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“Pigmaei gigantum bumeris impositi plusquam ipsi gigantes vident.”
(f I have seen further it is by standing on the shoulders of giants.) Issac Newton 1676

“Though lives die, the life is not dead, and the memory of lives such as these will be reverently
and forever shared not by a profession alone, not by a nation alone,
but by the universal brotherbood of man.” Andreas Vesalius 1543’

Dr. Jane was a giant whose shoulders were the foundation for advances in neurological surgery and for
many generations of neurosurgeons. The department he fashioned at the University of Virginia was a
fountainhead of originality, research, and advances in clinical care. Even more distinctively, he combined
these efforts with a unique, compelling, and dominating focus on education. Dr. Jane united this scholarly
emphasis with a warm and welcoming personality, an immense and eclectic intellect, and an ironic and
unlimited sense of humor. Like Thomas Jefferson,’ the founder of the University of Virginia, Dr. Jane
sought to create an “academic village” that fostered curiosity, innovation, and intellectual rigor in a
supportive milieu. With his personal involvement and encouragement, his students and trainees pursued
careers and leadership positions in academic institutions throughout America and the world. These trainees
and their descendants will affirm the validity of Vesalius’s observation’: memories of John Jane’s life and his
“message”’ will be shared with future generations of neurosurgeons.’

H. Richard Winn, MD
Resident in Neurological Surgery, University of Virginia (1970-1974)
Assistant, Associate, Professor and Vice Chair
Department of Neurological Surgery, University of Virginia (1976-1983)
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Foreword

The human brain, it has often been observed, is the most com-
plicated object in the known universe. The sheer size and scale
of Youmans and Winn Neurological Surgery, now in its seventh
edition and surely the Bible of our craft, is testament to that. It
is, however, a salutary thought that despite immense strides in
neuroscience in the last few decades, we still understand remark-
ably little about how our brains really work. We are like Newton,
who described himself as a boy, standing on the seashore, playing
with pebbles, while “the great ocean of truth lay all undiscovered”
before him.

Despite all the science, technology, and clinical knowledge
with which, as neurosurgeons, we must remain conversant at all
stages of our careers, and which this great textbook embodies so
well, the fundamental purpose of everything we do is to help our
patients. Neurosurgery has the justifiable reputation of being
difficult, and many people (especially neurosurgeons!) consider it
to be the acme of surgery. Yet once we have mastered all the
intricacies of operating and acquired an understanding of the
brain, both in health and disease, most neurosurgeons come to
understand that the greatest difficulty of their work is not so
much in the technicalities of operating (which for most of us is
a joy, albeit at times a painful one) but instead in the decision-
making—when to operate and especially when not to operate.
Neurosurgical procedures, despite all the recent technological
advances, are still very dangerous because the brain is so complex,
delicate, and vital to all that makes life worth living. Our patients
are very vulnerable. To make the right decisions and to give our
patients the best advice, we depend not just on our own experi-
ence but on the experience and accumulated knowledge of the
thousands of surgeons and scientists who have gone before us or
who are continually carrying the specialty forward with new
research. It can be a daunting experience to open a textbook as
massive as Youmans and Winn, edited so expertly for many years

by H. Richard Winn. It can fill you with both amazement and
alarm that there is so much you do not know but feel that you
should. No neurosurgeon can hope—or should try—to assimilate
all of it. Besides, in this age of increasing specialization, it is
unlikely to be necessary. Nevertheless, here in one place, we can
find all that we need to know to remain fully grounded and up-
to-date in the science and craft of neurological surgery, the
practice of which for most of us is more than just a career and
instead something that fills us with the deepest awe and love.

Henry T. Marsh, CBE, FRCS
St. George’s Hospital
London

Henry T. Marsh was the senior neurosurgeon at Atkinson Morley Hospital/St. George’s,
University of London until he retired in 2015. He was made Commander of the British
Empire (CBE) by Queen Elizabeth II for his contributions to British and international
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widely acclaimed books about neurosurgery and neurosurgeons: Do No Harm (2014)
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Preface

The seventh edition of Youmans and Winn Neurological Surgery
reflects the dynamic and expansive nature of neurosurgery in the
second decade of the 21* century and endeavors to provide an
encyclopedic overview of neurological surgery for both the
experienced and nascent clinician. Time alone will not convert
the latter to the former; the acquisition of knowledge and judg-
ment are essential for this transformation.

