(JNTD and SSD), (2) dysgenesis or duplication of the CCM associated with dis-
turbed activity of caudal mesenchymal tissue (caudal agenesis and CDupS), (3) 
abnormal continuity of the medullary cord to the surrounding layers, namely, 
failed ingression of the primitive streak to the CCM (myelomeningocele), focal 
limited dorsal neuro-cutaneous nondisjunction (LDM and CDS), and neuro-mes-
enchymal adhesion (LLM), and (4) regression failure spectrum of the medullary 
cord (thickened filum and filar cyst, RMC and low-lying conus, TMC and 
TMCC). We found that almost every anomalous entity of primary neurulation 
can occur at the area of secondary neurulation even though the pathoembryoge-
netic mechanisms are different. Furthermore, the close association of CCM with 
the activity of caudal mesenchymal tissue involves a wider range of surrounding 
structures than in primary neurulation. However, we do not exclude the possibil-
ity that multiple anomalies are caused by some molecular events or other primary 
events rather than by interactions among the structures involved as we suggested 
in this chapter.

Advanced knowledge of secondary neurulation and its application to the inter-
pretation of the morphological features in patients have led to updates in the clas-
sification of anomalous lesions in this area. Further revision of the classification in 
spinal dysraphism is expected in the near future.
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Chapter 10
The Management of Idiopathic 
and Refractory Syringomyelia

Pasquale Gallo and Chandrasekaran Kaliaperumal

10.1  Introduction

Tsz-Lu asked to the Master: “As the prince of Wei, sir, has been waiting for you to 
act for him in his government, what is it your intention to take in hand first?”, and 
the master answered: “One thing of necessity, the rectification of terms” [1]. This 
sentence from the Analects of Confucius seems perfect to introduce this very con-
troversial topic.

Syringomyelia is a term used to describe a fluid-filled cavity within the spinal 
cord. This disorder does not usually constitute a disease in its own right, but it is 
rather a sign of another underlying condition which typically involves an obstruc-
tion of the cerebrospinal fluid (CSF) pathways caused by pathologies such as Chiari 
1 malformation (CM1), a cranio-cervical junction (CCJ) anomaly, a spinal cord 
tumor, a spinal degenerative pathology, a posttraumatic, posthemorrhagic or postin-
fective arachnoiditis, a spinal tethered cord, or a craniosynostosis [2–19].

However, not every fluid-filled cavity in the spinal cord deserves the diagnosis of 
syringomyelia. For example, cystic spinal cord tumors, glioependymal cysts, 
myelomalacias, and central cord cavitation (sometimes called hydromyelia) should 
be distinguished from the syringomyelia [7, 9].
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When the cause of the syringomyelia is identified and correctly treated, the 
syringomyelia usually regresses and the symptoms improve or do not deteriorate. If 
the underlying condition is unknown, the syringomyelia is classified as idiopathic.

Until the recent introduction of the magnetic resonance imaging (MRI) as rou-
tine diagnostic tool, syringomyelia was diagnosed as idiopathic in the majority of 
the cases [20]. Nowadays, employing high resolution MRI and a specific sequence 
such as the cardiac-gated cine-MRI to study spinal CSF flow, areas of flow obstruc-
tion, and turbulence which may correspond to circumscribed arachnoid pathologies 
can be identified [21].

Nonetheless, in clinical practice, nearly 40% of patients presenting with syringo-
myelia will be still diagnosed as having an idiopathic syringomyelia (IS) [21]. In the 
pediatric population, about 50% of children diagnosed with IS present with a con-
comitant scoliosis [22]. Some authors have reported cases of IS with neurological 
symptoms and signs consistent with CM-1 [6], but without cerebellar tonsillar 
descent where the foramen magnum decompression improved patients’ clinical 
symptoms and syringomyelia radiological appearance; hence they suggested to 
define the condition as Chiari 0 malformation [10, 22].

The topic is controversial, vast, and confused. This is mainly due to the hetero-
geneity of the underlying conditions, the interchanged terminology of syringomy-
elia with hydromyelia often used in the publications, the different methods employed 
to determine when the condition is idiopathic, the treatment options proposed, and 
the outcome measures.

Even when the syringomyelia has a defined cause and the main condition is 
treated, like in patients with CM-1, the syringomyelia may fail to resolve, can dete-
riorate or recur after an initial shrinkage in up to 66% of the cases [20, 23, 24]. We 
define such syringomyelia as refractory syringomyelia.

This chapter will first try to clarify when a syringomyelia can be truly defined as 
idiopathic and subsequently it will focus on the management of syringomyelia 
refractory to previous surgery, proposing an algorithm of treatment for both these 
challenging clinic-radiological conditions. In the final part, a description of the neu-
rosurgical armamentarium available to manage the idiopathic and refractory syrin-
gomyelia is described.

10.2  Idiopathic Syringomyelia

Considerable debate exists in the literature regarding the terms utilized to define this 
condition.

Holly and Batzdorf argued that a slit-like syrinx is not a true syringomyelia and 
is also different from a pre-syrinx state [25]. However, in the literature, there is no 
uniformity regarding this opinion. For example, Roser et al. consider hydromyelia 
only a dilated central canal and affirm that IS presents with different clinical and 
radiological signs [12]. The 34 patients with hydromyelia in their study had no neu-
rological deficits and presented with pain that could be radicular, burning, or 

P. Gallo and C. Kaliaperumal



319

musculoskeletal. They further distinguish hydromyelia as a congenital condition 
and differentiated it from IS [26].

Batzdorf makes a clear distinction between syringomyelia and a persistent cen-
tral canal. The latter is characterized by linear or fusiform appearance on sagittal 
MRI scans, is between 2 and 4 mm in maximal width, and almost perfectly round, 
centrally placed in the cord on axial MRI scans obtained through these areas [27].

Analyzing the available literature, it is really challenging to differentiate between 
slit-like syringomyelia, hydromyelia, and IS and understand if they are different 
entities or simply a continuum on a spectrum. A deep pathophysiological review is 
beyond the scope of this chapter, and it would be enough to mention scenarios such 
as the case of a patient who had undergone shock wave lithotripsy for renal calculi 
and developed arachnoid scarring 7 years later near the level of the affected kidney 
[21], or the cases of a slit-like syringomyelia which represent the late phase of a 
spontaneous resolution of a preexistent bigger syrinx [15] to demonstrate the com-
plexity of this condition.

A particularly important first distinction which should and is possible to be made 
is between a central canal dilation and a syringomyelia (Fig. 10.1a, b).

We have found six useful criteria to distinguish between a central canal dilatation 
and a syringomyelia which can assist the clinician in distinguishing between these 
two entities.

The central canal dilatation usually presents the following features: (1) lower 
cervical and/or mid-thoracic cord location, (2) no space-occupying effect, (3) no 
change or regression on follow-up MRIs, (4) spindle or slit like shape suggestive of 
lower intracavitary pressure, (5) no flow signal inside the dilatation and no obstruc-
tion of the CSF flow around it on the cine-MRI, (6) no correlation between location 
of the cord dilatation and patient’s clinical symptoms [25, 26, 28]. The management 

a b

Fig. 10.1 MRI sagittal (a) and axial (b) T2 sequences of a typical central canal dilation
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of central cord dilatation is nonsurgical; patients should be reassured about the diag-
nosis and ensure that a “label” of syringomyelia is not attached to their notes.

Once this first distinction has been made, in order to succeed in the treatment of 
a patient with a “true” syringomyelia it is essential to try our best efforts to disclose 
the underlying causative mechanism. This can be done in our opinion in the major-
ity of cases where there are enough health care resources.

In a patient presenting with a syringomyelia, the following diagnostic 
algorithm should be followed

 1. MRI of the head and the entire spine, including gadolinium enhancement.
 2. Cardiac-gated phase-contrast CSF flow studies of the cranio-cervical junction 

and the cervical, thoracic, and lumbar spine in the median sagittal plane for the 
visualization of craniocaudal CSF flow. Cardiac-gated phase-contrast CSF flow 
studies are also known as fast imaging employing steady state acquisition 
(FIESTA), a technique in which the MRI signal acquisition is synchronized to 
the cardiac and/or respiratory cycle. This is a noninvasive investigation which 
has been proved to be more reliable compared to the invasive conventional 
myelography [21].

 3. Serum and CSF samples’ analysis to rule out the presence of demyelinating 
diseases, immunological disorders, vasculitis, infection, and vitamin deficits.

Once the available technology and laboratory tests have been employed without 
disclosing the cause of the syringomyelia, this can be defined as IS and managed 
according to the algorithm proposed (Fig. 10.2). In these cases of IS, usually the 
commonest cause remains a thoracic arachnopathy [7–9, 29, 30].

At this point, it is crucial to distinguish between asymptomatic and symptomatic 
IS patients. The former should be always managed conservatively and followed up 
clinically with or without radiological investigations in selected cases. For instance, 
in case of an oval-shaped three-level cervical syringomyelia, previous reports of 
isolated cervical IS hiding low-grade tumors (especially ependymomas non- 
enhancing after contrast MRI) which then progressed into a high-grade lesion 
should always serve as lesson, and long-term clinical and MRI follow-up are recom-
mended for these syringes [31]. Nonspecific and manageable pain, sensory impair-
ment, and a relatively stable small syrinx are often managed conservatively [21]. 
There is evidence to prove that children with IS remain asymptomatic, stable, or 
improve in over 90% of cases and, radiologically, the majority of their syringes 
(87.5%) remain stable or shrank over time, with no clear correlation between 
changes in size and changes in symptoms [32]. These patients should be managed 
nonsurgically with parental reassurance about the condition.

The situation becomes a challenge when these patients become symptomatic or 
present with neurological deterioration. In these cases, the severity and the progres-
sion of the symptoms should guide the treatment. Surgical exploration is recom-
mended in patients with IS and progressive neurological deficits [12].

Several procedures have been proposed to treat the IS ranging from the insertion 
of shunt into the cavity to drain it into the subarachnoid space, pleura, or peritoneum 
till the direct arachnidolysis and duroplasty [33].
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Management algorithm for Idiopathic Syringomyelia

Syringomyelia
found on MRI

Add MRI brain and
cranio-cervical

junction

Underlying cause
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found
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clinical status
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• Posterior laminectomy,
   spinal arachnoid lysis
   and duroplasty
• Syringo-subarachoid
   shunt
• Syringo-pleural
   shunt
• Syringo-peritonel
   shunt

Fig. 10.2 Management algorithm in patients with idiopathic syringomyelia (IS)

Reaffirming that syringomyelia is always an epiphenomenon of an underlying 
pathology, any surgical intervention should always be directed to resolve the under-
lying causative mechanism. In presence of a true IS, after a rigorous workup, this 
usually means unblocking CSF pathway obstruction in the thoracic spinal canal, 
reserving shunting techniques to nonresponsive cases.

In the authors’ experience, when the radiological workout hasn’t been helpful in 
disclosing a precise location of the CSF obstruction, a “rule of thumb” is to perform 
a posterior decompression and arachnoidolysis at the spinal level (usually thoracic) 
where a turbulence inside the syringomyelia is visible on the MRI T2 sagittal 
sequences. An example of this scenario is depicted in Fig. 10.3a, b.

Posterior arachnolysis and duroplasty have shown better long-term outcomes 
compared to syrinx-shunting procedures in the treatment of an arachnoid pathol-
ogy which as we have explained above is the cause of the IS in the majority of 
cases [7].

10.3  Refractory Syringomyelia

We define refractory a syringomyelia that remains persistent on the postoperative 
follow-up MRI scans despite surgical treatment or recurs after an initial response to 
the surgical management.
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a b

Fig. 10.3 10 years old boy with IS where a full laboratory and radiological workout failed to 
disclose the underlying cause of the syringomyelia or a precise location of the CSF obstruction. 
The patient was initially followed up, but after 1 year he experienced a clinical and radiological 
progression of the syrinx; hence a posterior decompression and arachnoidolysis was performed at 
the spinal level T3 where a turbulence on the MRI was visible inside the syringomyelia. (a) 
Preoperative MRI sagittal-T2 sequence showing the holocord syrinx and the turbulence inside it 
(red arrow); (b) postoperative MRI sagittal-T2 sequence showing the syrinx decompression 
3 months after the T3–4 laminectomy and posterior arachnoidolysis

The reasons for persistent syringomyelia are dependent on various factors. 
The primary etiology that contributes to the syringomyelia falls into one of 
these: i.e., Chiari Malformation 1 (CM1), cranio-cervical junction (CCJ) 
anomalies, spinal dysraphisms, spinal tumor, spinal degenerative diseases, 
posttraumatic, posthemorrhagic, and postinfective arachnoiditis, hydrocepha-
lus, and craniosynostosis. Depending on the initial causative mechanism of the 
syringomyelia, the initial surgical technique employed, and the clinical symp-
tomatology of the patient when the refractory syringomyelia is diagnosed, the 
management will vary.
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10.3.1  Chiari 1 Malformation (CM-1)

In CM-1 patients, improvement of syringomyelia post-foramen magnum decom-
pression (FMD) usually occurs within 3 months and continues thereafter, with most 
patients experiencing syrinx reduction in the first postoperative year [16]. 
Nonetheless, persistent, progressive, or recurrent syringomyelia following FMD for 
CM1 is described in up to 66% of the cases in long-term follow-ups [7, 8].

In case of FMD for CM1, the CSF flow through foramen magnum is hindered by 
intrinsic and extrinsic factors. Intrinsic factors are usually secondary to the obstruc-
tion of the foramen of Magendie due to tonsils overlying the foramen of Magendie 
or posterior inferior cerebellar artery (PICA) and/or arachnoid veils obstructing it 
[34]. On the other hand, the extrinsic factors include pseudomeningocele formation 
with adhesions in the foramen magnum and inter-tonsillar adhesions, primary insuf-
ficient decompression of the foramen magnum resulting in persistent tonsillar her-
niation impacting the foramen magnum or causing brainstem compression, bone 
regrowth at the edges of the previous craniectomy or complete reclosure of the 
craniectomy (e.g., in infants or young children), and scar formation (and arach-
noiditis) after a sufficient suboccipital decompression [35]. According to Tosi et al. 
in case of small or incomplete decompression or reclosure of the craniectomy, an 
enlargement of the previous decompression reduced the syrinx size in 15 of 16 
patients [16].

In case of refractory syringomyelia post CM-1 where a satisfactory decompres-
sion has been performed, the first thing to consider is if any arachnoid veil has been 
possibly left behind or if a postsurgical scar has formed and is now the causative 
mechanism sustaining the syringomyelia. The latter is usually the case when the 
syringomyelia recurs after an initial shrinkage. In these circumstances, a reex-
ploration of the previous cranio-cervical decompression with arachnoid lysis and 
enlarged duroplasty is recommended [13, 36, 37]. If an enlarged watertight duro-
plasty was not performed during the first operation, we strongly recommend, in case 
of RS, to reexplore the previous decompression and perform it. In the authors’ expe-
rience, this is an effective remedy to resolve the syringomyelia [38, 39]. An example 
of a similar scenarios is shown in Fig. 10.4a–f. We have previously described our 
surgical technique regarding performing an enlarged watertight duroplasty [38].

If the cranio-cervical decompression seems appropriate on post-op MRI and 
cine-MRI study and/or the cranio-cervical junction has already been reexplored 
with no success and the patient is symptomatic or with progressive neurological 
symptoms, a direct exploration of the arachnoid surrounding the syrinx, a syrinx 
fenestration, and/or syringo-shunting technique can be considered.

Posterior arachnolysis and duroplasty, in general, have a better long-term out-
come compared to syrinx-shunting procedures in the treatment of a localized arach-
noid pathology [7–9, 30]. Nevertheless, it should be acknowledged that it is not 
often possible to predict the level of CSF blockage on the basis of the site, size, and 
shape of syringomyelia [21].
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a b c

d e f

Fig. 10.4 (a) Preoperative MRI sagittal T2 sequence of a patient with CM-1 undergone foramen 
magnum decompression and durotomy without duroplasty; (b) postoperative MRI sagittal T2 
2 months after the initial operation showing a large pseudomeningocele and a de-novo syringomy-
elia; (c) MRI sagittal T2 sequence of the same patient 3 months after reexploration of the FMD, 
arachnoidolysis, and enlarged watertight duroplasty showing a complete resolution of the syringo-
myelia; (d) preoperative MRI sagittal T2 sequence of another patient with CM-1 and preoperative 
cervico-thoracic syringomylia undergone foramen magnum decompression and durotomy without 
duroplasty; (e) postoperative MRI sagittal T2 3 months after the initial operation showing a large 
pseudomeningocele and a further upward enlargement of the previous syringomyelia; (f) MRI 
sagittal T2 sequence of the same patient 6 months after reexploration of the FMD, arachnoidolysis, 
and enlarged watertight duroplasty showing a remarkable improvement of the syringomyelia

In terms of shunting options, such as syringo-subarachnoid shunt (SSS), syringo- 
pleural shunt, and syringo-peritoneal shunt [11, 33, 36–42], Soleman et  al. have 
shown that SSS has a favorable clinical and radiological outcome [43] and in our 
opinion should be preferred to the other shunting techniques.

P. Gallo and C. Kaliaperumal



325

10.3.2  Cranio-Cervical Junction (CVJ) Anomalies

The pathophysiology of syringomyelia combined with CVJ anomalies is only par-
tially understood and its treatment is still a matter of debate [18, 44–46]. The most 
common form of cranio-cervical pathology associated to syringomyelia is foramen 
magnum arachnoiditis [8] which can usually be treated successfully with posterior 
fossa decompression, arachnoidolysis, and expansile duroplasty. The second most 
common cause is basilar invagination/atlanto-axial dislocation (BA/AAD). In this 
case, several theories have been proposed to explain the pathogenesis of syringomy-
elia [5] which remains still unclear.

The main factors thought to be responsible are (1) ventral compression by dislo-
cated odontoid process, (2) dorsal compression due to a small posterior fossa, and 
(3) concomitant Klippel–Feil syndrome and occipitalization of atlas [47, 48].

Several surgical techniques have been proposed to treat BA/AAD [44, 46], but 
still disagreement exists on what represents the best way to manage the condition 
[46]. In the last 20 years, there has been a shift toward posterior approaches (includ-
ing direct posterior reduction and fixation—C0–C2, C0–C3 or C1–C2—plus or less 
decompression), leaving the ventral transoral odentoidectomy (which nowadays can 
be also performed endoscopically) only to cases of unsolved ventral compressions 
without clinical improvement [45].

Untreated CVJ anomalies are usually one of the causes of persistent syringomy-
elia in patients who previously underwent foramen magnum decompression (FMD) 
for CM-1 and the CVJ pathology was missed or left untreated. Addressing the 
cranio- cervical instability is of paramount importance to manage the syringomyelia 
in these patients.

10.3.3  Spinal Dysraphisms

Syringomyelia is reported in the various types of spinal dysraphism ranging from 21 
to 67% of the patients [6, 49]; myelomeningocele and split cord malformation are 
the most common disorders associated with syringomyelia [50]. Several hypotheses 
exist regarding the pathophysiology of this syringomyelia.

Greiz has speculated that tensile radial stress on the spinal cord may cause syrinx 
in spinal dysraphisms, as the transient lower pressure of the cord parenchyma may 
draw in interstitial fluid causing enlargement of the syrinx [5]. Lee et al. showed 
how producing epidural compression using kaolin material in a rat model caused a 
syrinx cranially to the compression in the animals, speculating that compression of 
the cord related to spinal dysraphism with cord tethering is sufficient to cause the 
syringomyelia [50].

The presence of syrinx in an asymptomatic patient with spinal dysraphism does 
not represent a reason per se to recommend a surgical intervention, especially if the 
size of the syrinx is not extensive [51].
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An increase in size of the syringomyelia, instead, could represent a progression 
of the cord tethering and usually warrants a surgical untethering [52]. The syrinx 
status is also an important factor to know during the postoperative follow-up. 
Although an improvement of the syrinx in the postoperative period is a sign that 
untethering was successful, an unchanged syrinx does not represent a failure of the 
treatment as several reports have shown that symptomatic improvement is fre-
quently seen in patients in whom the syrinx was unchanged [51].

On the other hand, a syrinx deterioration is an important radiological sign of 
retethering (Fig. 10.5a–d) and sometimes can be useful to anticipate symptomatic 
deterioration in the patient [50].

There has been debate in the past regarding whether direct drainage of the syrinx 
was needed in these cases [53]; however, the recent evidence suggests that the best 
strategy is, as in all cases of syringomyelia, to treat the main cause and hence per-
form a spinal cord re-untethering under intraoperative neuromonitoring (IOM) 
[14, 54].

Finally, worthy of note is a worsening syringomyelia in a patient with myelome-
ningocele and a ventricular shunt due to hydrocephalus. Shunt malfunction should 
always be ruled out as it is the commonest cause of the increase in size of the syrin-
gomyelia (Fig. 10.6a–d).

10.3.4  Spinal Tumors

Intradural extramedullary tumors (such as meningiomas, schwannomas), intradural 
arachnoid cysts, or most commonly, intramedullary tumors can present with syrin-
gomyelia [55–57]. This association is known at least since 1875 [58], and in a post-
mortem study of 209 patients with an intramedullary tumor, a syringomyelia cavity 
was found in 31% of the cases [57]. Ependymomas, angioblastomas, and astrocyto-
mas are the commonest to show an association with syringomyelia [8].

However, the pathogenesis of this kind of syringomyelia is still debated; several 
theories have been proposed which can be summarized in five main groups: (1) the 
syringomyelia cavity is part of the tumor, (2) the syrinx arises from the stasis of tis-
sue fluid resulting from occlusion of the normal drainage pathways, (3) spread of 
edema and spontaneous autolysis of the tumor itself or hemorrhage from the tumor 
into the cord, (4) altered perimedullary CSF pathway from the extrinsic compres-
sion of the tumor resulting in the intramedullary cavity, and (5) exudation caused by 
disruption of the blood–brain barrier [59]. In the majority of cases, a combination of 
the above mechanisms is likely the driver for the syringomyelia formation, accord-
ing to the location and the etiology of the tumor. For instance, intramedullary epen-
dymomas present with syringomyelia in half of the cases [60].

Surgical excision of the tumor usually improves or resolves the syringomyelia 
and a residual syringomyelia after tumor resection does not usually require any 
additional surgical treatment. Occasionally, the syringomyelia can deteriorate, in 
case of incomplete tumor resection and regrowth, following adjuvant treatment, 
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a b

c d

Fig. 10.5 (a) MRI sagittal 
T2 sequence showing a 
re-tethering of a previously 
(7 years before) untethered 
fatty filum with syringomy-
elia; (b) MRI sagittal T2 
sequence of the same patient 
6 months after re-untethering 
of the spinal cord showing 
improvement of the 
syringomyelia; (c) MRI 
sagittal T2 sequence of a 
5-year-old girl with spinal 
lipoma previously partially 
untethered (4 years before) 
showing a de novo syringo-
myelia onset as first sign of 
cord re-tethering; (d) MRI 
sagittal T2 sequence 
6 months after re-untethering 
and lipoma resection under 
IOM showing remarkable 
improvement of the 
syringomyelia
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c d

Fig. 10.6 (a) MRI head axial T2 sequence of a patient with spina bifida, Chiari 2 malformation, 
and ventricular enlargement secondary to VP shunt malfunction; (b) MRI whole spine sagittal T2 
sequence of the same patient showing a holocord syringomyelia at the time of the VP shunt mal-
function; (c) MRI head axial T2 sequence 3 weeks after shunt revision showing reduced ventricles 
size; and (d) MRI spine sagittal T2 sequence showing reduction in size of the previous holocord 
syringomyelia
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including chemotherapy and radiotherapy, or when there is a disseminated spinal 
tumor (tumoral leptomeningitis) not amenable of surgical treatment. In these cases, 
if the syringomyelia is the cause of a severe progressive neurological deterioration, 
and according to the oncological prognosis, direct fenestration of the syrinx or 
shunting of the syrinx is recommended.

The management is purely on a case-by-case basis and preferably performed in 
centers that have the appropriate expertise with facility for long-term oncological 
follow-up.

10.3.5  Trauma/Hemorrhage/Infection

We have complied this in one group as the etiology of RS in this cohort is primarily 
due to arachnoidal adhesions. The adhesions may sometimes be very extensive pos-
ing a challenge in management.

Phase-contrast cine MRI may accurately localize subarachnoid space obstruc-
tion and demonstrate normalization of CSF flow after surgery, and it may also be 
used to confirm spinal cord tethering and communication of spinal cord cysts with 
the subarachnoid space [4]. Surgical intervention should be considered only in 
patients with progressive debilitating neurological deficits. A number of surgical 
strategies have been suggested in the literature including cyst aspiration, fenestra-
tion and shunt placement, and intradural exploration and duraplasty. Many recom-
mend intradural exploration, lysis of subarachnoid adhesions, and duraplasty as the 
preferred primary treatment options for this kind of syringomyelia in case of neuro-
logical deterioration. The goal of this intervention is to create a channel for CSF 
circulation extrinsic to the spinal cord itself. By creating this pathway, CSF is no 
longer forced into the parenchyma of the cord, thereby allowing the syrinx to col-
lapse. In cases where this technique is not possible or it has failed, shunting of the 
syrinx may be considered. Syringo-subarachnoid, syringo-peritoneal, and syringo- 
pleural shunts have been described. In all cases, septations in the syrinx need to be 
lysed to allow an optimal decompression. Syrinx shunts, however, have a propensity 
to fail, which can limit their usefulness. Cyst aspiration alone is a palliative proce-
dure, and as such, has limited usefulness in this patient population [3].

In posttraumatic syringomyelia, reconstruction of the subarachnoid space by 
arachnoidolysis and untethering the cord usually allows to improve or stabilize the 
vast majority of patients [2].

The adhesions can be quite diffuse in case of infection and the primary aim 
should be based on management of infection as initial step followed by surgery. SSS 
can be resorted to if arachnoidolysis fails. There can be associated hydrocephalus 
post-initial surgery and this may contribute to CSF malabsorption. In such cases, 
endoscopic third ventriculostomy or ventriculoperitoneal shunt can be utilized to 
manage the hydrocephalus and this may help the resolution of the syringomyelia.
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Management algorithm for refractory syringomyelia

Refractory
Syringomyelia
on post-op MRI

Post-FMD for CM-1
and patient
symptomatic

Post-untethering and
syrinx progression

Post spinal tumour
resection and patient
symptomatic

Post-traumatic
Post-infective
Post-hemorrhagic

Insufficient decompression
No previous duroplasty
Post fossa arachnopathy
on MRI

Concomitant treatable
CCJ anomaly

Re-untethering with IOM
according to clinical status
and type of dysraphism

Consider syrinx
treatment according to
oncological prognosis

Cine MRI to identify
the level and extent
of CSF obstruction

Patient pauci-
symptomatic and
/or small syrinx

Conservative
management

Re-exploration of
FMD, arachnoidolysis
and watertight
expansile duroplasty

Treat the
CCJ
anomaly

Failure and
patient
symptomatic

Failure and
patient
symptomatic

Syringo-subrachnoid shunt
Syringo-pleural shunt
Syringo-peritoneal shunt

Patient symptomatic
and/or deterioration

Syringo-pleural shunt
Syringo-peritoneal shunt
Cordotomy (if paraplegia present)

Limited
arachnopathy

and rest of CSF
pathyway intact

Extensive
arachnopathy
and CSF pathway
compromised

Failure

Failure
Arachnoidolysis 
and duroplasty

Syringo- subarachnoid
shunt

Fig. 10.7 Management algorithm in patients with refractory syringomyelia (IS)

Arachnoidolysis, untethering, and duroplasty provide good long-term results for 
focal arachnopathies. Nonetheless, for extensive pathologies with a history of sub-
arachnoid hemorrhage or meningitis, treatment remains a major challenge [8].

Shunt placement should be reserved to these cases of diffuse arachnoiditis or 
with recurrences on the basis of their short-term effect and the possibility to reoper-
ate in case of failure [29, 30]. Overall, improvement after shunt placement, regard-
less of modality and circumstances (syringo-subarachnoid, syringo-peritoneal or 
syringo-pleural shunts, primary operation or recurrence), accounts for 60% of cases 
with a recurrence rate of 50% [30].

Patients with a complete spinal cord lesion can be treated with cordectomy which 
has proved to be a very effective form of treatment for syringomyelia [9]. However, 
accepting this kind of operation is not easy for patients and the psychological bur-
den should be considered when proposing such option.

An algorithm for the management of recurrent syringomyelia is outlined in 
Fig. 10.7.

10.4  Surgical Techniques

We describe below the neurosurgical armamentarium employed in patients with IS 
and RS. The most common surgical procedures are described below:
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10.4.1  Reexploration of Posterior Fossa, Arachnoidolysis, 
and Enlarged Duroplasty

Under general anesthesia, the patient is positioned prone on Mayfield 3 pins head-
rest. Previous midline scar is explored under microscopic guidance to carefully dis-
sect the soft tissue layers and reach the dura. Subsequently, the dura is carefully 
opened to inspect the foramen magnum and to explore for patency of the foramen 
of Magendie to ensure the presence of CSF egress. Tonsillar coagulation may be 
necessary to accomplish this during the primary procedure. In case of adhesions, 
careful arachnoidolysis is performed. As previously discussed, careful consider-
ation should be given to possible obstruction of the Foramen of Magendie due to 
tonsils overlying the Foramen of Magendie, posterior inferior cerebellar artery 
(PICA) obstructing the foramen of Magendie, veil obstructing the Foramen of 
Magendie, and pseudomeningocele formation with adhesions [34, 61]. Expansile 
duroplasty should be performed following reexploration due to high chance of 
adhesions due to bleeding and by the procedure per se. McGirt et al. showed in their 
series that by performing duraplasty during posterior fossa decompression decreased 
the likelihood of reoperation; 72% of their patients underwent duraplasty and 70% 
had improvement in their syrinx [62]. We have successfully used Duraguard (bovine 
pericardium dura) in these cases to perform an enlarged watertight duroplasty with 
running prolene 5/0 or 6/0 [38, 39].

10.4.2  Spinal Laminectomy, Arachnoidolysis, and Duroplasty

Decompression procedures of the spinal subarachnoid space may have beneficial 
effects unless the patient shows longitudinally extensive arachnoiditis (such as in 
case of meningitis).

Under general anesthesia and with the use of intraoperative neuromonitoring 
(IOM) [54], the patient is placed prone and a laminectomy is performed at the levels 
involved with arachnoid scarring (previously visualized on FIESTA MRI). We sug-
gest the use of intraoperative ultrasound to identify the ideal place where to start the 
dura opening under the microscope; this helps in avoiding direct injury to the spinal 
cord which in some cases can be directly adherent to the overlying dura. Once the 
dura is opened and separated from the arachnoid, the arachnoid and the scar are dis-
sected away from the pial surface of the cord using sharp dissection in order to 
untether the spinal cord and reestablish free CSF flow.

Following these manoeuvres, the normal pulsations of the spinal cord, which are 
usually attenuated or absent at the level of the scar, reappear and occasionally the 
syrinx visibly collapses [29, 30]. With extensive arachnoid scarring, the arachnoid 
appears thicker, denser, and whiter and, occasionally vascularized obscuring the 
underlying spinal cord. In these cases, to prevent any spinal cord injury, the arach-
noid dissection should be limited to the dorsal surface of the spinal cord. The 
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duroplasty can be performed either with autologous fascia lata or lyophilized dura 
[8, 9]. The authors have successfully used bovine pericardium dura (Duraguard) in 
these cases.

10.4.3  Syringo-Subarachnoid Shunt (SSS)

Among the shunting technique, SSS is usually the first choice when there is normal 
CSF flow in the subarachnoid space; it should not be used in cases of severe 
arachnoiditis.

Under general anesthesia, the patient is positioned prone. IOM is recom-
mended for this procedure as this can alert the surgeon to potential intraoperative 
threats to the functional integrity of the spinal cord [23, 54]. After skin disinfec-
tion and draping, a midline skin incision is completed over the previously identi-
fied spinal levels. The muscle fascia is opened, and the muscles are dissected 
exposing the desired spinal processes and laminae. A standard laminectomy of 
one or two laminae is performed. Under microscopic magnification, the dura is 
incised in the midline and suspended on each side. We recommend the use of a 
fine ultrasound probe prior to opening the arachnoid and performing the myelot-
omy to confirm the most dilated location of the syrinx [14] and decide where to 
define the subarachnoid pocket (rostral or caudal in line with the syrinx). An 
appropriate length of patent subarachnoid space is needed to allow the inline 
placement of the catheter. The arachnoid is opened and a 5–6 cm lumboperitoneal 
shunt (Medtronic, Minneapolis, MN, USA) is inserted into the caudal or cranial 
subarachnoid space for 3–4 cm distally, while the proximal side of the shunt cath-
eter is put between the dural retraction sutures in the meantime the myelotomy is 
performed [24, 63].

It is crucial to ensure that the tip is actually subarachnoid (and not just subdural), 
otherwise it will not function. A midline myelotomy is usually performed. 
Sometimes it might be difficult to define the midline (posterior median sulcus), 
especially if the cord is rotated, or if significantly compressed by the syrinx. In these 
cases, the small pial arteries folding medially towards the central canal should be 
sought and recognized, since they point out towards the posterior median sulcus. 
Another tip to identify the midline is to expose the nerve roots bilaterally and the 
posterior midline sulcus is situated equidistant from both nerve roots. Alternatively, 
if the syringomyelia is bulging laterally, the myelotomy can be safely performed in 
the dorsal entry zone (DREZ) between the lateral and posterior columns because 
this is the thinnest part especially when there is already an upper extremity proprio-
ceptive deficit caused from the syrinx [33].

If the midline is defined, the superficial pial vessels are cauterized and the pia is 
incised using a diamond knife. With the help of a non-tooth forceps, the cord is split 
until the syrinx is reached. When the cord is under high pressure, the opening of the 
syrinx is completed before inserting the tip of the shunt into the subarachnoid space, 
to avoid a possible injury to the cord tissue [63]. Following syrinx decompression, 
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the proximal tip of the shunt is inserted into the syrinx cavity for 2–3 cm cranially 
or caudally. A 6–0 prolene suture is used to fix the shunt to the arachnoid to avoid 
dislocation. The dura is closed in a watertight fashion using a running suture 5–0 
prolene. In case of laminoplasty, the laminae are fixed using plates and screws. The 
wound is closed in layers.

10.4.4  Syringo-Pleural Shunt (SPS)

Syringo-pleural shunting is safe and a straightforward technique with good results 
both clinically and radiologically. The result is to be expected within the first few 
weeks and may be long lasting [64]. Under general anesthesia, the patient is posi-
tioned prone. A laminectomy or a laminotomy of 1–2 laminae is performed, prefer-
ably below the T1 level. The best level of shunt insertion remains controversial: the 
advantage to place it under the T1 level is the avoidance of neurological injury of 
the upper extremities; however, it should be considered that the dorsal columns of 
the thoracic cord are extremely fragile, and the “non-gentle” manipulation may 
have a higher chance of causing neurological symptoms of the lower extremities 
[64, 65].

Different types of shunt can be used such as the 1-piece Spetzler lumboperito-
neal shunt (Integra Neurosciences, Plainsboro, NJ), with a 0.7-mm inner diameter, 
1.5-mm outer diameter, and 31.5-inch length; the lumbar end of this catheter, with 
multiple perforations, is placed inside the syrinx, and the opposite end is positioned 
in the pleural space; lumboperitoneal shunt catheter (Medtronic, Minneapolis, MN, 
USA) or a T- or Y-shaped catheter or antibiotic impregnated catheter can also be 
utilized for the SPS [42, 64–66]. A distal slit valve to avoid over drainage of the 
syrinx into the pleural cavity should be considered.

The patient is placed in the prone position and after radiographic confirmation, a 
midline mid-thoracic incision is made. A single-level laminectomy followed by 
durotomy is performed. Syrinx location and spinal cord thickness are verified with 
the help of intraoperative ultrasound. A standard dorsal midline or dorsal root entry 
zone (DREZ) myelotomy is performed, and the catheter is inserted, under micro-
scopic magnification, and directed superiorly for approximately 4–5 cm through a 
small midline myelotomy. The use of IOM is recommended to perform this surgery. 
Somatosensory potential (SSEPs) is often lost during a midline myelotomy; if 
motor-evoked potentials (MEPs) drop significantly or disappear and/or do not 
recover after a short period of time, the catheter should be repositioned [54]. The 
catheter is sutured to the dura and tunnelled toward the separate paramedian inci-
sion, previously made at the level of the fifth intercostal space 5 on the right side. 
This incision is taken down to the superior margin of the sixth rib, and the parietal 
pleura is entered via a stab incision just over the superior margin of the rib. The 
distal end of the catheter is inserted into the pleural space. Two anchoring sutures 
are placed to the paraspinal and intercostal muscles to prevent catheter migra-
tion [34].
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10.4.5  Syringo-Peritoneal Shunt (SPRS)

The syringo-peritoneal shunt has undergone several modifications over the past five 
decades [41, 67]. The skin over the spine, neck, chest, and abdomen is draped as for 
a ventriculoperitoneal shunt. Under general anesthesia, the patient is placed in a 
lateral position with the head in a Mayfield 3 pins headrest. A single-level laminec-
tomy and a midline durotomy are performed. The operating microscope is used to 
perform a small myelotomy into the thinnest portion of the spinal cord, usually the 
dorsal root entry zone. The use of IOM is recommended also for this operation and 
the considerations about IOM features and catheter repositioning are the same as 
described above for the SPS.

The flexible T-tube arms shunt with multiple drainage holes is used as this can be 
cut to the desired length and inserted into the syrinx. The shunt is brought out 
through the spinal cord and dura at a right angle and is secured with the suture tab. 
A metal step-up connector is used to adapt the SPRS to a standard peritoneal shunt 
tubing. Standard techniques are used to insert a low-pressure peritoneal catheter 
into the abdominal cavity. Similar to the SPS, adding a distal slit valve is beneficial 
to prevent over drainage. The shunt is then inserted into the peritoneum through a 
mini-laparotomy, with a peritoneal trocar, or laparoscopically assisted [10, 41].

10.5  Conclusions

The most important step in treating a syringomyelia is to differentiate it from other 
clinico-radiological conditions that should not be termed as syringomyelia.

In presence of a syringomyelia, it is of paramount importance to utilize appropri-
ate diagnostic facilities available to identify the underlying cause, considering that 
this entity represents always an epiphenomenon of another pathology. If our best 
efforts to identify the cause have failed, then such syringomyelia should be deemed 
“idiopathic”. Most patients with this condition can be managed conservatively with 
clinical and radiological follow-up if asymptomatic or pauci-symptomatic. Rarely 
patients can present with deteriorating neurological signs and symptoms; in these 
circumstances, surgery should be warranted. Several techniques can be offered; 
however, the favored first line option is either a posterior thoracic laminectomy and 
arachnoidolysis or a syringo-subarachnoid shunt.

Refractory syringomyelia is a multifactorial condition, and understanding the 
pathophysiology of the persistent, progressing, or recurrent syrinx is crucial in order 
to offer the patient the right treatment [68].

In patients with refractory syringomyelia secondary to CM-1 treated in the first 
instance with foramen magnum decompression, reexploration of the foramen 
should be considered the initial option and enlarged watertight duroplasty should be 
performed if not performed during the first operation. A cranio-cervical instability 
should also be treated when present.
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RS secondary to arachnoidal adhesions (posttraumatic, postinfective, or post-
hemorrhagic arachnopathies) is the most difficult etiology to successfully treat. 
However, the best option is always to try to resolve the arachnopathy with arach-
noidolysis, marsupialization of the subarachnoid space, and duroplasty before offer-
ing any kind of shunting diversion. If the above fails, among the different shunting 
techniques, SSS should be preferred over other shunting options when feasible.

Finally, it is worth stressing how a multidisciplinary approach is indicated in 
patients with refractory syringomyelia as there are several aspects of their care that 
need to be considered including pain management, neuropathic bladder and/or 
bowel, orthopedic issues, psychological support, and neurorehabilitation along with 
physiotherapy and occupational therapy.
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Chapter 11
Evolution of Complex Spine Surgery 
in Neurosurgery: From Big to Minimally 
Invasive Surgery for the Treatment 
of Spinal Deformity

Mohamed Macki and Frank La Marca

11.1  Introduction

Spinal instrumentation for adult spinal deformity dates back to the surgical correc-
tion of secondary complications from infectious processes, such as Pott’s disease 
and poliomyelitis [1]. With the population aging at a longer life expectancy today, 
advanced degenerative spinal diseases and idiopathic scoliosis supersede as the 
most common causes of adult spinal deformity. Correction of the thoracolumbar 
malignment, specifically, has rapidly evolved with the burgeoning success of spinal 
instrumentation. The objective of this chapter is to review the metamorphosis of 
operative principles for adult thoracolumbar deformity, from aggressive osteoto-
mies in the posterior bony elements to minimally invasive surgery (MIS) at the 
intervertebral disc space.