This edition is larger than its predecessor, introduces more
than 50 new topics and chapters, has both printed and Web-based
content, and utilizes hundreds of videos. To a significant extent,
we have redesigned the entire book with every illustration,
photograph, chart, and table now in color. Some of the changes
are described as follows.

* A totally new feature is the addition of introductory chapters
for each of the 12 sections. These introductory chapters,
written by the subspecialty section editors, are composed of
two components: a review of the contents of the section and
a thoughtful evaluation of ongoing controversies related to
the subspecialty. Thus, each introduction discusses multiple
unresolved questions that neurosurgeons, irrespective of their
level of training and years of experience, may need to address
in dealing with patients.

¢ The vast majority of chapters now contain videos to supple-
ment the written text. In addition, we have upgraded the
quality and added audio commentary. These electronic fea-
tures are designed to facilitate understanding of the complexi-
ties of neurological procedures. The seventh edition also
includes videos on perioperative techniques such as patient
positioning. For example, Chapter 22 contains 18 different
videos on positioning for peripheral nerve surgery. These
videos, however, are not restricted to the operating room
but are critical components of chapters focused on basic
sciences and clinical topics. For example, the 36 videos
in Chapter 2, “Surgical Anatomy of the Brain,” by Rhoton
and his colleagues, provide a broad yet in-depth educational
supplement.

* An example of electronic enhancement in the clinical realm is
Chapter 8, which deals with ophthalmology and contains
many videos demonstrating multiple eye movement disorders
associated with cranial nerve dysfunction. Written descrip-
tions of such disorders can be confusing, whereas these
videos quickly and more clearly convey the neurological
abnormalities.

* We extensively revised and totally rewrote all retained chap-
ters. References were likewise rigorously updated. Retention
of previous topics and chapters required a clear indication
of relevance and importance to neurosurgical education and
practice.

® Because of the dynamic nature of fundamental research, all
the basic science chapters have been extensively revised to
provide cutting-edge information. In addition, several new
topics have been added: examples include “Optogenetics and
Clarity” (Chapter 45) and “Extracellular Fluid Movement and
Clearance in the Brain” (Chapter 54). The latter has been
termed the “glymphatic pathway” and may have a significant
impact on patient disorders.

* We have extensively expanded our focus on anatomy by
adding a new chapter, “Surgical Anatomy of the Skull Base”
(Chapter 3), which complements Rhoton’s chapter, “Surgical
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Anatomy of the Brain” (Chapter 2). In addition, each subspe-
cialty section contains a chapter focused on the relevant
anatomy pertinent to the subspecialty topics.

¢ Radiology, especially magnetic resonance imaging, is the
technique by which neurosurgeons study anatomy in the 21*
century. Accordingly and reflecting our approach to anatomy,
we have expanded the radiology components in the seventh
edition. There are initial introductory overviews of brain and
spine radiology, including physiologic techniques, and then
more highly focused radiology chapters contained within each
subspecialty section.

* Patient safety must be of paramount concern for neurosur-
geons, and consequently we added new chapters on this topic:
“Improving Patient Safety” (Chapter 4) and “Coagulation for
the Neurosurgeon” (Chapter 7). In addition, we upgraded
several chapters that deal with complication avoidance, which
is covered broadly in the initial section and more narrowly in
each subspecialty section.

¢ Cutting-edge practice of neurosurgery demands the knowl-
edge of new technologies, many of which have been added in
the seventh edition (e.g., see Chapter 25, “Visualization and
Optics in Neurosurgery”). Even new twists on older methods
are contained in new chapters such as Chapter 24 (“Brain
Retraction”).

® Because advances in the neurosciences and neurological
surgery are not limited by national boundaries, we have sig-
nificantly broadened our international authorship to reflect

this global basis of knowledge.

The first edition of Newurological Surgery by Julian Youmans
appeared in 1973 and contained 112 chapters and 2024 pages.
Now, almost five decades later, the seventh edition, with much
larger pages and resultant 30% increase in the number of words
per page, has expanded to 415 chapters and almost 5000 pages.
By comparing each section of the first and seventh editions, one
can easily see how much has changed in the knowledge base of
neuroscience and neurosurgery and the breadth and practice of
neurosurgery. Consequently, the neurosurgery trainee of today
(and tomorrow) must master considerably more information and
techniques while simultaneously assimilating the existing knowl-
edge base. Not to be forgotten are the historical precedents
responsible for present-day neurosurgery practice, which are
reviewed in detail in the first chapter of the seventh edition.