11.2  History

Advances for spinal reconstructive surgery have rapidly evolved to meet the grow-
ing prevalence of adult spinal deformity over the past century [1]. Initial attempts to 
correct spinal malalignment focused on nonoperative strategies, including external 
braces, traction, and casts. In the late nineteenth century, surgical approaches were 
entertained when Berthold Ernest Hadra first described wiring of the spinous pro-
cess for Potts disease [2]. After the turn of the century, Fritz Lange wrote of an 
“artificial spinal column of steel” with thick wires along each side of the spinous 
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process for the stabilization of a progressive kyphotic deformity in patients with a 
history of spondylitic diseases [3]. After another surge in poliomyelitis in 1940s, 
focus shifted to the debilitating spinal deformities secondary to truncal muscle atro-
phy. Paul R. Harrington developed laminar hooks fastened to large rods for polio- 
related scoliosis [4, 5]. Through several iterations of this technique, including the 
placement of bone graft, the Harrington rods were eventually adopted for idiopathic 
scoliosis in the 1970s, when, for the first time, the goal of surgery shifted from spi-
nal stabilization to deformity correction. At this same time, Dwyer et al. described 
anterior thoracolumbar instrumentation on the convexity of a coronal deformity [6]. 
Vertebral body screw heads threaded through titanium cables were progressively 
approximated to straighten a scoliotic spine. The Kaneda system was constructed by 
two anterior screws connected to two separate rods for greater corrective forces for 
adult spinal deformity [7]. In the 1980s, posterior transpedicular screws connected 
to separate rods were introduced with the biomechanical promise of superior pull-
out strength and load-bearing capacity as compared to hooks and sublaminar wires 
[8]. Finally, the 1990s introduced the polyaxial screw head that facilitated rod place-
ment for misaligned pedicles secondary to spinal curvature [9]. These advance-
ments in instrumentation laid the groundwork for innovations in the correction of 
adult spinal deformity. This chapter will review how operative techniques improved 
with continued developments in spine technology.

11.3  Spinal Alignment

Spinal alignment assesses the normal spinal curvature in the coronal and sagittal 
plane (Fig. 11.1). Coronal deformities from asymmetrical disc degeneration in the 
aging spine, bony anomalies from focal versus systemic pathologies, congenital 
failure of bony formation, or segmentation cause scoliosis. A more important clini-
cal indicator, the sagittal deformity, reflects the shape of the spine with little muscle 
effort, or the sum of the vertebral and disc shapes. The sagittal alignment indicates 
the condition of the lumbar lordosis (LL) and thoracic kyphosis. Sagittal balance 
has been demonstrated as an independent predictor of patient-reported outcomes 
after surgery for not only larger operations in adult scoliosis [10] and spinal defor-
mity [11], but also routine surgeries for degenerative disc disease and spondylolis-
thesis [12, 13]. Spinopelvic parameters were derived to quantify the alignment of 
the axial skeleton [14–16]:

• Sagittal vertical axis (SVA): the distance from the S1 posterior superior endplate 
to the C7 plumb line—the vertical line from the midpoint of the C7 vertebral 
body. A SVA >6 cm defines a global kyphotic deformity or sagittal imbalance: 
lumbar kyphosis with normal to increased thoracic kyphosis.

• Sacral slope (SS): the angle subtended by the horizontal reference line and the S1 
superior endplate.
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Fig. 11.1 36-in. standing X-ray demonstrating measurements of spinopelvic parameters

• Pelvic tilt (PT): the angle subtended by the vertical reference line and the line 
from the head to the midpoint of the S1 superior endplate. PT > 25 cm reflects 
pelvic compensation for an underlying sagittal imbalance.

• Pelvic incidence (PI): the angle subtended by the line from the femoral head to 
the line perpendicular to the midpoint of the S1 superior endplate. The PI equals 
the sum of SS and PT. A fixed parameter, the PI refers to the orientation of the 
pelvis in space.

• PI–LL mismatch: a difference between PI and LL > 10° indicates lumbar flat 
flatback from loss of LL.

• Cobb angle: the angle subtended by the lines along the endplates of the vertebrae 
at the top and bottom of a coronal curvature; that is, the two vertebra most tilted 
towards each other. Cobb angle >10° defines scoliosis.

11 Evolution of Complex Spine Surgery in Neurosurgery: From Big to Minimally…



342

All spinal parameters are calculated from 36-in. film standing scoliosis films 
from the base of the occiput to the mid-femur (Fig. 11.1). Images should be obtained 
prior to surgery as well as on outpatient follow-up. The parameters are intended to 
guide operative planning for thoracolumbar fusion, even in patients with very mild 
deformity. Prudent for spine surgeons to understand that any fusion operation is a 
deformity correction, so the armamentarium of operative methods must be well- 
understood. Herein, we discuss a breadth of surgeries from osteotomies of the pos-
terior bony elements to interbody fusion of the intervertebral disc space.

11.4  Osteotomy

Spinal malalignment in the sagittal and coronal planes carries a well-recognized 
impact on pain and disability, especially in adult scoliosis, flat back syndrome, iat-
rogenic fixed sagittal imbalance, and kyphotic decompensation syndrome [17]. 
Modern correction of spinopelvic parameters began with bony resections, known as 
osteotomies. Although multiple spinal osteotomy techniques have been described in 
the literature, interchangeable terms and substantial surgical variations render the 
discussion challenging. This chapter will utilize the Spinal Osteotomy Classification 
described by Schwab et al. [17] who proposed 6 grades of resection (Fig. 11.2):

• Grade 1: Partial Facet Joint Resection is ideally suited for surgeons unfamiliar 
with more aggressive osteotomies. Resection of the inferior facet and joint cap-
sule allows for de-articulation that unroofs a cancellous surface for bony fusion. 
Described for previously fused segments most commonly at L1, L2, and L3, the 
Smith–Peterson osteotomy includes resection of the bilateral facet joints, part of 
the lamina, and posterior ligaments at the osteotomy site [18]. Terms such as 
Chevron osteotomy and extension osteotomy were described for unfused facets. 
Regardless of the history of spinal fusion, Grade 1 osteotomies require a mobile 
anterior column (disc space) for compression at the transpedicular screw heads; 
previous interbody arthrodesis is a contraindication to the osteotomy at that 
level. Approximately one degree of correction per millimeter of bone resected 
yields 5°–10° of sagittal improvement at each level [19]. Thus, the grade 1 oste-
otomy should be reserved for minor kyphotic deformities <30° or a C7 plum-
bline 6–8 cm positive. More experienced surgeons whose aggressive osteotomies 
distract the anterior disc space >10  m in height may opt for subsequent disc 
space grafting. Potential complications from lengthening of the anterior column 
and shortening the posterior column include cauda equina compression and 
abdominal vessel stretch injury [18]. Nerve roots may kink from decreased neu-
ral foraminal height. The procedure at thoracolumbar junction may compromise 
the cord from sagittal translation (coronal decompensation) of the column. 
Intraoperative neuromonitoring should evaluate both the spinal cord 
(somatosensory- evoked potentials and/or motor-evoked potentials) and nerve 
roots (electromyography).
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Fig. 11.2 Spinal 
Osteotomy Classification 
described by Schwab et al. 
[17] who proposed 6 
grades of resection

• Grade 2: Complete Facet Joint Resection removes the entire superior and inferior 
facet joint. Resections may extend to more of the medial lamina, spinous pro-
cess, and underlying ligaments (supraspinous ligament, infraspinous ligament, 
and ligamentum flavum). Approximately, 10° of sagittal alignment may be 
restored at each level for up to 40°–50° of global correction. The Ponte osteot-
omy, specifically, refers to the removal of multiple facets and spinous processes 
for a larger deformity correction [20]. The operation is intended for multiple 
levels particularly in the thoracic spine, such as Scheuermann’s kyphosis and 
adolescent idiopathic scoliosis [21]. Like Grade 1 osteotomy, Grade 2 also 
requires a flexible disc space. However, because Grade 2 osteotomies are often 
performed at multiple levels, even bony resection at each level is unlikely. Some 
levels will completely fuse across the contact surface, while a small gap will 
persist at other levels, increasing the risk for pseudoarthrosis [22]. To facilitate 
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posterior closure, the operation may be combined with anterior longitudinal liga-
ment (ALL) release (discussed below). Global kyphotic deformity of the tho-
racic spine ventrally displaces the spinal cord, decreasing the risk of spinal cord 
injury during posterior column shortening. However, the osteotomy at the thora-
columbar junction, when kyphosis transitions to lordosis, carries the highest risk 
of neurological injury and dural tear [22].

• Grade 3: Pedicle and Partial Body Resection entails removing all of the posterior 
elements including the spinous process, lamina, transverse processes, and the 
facet joint above and below. The bottom of the superior spinous process and the 
top of the inferior spinous process are also removed. A triangular wedge through 
the pedicle, via a de-cancellation technique or an osteotome, is removed. The 
posterior spine is shortened by closing the osteotomy, using the anterior cortex as 
a hinge [19]. A specialized operating table with flexion–extension capabilities 
facilitates the closure of the osteotomy. The most commonly described technique 
is the pedicle subtraction osteotomy (also known as the closing wedge osteotomy 
or the transpedicular wedge osteotomy) (Fig. 11.3). Between 25° and 35° of cor-
rection could be obtained at any given level. The operation is ideally suited for 
patients with flat back syndrome (PI–LL mismatch >30°) after prior 360° spinal 
fusion because the osteotomy does not require a mobile disc space; that is, prior 
interbody arthrodesis does not obviate the procedure. Patients with significant 
kyphosis between 30° and 40° with a sharp, angular deformity may require a 
significant hinge at the apex of the curvature, as patients with SVA > 12 cm are 
ideally corrected with a grade 3 osteotomy. To that end, a unilateral PSO can cor-
rect a severe coronal imbalance. A significant amount of stress is placed above 
and below the osteotomy level, so interspace grafting of an unfused disc space 
immediately rostral and caudal is advisable. If the disc space is already fused 
with an interbody, then short-segment satellite rods may be considered. 
Otherwise, pseudoarthrosis may reach upwards of 30% [19]. The operation does 
not lengthen the anterior column, circumventing the complications described in 
Grade 1 and 2 osteotomies. On the other hand, disadvantages of Grade 3 osteoto-
mies include significant blood loss during the operation; meticulous hemostasis 
is of utmost importance. Up to 20% of cases reported transient neurological defi-
cits, including radiculopathy, transient single nerve root weakness, and cauda 
equina syndrome. Neuromonitoring is mandatory during these procedures [19]. 
The highly destabilizing operation may cause vertebral translation; a temporary 
rod may be necessary to prevent cord injury.

• Grade 4: Pedicle, Partial Body, and Disc Resection is similar to a Grade 3 oste-
otomy, except that the vertebral body resection extends through adjacent inter-
vertebral disc. The rib must be resected in the thoracic spine. Next, the 
wedge-shaped osteotomy is closed to decrease the risk of pseudoarthrosis, 
although a cage may be placed to obtain anterior column lengthening [19]. After 
posterior approximation, the proximity of the pedicle screws above and below 
the osteotomy site is thought to improve arthrodesis rates with a stronger fusion 
construct. Removal of the disc space also decreases the rate of pseudoarthrosis as 
compared to Grade 3 osteotomies [23, 24]. Sometimes referred to as 
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a b

Fig. 11.3 36-in. standing X-ray. (a) Preoperative sagittal vertical axis. (b) Improvement in the 
sagittal vertical axis after a pedicle subtraction osteotomy
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 bone-disc- bone osteotomy, the procedure ideally corrects a deformity with the 
disc space at its apex. Ankylosing spondylitis with a calcified anterior anulus is a 
poor indication for Grade 4 osteotomy. Risks of neurovascular injury and blood 
loss with Grade 3 osteotomies apply here as well.

• Grade 5: Complete Vertebra and Discs Resection is associated with removal of 
the entire vertebra as well as the rostral and caudal intervertebral disc space. As 
with Grade 4, the rib must be resected in the thoracic spine. Although posterior- 
only approaches have been described, the operation usually entails both a poste-
rior and anterior approach to the spine, which poses significant anatomical 
challenges in the upper thoracic spine given the great vessels, heart, and lungs 
[25, 26]. All the vertebral body bone must be resected to prevent buckling of the 
posterior longitudinal ligament into the spinal cord. If shortening of the entire 
spinal column is desired, a cage smaller in height may be placed anteriorly. Over- 
shortening may cause buckling of the spinal cord, so intraoperative neuromoni-
toring is imperative. Neurological deficits after correction most commonly occur 
by subluxation of the spinal column, dural buckling, and cord compression by 
residual bone or soft tissue. A temporary rod is typically required.

• Commonly known as a vertebral column resection, the procedure has been 
described for sharp angulated deformities or multi-planar deformities [19]. The 
most common surgical indication for deformity is a fixed coronal imbalance after 
prior operation for idiopathic scoliosis, although congenital scoliosis may have 
fixed deformities as well. Vertebral resections are not needed if the shoulder 
alignment remains leveled despite a severe coronal deformity. Otherwise, spinal 
tumors requiring en bloc resection is a popular indication for the Grade 5 oste-
otomies, but spondyloptosis, hemivertebrae, and posttraumatic deformities may 
also fall into this category. Grade 5 resections are rarely performed because of 
the high morbidity, including significant blood loss and neurological deficits [27].

• Grade 6: Multiple Adjacent Vertebrae and Discs Resection are similar to Grade 5 
osteotomy, except more than one vertebra is involved. The operation is intended 
for children and adolescents undergoing three-dimensional corrections of spinal 
deformities. Similar surgical principles and risks apply in single-level vertebral 
resections.

Despite the aforementioned indications, aggressive osteotomies have fallen out 
of favor. The significant morbidity associated with higher-grade osteotomies needed 
for larger correction of adult spinal deformities with grossly imbalanced spinopel-
vic parameters compounded with advances in minimally invasive technologies con-
tributed to a shift in the spine surgery paradigm from resection of the bony elements 
to surgery at the disc space. The so-called disc-space surgery lends itself to the MIS 
principles that have changed the landscape of complex spine, inasmuch as osteoto-
mies have now been conserved for just a selected few conditions. According to a 
decision tree in adult spinal deformity set forth by the International Spine Study 
Group [15], the Minimally Invasive Spinal Deformity Revision 2 (MISDEF2) algo-
rithm reserved osteotomies to only Class III—mini-open surgery and Class IV—
open surgery. Class III patients had an SVA > 6 cm, PT > 25°, LL–PI mismatch 
>30°, and/or thoracic kyphosis >60°. Class IV patients had a fused or rigid spine. 
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Even if younger generation surgeons were still uncomfortable with bony resections 
in adult spinal deformity with Class III parameters, the MISDEF-2 guidelines ush-
ered in an alternative or supplementary to osteotomies: the anterior column release 
(ACR). The procedure marks a critical turning point in the evolution of complex 
spine surgery in that MIS could finally address grossly imbalanced spinopelvic 
parameters. Moreover, in patients who did not require an ACR for larger spinal 
deformities, minimally invasive techniques still allowed for reasonable correction 
as the design of intervertebral spacers has improved in lumbar interbody fusions. In 
the next section, various MIS strategies in adult patients without fixed or rigid spinal 
deformity are discussed.

11.5  Minimally Invasive Surgery

Minimally invasive methods in spine surgery have gained widespread notoriety 
after the initial description in 2002 [28]. Benefits of microsurgical approaches 
include decreased length of stay, intraoperative blood loss, wound infections, and 
narcotic use. Because the muscle and soft tissues are not dissected off of the poste-
rior elements, arthrodesis after minimally invasive spine surgery does not occur 
over the pedicle screw construct, but rather across the interbody in the intervertebral 
space. The appropriate spacer, therefore, becomes of utmost importance. The spacer 
also indirectly decompresses the neural elements. In addition to the anterior column 
support, the insert that increases the height of the intervertebral space restores 
foraminal height for the exiting nerve root. And, the greater tension of the posterior 
longitudinal ligament across the heightened intervertebral space will reduce soft- 
tissue redundancy or bulging into the spinal canal—a phenomenon known as liga-
mentotaxis—that will ameliorate spinal stenosis [29]. Initial spacers included iliac 
crest graft, which was associated with significant donor site pain at the hip. Common 
practice today includes artificial cages, which include a diversity of materials from 
polyetheretherketone (PEEK) to titanium cages. These cages provide an interface 
for arthrodesis in MIS. Fusion rarely occurs within the lateral gutters at the transpe-
dicular screw-rod construct because the muscles are not dissected off the facet joints 
to allow ossification across the posterior elements.

As interbody implants have been perfected to optimize fusion, the role of mini-
mally invasive spine surgery is becoming more commonplace in complex thoraco-
lumbar reconstructions. Owing to the technical demands of larger osteotomies that 
carry an unfavorable safety profile, MISDEF-2 now recommends minimally invasive 
interbody fusion for LL–PI mismatch <30°, thoracic kyphosis <60°, thoracolumbar 
kyphosis <10°, and/or coronal Cobb angle >20° [15]. According to a retrospective 
review of a multicenter database for adult spinal deformity, three column osteoto-
mies decreased from 36% in 2011 to 16.7% in 2016 [30]. While minimally invasive 
interbody fusions have flourished, the surgical approach of the interbody must be 
carefully selected based on the surgical goals, patient pathology, unique anatomy, 
and spinal level (Table  11.1) [31]. Preferences for interbody approach are also 
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Table 11.1 A comparison of transforaminal lumbar interbody fusion (TLIF) to lateral lumbar 
interbody fusion (LLIF)

Transforaminal lumbar 
interbody fusion (TLIF)

Lateral lumbar interbody fusion (LLIF)
Trans-psoas Anterior-to-psoas

Decompression Optimal if direct 
decompression of the 
spinal canal necessary
   –  Extension of the 

facetectomy medially 
to include a 
hemilaminotomy 
which provides 
access to remove the 
ligamentum flavum 
hypertrophy

   –  Resection of the facet 
joint will address a 
synovial cyst that 
compresses the 
neural elements

Difficult to reach the spinal canal; primarily used 
for indirect decompression only

Revision 
surgery

Excess scar tissue from 
prior posterior 
decompression and/or 
fusion will limit the 
surgical corridors to place 
the interbody cage; higher 
risk of durotomy

Optimal for access through virgin tissue in 
patients with prior surgery or prior infection 
posteriorly; decreased risk for durotomy

Neurological 
deficit

Potential injury of the 
exiting nerve root at the 
level above (hypotenuse of 
Kambin’s triangle) or the 
descending nerve root of 
the level below (medial 
border of Kambin’s 
triangle)

Potential injury to the 
lumbosacral plexus, 
including transient 
paresthesia (ilioinguinal, 
iliohypogastric, and 
genitofemoral nerves) 
and/or femoral nerve 
weakness

Potential injury to the 
sympathetic chain

Musculature Paraspinal muscle 
dissection necessary 
between the multifidus 
and longissimus muscles

The “rising psoas” will 
carry the lumbosacral 
plexus anteriorly, 
increasing the risk of 
nerve injury. Approach 
should be limited to psoas 
anatomically positioned 
lateral to the vertebral 
column

An anteriorly 
positioned psoas will 
limit the working 
corridor between the 
artery and muscle

Vasculature Bleeding from the facetal 
artery is well-tolerated 
without significant blood 
loss

Injury to the segmental 
vessels

Entry limited to only 
the left side because 
injury to the aorta/
iliac artery is more 
easily repaired than 
injury to the vena 
cava/iliac vein

aAn understanding of the renal artery position is 
necessary in the upper lumbar spine
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Table 11.1 (continued)

Transforaminal lumbar 
interbody fusion (TLIF)

Lateral lumbar interbody fusion (LLIF)
Trans-psoas Anterior-to-psoas

Peritoneum Low risk Higher risk for intestinal perforation. Injury to 
the liver is more common from a right-sided 
approach

Anterior 
column 
realignment

Anterior longitudinal 
ligament difficult to reach

Necessary approach for anterior longitudinal 
ligament release

Positioning Single-position prone 
surgery

Single-position lateral, 
single-position prone, or 
interbody in the lateral 
position and 
transpedicular fusion in 
the prone position

Single-position 
lateral, or interbody 
in the lateral position 
and transpedicular 
fusion in the prone 
position. Single- 
position prone not 
possible

Duration of 
surgery

Increased retraction time 
on the paraspinal muscles 
increases postoperative 
pain

Dilation through the 
psoas muscle >30 min 
will risk hip flexion injury 
or damage to the 
lumbosacral plexus

Not time-limited

Lumbar level Amenable at all lumbar 
levels

Iliac crest prevents access 
to L5–S1 and, 
occasionally, L4–L5

Amenable to all 
lumbar levels
   – L5–S1 usually 

requires an access 
surgeon for the 
oblique, 
retroperitoneal 
approach

aWorking around free-floating ribs at T12–L1 
and L1–L2 is required

Lateral approach may be accessed either trans-psoas or anterior-to-psoas
aAt the upper lumbar spine, the psoas muscle tapers such that the trans-psoas and anterior-to-psoas 
difference no longer applies

influenced by the dynamic landscape in implant technology. Lateral lumbar inter-
body fusion (LLIF) increased from 6.4 to 24.1%, anterior lumbar interbody fusion 
(ALIF) decreased from 22.9 to 16.7%, and transforaminal lumbar interbody fusion 
(TLIF)/posterior lumbar interbody fusion utilization remained similar. The role of 
ALIF will be discussed later in the chapter. The decision between TLIF and LLIF 
depends on not only surgeon preference, but also the pathology addressed.

11.6  Anterior Column Realignment

The competence of the ALL prevents the interbody cage from dislodgement as well 
as provides a tension for grafting. However, with sagittal imbalance, the ALL limits 
lengthening of the anterior column, which, in and of itself, represents a fundamental 
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a b

Fig. 11.4 36-in. standing X-ray. (a) Preoperative sagittal vertical axis. (b) Improvement in the 
sagittal vertical axis after an anterior column realignment

goal of surgery for focal kyphotic deformity correction. Herein lies the value of 
ACR, which releases the ALL and the annulus to allow for placement of a hyperlor-
dotic cage for a focal kyphotic deformity correction (Fig. 11.4) [32].

11.7  Surgical Anatomy

11.7.1  Anterior Longitudinal Ligament

The ALL is composed of a strong band of fibers that attaches loosely to the anterior 
periosteum of the vertebral body, but the interval widening/thinning at each disc 
space affords a tight bind to the annulus fibrosus and the hyaline cartilage vertebral 
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end plates. This renders dissection of ALL at the intervertebral disc space diffi-
cult [32].

The ALL spans the entire length of the spinal column, ending at the ventral face 
of the sacrum. At the anterior arch of C1, the tough tension band continues rostrally 
to assimilate into the anterior atlantooccipital membrane. The ALL widens caudally 
into the lumbar spine, where the ligament becomes thickest with three layers: the 
deep and short intersegmental fibers, the intermediate fibers that span two to three 
vertebrae, and the superficial layer that spans three to four vertebrae [33].

11.7.2  Lumbar Plexus and Sympathetic Plexus

The sympathetic plexus runs along the lateral boarder of the ALL and therefore 
becomes at high risk for injury during the release procedure. As with all lateral 
approaches, the lumbar plexus travels intimately with the psoas muscle. The genito-
femoral nerve (L1–L2) is especially at risk during its posterior-to-anterior course 
over the L2–L3 and L3–L4 disc spaces. At the inferior L4 endplate, the genitofemo-
ral nerve travels anteriorly along with the sympathetic plexus. Here, both nerve 
structures are at risk for injury during the ALL release [32, 34].

11.7.3  Great Vessels

The aorta courses left paracentric to the lumbar spine. The aorta gives off four 
paired segmental lumbar arteries that travel along the vertebral body, avoiding the 
disc space. At approximately 18 mm above the L4–L5 disc space, the aorta bifur-
cates into the left and right common iliac arteries. The vena cava, on the other hand, 
forms from the left and right common iliac veins approximately 2 mm above the 
L4–L5 disc space, and the large vessel sits right paracentric to the lumbar spine. A 
thin layer of adipose tissue creates a surgical plane between the great vessels and the 
vertebral body. While the great vessels are at risk for injury during an ALL release, 
the fatty tissue serves as a safe zone of dissection [35, 36].

11.8  ACR Surgical Techniques

After computed tomography (CT) and magnetic resonance imaging analysis to 
assess ability to mobilize the disc space of interest, the patient was offered the ACR 
procedure (Fig. 11.4). The patient was positioned in a lateral position on a Jackson 
table and secured with cloth tape, then prepped and draped. Once level was assessed 
with fluoroscopy, a small incision was made in the flank and a minimally invasive 
approach to the spinal column was carried out. The disc was entered with a knife 
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from an anterior to the psoas access, and when not possible entirely, a small section 
of the ventral psoas was split bluntly. The disc space was prepared in the usual fash-
ion with special attention not to disrupt the endplates. Spacer trials were used to 
distract the disc minimally until the adequate height was attained to allow for the 
interbody spacer to be placed. Bicortical disruption of the annulus was attained 
prior to placing the final implant. An ELSA expandable interbody lateral cage from 
Globus Medical, Inc. was used. Once the implant was placed and secured to the 
rostral and caudal vertebra with cortical screws through the appropriate tabs, a 
fourth dissector blade was used to gain access ventral to the ALL and dorsal to the 
greater vessels. By expanding the spacer progressively, the ALL would be placed 
under tension and sequentially dissected with a rongeur and/or knife. Once the ALL 
was completely dissected, the cage would be completely expanded without 
resistance.

Once the flank wound was closed and dressed, the patient was positioned onto a 
Jackson frame and prepped and draped. An iliac reference arch for the Excelsius 
Surgical Robot from Globus Medical, Inc. was gently impacted into the iliac crest 
and intraoperative CT imaging was obtained. The screws and posterior release oste-
otomy locations were planned. Attention was made to assure correct alignment of 
the screws. A midline incision to the fascia when possible was made to allow for the 
transmuscular placement of the screws using the robotic guide. Through small tubu-
lar exposures along the screw trajectories, the facets and caudal portion of the lam-
ina were exposed and drilled away, thus allowing for a Smith Peterson type 
osteotomy to be completed. Bone was packed into the facet spaces. A rod was 
placed bilaterally and compression of the screws to close the osteotomies was car-
ried out before locking the screws down to the rods. Final scoliosis imaging was 
obtained to assure adequate deformity correction prior to wound closure.

11.8.1  Anterior Column Realignment

Release of the ALL carries the highest rate of successful lengthening of the anterior 
spinal column (Fig. 11.4) [37]. However, surgeons must be comfortable with a vari-
ety of surgical approaches to the ALL and anterior disc space in order to address 
focal kyphotic deformities at the different spinal levels. While the iliac crest limits 
access to the L5–S1—and sometimes the L4–L5—segment in the lateral approaches, 
traditional ALIF are best suited at these interspaces situated between the bifurcation 
of the iliac vessels [38]. More minimally invasive techniques to L4–L5 and L5–S1 
include an oblique lumbar interbody fusion that allows for less dissection of the 
retroperitoneal space in a minimally invasive fashion [39]. Above L4, the aorta and 
vena cava that straddle along the sides of the ALL render an anterior retroperitoneal 
approach challenging. At those higher lumbar interspaces, strict adherence to the 
surgical techniques in lateral or oblique lumbar interbody fusions is imperative to 
minimize the risk of complications [37]. Because both of these minimally invasive 
approaches have narrow operative corridors, visualization of the ALL and annulus 
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cannot be overemphasized for protection of the neurovascular structures seated 
anterior to the ligament [37]. Patients with aberrant vascular anatomy or extensively 
calcified aorta as well as prior retroperitoneal infections or operations may not be 
ideal candidates for ACR. Fixed deformities at the disk space, such as calcified bony 
bridges or prior interbody fusion, may require more extensive operations than 
release of the ALL. A high risk of vascular injury has been reported while removing 
anterior implants [40]. Similarly, posterior arthrodesis across the disc space would 
thwart any distraction from an ACR procedure; such revision cases are more ame-
nable to posterior osteotomies [37].

The anterior column transmits 80% of the axial load applied to the spine [41]. 
Thus, placement of an interbody at the anterior disc space requires meticulous end-
plate preparation with a large footprint spacer. A wide interface between the implant 
and endplate will decrease the risk of subsidence [42]. With adequate surgical tech-
nique, the average single motion segment of correction for focal kyphosis with ACR 
has been reported between 24° and 34°, which are comparable to the average 
30°–40° afforded by PSO [37, 43–45]. The advent of hyperlordotic cages has nar-
rowed the gap between ACR and 3-column osteotomies. However, overambitious 
distraction with these cages may reduce the neuroforaminal area. Both the anterior 
and posterior height of the interbody must be measured for sufficient nerve root 
space [46]. A favorable anterior correction with ACR is a highly destabilizing pro-
cedure, and posterior fixation is required.

11.8.2  Navigated Posterior Fixation

Posterior transpedicular screws afford the strongest fusion construct. Traditionally, 
posterior supplementation was performed as a staged procedure on a different oper-
ative day. As minimally invasive techniques have facilitated ACR [47] single-stage 
surgery has become more commonplace. In fact, according to the MISDEF2, strictly 
open operations are now reserved for fused or rigid spine with >5 level fusion 
including L5–S1 or >10 levels [15]. In such cases, PSO over ALL release is war-
ranted for sagittal imbalance; thus, an open operation is necessary for the entire 
procedure.

Regardless of minimally invasive versus open, the value of navigated screw 
placement cannot be overstated. Navigation options include an intraoperative CT 
scanner. Navigation facilitates the screw trajectory in the oftentimes distorted anat-
omy seen with adult spinal deformity. In a randomized trial comparing fluoroscopic 
versus navigated screws in deformity surgery, the latter decreased screw breaches, 
surgical time, and radiation exposure [48]. A meta-analysis comparing computer- 
navigation versus freehand insertion reported that the non-navigated group incurred 
higher rates of complications, including neurological deficits, dura mater violations, 
wound infection, cerebrospinal fluid leak, pleural injury, and injections [49]. These 
results underscore the value of navigation, especially in the thoracic vertebrae where 
the dimensions of the pedicles vary widely at each spinal level. To exacerbate 
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matters, in adult spinal deformity, the orientation of the pedicle between the left 
versus right side of the primary coronal curvature at each level varies considerably 
[48]. Malpositioning of the screws is less forgiving in the thoracic spine. A decreased 
canal-cord ratio carries a higher risk of damage to the neural elements [48]. Spinal 
cord injury in the thoracic spine may have more of a detrimental effect as compared 
to nerve root injuries in the lumbar spine, albeit damage to the lumbar nerve roots 
should not be understated. Because ACR in conjunction with hyperlordotic cages 
changes the direction of the pedicles in the lumbar spine, intraoperative imaging 
after placement of the interbody permits a greater appreciation of the shifting anat-
omy of the bony elements.

The sweeping success of computer-navigated screw placement in adult spinal 
deformity pushed the demand for technology with even greater accuracy [50]. An 
increasing interest in improved consistency, complication reduction, and decreased 
length of hospitalization saw the rise of robot-navigation. Within the field of defor-
mity surgery, robot-assisted operations were popularized in the placement of the 
S2-alar-iliac screw, which arguably confers one of the strongest points of fixation 
for long-segment fusion in patients with sagittal imbalance [51]. But, robot-assisted 
spine surgery has many applications in transpedicular fusion. As compared to con-
ventional freehand, a meta-analysis of nine randomized controlled trials with the 
robot-assisted technique found fewer proximal facet violations, which affects the 
incidence of proximal junctional kyphosis in larger constructs for deformity correc-
tion [52]. Because the robot assistance accounts for the three-dimensional anatomy, 
surgeons usually select a more lateral starting point that avoids the facet joint. With 
pre-instrumentation robotic planning in complex spinal fusions, the vertebral bodies 
can accommodate both a pedicle screw and lateral cortical screw that allow for a 
four-rod construct with more points of fixation points that decrease the rate of pseu-
doarthrosis and hardware failure for realignment surgery [53]. More specific to 
ACR that usually includes lateral approaches to the disc and ALL, robots allow for 
single-position surgery with pedicle screw placement in the lateral position, which 
has profound implications on length of surgery [54]. Herein, robotics have found 
the solution to improve surgical ergonomics and enhance surgical dexterity. These 
benefits of the robot, however, must be weighed against its limitations, which are 
most commonly cited as (1) soft-tissue pressures on the robotic arm that can cause 
deviations and (2) slipping of the guide down the slope of the facet [55].

11.9  Conclusion

Most spinal operations can be addressed with minimally invasive approaches. The 
choice of interbody approach as well as cage technology becomes imperative for 
successfully addressing spinopelvic imbalance. Osteotomies are mostly reserved 
for fixed deformities, whose correction goals will adjudicate the type of bony resec-
tion. In summary, complex spine surgeons must be comfortable with a wide range 
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of surgical techniques from larger open osteotomies to smaller minimally invasive 
corridors to provide optimal treatment for their patients.
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Chapter 12
Thoracoscopic Microdiscectomy 
with Preservation of Rib 
and Costovertebral Joint

E. M. J. Cornips and E. A. M. Beuls

Abbreviations

CT Computed tomography
CTJ Costotransverse joint
CVJ Costovertebral joint
HD High-definition
TDH Thoracic disc herniation
TMD Thoracoscopic microdiscectomy
TMD-R Thoracoscopic microdiscectomy with preservation of rib and costoverte-

bral joint

12.1  Introduction

The clinical and radiological spectrum of thoracic disc herniations (TDHs) is sur-
prisingly divers. While the incidence of symptomatic TDHs is often claimed at 1 per 
1 × 106, their true incidence is likely underestimated due to their diverse and often 
misleading presentation unfamiliar to most clinicians with little experience with 
these lesions [1, 2]. Many of them are to a variable degree calcified and may have 
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been present for a long time before producing symptoms and eventually being diag-
nosed [3, 4]. This observation, their potential to become very large (so-called giant 
[5] or massive [6] TDHs), as well as their frequent association with morbus 
Scheuermann (kyphosis juvenalis dorsalis) suggest a completely different patho-
genesis (part of a growth disorder of the thoracic or thoracolumbar spine) as com-
pared to their cervical and lumbar counterparts (part of a degenerative process) [2]. 
While different techniques have been reported over the years to address these chal-
lenging lesions [7–14], some of the largest series published to date are thoraco-
scopic microdiscectomy (TMD) series [6, 8, 15–17] as this technique has proven to 
be safe and efficient for the entire spectrum of symptomatic TDHs, regardless of 
size [6], laterality, consistency, and multiplicity.

Clearly, every technique has its drawbacks and limitations. The TMD tech-
nique requires significant material investment including a dedicated instrument 
set (e.g., Miaspas TL®, Aesculap), a long drill attachment (e.g., long straight 
attachment, Midas Rex Legend®, Medtronic), a high-quality endoscope and video 
tower, etc. Moreover, it requires significant personal investment to master the 
learning curve. The upper limit for a standard TMD is T4–T5, as above that level 
the angle becomes too steep to safely decompress the spinal cord anteriorly. 
However, the T3–T4 level may be approached through a single right-sided axil-
lary incision (fixed position of the aortic arch on the left side) through which 
scope and instruments are advanced while applying essentially the same tech-
nique. The rarely affected T2–T3 level may require a sternotomy. The lower limit 
for a standard TMD (with some experience) should be T11–T12  in all patients 
provided they are carefully positioned and well- curarized (diaphragm relaxation). 
A fan retractor (e.g., Endo Retract II®, Tyco Auto Suture) may be necessary to 
keep diaphragm and/or lung away from the affected level especially on the left 
side. Pleural adhesions can usually be dealt with endoscopically. Obesity obscures 
surface anatomy including segmental vessels that may retract when injured. 
Morbid obesity (BMI ≥  40) is a contraindication for single- lung ventilation in 
lateral decubitus as excessive weight on top of the dependent (ventilated) lung 
would necessitate very high ventilatory pressures.

One specific drawback never thoroughly discussed in the literature is the prob-
lem of postoperative band-like pain on the ipsilateral side of the thorax. Acute ipsi-
lateral costal pain can be minimized with optimal patient positioning and flexible 
plastic trocars (e.g., Flexipath® 15 mm trocar, Ethicon Endo-Surgery) to keep inter-
costal spaces open while minimizing periosteal trauma (Fig. 12.1) [18]. Moreover, 
intercostal nerve blocks can be administered either at the beginning (provided the 
procedure doesn’t take too long) or at the end of surgery. Chronic ipsilateral band- 
like pain, however, is a more complex problem of variable intensity and duration. If 
after 4–6 weeks and certainly after 3 months the pain is still prominent, it will likely 
become a chronic pain and, in some cases, a truly incapacitating pain that is very 
difficult to treat. On the other hand, we were reluctant not to offer patients suffering 
severe pain (Anand grade 1–3B) [15] as well as a substantial part of patients pre-
senting with a myelopathy (Anand grade 4 and 5) [15], a potentially life-altering 
operation only because they might develop another type of pain related to the 
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Fig. 12.1 Patient positioning on a vacuum mattress (left-sided approach, right lateral decubitus), 
the OR table bent underneath the thorax in order to open up ipsilateral intercostal spaces allowing 
easy access in between the ribs. Possible pressure points (including ulnar and peroneal nerve) are 
carefully padded

procedure itself. After all, as most of our cervical and lumbar disc herniation opera-
tions are related to pain, why should TDH patients (often suffering refractory pain 
for many years) be treated any differently? In this regard, we strongly believe that 
the issue of indicating surgical decompression in case of a TDH causing refractory 
pain urgently deserves more attention in the literature.

In this paper, we present a novel TMD-R technique—and the rationale behind 
it—that significantly reduces acute and chronic postoperative pain by preserving the 
rib and the costovertebral joint (CVJ) at the involved level.

12.2  Material and Methods

After the introduction of the TMD technique in 2000, many patients were sent to us 
mainly from Belgium and The Netherlands. In June 2013, two young otherwise 
healthy patients with TDH-related refractory pain were scheduled for single level 
TMD (case # 376 and 377 in our consecutive series). As part of an informed con-
sent, they had been thoroughly informed with regard to possible complications and 
drawbacks related to the procedure, including postoperative band-like pain that we 
had come to believe might be related to destruction of the costovertebral joint (CVJ). 
The option of trying to preserve the CVJ was discussed and both agreed. As it 
turned out to be rather straightforward in both cases, this novel technique was 
applied to all subsequent patients and further refined over the past 6 years.
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12.2.1  Original TMD Technique (Rosenthal, 1994) (Fig. 12.2)

The TMD technique was originally described by Rosenthal in 1994 [7]. In a subse-
quent paper, Rosenthal and Dickman describe the following steps to expose and 
decompress the dura (Fig. 12.2):

Remove the proximal 2 cm (including the head) of the rib and pedicle to expose the spinal 
canal and visualize the lateral surface of the dura. Detach the neurovascular bundle, inter-
costal muscles, costotransverse and costovertebral ligaments from the rib, then transect the 
rib. Identify the pedicle caudal to the disc space, cut the foraminal ligaments from its supe-
rior edge, and remove the pedicle using a Kerrison rongeur to expose the epidural space. 
Early identification of the dura allows to visualize the anterolateral border of the spinal 
canal and enables constant visual orientation to the position of the spinal cord during any 
subsequent dissection. Proper orientation and creation of a sufficiently large cavity in dor-
sal disc space and adjacent vertebral bodies are critical to safe decompression. The cavity 
should provide enough room to pull the TDH away from the epidural space into the cavity 
while minimizing the entry of tools into the compressed epidural space. The cavity should 
be wide enough so that it extends cephalad and caudal to the TDH allowing the surgeon to 
visualize normal dura above and below the pathological level. The cavity should be deep 
enough to expose the entire ventral surface of the dura across the spinal canal to the medial 
border of the contralateral pedicle. For the treatment of small or moderate-sized TDHs, the 
working cavity is shaped like a pyramid. To expose large, ossified, or intradural TDHs, 
much more room (a corpectomy) is needed. [8].