It should be self-evident that the provision of this knowledge
in the seventh edition represents the diligent work of many
individual experts. I enthusiastically express my appreciation to
the stellar and thoughtful authors of the 415 chapters. Their work
represents the essential building blocks for the practice of neu-
rological surgery.

The creation of this multi-authored textbook required hard
work and discipline by the section editors, to whom I offer much
gratitude. If the individual authors are the building blocks, then
the following section editors represent the mortar:

Introduction and General Neurosurgery Section
e William T. Couldwell, MD, PhD
® Basant K. Misra, MBBS, MS, MCh, Diplomate National
Board
Volker Seifert, MD, PhD
Ugur Tire, MD



Basic and Clinical Sciences Section
e Michel Kliot, MD, MA
® Pierre J. Magistretti, MD, PhD
e Robert M. Friedlander, MD, MA
® Michael M. Haglund, MD, PhD
Epilepsy Section
* Guy M. McKhann II, MD
Ttzhak Fried, MD, PhD
Andrew W. McEvoy, MBBS, MD, FRCS(Lond), FRCS(SN)
Steven V. Pacia, MD
Dennis D. Spencer, MD
e Nitin Tandon, MD, FAANS
Functional Neurosurgery Section
e Ron L. Alterman, MD, MBA
* Andres M. Lozano, MD, PhD
e Joachim K. Krauss, Prof. Dr. med.
e Takaomi Taira, MD, PhD
Oncology Section
e E.Antonio Chiocca, MD, PhD, FAANS
Henry Brem, MD
Russell R. Lonser, MD
Andrew T. Parsa, MD, PhD'
Zvi Ram, MD
* Raymond Sawaya, MD
Pain Section
e Kim J. Burchiel, MD, FACS
* Feridun Acar, MD
® Andrew C. Zacest, MBBS, MS, FRACS, FFPMANZCA
Pediatrics Section
e Gerald A. Grant, MD, FACS
e James T. Rutka, MD, PhD
e Andrew H. Jea, MD
e James Tait Goodrich, MD, PhD, DSci (Hon)
¢ Richard David Hayward, MBBS, FRCS (Eng)
Shenandoah Robinson, MD, FAAP, FACS
Peripheral Nerve Section
e Aaron G. Filler, MD, PhD, JD, FRCS
¢ Allan J. Belzberg, MD, FRCSC
¢ Liang Chen, MD, PhD
® Martijn J.A. Malessy, MD, PhD
Radiation Section
® Bruce E. Pollock, MD
* Dong Gyu Kim, MD, PhD
¢ Jean Régis, MD
Spine Section
¢ Christopher I. Shaffrey, Sr., MD
* Michael G. Fehlings, MD, PhD, FRCSC, FACS
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Osmar José Santos de Moraes, MD
Charles Kuntz IV, MD'
Praveen V. Mummaneni, MD
Paul Santiago, MD
Daniel K. Resnick, MD, MS
Trauma Section
¢ Geoffrey T. Manley, MD, PhD
¢ Peter J. Hutchinson, MBBS, PhD, FRCS (Surg Neurol)
* Andrew L.LR. Maas, MD, PhD
* Guy Rosenthal, MD
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¢ E. Sander Connolly, Jr., MD, FACS
®  Gavin W. Britz, MD, MBBCh, MPH, MBA, FAANS
¢ Kazuhiro Hongo, MD, PhD
®  Michael T. Lawton, MD
¢ Fredric B. Meyer, MD

I thank my long-time associates, Mitchel S. Berger, MD, MA;
Kim J. Burchiel, MD, FACS; Ralph G. Dacey, Jr., MD; M. Sean
Grady, MD; Matthew A. Howard III, MD; and Marc R. Mayberg,
MD, for their creative input. These deputy editors-in-chief were
critical architects in helping with the intellectual design of the
seventh edition. And I thank my former laboratory postdoc and
neurosurgical colleague, Kathryn Ko, MD, MFA, for allowing her
insightful paintings to grace the cover of the seventh edition.