The TMD technique was introduced in our center (at the time the MUMC+, 
Maastricht, The Netherlands) in 2000 and modified over the years as technology 
evolved and experience accumulated. The low-speed irrigated drill and oscillating 
saw used to cut the rib (Miaspas TL®, Aesculap) were substituted by a high-speed 
irrigated drill (Midas Rex Legend®, Medtronic) that allowed faster yet more delicate 

CVJ

CTJ

TDH

SC

Fig. 12.2 Original TMD technique with typical bone removal (shaded area, right-sided approach). 
The proximal 2 cm of the rib is removed destroying the costovertebral joint. CVJ costovertebral 
joint, CTJ costotransverse joint, SC spinal cord, TDH thoracic disc herniation
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bone removal. The low-resolution video tower was substituted by a high-definition 
(HD), and more recently, a 3D HD video tower (IMAGE 1 S™ 3D, Storz). Also, for 
a long time, we had been wondering whether it was really necessary to remove the 
proximal 2 cm of the rib and pedicle as this had several (theoretical) disadvantages. 
First, as the epidural venous plexus is essentially situated lateral to the thecal sac, 
opening the spinal canal laterally (as in the cervical and lumbar spine) often causes 
brisk venous bleeding difficult to control especially as long as the dura is not ade-
quately decompressed. Second, destroying the complex articulation of the rib with 
the vertebral bodies (costovertebral joint, CVJ) and (when going a little more pos-
terior) the transverse process (costotransverse joint, CTJ) may contribute to the little 
understood and difficult to treat problem of postoperative band-like pain we had 
observed in too many patients and we believed was likely caused by anomalous and 
asynchronous movements of the involved rib. Finally, in anterior cervical discec-
tomy, we also go straight to the offending disc herniation which is then gently pulled 
away from the dura while avoiding manipulation close to the epidural venous plexus 
and vertebral artery situated laterally.

Thus, after 375 consecutive TMD procedures performed by the first author (EC), 
we decided to try decompress the dura without removing the proximal 2 cm of the 
rib and pedicle. As the first two cases were an immediate success, we subsequently 
applied this novel technique (so-called TMD-R) in another 179 consecutive cases in 
between June 2013 and October 2019.

12.2.2  Novel TMD-R Technique (n = 142) (Figs. 12.3, 12.4 
and 12.5)

Patient positioning and initial exposure are identical to the original TMD technique 
(Fig. 12.1) [7, 8]. The parietal pleura covering vertebral bodies and proximal 2 cm 
of the rib at the involved level is opened and the posterior part of the intervertebral 
disc up to the anterior border of the head of the rib (Y-shape) is incised using mono-
polar coagulation. We do not use intraoperative imaging or navigation techniques as 
we localize the level preoperatively [19], count the ribs (top-down) intraoperatively, 
and during actual drilling rely on our anatomical knowledge of the thoracic spine 
and most importantly of the unique situation in any given patient at any specific 
level. Actually, it turns out that by preserving the head of the rib, the working area 
is reduced and the risk of drilling too posteriorly (into pedicle or even facet joint) is 
virtually eliminated. Of note, it is of paramount importance to have relevant neuro-
imaging files clearly visible to the attending surgeon, including axial and sagittal 
CT or CT myelography images, as all important landmarks are bony and no other 
examination comes close in depicting the exact relationship between them [6–8, 
19]. With experience, every little (bony) detail may become a relevant landmark.

We agree with Rosenthal that creation of a sufficiently large cavity in dorsal disc 
space and adjacent vertebral bodies is critical to safe decompression [8]. However, 
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CVJ

CTJ

TDH

SC

Fig. 12.3 TMD-R technique with typical bone removal (shaded area, right-sided approach). A few 
mm of the head of the rib is shaved while costovertebral joint and pedicle are preserved. CVJ cos-
tovertebral joint, CTJ costotransverse joint, SC spinal cord, TDH thoracic disc herniation

Working
portal

Viewing portal with
30˚ 3D scope

EVP

Fig. 12.4 TMD-R technique, surgeon’s perspective. A few mm of the head of the rib is shaved in 
order to gain access and an unobstructed line of sight into the spinal canal ipsilaterally. The pedicle 
and epidural venous plexus underneath are untouched thus minimizing epidural venous oozing. 
EVP epidural venous plexus, situated lateral to the thecal sac
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Fig. 12.5 Two-level symptomatic TDHs with postoperative 3D-reconstructed CT image demon-
strating adequate decompression with preservation of both ribs and costovertebral joints

in order to accomplish this, we start drilling immediately anterior to the head of the 
rib in the adjacent vertebrae and resect the ipsilateral part of the intervertebral disc 
using grasping forceps on our way down (Fig. 12.3). As a rule of thumb, the drill 
angle is about 30°–45° aimed posteriorly (while the patient’s spine is perpendicular 
to the table) starting immediately anterior (and usually no further than 1–1.5 cm 
anterior) to the head of the rib (Fig. 12.4). This entry point is connected to a point at 
the contralateral margin of the TDH at the level of the intervertebral disc bordering 
the anterior spinal canal on the relevant axial CT or CT myelography image 
(Figs. 12.3 and 12.4). This line marks the triangular posterior part of vertebral bod-
ies and intervertebral disc in between to be removed and gives an indication how 
deep one has to drill (usually in between 2.5 and 3.5 cm). As mentioned, in case of 
small or medium-sized TDHs (and even beyond), we do not drill any further than 
1–1.5 cm anterior to the head of the rib. We do, however, shave a few mm of the 
head of the rib using the 6 mm fine diamond drill in order to gain access and an 
unobstructed line of sight into the spinal canal ipsilaterally (Figs. 12.3, 12.4 and 
12.5). This is a small yet important step that helps to find the right drill angle and to 
avoid going too much anteriorly, while it will not affect the CVJ and CTJ thus pre-
serving physiological motion of the rib [20]. We shave off just enough to have an 
unobstructed line of sight and drill all the way down to the posterior wall which 
once identified is freed from ipsilateral to as far contralateral we need to go depend-
ing on size and laterality of the TDH (tailored size of the resection cavity).
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We keep the surgical field clean using an irrigated drill and continuous suction, 
while avoiding early opening of the spinal canal (at which point venous oozing will 
start). In these conditions, state-of-the-art HD video screens will clearly show the 
bone changing color and texture from slightly purple porous spongious bone to 
more ivory solid cortical bone when approaching the posterior vertebral wall cor-
responding to the anterior border of the spinal canal. With some experience, it is 
safe to drill up to this level and even to open the posterior wall very gently at which 
point some venous oozing will invariably occur. This is a sign we are entering the 
spinal canal which we do not open any further (a small breach can easily be sealed 
with some gelatin sponge) until we have reached the posterior wall cranial, caudal, 
and contralateral to the TDH as measured using depth markings on the instruments. 
The remaining almost transparent shell of cortical bone and (at thoracic level quite 
variable) posterior longitudinal ligament can now be opened using drill or 2 mm up 
and down-biting Kerrison punch. The TDH can subsequently be delivered into the 
resection cavity in pieces (as in anterior cervical discectomy) or as a single (calci-
fied) fragment using delicate instruments (short or medium length exploration hook, 
curved dissector, 2 mm up and down-biting Kerrison punch).

We explore the cleavage plane between TDH and dura cranial, caudal, but first of 
all ipsilateral to the TDH where the transition between ventral dura (perpendicular 
to the table and covered by the TDH) and lateral dura (in line with the table and 
covered by the epidural venous plexus and caudal pedicle) is observed. By gently 
lifting or even retracting the epidural venous plexus 1 or 2 mm using a short explo-
ration hook, the lateral dura lying underneath may be observed. The ipsilateral 
cleavage plane between TDH and dura is identified, while the apex of the TDH may 
still be pushing the ventral dura backward even though resection of the posterior 
wall and base of the TDH have already created some initial decompression into the 
vertebral resection cavity. Of note, in our experience at thoracic levels, the posterior 
longitudinal ligament has a variable thickness ranging from virtually nonexistent to 
a few mm thick. Occasionally, the TDH seems to be incorporated into the ligament, 
and as in anterior cervical discectomy, leaving the ligament may then result in inad-
equate decompression. One can only be sure the TDH is completely resected when 
the dura (more bluish than the ligament) is exposed and the long exploration hook 
can move freely in the epidural compartment in every direction. Of note, transdural 
extension of very large TDHs may be less frequent than previously thought as most 
CSF leaks may in fact be iatrogenic [5, 21].

Manipulating the TDH will activate epidural venous oozing that will diminish 
once the dura has been adequately decompressed. It is then easily controlled using 
small cubes of gelatin sponge and irrigation. The trick to minimize venous oozing, 
as mentioned before, is to enter the canal only when drilling has completely freed 
the TDH from its surroundings including resection of its large base. This creates 
some initial decompression (as residual TDH and underlying dura move forward 
into the resection cavity) and substantially shortens the time frame in which epi-
dural venous oozing may occur [6]. After TDH resection, the surgical field is irri-
gated, dura and epidural venous plexus are covered with small cubes of gelatin 
sponge (Spongostan™ Dental, Ethicon), and the resection cavity is gently filled but 
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not overfilled with larger pieces of gelatin sponge. Finally, the thoracic cavity is 
gently irrigated and inspected to remove bone dust and other debris, and the inci-
sions are closed using staples after reinsufflation of the lung.

12.2.3  Novel TMD-R Technique Applied to Giant and Massive 
TDHs (n = 39) (Figs. 12.3, 12.4 and 12.6)

Giant TDHs (occupying >40% of the antero-posterior diameter of the spinal canal) 
[5] and massive TDHs (both antero-posterior and transverse diameters >10 mm) [6] 
are among the most challenging lesions in spinal surgery. They may be very large 
and extend deep into the spinal canal, disorienting the surgeon. They may be adher-
ent to or even perforate the dura. They may be largely calcified or even ossified in 
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Fig. 12.6 Massive partially calcified T9–T10 TDH almost completely filling the spinal canal 
causing major spinal cord compression (residual anteroposterior spinal cord diameter 2 mm) and 
right dorsolateral displacement (A1 and B, axial and sagittal T2-weighted MRI; A2, axial CT). 
Postoperative axial CT images (cranio-caudal sequence from T9 to T10) demonstrating T9 corpus, 
rib, and pedicle (C1–C2), T9–T10 resection cavity with small TDH residual strongly adherent to 
the dura (C3–C6), resection of a few mm of the head of the tenth rib with preservation of the CVJ 
(C5–C7), and resection of the upper border of the T10 pedicle anteriorly in order to gain better 
access ipsilaterally (C6–C8). A 3D-reconstructed CT image confirms a very targeted resection 
cavity that preserves the CVJ as well as segmental stability, thus obviating the need for segmental 
stabilization despite the hernia’s massive dimensions (D)
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contrast to the underlying chronically compressed, flattened, fragile spinal cord. We 
have previously published a series of high-risk TDHs operated using intraoperative 
motor-evoked potential (MEP) monitoring, demonstrating that in experienced hands 
such lesions can be dealt with safely using strict endoscopic technique [6]. The 
technique is essentially the same as the basic TMD-R technique described above, 
including preservation of rib and CVJ, yet some points deserve extra attention. It is 
even more important to drill all around the TDH, i.e., far enough ipsilateral, contra-
lateral, cranial, and caudal. For ipsilateral exposure (especially when the TDH 
extends underneath the pedicle), a few mm more of the head of the rib can be drilled 
away. Again, care should be taken not to open the spinal canal too early, which is of 
paramount importance when dealing with massive TDHs that completely fill the 
canal causing massive engorgement of the epidural venous plexus.

Giant calcified TDHs tend to be strongly attached to intervertebral disc, end-
plates, and adjacent vertebral bodies. As long as they have not been completely 
freed from these structures (at which point what is left of them suddenly becomes 
mobile), we can safely reduce their volume with gentle use of a high-speed 6 mm 
diamond drill until only the deeper part (of variable size and sometimes merely a 
cortical shell) remains [6]. As such, we stay inside the TDH as long as it is still 
attached, and until its bulk has been resected and dura and epidural venous plexus 
have been partially decompressed. At this point, the cleavage plane between dura 
and residual TDH (often a large ossified fragment with the exception of transdural 
fragments that tend to be more porous) is carefully developed using delicate instru-
ments (short or medium length exploration hook and curved dissector (Miaspas 
TL®, Aesculap)), while strictly avoiding leverage against the spinal cord [5, 6]. In 
case of transdural extension, at some point CSF will suddenly enter the surgical 
field [6, 21]. As we have now access into the thecal sac containing the spinal cord, 
exploration for any residual intradural fragments should be done with extreme care, 
and the defect reconstructed meticulously using a previously reported multilayer 
technique [21]. Of note, we can drill all the way to the contralateral margin of the 
spinal canal without compromising stability in the vast majority of cases, as long as 
the anterior 2/3 of vertebral bodies, pedicle, and posterior structures are preserved 
(Fig. 12.6).

12.3  Results

Between November 2000 and June 2013, 375 patients were operated consecutively 
in the MUMC+ (Maastricht, The Netherlands) by the first author (EC) for a maxi-
mum of three symptomatic TDHs using either a TMD or a mini-thoracotomy 
approach. The latter approach was used in the early series in patients previously 
operated at another institution through a posterior approach that did not achieve 
adequate cord decompression or in patients with giant or massive TDHs [5, 6], as 
both were offered decompression and immediate anterior stabilization. With 
increasing experience, however, we were able to safely remove even giant TDHs 
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using the endoscopic TMD technique [6]. As such, between June 2013 and October 
2019, 181 patients were operated consecutively by the first author (EC) for a maxi-
mum of three symptomatic TDHs using a strictly endoscopic TMD-R technique. 
After the first two cases were successfully operated on in June 2013, we immedi-
ately abandoned standard TMD technique as the novel TMD-R technique turned out 
to be quite straightforward and much better tolerated.

12.3.1  Surgical Procedure

Some procedures were classified as high-risk considering relevant patient and TDH 
characteristics as defined in a previous paper [6]. These patients (n = 39) were oper-
ated with intraoperative MEP monitoring at one (n  =  29), two (n  =  9), or three 
(n = 1) levels. The other patients (n = 142) were operated without MEP monitoring 
at a maximum of three levels. MEP signals in the lower limbs were absent in five, 
unreliably low in two, and stable throughout the procedure in 18 (including one 
patient operated abroad). We noted a temporary signal drop in four, a fluctuating 
pattern in two, and a sudden bilateral loss of signal in one during intradural explora-
tion which did not result in neurological deterioration. One case of a calcified T8–
T9 TDH and severe clinical and radiological myelopathy (barely able to walk a few 
meters with a rollator) was particularly complicated as he had previous left-sided 
lobectomy for lung cancer. He was operated from the left side again because he 
would likely not tolerate single-lung ventilation on his single remaining left lobe 
while being operated from the right side. As expected, the procedure despite support 
of a thoracic surgeon was very difficult and took 360′ as frequent saturation and 
tension drops necessitated intermittent breaks with ventilation of both lungs. At 
some point during surgery, MEP signals (absent on the right and marginal on the left 
from the beginning) completely disappeared. Unfortunately, he suffered complete 
paralysis, with MRI suggesting anterior spinal cord infarction (despite adequate 
decompression) likely due to the ventilatory and circulatory problems encountered.

Mean operation time in high-risk cases (n = 39) was an acceptable 162′ including 
(or 155′ excluding) the 360′ case described above. In all other cases (n = 142) 15 
took less than 60′, 49 between 60 and 90′, 48 between 90 and 120′, and 20 > 120′ 
with a maximum of 210′ for a maximum of three affected levels. For ten cases, the 
exact operation time was unknown. Over the years, we have learned that investing 
more time in preparation (positioning patient, double-lumen tube, and trocars, as 
well as preparing all surgical tools) pays off with an improved workflow during the 
actual procedure. Blood loss was minimal in the vast majority of procedures. In two 
procedures it was <50 mL, in 74 it was in between 50–100 mL, in 48 in between 
100–250 mL, in 18  in between 250–500 mL, in 14  in between 500–1000 mL in 
14 in between 1000–2000 mL (including one hemothorax from an intercostal vessel 
injured during the localization procedure) [19], and in 2 > 2000 mL (max 4000 mL). 
In nine cases, the exact blood loss was not registered. Of note, mean blood loss in 
the high-risk group (n  =  39) was a very acceptable 537  mL, and besides an 
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occasional intercostal vessel bleeding (either paraspinal or at one of the trocars), 
most blood as in other spinal procedures came from the epidural venous plexus. 
Dural defects were infrequent (5%) as we observed five minor leaks and four major 
leaks including three transdural TDHs (two of which actually presented with symp-
toms and signs of intracranial hypotension and a spinal extradural CSF collection) 
[22]. All defects were successfully repaired using a meticulous multilayer dura 
reconstruction technique [6, 21, 22].

12.3.2  Postoperative Neurological Deficit

Two patients suffered an increased neurological deficit postoperatively (1.1%). The 
first patient (a 61-year-old man who survived both prostate cancer and lung cancer) 
was considered a high-risk case and had a lengthy procedure (360′) as discussed 
above. Despite every possible precaution, periprocedural ventilatory and circulatory 
problems (unrelated to merely 450 mL blood loss) caused an anterior infarction in 
his already compromised spinal cord with partially preserved sensation in both legs. 
The second patient (a healthy 50-year-old woman) suffered pain in her back and left 
leg and sensory problems in both legs caused by two large, partially calcified TDHs 
and myelomalacia at T10–T11–T12. After an uneventful operation (duration 130′, 
blood loss 400 mL), she woke up with flaccid paralysis and partially preserved sen-
sation in both legs which improved to a grade 3 paresis on the left leg within a few 
days. Her MRI scan demonstrated a small contusion in the right anterior horn at 
T10–T11.

12.3.3  Incomplete Decompression

Except for one patient who had wrong level surgery as another TDH with almost 
identical configuration at an incorrect level had been mistakenly localized preopera-
tively, we achieved adequate cord decompression in all patients (no clinically sig-
nificant TDH residual).

12.3.4  Other Complications

Three patients had a fever for several days postoperatively that subsided without any 
action. One patient developed an aspiration pneumonia after vomiting in the wake-
 up room. Four patients developed dyspnea with some consolidation in the ipsilateral 
lung likely due to atelectasis rather than true infection and treated with painkillers, 
physiotherapy, and a short course of antibiotics. One patient developed dyspnea due 
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to pulmonary embolism on the first postoperative day despite prophylaxis, most 
likely because he had been bedridden for over a week at another institution before 
referral. One patient lost approximately 1500 mL blood in her drain and another 
500 mL in her thorax likely related to clopidrogel administered at another institution 
and discontinued merely 2 days before the operation. One patient developed a pleu-
ral hematoma treated conservatively. One patient developed a pseudoaneurysm after 
extensive coagulation on a sclerotic T10 segmental artery that retracted in abundant 
subpleural fat. He was successfully treated endovascularly. Two patients (1.1%) 
developed a vertebral insufficiency fracture despite limited bone resection (one of 
them had been previously operated for another TDH at an adjacent level) and were 
treated conservatively. Of note, in the entire series (n = 556) we did not observe a 
correlation with the amount of vertebral bone resection, as insufficiency fractures 
may occur sporadically in cases with limited bone resection depending on local and 
overall quality of the bone. One patient suddenly developed severe pain in her tho-
rax while leaving bed for a postoperative CT scan. The pain was apparently myo-
genic and treated accordingly.

12.3.5  Acute Postoperative Pain

We will never forget observing one of the first few patients we operated using our 
TMD-R technique lifting a suitcase above his shoulders on top of a closet without 
any hesitation on the second postoperative day. As compared to classic TMD, 
TMD-R patients clearly use less analgesics, mobilize faster, and leave hospital in 
better shape on average 4–5 days postoperatively. Of note, our primary goal has 
never been to discharge them much sooner, but rather to discharge them in better 
shape after a comprehensive package including physiotherapy-supervised mobiliza-
tion and slowly tapering their pain medication. We want our patients to be ready and 
well-instructed when they return home. Interestingly, at their first check-up 6 weeks 
postoperatively, several TMD-R patients reported a vague discomfort inside at the 
exact spinal level they were operated, something we had never heard before. It 
seems that band-like pain in patients operated using the original TMD technique 
(early series) used to be so prominent it completely overshadowed this minor dis-
comfort inside.

12.3.6  Chronic Postoperative Pain

In 2005, Oskouian et al. stated “in spinal surgery there is probably no pathological 
entity more difficult to quantify than outcome after thoracic disc surgery” and “the 
optimal surgical approach to herniated thoracic discs remains unclear and the litera-
ture testifying to the efficacy, indications, or limitations of thoracoscopic disc 
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surgery has not been established” [18]. Unfortunately, not much has changed, as the 
prevalence of (symptomatic) TDHs is still underestimated, and essential outcome 
studies are still missing. In this regard, we must admit we have yet to establish out-
come in a standardized prospective way including neurological, pain, and quality- 
of- life scores, as well as a cost-effectiveness analysis. Still, we have seen very 
promising results with this novel TMD-R technique both in the acute and late post-
operative phase, including a dramatic drop in chronic band-like pain from approxi-
mately 10–15% to <3%.

12.3.7  Clinical Result (Pain, Quality-of-Life, 
Cost-Effectiveness)

This study presents the TMD-R technique as an evolution of the original TMD 
technique able to preserve both rib and CVJ.  The concept of the painful rib 
explains why this novel technique significantly reduces acute and most impor-
tantly chronic band- like pain. The study is a feasibility study that does not include 
any pain and quality- of- life scores evaluated by a blinded researcher, nor a much-
anticipated cost-effectiveness analysis as compared to conservative therapies for 
symptomatic TDHs. We will start collecting such data in a prospective way in the 
near future.

12.4  Discussion

In 1950, Love and Kiefer [23] recognized that TDHs had received little recogni-
tion. In 1971, Carson et al. [24] postulated a very low incidence of symptomatic 
TDHs (1/1 × 106). Although this incidence was based on a simple estimate in the 
pre-CT/MRI era, it has been repeated all over the literature until this day. In 1995, 
however, Wood et al. [1] demonstrated a staggering incidence of 37% on MRI in 
asymptomatic individuals, which makes TDHs no less frequent than their cervical 
or lumbar counterparts. Although exact epidemiological studies are lacking largely 
because of their diverse clinical presentation, the actual incidence of symptomatic 
TDHs must be significantly higher than 1/1 × 106. Undoubtedly, these patients are 
out there, receiving little recognition, often having to wait a long time for a correct 
diagnosis and even longer for symptomatic relief which may be impossible to 
achieve without surgery in a relatively large proportion. While different surgical 
techniques published over the years [7–18] testify to their omnipresence, results 
are difficult to compare as they are very diverse lesions with (single or multi-level) 
small, soft, paramedian or lateral TDHs, on the one end, and giant [5] or massive 
[6] calcified TDHs on the other end causing myelopathy or sometimes merely 
refractory pain.
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12.4.1  What Is Wrong with the Original TMD Technique?

There is no doubt the original TMD technique (published in 1994) [7] has revolu-
tionized surgical treatment of TDHs as the technique using specifically designed 
instruments was safe, efficient, and suited for a wide range of TDHs including cen-
tral calcified ones (Fig. 12.2). Major drawbacks from the surgeon’s perspective were 
the initial investment, unfamiliarity with endoscopic and especially thoracoscopic 
techniques, the learning curve, and last but not the least the fear for complications 
including paraparesis and paraplegia especially in ambulatory patients with merely 
(albeit very disabling) pain. Nevertheless, no other technique seems to have reached 
the same level of acceptance as the TMD technique [3, 6–8, 15–18, 21].

There is, however, another drawback that needs to be mentioned, namely, the 
problem of chronic band-like pain on the operated side that occurs in a significant 
proportion of patients (approximately 10–15%) after TMD and may have discour-
aged some colleagues who just started applying the technique. This pain can be 
disabling, resist medication and even invasive pain treatment, and as such com-
pletely overshadow an otherwise successful operation. When dealing with patients 
who present with symptoms and signs of a myelopathy (Anand grade 4 and 5, still 
a large proportion of patients treated to date as those with merely pain are often 
advised against surgery) [3, 15], such postoperative pain may be more readily 
accepted as collateral damage. It is therefore likely underreported, even though 
these patients may suffer substantially. When dealing with patients who present 
with axial and/or band-like pain whether or not irradiating to the legs (Anand grade 
1–3B) [15], such postoperative pain may turn an otherwise successful operation 
(that has effectively cured the patient from his or her preoperative pain) into a night-
mare. While this pain is often attributed to an intercostal neuralgia [18], it tends not 
to be as sharply demarcated, and it tends to resist intercostal nerve blocks as well as 
radiofrequency rhizotomies. We believe it must have a different cause as we will 
now discuss.

12.4.2  Importance of Preserving the CVJ

The original TMD technique, as briefly presented in Sect. 12.2, involves detaching 
the costotransverse and costovertebral ligaments and removing the pedicle to expose 
the ipsilateral epidural space (Fig. 12.2) [7, 8]. At some point, we realized we had 
never encountered chronic band-like postoperative pain in patients operated at the 
T11–T12 level, the only level the rib actually articulates slightly caudal to the inter-
vertebral disc, and the head of the rib does not have to be resected to gain access to 
the caudal pedicle and ipsilateral dura mater. This prompted our hypothesis that 
chronic band-like pain (as opposed to acute wound pain) after TMD may not be 
related to trocars damaging rib periosteum and intercostal nerves (intercostal neu-
ralgia) [18], but rather to damaging the CVJ, a very strong joint that (together with 
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the CTJ) allows complex 3D movements in harmony with adjacent ribs and the 
entire rib cage. Indeed, while acute pain was clearly incision-related, chronic pain 
could be exacerbated by pressing anywhere on the disarticulated rib, either a few 
fingers from the dorsal midline, over the CTJ, in the flank, or more anteriorly at the 
transition with the costal cartilage.

The movements of the ribs individually and as a whole (thoracic cage) are com-
plex. The axis of rotation of the rib changes progressively down the thoracic cage 
[25]. The upper ribs have a pump-handle movement, with the anterior end swinging 
upward and outward. The lower ribs have a bucket-handle movement, with the ribs 
moving laterally and upward. The lowest ribs have a caliper movement, with the 
entire rib swinging laterally. These combinations of movements lift the rib cage as 
well as expand it in anteroposterior and lateral direction to increase its volume [25]. 
It appears these harmonious movements can be disrupted by destroying a single 
CVJ.  Moreover, innervation of the CVJ suggests that pain in this joint can be 
referred to the anterior chest [20]. As such, dysfunction of the CVJ may cause local-
ized pain approximately 3–4 cm from the dorsal midline, referred pain ranging from 
the dorsal midline to the lateral chest wall, as well as anterior chest pain, and any 
movement of the involved rib may provoke pain at the CVJ and/or reproduce such 
referred pain [20]. It is therefore of paramount importance to keep the CVJ intact at 
all times while not compromising on the safety and efficacy of any given procedure.

12.4.3  Advantages of the TMD-R Technique (Figs. 12.3 
and 12.4)

As mentioned, we have witnessed a big difference with regard to acute and chronic 
postoperative pain comparing 375 original TMD procedures (except for those at 
T11–T12) with 181 subsequent TMD-R procedures in which rib and CVJ were 
preserved without compromising on safety and efficacy of the technique with regard 
to TDHs of different size, level, and laterality. With correct technique and experi-
ence, even very large TDHs can be safely removed using this novel technique [6]. 
The difference is that obvious we feel it would be unethical to do a randomized 
controlled trial comparing both techniques, and even more so as the TMD-R tech-
nique seems to have other advantages as well. First, the technique is truly minimally 
invasive (instead of being merely minimally incisional) as we go straight to target 
while preserving important structures such as pedicle, head of the rib, and CVJ 
(Fig. 12.3). Second, limited vertebral bone resection obviates the need for additional 
stabilization in the vast majority of cases (notwithstanding an occasional vertebral 
insufficiency fracture) (Figs. 12.3, 12.5 and 12.6). Third, less tissue destruction pro-
motes faster healing (including an eventual dural defect). Fourth, less surgical steps 
mean a faster procedure (many procedures <90′, and many high-risk TDHs <180′ of 
course with ample experience). As mentioned, investing more time in preparation 
pays off with an improved workflow during the actual procedure. Fifth, venous 
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oozing is minimal because we do not open the spinal canal laterally where the epi-
dural venous plexus is situated, drill all around the TDH and take out its base before 
opening the spinal canal (Fig. 12.4). This creates some initial decompression (as 
residual TDH and underlying dura move anteriorly into the resection cavity) and 
substantially reduces intensity and duration of epidural venous oozing [blood loss 
was <100 mL in 76 patients and <250 mL in another 48 patients, while mean blood 
loss was an acceptable 537 mL even in the high-risk group (n = 39)]. All in all, 
patients make a faster recovery, including early postoperative mobilization, tapering 
their pain medication, and probably (though unproven) eventual return to work.

12.4.4  Study Limitations and Future Directions

We present a novel TMD-R technique that preserves rib and CVJ as well as the 
rationale behind it. We describe our technique in detail and identify possible advan-
tages, including a significant reduction in acute and chronic postoperative pain as 
well as in epidural venous oozing.

Oskouian et al. [18] stated “in spinal surgery there is probably no pathological 
entity more difficult to quantify than outcome after thoracic disc surgery” while 
identifying two reasons [18]. First, the natural history of the disease is not clearly 
understood, which makes it hard to determine which patients will benefit from sur-
gery. As mentioned, more research has to be done to clarify this important issue. 
Second, the incidence of TDHs is extremely low (an estimated incidence of 1% of 
all herniated discs). As mentioned, we believe that TDHs are an underestimated 
disease even to date. We would like to add two additional reasons. Third, the clinical 
presentation of TDHs is very diverse (different types of pain and/or myelopathy, 
compressive lumbar myelopathy, abdominal wall bulge, spontaneous spinal CSF 
leak, etc.) [3, 4, 15–17, 22, 23, 26] and as such, outcome after surgery has many 
different aspects. Fourth, TDHs are often multiple which may explain residual or 
recurrent complaints attributable to another level.

Oskouian et al. [18] also stated “the optimal surgical approach to herniated tho-
racic discs remains unclear and the literature testifying to the efficacy, indications, 
or limitations of thoracoscopic disc surgery has not been established” [18]. 
Unfortunately, not much has changed, as the prevalence of symptomatic TDHs is 
still underestimated, and essential outcome studies are still missing. In this regard, 
we too must admit we have yet to establish outcome in a standardized prospective 
way including neurological pain and quality-of-life scores as well as a (compara-
tive) cost-effectiveness analysis. Still, we have seen very promising results with this 
novel technique, including a dramatic drop in chronic band-like pain on the oper-
ated side often resisting even invasive pain therapy. As many TDH patients suffer 
intractable pain for years or even longer that resists conservative treatment (induc-
ing chronic use of morphine derivatives), we anticipate an excellent cost- 
effectiveness provided surgery is applied to the right patient at the right level(s) 
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while being safe, efficient, and at low risk of inducing another pain as an unwanted 
side effect.

In a broader perspective, measuring quality in spine surgery is still in its 
infancy [27]. This certainly holds true for the surgical treatment of TDHs which 
are intriguing lesions that receive relatively little attention in the literature as 
compared to their cervical and lumbar counterparts. We need to understand why 
so many are asymptomatic, while other similar TDHs are clearly symptomatic, 
why small TDHs may occasionally cause a myelopathy while much larger TDHs 
may cause merely pain, etc. It seems their pathogenesis (part of a growth disor-
der of the thoracic or thoracolumbar spine rather than degenerative) [2] and 
pathophysiology (compression of the cord, congestion of the veins, irritation of 
the dura, and inflammation [28]) are unique, and studying them will likely learn 
us a lot about spinal cord pathophysiology as well. For example, we hope 
one day to be able to compare segmental spinal cord perfusion in asymptomatic 
and symptomatic TDH patients before and after decompression. We need to 
study TDHs in order to better understand them, which will likely involve an 
update of the Anand classification [15] and the development of validated out-
come scores specifically for TDHs.

12.5  Conclusion

We present a novel TMD-R technique that preserves rib and CVJ without compro-
mising on safety and efficacy with regard to TDHs of different size, level, and later-
ality. Possible advantages include less bone resection, less epidural venous oozing, 
improved orientation, shorter OR time, significant reduction in acute and chronic 
postoperative pain, and an overall faster recovery and return-to-work. We hope this 
novel technique supported by the latest high-speed drill and 3D HD camera systems 
will find a broader acceptance among a new generation of spine surgeons who 
already feel comfortable using an endoscope, to the benefit of patients suffering 
myelopathy and/or intractable pain who may still face reluctance among surgeons 
to offer surgery. Last but not the least, recognizing TDHs as an important health 
issue should prompt more research on their unique pathogenesis, pathophysiology, 
natural history, and outcome after surgery using validated neurological, pain, and 
quality-of-life outcome scores.
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Chapter 13
Efficacy of Selective Dorsal Rhizotomy 
and Intrathecal Baclofen Pump 
in the Management of Spasticity

Pramath Kakodkar , Hidy Girgis, Perla Nabhan, Sharini Sam Chee, 
and Albert Tu 

13.1  Background

Spasticity is a motor disorder that is defined by its velocity-dependent increase in 
muscle tone. Clinically, spasticity can be identified by its ‘clasp-knife’ feature dur-
ing evaluation of passive limb mobility [1, 2]. Unmanaged spasticity leads to mus-
culoskeletal remodeling and deformity including contractures, muscle shortening, 
long bone torsion, and joint destruction [1–6]. Spasticity is a common consequence 
of multiple conditions including cerebral palsy (CP), multiple sclerosis (MS), trau-
matic brain injury (TBI), and spinal cord injury (SCI) [1, 3, 4, 6–11]. Unmanaged, 
these patients experience significant limitation in their movement, functional ambu-
lation, and quality of life. While a variety of treatments exist, neurosurgical inter-
vention is largely centered on the provision of two keystone therapies—selective 
dorsal rhizotomy (SDR) and intrathecal baclofen pump (ITB) [12–20]. Determining 
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which of these interventions is most appropriate for individual patients is dependent 
on a myriad of variables [14, 21–33]. Given that the predilection of spasticity varies 
drastically in adult and pediatric patients, it would be of interest to evaluate the 
outcomes of unique patient cohorts to determine whether specific etiologies may 
favor ITB or SDR [24, 33–38]. Therefore, this systematic review is conducted 
across a large scope of patients that encompasses the adults and pediatrics popula-
tions undergoing ITB or SDR for management of spasticity.

13.2  Methods

A systematic literature review was conducted during January 2021 by authors 
PK, SSC, PN, and HG in accordance with PRISMA (2015) guidelines as shown 
in Fig.  13.1 [39]. The review was restricted to publications between January 
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1990 to January 2021. Combinations of search terms ‘Selective Dorsal 
Rhizotomy’, ‘Selective Posterior Rhizotomy’, ‘functional posterior rhizotomy’, 
‘intrathecal baclofen pump’, and ‘spasticity’ were queried on Medline and 
Embase databases. All studies that were not published in English language, inac-
cessible via digital or local repository, or reviews without any original data were 
excluded. Additionally, only studies with at least 1 year of follow-up duration 
were included in the analysis. Publications were evaluated for patient gender, 
etiology of spasticity, surgical parameters, operating parameters of ITB, need 
for postprocedural intervention, and pre- and postprocedural clinical status (i.e., 
spasticity, tone, ambulatory status, complications). Additional interventions for 
spasticity (i.e., oral antispasmodic medications, botulinum A toxin injections, 
etc.) as well as orthopedic procedures (i.e., tendon lengthening, osteotomies, 
etc.) were also documented when available. Complications related to treatment 
(i.e., metabolic derangement, spinal deformity, etc.) were analyzed when 
reported. Outcomes were evaluated quantitatively when possible and described 
qualitatively when not.

13.3  Results

13.3.1  Search Results

Our search criteria yielded a total of 290 potential publications. Thirty six were 
unavailable on digital or local repository. One hundred and seventeen described 
studies did not include data irrelevant to SDR or ITB. Furthermore, 64 publications 
were eliminated as their follow-up duration was shorter than 12  months. The 
remaining 61 publications described the use and outcomes of SDR and ITB in 1291 
adult patients and 2263 pediatric patients (Fig. 13.1).

13.3.2  Demographics

In the adult cohort (patients 18 years of age or older) (n = 1291), the mean age at 
time of intervention was 39.1 ± 14.6 years with a slight predilection for male gender 
(M:F = 1.4:1). The mean follow-up duration for this cohort is 71.8 ± 62.0 months. 
76.1% of the patients underwent ITB (n  =  983) and 23.9% underwent SDR 
(n = 308). Conversely, the pediatric cohort (age under 18 years of age) (n = 2263) 
had a mean age at intervention of 7.9  ±  3.5  years with a slight predilection for 
female gender (M:F  =  1:1.3). The mean follow-up duration for this cohort was 
24.6 ± 48.6 months. 24.6% of the patients underwent ITB (n = 557) and 75.4% 
underwent SDR (n = 1706).
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13.3.3  Etiology of Spasticity in All Patients

The adult cohort data are derived from 27 publications [9, 15, 19, 20, 26, 28, 34, 
40–53]. The most common etiologies of spasticity in these patients were multiple 
sclerosis (35.4%, n = 457), cerebral palsy (21.9%, n = 283), and traumatic brain 
injury (14.7%, n = 190). The remainder of the adult data is summarized in Tables 
13.1 and 13.2. The pediatric cohort data are derived from 35 publications [12, 14, 

Table 13.1 Study demographics and proportion of spasticity management in adult patients 
(n = 1291)

Spasticity etiology n

Mean age 
(SD) 
years

Mean FU 
(SD) 
month

Proportion of 
overall undergoing 
SDR% (n)

Proportion of 
overall undergoing 
ITB % (n)

ALS 9 34.1 
(10.2)

39.4 
(27.7)

33% (3) 66% (6)

CP 283 31.1 (5.7) 54.8 
(46.1)

42.4% (120) 57.6% (163)

CVA 43 45.9 
(7.07)

65.2 
(28.4)

0 100% (43)

HBI 40 39.1 (2.9) 38.1 
(16.3)

0 100% (40)

ICH 6 39 (0) 42 (0) 0 100% (6)
Inflammatory/
infectious

17 42.6 (1.5) 87.5 
(18.3)

0 100% (17)

MS 457 43.6 
(10.1)

102.3 
(82.9)

22.8% (104) 77.2% (353)

Neurodegenerative 23 36.9 
(0.58)

104.6 
(32.1)

30.4% (7) 69.6% (16)

Spinocerebellar 
degenerative disease

12 37.7 (7.5) 40.7 
(20.7)

33.3% (4) 66.7% (8)

SAH 3 39 (0) 42 (0) 0 100% (3)
SCI 135 42.0 

(10.8)
35.6 
(18.5)

22.2% (30) 77.8% (105)

TBI 190 35.2 (6.4) 67.9 
(35.4)

21.1% (40) 78.9% (150)

CRPS 7 55.3 (0) 36 (0) 0 100% (7)
Other cerebral 
pathologya

35 36.9 (4.3) 41.5 
(10.4)

0 100% (35)

Other spinal pathologyb 28 48.8 (9.6) 51.6 
(15.0)

0 100% (28)

Other PNS pathologyc 3 44.3 (5.5) 20.5 
(18.7)

0 100% (3)

aHoloprosencephaly (n = 1), idiopathic torsion dystonia (n = 2), thrombosis (n = 1), transverse 
myelitis (n = 2)
bBrainstem tumor (n = 1), transverse myelitis (n = 1), meningomyelocele (n = 1), neuromyelitis 
opyica (n = 1), leigh syndrome (n = 1)
cGlutaric aciduria (n = 1), Hallervorden–Spatz disease (n = 7), Huntington’s disease (n = 1), mito-
chondrial disease (n = 1), Wilson’s disease (n = 1), glutaric aciduria type 1 (n = 2), hereditary 
spastic paraplegia (n = 2)
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Table 13.2 Extent of rootlet resection and ITB dosing by etiology of spasticity in adult patients 
(n = 1291)

Spasticity etiology n
Rootlets sectioned 
during SDR

ITB baclofen 
mean dose μg/day 
(SD)

ITB baclofen max 
dose μg/day (SD)

ALS 9 Bilateral L1–S2 
(50–67%) + 
unilateral S2

NA 500 (0)

CP 283 Bilateral L1–S2 
(50–67%) + 
unilateral S2

244.3 (61.6) 419.1 (93.7)

CVA 43 – 251.7 (12.2) 422.5(32.5)
HBI 40 – 314.1 (174.0) 681.6 (607.6)
ICH 6 – 200 (0) 320 (0)
Inflammatory/infectious 17 – 273.4 (93.8) 459.4 (128.3)
MS 457 Bilateral L1–S2 

(50–67%) + 
unilateral S2

193.4 (90.6) 355.0 (257.0)

Neurodegenerative 23 Bilateral L1–S2 
(50–67%) + 
unilateral S2

230 (0) 400 (0)

Spinocerebellar 
degenerative disease

12 Bilateral L1–S2 
(50–67%) + 
unilateral S2

NA 500 (0)

SAH 3 – 200 (0) 320 (0)
SCI 135 Bilateral L1–S2 

(50–67%) + 
unilateral S2

337.3 (136.8) 507.8 (183.4)