"To bring to fruition a work of this magnitude requires a highly
professional editorial effort, and for this, I thank the members of
the Elsevier global team. Firstly, I thank Senior Content Devel-
opment Specialist Jennifer Shreiner in Philadelphia, Pennsylvania,
who was indispensable on a daily basis in the hard work of
organizing chapters and prodding the authors, section editors,
and me; Book Production Specialist Kristine Feeherty in St.
Louis, Missouri, who masterfully oversaw copyediting, proof-
reading, and conversion of manuscripts into printed proofs; and
lastly, Senior Content Strategist Charlotta Kryhl in London,
England, for her long-term advice, input, and patience. The
seventh edition would not have been brought to fruition without
the assistance of Mss. Shreiner, Feeherty, and Kryhl.
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SECTION
I Introduction and General Neurosurgery

Overview and Controversies

William T. Couldwell, Basant K. Misra, Volker Seifert, Ugur Tiire, and H. Richard Winn

The “Introduction and General Neurosurgery” section is com-
posed of 43 chapters that are divided into seven subparts: “History
and Background”; “Related Systems”; “Overview of Radiology”;
“Intensive Care”; “The Operating Room”; “Geriatric Neurosur-
gery”; and “Infections.” We designed the “Introduction and
General Neurosurgery” section with the goal of providing neu-
rosurgeons in practice and those still in training with compre-
hensive, up-to-date information on a broad scope of topics central
for the mastery of neurosurgery. In this introduction, the section
editors initially review the topics contained in the “Introduction
and General Neurosurgery” section and then present a series of
essays about controversies and unresolved questions related to
these topics.

OVERVIEW

The first part of this section opens with a superb chapter on an
important topic: the history of neurosurgery. Neurosurgeons
have shown an increasing interest in the history of their disci-
pline, as demonstrated by the expanding history section of the
American Association of Neurological Surgeons. Neurosurgeons
should remember George Santayana’s' warning that “those who
cannot remember the past are condemned to repeat it.” The next
two chapters comprehensively review the anatomy of the brain
and skull base. Chapter 2, by Rhoton and colleagues, contains 35
videos, and Chapter 3 is a totally new entity in which bony cranial
and brain landmarks are correlated. Each of the subsequent chap-
ters in the “History and Background” part discusses a subject that
is critical for patient care: improving patient safety (Chapter 4),
preoperative evaluation for neuroanesthesia (Chapter 5), and
complication avoidance (Chapter 6). The final chapter in this
part, “Coagulation for the Neurosurgeon,” is another new topic
and succinctly contains vital insights.

The second part of this section, “Related Systems,” focuses on
the related topics and systems of neuro-ophthalmology (Chapter
8), neurotology (Chapter 9), and neurourology (Chapter 10).
Neurosurgeons have many patients whose problems involve
these systems; consequently, they work closely and consult fre-
quently with colleagues in these fields. These chapters are highly
focused on the essential information that allows neurosurgeons
to knowledgeably provide care and seek appropriate and timely
consultation.

The third part of this section, “Overview of Radiology,” com-
prehensively covers basic neuroradiology with separate chapters
on computed tomography (CT) and magnetic resonance imaging
(MRI) of the brain (Chapter 11) and spine (Chapter 12) and then
intensive chapters on physiologic analysis involving the use of
MRI (Chapter 13) and positron emission tomography (PET;
Chapter 14). This entire part on neuroradiology and imaging
serves as a cornerstone for multiple individual neuroradiologic
chapters that appear in the specialty sections (e.g., “Oncology”
[Section V], “Pediatrics” [Section VII], and “Vascular” [Section
X1I]) later in the book.

The fourth part of this section, “Intensive Care,” begins with
Chapter 15, in which the scientific basis of intracranial pressure

is reviewed and the various approaches to monitoring intracranial
pressure are described. Separate chapters then deal with princi-
ples of intensive care unit (ICU) treatment (Chapter 16) and the
unique role of neurosurgeons in providing care in the neurosurgi-
cal ICU (Chapter 17).