TBI 190 Bilateral L1–S2 
(50–67%) + 
unilateral S2

271.9 (141.2) 533.5 (405.4)

CRPS 7 – NA NA
Other cerebral 
pathologya

35 – 200 (0) 460 (74.8)

Other spinal pathologyb 28 325.1 (167.0) 692.8 (153.1)
Other PNS pathologyc 3 203.7 (3.7) 305 (15.1)

aHoloprosencephaly (n = 1), idiopathic torsion dystonia (n = 2), thrombosis (n = 1), transverse 
myelitis (n = 2)
bBrainstem tumor (n = 1), transverse myelitis (n = 1), meningomyelocele (n = 1), neuromyelitis 
opyica (n = 1), Leigh syndrome (n = 1)
cGlutaric aciduria (n = 1), Hallervorden–Spatz disease (n = 7), Huntington’s disease (n = 1), mito-
chondrial disease (n = 1), Wilson’s disease (n = 1), glutaric aciduria type 1 (n = 2), hereditary 
spastic paraplegia (n = 2)

15, 30, 34, 40, 54–82]. The most common etiologies of spasticity in these patients 
were cerebral palsy (92.8%, n = 2100), brain or spinal cord injury (4.9%, n = 110), 
and hypoxic brain injury (HBI) (0.75%, n = 17). The remainder of the pediatric data 
are summarized in Tables 13.3 and 13.4.
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Table 13.3 Study demographics and proportion of spasticity management in pediatric patients 
(n = 2263)

Spasticity etiology n

Mean age 
(SD) 
years

Mean FU 
(SD) 
month

Proportion of overall 
undergoing SDR % 
(n)

Proportion of overall 
undergoing ITB % 
(n)

CP (unclassified) 1162 7.1 (3) 40.1 (56.8) 75.9% (882) 24.1% (280)
CP (dyskinetic) 25 10.9 (0) 18.1 (0) 80% (20) 20% (5)
CP (severe 
dystonia)

3 10.6 (3.3) 59 (35.3) 100% (3) 0%

CP (spastic 
diplegic/
quadriplegic)

159 5.4 (8.7) 44.4 (68.7) 100% (159) 0%

CP (spastic 
diplegic)

404 7.9 (3.7) 42.4 (39.9) 94.1% (380) 5.9% (24)

CP (spastic 
quadriplegic)

347 8.4 (2.5) 18.2 (21.5) 67.4% (234) 32.6% (113)

HBI 17 12.4 (2.7) 28 (2.6) 0% 100% (17)
Inflammatory/
infectiousa

6 13.4 (1.3) 30.7 (2.3) 16.7 (1)% 83.3% (5)

Other cerebral 
pathologya

4 12.5 (1.5) 26.2 (2.8) 0% 100% (4)

Other spinal 
pathologyb

5 12.3 (0.5) 15.9 (2.8) 60% (3) 40% (2)

Other genetic 
pathologyc

15 13.5 (0) 29.4 (0) 40% (6) 60% (9)

Trauma (SCI/TBI) 110 14.8 (3.1) 38.4 (6.3) 12.7% (14) 87.3% (96)
MS/degenerative 3 13 (0.9) 24.8 (32.4) 33.3% (1) 66.7% (2)
Other 3 12.3 19 100% (3) –

SD standard deviation, FU follow-up, SDR selective dorsal rhizotomy, ITB intrathecal baclofen 
pump, μg micrograms, SLL single level laminectomy, NA not available,  – not applicable, ALS 
amyotrophic lateral sclerosis, CP cerebral palsy, CVA cerebrovascular accident, HBI hypoxic brain 
injury, ICH intracerebral hemorrhage, MS multiple sclerosis, SAH subarachnoid hemorrhage, SCI 
spinal cord injury, TBI traumatic brain injury, BTX-A botulinum toxin A
aHoloprosencephaly (n = 1), idiopathic torsion dystonia (n = 2), thrombosis (n = 1), transverse 
myelitis (n = 2)
bBrainstem tumor (n = 1), transverse myelitis (n = 1), meningomyelocele (n = 1), neuromyelitis 
opyica (n = 1), Leigh syndrome (n = 1)
cGlutaric aciduria (n = 1), Hallervorden–Spatz disease (n = 7), Huntington’s disease (n = 1), mito-
chondrial disease (n = 1), Wilson’s disease (n = 1), glutaric aciduria type 1 (n = 2), hereditary 
spastic paraplegia (n = 2)

13.3.4  Technical Details

13.3.4.1  ITB in Adult Patients

ITB was most often utilized in patients with MS (35.9%, n = 353 out of 983), CP 
(16.6%, n = 163 out of 983), and TBI (15.3%, n = 150 out of 983). Patients with SCI 
(n = 44), other spinal pathologies (n = 9), and HBI (n = 23) had the highest mean 
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Table 13.4 Extent of rootlet resection and ITB dosing by etiology of spasticity in pediatric 
patients (n = 2263)

Spasticity etiology n
Rootlets sectioned during 
SDR

ITB baclofen 
mean dose (SD) 
μg/day

ITB baclofen max 
dose (SD) μg/day

CP (unclassified) 1162 [L1–S2, 65%] (15.1%, 
n = 133)
[L2–S2, 50%] (1.4%, 
n = 12)
[L1–L2]
(14.9%, n = 131)
[L2–S2]
(3.2%, n = 28)
[L2–S1]
(4.6%, n = 41)
[L4–S1]
(3.6%, n = 32)

275.8 (135.1) 1145.3 (71.6)

CP (dyskinetic) 25 NA NA NA

CP (severe dystonia) 3 NA – –

CP (spastic diplegic/
quadriplegic)

159 MLL [L3–L4]
(0.6%, n = 1)
MLL [L4–S1]
(17, n = 27)

– –

CP (spastic diplegic) 404 [L2–S1] (7.6%, n = 29)
MLL [L3–L4]
(7.1%, n = 27)
MLL [L4–S1]
(7.1%, n = 27)

1100 (535) NA

CP (spastic quadriplegic) 347 [L2–S2] (10.7%, n = 25)
[L3–L4]
(10.3%, n = 24)

485 2000

HBI 17 – 423.9 2000

Inflammatory/infectiousa 6 NA 419.4 2000

Other cerebral pathologya 4 – 485 2000

Other spinal pathologyb 5 [L1–S2, 14–50%] (100%, 
n = 3)

627.9 (0) NA

Other genetic pathologyc 15 [L1–S2, 14–50%] (100%, 
n = 4)

474.8 (0) 2000

Trauma (SCI/TBI) 110 [L1–S2, 14–50%] (100%, 
n = 14)

450 (294.7) NA

MS/degenerative 3 NA 627.9 NA

Other 3 NA – –

SD standard deviation, FU follow-up, SDR selective dorsal rhizotomy, ITB intrathecal baclofen pump, μg 
micrograms, SLL single level laminectomy, NA not available, – not applicable, ALS amyotrophic lateral sclero-
sis, CP cerebral palsy, CVA cerebrovascular accident, HBI hypoxic brain injury, ICH intracerebral hemorrhage, 
MS multiple sclerosis, SAH subarachnoid hemorrhage, SCI spinal cord injury, TBI traumatic brain injury, BTX-
A botulinum toxin A
aHoloprosencephaly (n = 1), idiopathic torsion dystonia (n = 2), thrombosis (n = 1), transverse myelitis (n = 2)
bBrainstem tumor (n = 1), transverse myelitis (n = 1), meningomyelocele (n = 1), neuromyelitis opyica (n = 1), 
Leigh syndrome (n = 1)
cGlutaric aciduria (n = 1), Hallervorden–Spatz disease (n = 7), Huntington’s disease (n = 1), mitochondrial 
disease (n = 1), Wilson’s disease (n = 1), glutaric aciduria type 1 (n = 2), hereditary spastic paraplegia (n = 2)
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Table 13.5 Preprocedural medications in adult patients (n = 16) undergoing ITB

Medication class Agent (n)

Anti-spasticity Baclofen (16)
Tizanidine (2)

β-Blocker Propranolol (11)
Opioid Morphine (2)

Buprenorphine (2)
Hydromorphone (1)
Fentanyl (1)

Benzodiazepine Lorazepam (3)
Clonazepam (1)
Diazepam (1)

Anticonvulsant/barbiturate Phenobarbital (1)

All patients from single study of TBI patients

doses of baclofen documented at 337.3 ± 136.8 μg/day, 325.1 ± 167 μg/day, and 
314.1 ± 174 μg/day, respectively. The remainder of patients with varied etiologies 
of spasticity are summarized in Table 13.5. One study documented the preproce-
dural pharmacologic therapies used in TBI patients; the most common were 
baclofen (100%, n = 16 out of 16) and Propranolol (68.7%, n = 11 out of 16) [40].

13.3.4.2  ITB in Pediatric Patients

In this cohort, ITB was most frequently provided to patients with CP (75.8%, 
n = 422 out of 557), trauma (pooled TBI and SCI) (17.2%, n = 96 out of 557), and 
HBI (3.0%, n = 17 out of 557). Patients with spastic diplegic CP (n = 404) had the 
highest mean dosage of 1100 ± 535 μg/day of baclofen. Both neurodegenerative 
disease (n = 3) and other spinal pathologies (n = 5) had a mean dosage of 627.9 μg/
day. The remainder of these patients with varied causes of spasticity are summa-
rized in Table 13.6. Three studies documented the preprocedural medications in 
patients with spasticity of varied etiology; the most common medication was oral 
baclofen (40.1%, n = 168 out of 419). A comprehensive list of these medications is 
provided in Table 13.6.

13.3.4.3  SDR in Adult Patients

The most common etiologies of spasticity in adult patients undergoing SDR were 
CP (39.0%, n = 120 out of 308), MS (33.8%, n = 104 out of 308), and TBI (13.0%, 
n = 40 out of 308). The remainder of patients with varied spasticity who underwent 
SDR are summarized in Tables 13.1 and 13.2. All adult patients described that 
underwent SDR (n  =  308) had a single-level laminectomy at L1 and in some 
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instances, extended to L2. Patients underwent bilateral rhizotomy with a range of 
50–67% of the L1–S2 rootlets being sectioned; in patients with a spastic bladder, 
unilateral S2 rhizotomy was also described (Tables 13.1 and 13.2). 
Electrophysiological monitoring was utilized intraoperatively in all depictions.

13.3.4.4  SDR in the Pediatric Patients

Patients with CP made up the majority of pediatric individuals undergoing SDR 
(98%, n = 1678 out of 1706); a smaller number of patients with trauma (composite 
of TBI and SCI) comprised the second most common etiology for spasticity (0.82%, 
n = 14 out of 1706). The remainder of patients with other pathologies are summa-
rized in Tables 13.3 and 13.4. Multilevel laminectomy (83.6%, n = 556) was the 
predominant choice in the pediatric patients who underwent SDR (n  =  665). 
Exposure most commonly extended from L1 to L5 (27.2%, n = 181), although other 
starting and ending levels were also described. Single-level laminectomy, when 
described, occurred most commonly at L1 (6.2%, n = 41). A complete breakdown 
of extent of surgery is shown in Table 13.7. Only 166 patients who underwent bilat-
eral rhizotomy had documented rootlet resection percentages. In these patients, 
extent of rootlet division ranged from 14 to 65% at each level. Only posterior root-
let division was described. Distribution of starting and ending rootlets is shown in 
Tables 13.3 and 13.4. Electrophysiological monitoring was utilized intraoperatively 
in all procedures.

13.3.5  Measured Outcomes

13.3.5.1  Efficacy of ITB on Tone

In adult patients with quantitative tone measurement, all patients (n = 211) under-
going ITB had improved Mean Ashworth Score (MAS) at the time of their follow-
up relative to their baseline [15, 20, 40]. TBI (n = 47) patients improved by a mean 

Table 13.6 Preprocedural medications in pediatric patients (n = 419) undergoing ITB

Medication class Agent

Antispasticity agent Oral baclofen (168)
ITB via external pump (86)
Dantrolene sodium (80)
Trihexyphenidyl (1)

Benzodiazepine Clonazepam (2)
Clorazepate (80)

Psychiatry medication Trazodone (1)
Tetrabenazine (1)
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Table 13.7 Levels of laminectomy for SDR in pediatric patients (n = 665)

Laminectomy type Level % Involvement (n)

Single level laminectomy (11.1%, n = 74) L1 6.2% (41)
Not documented 5.0% (33)

Posterior laminectomy (4.8%, n = 32) L2–L5 1.8% (12)
S2 3.0% (20)

Multilevel laminectomy (83.6%, n = 556) T12–S2 5.9% (39)
L1–L5 27.2% (181)
L1–S1 6.6% (44)
L1–L2 3.6% (24)
L2–L5 13.4% (89)
L2–S1 12.1% (81)
L5–S1 14.7% (98)

of 1.8 grades in their MAS from baseline. The remainder of patients including those 
with CP (n = 20), MS (n = 37), SCI (n = 42), and other diagnoses (n = 65) improved 
by 2 grades on average from baseline. In contrast, 95% of pediatric patients with 
reported quantitative measures (n = 99 patients) improved their MAS from base-
line, whereas 5% deteriorated post-ITB by the time of their final follow-up [54, 56, 
57, 60, 71, 83]. Patients with CP (n = 81) improved by an average of 1.7 grades 
measured by MAS from baseline. In the remainder of the patients with TBI (n = 10), 
SCI (n = 1), and other diagnoses (n = 7), an average improvement of 2 grades was 
seen. Of significance, substantial decrease in dystonia was qualitatively reported in 
the pediatric patients diagnosed with CP (n = 25) after ITB placement.

13.3.5.2  Efficacy of SDR on Tone

All adult patients undergoing SDR with reported post intervention quantitative out-
comes (n = 100) had an improved MAS at the time of their final follow-up relative 
to baseline. Patients with CP (n = 60), MS (n = 29), and TBI (n = 5) improved on 
MAS by an average of 3, 2, and 1 grade, respectively. The remaining patients 
(n = 6) improved by a mean of 1.5 grades. Conversely, pediatric patients who under-
went SDR primarily consisted of those with CP (n = 20). These patients had a mean 
improvement of 0.9 on scores after surgery by final follow-up.

13.3.5.3  Efficacy of SDR and ITB on ROM

Only one study compared the lower extremity passive ROM in adult patients who 
underwent SDR (n = 71) to those undergoing ITB (n = 71) [44]. A composite score 
was calculated from the scoring of the Passive Range of Motion (PROM) in hip 
abduction, knee flexion, and ankle dorsiflexion. The SDR cohort had a statistically 
significant improvement in lower extremity PROM when compared to the ITB 
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cohort (−0.77 vs. −0.33, p = 0.0138). Another study found that of the 152 patients 
who underwent SDR, 80% (n = 122) had improved lower extremity ROM while the 
20% (n = 30) remained unchanged [15].

In pediatric patients, PROM quantitative data were analyzed from 43 patients 
[84]. There was significant improvement in the ankle dorsiflexion in patients who 
underwent SDR (Table 13.8). Active Range of Motion (AROM) was quantitatively 
analyzed from 5 publications [50, 59, 65, 69, 85]. There was significant bilateral 
improvement in the AROM in hip abduction and popliteal angle in pediatric patients 
who underwent SDR. Only hip extension and flexion was not observed to improve 
to a statistically significant degree after SDR (Table 13.9). No studies in this review 
were found to describe AROM or PROM in pediatric patients who underwent ITB

13.3.5.4  Efficacy of SDR and ITB on Ambulation in Adult Patients

Overall, all adult patients undergoing SDR remained stable or had significant 
improvement in their functional ambulation when measured by Gross Motor 
Functional Classification Scale (GMFCS) after an average of 12 months of follow-
 up (Table 13.10). Etiologies for spasticity were most commonly CP (n = 60), MS 
(n = 52), and trauma (including TBI and SCI) (n = 35). Rare etiologies included 

Table 13.8 Change in the PROM after SDR in pediatric patients compared to baseline

Passive ROM Preoperative Postoperative Difference p value [95% CI]

Ankle DF (n = 43) − 5 ± 10.7 0.46 ± 9.14 5.45 0.0128 [1.19–9.73]
Knee flexion/extension 
(n = 43)

19.5 ± 13.8 18.4 ± 12.1 −1.10 0.6953 [−6.67 to 
4.67]

Hip flexion/extension 
(n = 12)

− 15.0 ± 
10.2

− 7.5 ± 9.9 7.5 0.0812 [−1.01 to 
16.01]

Table 13.9 Change in AROM after SDR in pediatric patients compared to baseline

Active ROM Preoperative Postoperative Difference p value [95% CI]

Ankle DF (n = 43) 3.6 ± 10.8 9.8 ± 7.2 6.16 0.0024 [2.26–10.14]
Left ankle DF (n = 88) − 6.2 ± 8.1 4.2 ± 7.1 10.4 0.0001 [8.13–12.67]
Right ankle DF (n = 88) − 4.6 ± 7.5 4.4 ± 7.3 9.1 0.0001 [6.80–11.20]
Knee flexion/extension 
(n = 43)

24.3 ± 14.6 34.3 ± 13.7 10.1 0.0015 [3.93–16.07]

Hip flexion/extension (n = 43) 24.7 ± 12.1 27.5 ± 11.0 2.8 0.2647 [− 2.16 to 
7.76]

Left Thompson Test (n = 75) − 7.4 ± 6.9 − 1.1 ± 2.6 6.3 0.0001 [4.62–7.98]
Right Thompson Test (n = 75) − 6.8 ± 6.1 0.2 ± 1.9 7.0 0.0001 [5.54–8.46]
Left hip abduction (n = 75) 24.9 ± 7.7 35.5 ± 7.7 10.5 0.0001 [8.12–13.09]
Right hip abduction (n = 75) 22.8 ± 6.5 33.3 ± 10.0 10.6 0.0001 [7.78–13.22]
Left popliteal angle (n = 88) 40.8 ± 8.0 50.0 ± 11.6 9.1 0.0001 [6.24–12.17]
Right popliteal angle (n = 88) 38.2 ± 8.2 48.9 ± 11.6 10.7 0.0001 [7.71–13.69]
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Table 13.10 Change in GMFCS of adult patients after SDR compared to baseline

Baseline GMFCS
Post-SDR at mean follow-up duration of 12 months
Improvement % (n) Stable % (n) Deterioration % (n)

GMFCS I (n = 18) NA 100% (18) –
GMFCS II (n = 31) 100% (31) – –
GMFCS III (n = 13) 100% (13) – –
GMFCS IV (n = 67) 26.9% (18) 73.1% (49) –
GMFCS V (n = 26) – 100% (26) –
Subtotal (n = 155) 40% (62) 60% (93) –

spinocerebellar degenerative disease (n = 5) and amytrophic lateral sclerosis (ALS) 
(n = 3) (Table 13.11). While patients with MS and CP saw potential for improve-
ment in their postintervention functional classification, patients with spasticity sec-
ondary to trauma or degenerative disease remained unchanged in ambulatory status. 
It should be noted that all patients with CP who underwent SDR had a GMFCS I–
III, whereas all patients with trauma or degenerative disease were already GMFCS 
IV or V.  In comparison, the etiologies for spasticity in the majority of patients 
undergoing placement of ITB were CP (n = 20), MS (n = 27), and trauma (n = 15) 
(Table 13.14). An additional number of patients were diagnosed with hypoxic brain 
injury (HBI) (n = 5), ALS (n = 2), and a mix of other pathologies (including spastic 
paralysis NYD, posterior lateral sclerosis, myelitis, and cerebrovascular accident) 
(n = 5).

Outcomes in patients receiving ITB were much more varied (Table 13.12). A 
significant number of patients, even those with a pre-intervention GMFCS of I or II, 
experienced a functional deterioration to worse than baseline by time of final fol-
low- up. The exception to this observation were patients with spasticity related to 
trauma—these all remained stable (i.e., no better or worse functional classification) 
by the time of final follow-up. Of note, however, patients undergoing SDR had 
much shorter mean reported follow-up than those undergoing placement of ITB (12 
months vs. 47.5 months). When reviewing publications that describe ambulatory 
outcomes on a qualitative basis, approximately 66% of adult patients who are 
ambulatory at baseline experienced an improvement after SDR, while the remain-
ing 34% remained unchanged. In comparison, only 19.6% of nonambulatory 
patients improved after SDR, while the remainder remained stable after interven-
tion. Of patients undergoing placement of ITB, 82.8% of ambulatory patients 
improved in comparison to only 0.9% of nonambulatory patients gaining function.

13.3.5.5  Efficacy of SDR and ITB on Ambulation in Pediatric Patients

In pediatric patients undergoing SDR (n = 131), improvement or stabilization of 
function was observed in 25.3% (n = 55) and 71% (n = 154) of patients, respec-
tively (Tables 13.13 and 13.14) [73]. Deterioration in ambulation occurred in 3.7% 
(n = 8) patients after a mean follow-up duration of 132.6 months. No patients who 
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Table 13.11 Change in GMFCS of adult patients after SDR compared to baseline, stratified by 
etiology of spasticity

Etiologies of spasticity
Baseline 
GMFCS

Post-SDR changes in GMFCS

Improvement 
% (n)

Stable 
% (n)

Deterioration 
% (n)

Mean 
follow-up 
(months)

CP (n = 60) GMFCS I 
(n = 18)

NA 100% 
(18)

– 12

GMFCS II 
(n = 30)

100% (30) – –

GMFCS III 
(n = 12)

100% (12) – –

Subtotal 
(n = 60)

70% (42) 30% 
(18)

–

MS (n = 52) GMFCS II 
(n = 1)

100% (1) – – 12

GMFCS III 
(n = 1)

100% (1) – –

GMFCS IV 
(n = 41)

43.9% (18) 56.1% 
(23)

–

GMFCS V 
(n = 9)

– 100% 
(9)

NA

Subtotal 
(n = 52)

38.5% (20) 61.5% 
(32)

–

Trauma: SCI + TBI 
(n = 35)

GMFCS IV 
(n = 26)

– 100% 
(26)

– 12

GMFCS V 
(n = 9)

– 100% 
(9)

NA

Subtotal 
(n = 35)

– 100% 
(35)

–

Spinocerebellar 
degenerative disease 
(n = 5)

GMFCS V 
(n = 5)

– 100% 
(5)

NA 12

Subtotal 
(n = 5)

– 100% 
(5)

NA

ALS (n = 3) GMFCS V 
(n = 3)

– 100% 
(3)

– 12

Subtotal 
(n = 3)

– 100% 
(3)

–

were GMFCS I deteriorated by the end of follow-up, whereas 4.1% (n = 2), 6.4% 
(n = 5), and 1.5% (n = 1) of GMFCS II, III, and IV, respectively, underwent mea-
sureable decline in function by the end of their follow-up in comparison to baseline. 
GMFM data were also available for 93 patients. In the entire population, the mean 
baseline GMFM% was approximately 69.6 ± 14.4 and post SDR, GMFM rose to a 
mean of 76.8 ± 12.6 by follow-up period of 51.1 ± 46.5 months [59, 76, 81, 84]. An 
unpaired t test indicates statistically significant improvement of 7.2 on the GMFM 
(95% CI 3.28–11.12, p = 0.0004). No reports fitting inclusion criteria described 
pediatric patients undergoing ITB with documented pre- and postprocedure GMFCS.
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Table 13.12 Change in GMFCS of adult patients after ITB compared to baseline

Baseline GMFCS
Post ITB at mean follow-up duration of 35.75 months
Improvement % (n) Stable % (n) Deterioration % (n)

GMFCS I (n = 13) NA 61.5% (8) 31.5% (5)
GMFCS II (n = 28) 14.3% (4) 75% (21) 10.7% (3)
GMFCS III (n = 41) 19.5% (8) 70.7% (29) 9.8% (4)
GMFCS IV (n = 33) 30.3% (10) 69.7% (23) –
GMFCS V (n = 0) – – –
Subtotal (n = 115) 19.1% (22) 70.4% (81) 10.4% (12)

Table 13.13 Change in GMFCS of adult patients after ITB compared to baseline, stratified by 
etiology of spasticity

Etiologies of 
spasticity

Baseline 
GMFCS

Post ITB changes in GMFCS
Improvement 
% (n) Stable % (n)

Deterioration 
% (n)

Mean follow-up 
(months)

CP (n = 20) GMFCS I (n = 4) NA 50% (2) 50% (2) 47.5 ± 35.9
GMFCS III 
(n = 4)

– 75% (3) 25% (1)

GMFCS IV 
(n = 12)

50% (6) 50% (6) –

Subtotal (n = 20) 30% (6) 55% (11) 15% (3)
MS (n = 27) GMFCS I (n = 1) NA 100% (1) – 47.5 ± 35.9

GMFCS II 
(n = 6)

16.7% (1) 50% (3) 33.3% (2)

GMFCS III 
(n = 19)

21% (4) 68.4% (13) 10.5% (2)

GMFCS IV 
(n = 1)

100% (1) – –

Subtotal (n = 27) 22.2% (6) 63% (32) 14.8% (4)
Trauma: 
SCI + TBI 
(n = 15)

GMFCS III 
(n = 2)

100% (2) – – 47.5 ± 35.9

GMFCS IV 
(n = 13)

15.4% (2) 84.6% (11) –

Subtotal (n = 15) 26.7% (4) 73.3% (11) –
HBI (n = 5) GMFCS IV 

(n = 5)
20% (1) 80% (4) – 47.5 ± 35.9

Subtotal (n = 5) 20% (1) 80% (4) –
ALS (n = 2) GMFCS III 

(n = 2)
– 50% (1) 50% (1) 47.5 ± 35.9

Subtotal (n = 2) – 50% (1) 50% (1)
Other 
pathologiesa 
(n = 5)

GMFCS I (n = 1) NA 100% (1) – 47.5 ± 35.9
GMFCS II 
(n = 3)

33.3% (1) 33.3% (1) 33.3% (1)

GMFCS III 
(n = 1)

100% (1) – –

Subtotal (n = 5) 40% (2) 40% (2) 20% (1)
aSpastic paralysis of unknown etiology (n = 2), posterior lateral sclerosis (n = 1), myelitis (n = 1), 
CVA (n = 1)
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Table 13.14 Change in GMFCS of pediatric patients after SDR compared to baseline

Etiology of 
spasticity

Baseline 
GMFCS

Post SDR changes in GMFCS at mean follow-up of 
132.6 ± 35.6 months

Improvement % (n)
Stable % 
(n)

Deterioration % 
(n)

CP (n = 217) GMFCS I 
(n = 14)

NA 100% (14) –

GMFCS II 
(n = 49)

38.8% (19) 57.1% 
(28)

4.1% (2)

GMFCS III 
(n = 78)

28.2% (22) 65.4% 
(51)

6.4% (5)

GMFCS IV 
(n = 67)

20.9% (14) 77.6% 
(52)

1.5% (1)

GMFCS V 
(n = 9)

– 100% (9) NA

Total (n = 217) 25.3% (55) 71.0% 
(154)

3.7% (8)

13.3.5.6  Efficacy of SDR and ITB on Pain

Pain improved after SDR in 100% of descriptions of adult patients who underwent 
SDR that measured for pain (n = 27 out of 27). There were no data available regard-
ing pain outcomes in adult patients undergoing ITB. Pain improved in 60% and 
91% of pediatric patients who underwent ITB (n = 9 out of 15) and SDR (n = 48 out 
of 54), respectively.

13.3.5.7  Adjunct Interventions After SDR and ITB

The need for adjunct interventions related to spasticity after initial surgical inter-
vention was also available in 217 patients undergoing ITB (41 adult and 176 pedi-
atric) as well as in 416 patients undergoing SDR (259 adult and 157 pediatric) 
(Table  13.15). Overall, adult patients underwent fewer adjunct interventions in 
comparison to their pediatric counterparts after spasticity surgery. In adults receiv-
ing ITB, 4.8% of reported patients required further hard or soft tissue (i.e., osteot-
omy, tendon transfer, etc.). Forty two percent of pediatric patients receiving ITB, in 
contrast, underwent further hard or soft tissue surgery. In patients undergoing SDR, 
13.5% of adults and 79.0% of pediatric patients received further limb deformity 
correction after their initial intervention. The need for surgical correction of spinal 
deformity was only reported in pediatric patients. 14.7% of those undergoing ITB 
went on for further spinal surgery in comparison to 1.3% of those undergoing 
SDR. The use of DREZ was further only reported in adult patients. Of this cohort, 
2.4% of patients receiving ITB underwent further DREZ in contrast to 5.0% of 
those undergoing SDR.
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Table 13.15 Summary of adjunct surgical interventions post SDR and ITB

FU = 24 
months

FU = 96 +/− 
84 months

FU = 33/9 +/− 
13.9 months

FU = 97.9 +/− 
64.7 months

Adult ITB % 
(n) (N = 41)

Pediatric ITB % 
(n) (N = 176)

Adult SDR % (n) 
(N = 259)

Pediatric SDR % 
(n) (N = 157)

Pooled hard tissue 
and soft tissue surgery

4.8 (2) 42.0 (74) 13.5 (35) 79.0 (124)

Surgical correction 
for scoliosis

0 14.7 (26) 0 1.3 (2)

Anterior rhizotomy 0 0 3.1 (8) 0
Other neurosurgical 
intervention (i.e., 
DREZ)

2.4 (1) 0 5.0 (13) 0

13.3.5.8  Adverse Events After SDR and ITB

Complications post-SDR and ITB was also available in 620 adult and 841 pediat-
ric patients [86]. Overall, events were described in 59.4% and 59.0% of adult and 
pediatric patients undergoing ITB, respectively, whereas events were described in 
46.8% and 22.8% of adult and pediatric patients undergoing SDR, respectively 
(Table  13.16). The most common complication in adult patients receiving ITB 
was some sort of hardware problem (i.e., catheter disconnect, pump rotation, etc.); 
these were seen in 20.2% of patients. CSF leaks were also seen in 8.6% of patients. 
‘Other symptoms’ were seen in an additional 8.6% of patients; this category 
included events such as pneumonia or infections not directly related to the surgery 
or surgical wound itself. In pediatric patients receiving ITB, the most common 
complication, in contrast, was CSF leak that was present in 17.8% of patients. 
Hardware problems were also commonly identified (11.2%), while ‘other symp-
toms’ were also slightly more common in this group (11.3%). Very few patients in 
adult or pediatric cohorts had perioperative medication-related complications 
(overdose or withdrawal), although a small number (2.4% and 1.6% in adult and 
pediatric patients, respectively) did experience cardiorespiratory dysfunction. 
This was most frequently reported as shortness of breath or dyspnea post-ITB 
insertion. In patients undergoing SDR, the only event reported in adult patients 
was bladder dysfunction which occurred in 46.7%. In pediatric patients, the inci-
dence of bladder dysfunction was much lower (2.4%). The most common compli-
cations in pediatric patients included development of new sensory dysfunction 
(9.1%) as well as new bony deformity (4.0%). A small number of patients (2.4%) 
also experienced new psychiatric changes after SDR; further elucidation of the 
exact diagnoses or events was not possible. Patients undergoing SDR had no inci-
dence of medication overdose or withdrawal. No patients in either group received 
both SDR and ITB.
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Table 13.16 Summary of complications post SDR and ITB at time of final follow-up (FU)

FU = 82.9 ± 23.0 
months

FU = 12 
months

FU = 30.3 ± 11.6 
months

FU = 75.4 ± 46.7 
months

Adult (ITB) % 
(n) (N = 466)

Adult 
(SDR) % 
(n) 
(N = 154)

Pediatric (ITB) % (n) 
(N = 512)

Pediatric (SDR) % 
(n) (N = 329)

Technical/surgical 0 0 0.78% (4) 0.9% (3)
New bladder 
dysfunction

1.1% (5) 46.7% 
(72)

3.3% (17) 2.4% (8)

New GI/bowel 
dysfunction

2.8% (13) 0 0.2% (1) 0

Drug overdose/
withdrawal

0.2% (1) NA 0.4% (2) NA

Psychiatric 1.3% (6) 0 0.1% (5) 2.1% (7)
New seizures 0.6% (3) 0 0 0
Vertigo/fatigue 4.1% (19) 0 0.8% (4) 0.6% (2)
Cranial nerve 
dysfunction

1.5% (7) 0 0 0

Cardiorespiratory 
dysfunction

2.4% (11) 0 1.2% (6) 0

New motor 
symptoms

6.0% (28) 0 0.6% (3) 2.1% (7)

New sensory 
symptoms

0.2% (1) 0 1.2% (6) 9.1 (30)

Wound dehiscence 0.9% (4) 0 5.3% (27) 0
CSF leak 8.6% (40) 0 17.8% (91) 0
Hardware problem 20.2% (94) 0 11.2% (59) 0
Infection 1.1% (5) 0 0.2% (1) 0
Mortality 0 0 0 0
Further spasticity 
surgery

0 0 0 0

Pressure ulcers 0 0 2.7% (14) 0.6% (2)
Other symptoms 8.6% (40) 0 11.3% (58) 0.9% (3)
Bony deformity 0 0 0.78% (4) 4.0% (13)
Overall 59.4 (277) 46.8 (72) 59 (302) 22.8 (329)

13.4  Discussion

The role for neurosurgical intervention in spasticity management is multifaceted 
and often depends on availability of resources and expertise as much as the patients 
themselves [2, 12, 14, 21–23, 28, 56, 57, 70, 87]. While both ITB and SDR overlap 
in their ability to manage spasticity, the specific advantages and disadvantages of 
each approach vary significantly. ITB involves the implantation of a mechanical 
pump and reservoir that allows the programmed dispensation of a pharmacologic 
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agent to a target site (i.e., the thecal sac). This intervention is nondestructive in the 
sense that should patients not acquire benefit from the device, it may be removed 
while reversing any changes that occurred postimplantation. Furthermore, ITB 
allows for fine-tuning throughout the day as well as progressive titration of tone 
reduction over time. Patients may increase their drug dosing overnight when they 
desire to have maximal tone reduction allowing for comfort while resting; during 
the daytime, pumps may be programmed to reduce drug delivery to avoid potential 
side effects or if desiring an increase in tone to help maintain posture (i.e., while 
sitting). ITB, furthermore, is typically considered the intervention of choice in 
patients with mixed tone disorders, given baclofen’s therapeutic benefit for dysto-
nia as well as spasticity [21, 26, 28, 60, 70].

In comparison, SDR is generally reserved for patients with pure tone disorders 
given the generally held belief that traditional posterior rhizotomy alone does very 
little to affect dystonic posturing and movement [88, 89]. Unlike ITB, SDR is a 
destructive technique that relies on interruption of under-inhibited reflex arcs 
thought to be contributing to dysfunctional movement [2, 3]. While there are sev-
eral different approaches to carry out SDR, most involve a limited lumbar laminec-
tomy and lesioning of the posterior nerve rootlets with either electrophysiologic 
guidance or direct anatomical selection [22, 25, 32, 87, 90]. The procedure is irre-
versible and the degree of intraoperative titration possible is controversial. This 
procedure, however, does offer several distinct advantages over ITB including the 
lack of implantable hardware. While ITB inherently commits patients to routine 
pump refills (approximately every 3–6 months depending on use) in addition to 
pump replacements (reported to be 2–10 years), SDR is largely a onetime proce-
dure. Furthermore, the lack of persistent medication infusion avoids any potential 
pharmacologic complications including drug overdose or withdrawal, both of 
which may lead to major morbidity or mortality [23, 34].

The use of SDR in pediatric populations is heavily skewed towards patients with 
established diagnoses of cerebral palsy [91–93]. The use of SDR for other etiolo-
gies of spasticity in pediatric patients has not been well-assessed in the literature 
given limited follow-up and less defined natural history of other etiologies of spas-
ticity (i.e., hereditary spastic paraparesis, etc.) [94]. Anecdotally, the authors of this 
paper and presumably those in other centers have typically managed these patients 
with ITB or interventions other than SDR. While some centers have proposed com-
bined anterior and posterior rhizotomy for patients with mixed tone disorders, this 
approach has not yet gained widespread adoption [88, 89]. Given our observations 
from this study, however, and the efficacy of tradition SDR in adult patients for a 
variety of non-CP conditions, further consideration should be made for pediatric 
patients with potential corollary conditions. A key aspect of the pediatric patient 
with CP that favors good response to SDR is the inherent stability of the neurologic 
injury [95–97]. While the natural history of patients with CP is of progressive func-
tional decline, this outcome is often a consequence of unmanaged spasticity caus-
ing aberrations in musculoskeletal growth and anatomical development as opposed 
to progressive deterioration in neurologic function [14, 25, 98]. Thus, selected pedi-
atric patients with similarly stable neurologic injury or disease (i.e., TBI, SCI, or 

P. Kakodkar et al.



397

treated MS) may stand to potentially benefit from SDR as opposed to being triaged 
to ITB or other interventions.

The comparison of SDR to ITB in terms of efficacy for tone management is 
exceptionally challenging given the typically disparate populations that each treat-
ment is offered to. While both strategies are able to achieve tone reduction, patient 
comorbidities and specific pattern of tone dysfunction are likely larger determi-
nants for which intervention may be best suited for specific patients. In rare cases 
where true clinical equipoise exists, consideration must be given to the risk profile 
of each intervention as well as the long-term implications of device implantation in 
comparison to relative lack of treatability of SDR. It is in the author’s practice that 
ITB is further only offered to patients who are able to reliably access healthcare 
services. Given the relative frequency of mechanical failure and implications of an 
acute pump failure leading to medication withdrawal, the authors do advocate to 
pursue SDR or non-implanted device intervention in those patients who are in 
remote settings or would be otherwise unreliable in routinely accessing healthcare.

When reviewing currently available data, adult patients with CP and MS appear 
to experience greater improvements in ambulation after SDR in comparison to ITB, 
when accounting for baseline GMFCS and etiology of spasticity. Other pathologies 
have much more unpredictable responses making identification of a singular 
approach difficult to ascertain. This dataset, however, is retrospective and is prone 
to bias. High volume spasticity programs identifying patients for SDR include in 
their selection criteria the inherent potential to gain functional improvement after 
intervention. In comparison, the placement of ITB does not inherently presume that 
patients will obtain a measurable gain in locomotion. Any potential advantage of 
SDR in these populations, however, must also be weighed against the very signifi-
cantly higher incidence of bladder dysfunction (2.8% vs. 46.7%). Whether this 
finding represents a technical issue, i.e., extent of rhizotomy, or a reporting bias 
(i.e., adult patient able to report urinary dysfunction more easily) is unknown. 
Furthermore, the follow-up duration in ITB patients is much longer and any litera-
ture reported differences in outcome may be reflective of the natural history of 
deterioration that many patients experience over time regardless of the intervention 
they may receive. Older reports that were not part of the primary data collection in 
this study have found that adult patients with MS actually have worse response to 
SDR compared to patients with other etiologies of spasticity [99, 100]. Given that 
this finding was not seen in more recent studies with similar follow-up durations, 
one possible explanation may be the advent of more efficacious or durable MS 
treatments that have limited the progressive deterioration that many patients previ-
ously experienced, thus improving the durability of spasticity treatment.

Other significant limitations of the currently available literature are the sheer 
multitude of measures for outcome that currently exist. While spasticity is a fairly 
common end result of a variety of neurologic insults and diseases, many measures 
of outcome are reported in disparate fashions and not immediately translatable or 
allowing for a straightforward comparison. In addition, there have been only lim-
ited attempts to truly quantify outcome as a comparison to the natural history of the 
etiology of spasticity. Given the often evolving nature of many neurologic 
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conditions over time, long-term outcomes of any intervention measured against a 
single baseline may fail to capture the true effect of treatment [14]. Moreover, there 
is a genuine paucity of patient-level reported outcomes that exist in the literature 
(i.e., quality of life, patient satisfaction) [101, 102]. These outcome measures pro-
vide valuable insight into the benefit and utility of the interventions offered while 
allowing care providers to better provide patient-centered standards of care [103, 
104]. Future prospective studies should utilize standardized measures as well as 
patient- level outcomes to assist in better personalizing interventions for individuals 
[20, 33, 38, 101, 105].

13.5  Conclusion

SDR and ITB are both very effective interventions in the management of spasticity 
of a variety of etiologies in both adult and pediatric patients. The durability of these 
interventions is sustained over time in a majority of patients. Patterns of complica-
tions vary depending on the intervention; ITB is associated with a significant risk 
for hardware and wound-related problems including CSF leak, whereas SDR is 
associated with a higher risk for new bladder or sensory dysfunction. While the 
application of each intervention is determined by a variety of nonmodifiable patient 
factors, in cases of true clinical equipoise, there may be an opportunity to consider 
SDR in nontraditional populations (i.e., pediatric patients without CP diagnosis) 
given the increasing experience reported. There is an overall need in the literature 
to expand reporting of patient-perceived outcomes such as quality of life given the 
relative paucity and significant value of currently reported measures.
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