The fifth part of this section, “The Operating Room,” opens
with Chapter 18, an overview of surgical planning. Surgical simu-
lation and surgical robotics, a new and emerging field with the
potential for a major influence on neurosurgery, is then explored
in Chapter 19. Positioning is a critical component of neurosur-
gery and is covered in separate chapters related to cranial, spinal,
and peripheral nerve surgery. All these positioning chapters
contain illustrative and extensive videos. For example, Chapter
22 (“Positioning for Peripheral Nerve Surgery”) contains 18
separate videos. Although incisions and closings are seemingly
routine, many difficulties can arise when they are performed. We
thus included Chapter 23, which deals with these two topics.
Chapter 24, a new topic, provides insights on a technique “rou-
tinely” used but not frequently discussed in neurosurgery: retrac-
ton. Continuing the “insights” theme, Chapter 25 covers
visualization and optics. Chapter 26 explores the advantages and
disadvantages of endoscopic surgery. With this background, the
reader is then presented with Chapter 27, which focuses on tho-
racic endoscopic surgery. “The Operating Room” part of this
section then concludes with Chapter 28, about another “routine”
procedure that necessitates attention to detail to achieve success:
cranioplasty.

Because of the aging population throughout the world,
the sixth part of this section, “Geriatric Neurosurgery,” concen-
trates on two topics: normal-pressure hydrocephalus (NPH) and
chronic subdural hematomas. For each of these entities, we
provide chapters describing the relevant basic science and patho-
physiologic features, patient evaluation, and treatment options,
including a critical review of third ventricular ventriculostomy
(Chapter 32).

The seventh part of this section, “Infections,” covers this
important topic broadly, starting with Chapter 35, a very com-
prehensive discussion of the basic science of central nervous
system (CNS) infections. Separate chapters (36 and 37) deal with
postoperative infections of the brain (and head) and the spine.
Next, the important topic of antibiotic usage is explored in
Chapter 38. Specific types of infections affecting the CNS are
then discussed in separate chapters: brain abscess (Chapter 39),
meningitis and encephalitis (Chapter 40), acquired immunodefi-
ciency syndrome (Chapter 41), and parasitic infections (Chapter
42). This section closes with an increasingly important topic for
surgeons: surgical risk of transmittable diseases (Chapter 43).

CONTROVERSIES AND UNRESOLVED QUESTIONS

In this part of the introduction, we discuss a number of important
and controversial topics in modern neurosurgery: treatment
of hydrocephalus; coagulation for the neurosurgeon; the
proper treatment of chronic subdural hematomas; the use of
endoscopy with transfacial surgery; technical advances involving
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2 SECTION 1 Introduction and General Neurosurgery

robotic surgery, visualization and optics, and brain retraction; the
glymphatic system; the role of the neurosurgeon in neurointen-
sive care; and education and training of neurosurgeons. Although
perhaps we do not offer definitive answers, our goal is to focus
attention, raise awareness, provide context, and perhaps point the
way to answering unresolved questions.

Question 1: Adult and Pediatric Hydrocephalus:
The Role of Third Ventriculostomy and Choroid

Plexus Cauterization

Endoscopic third ventriculostomy (ETV) has been increasingly
used for treating both adult and pediatric hydrocephalus since
the early 2000s (see Chapter 32). This procedure has much inher-
ent appeal, in that avoiding or removing an indwelling ventricular
shunt—which condemns the patient to probable lifelong depen-
dency on a device with a high failure rate over time—is a laudable
goal. Rates of success with ETV vary from 50% to 90%. The
indications for this procedure are in evolution. It is clear that
the success of the procedure is highly dependent on the cause
of the hydrocephalus. Patient selection is the key to achieving
clinical success.

In the adult population, late-onset idiopathic aqueductal ste-
nosis is the indication for which the implantation of a shunt has
the highest success rate. In addition, lesional obstructive hydro-
cephalus (secondary obstructive hydrocephalus) remains an intui-
tively appealing indication for which shunt implantation has a
high success rate. Perhaps more surprisingly, NPH, long believed
to be a disorder of cerebrospinal fluid (CSF) dynamics and
absorption, is an emerging indication. The published rates of
success with ETVs in patients with NPH have been variable,
ranging from 21% in a study of 14 patients' to 87% in a study
of 15 patients with 27 months of follow-up.” Gangemi and col-
leagues’ had a success rate of 69% in their series of 110 patients
with NPH treated with ETVs at four centers and monitored for
a minimum of 2 years. Potential predictors of success included a
shorter duration of symptoms and milder symptoms; patient age
was not predictive of response. In adult patients with shunts,
conversion to ETV and removal of the shunt has been successful
in 70% at a median follow-up of 36 months. This population
represents a considerable opportunity.

The success rate of ETV in children with hydrocephalus sec-
ondary to tectal gliomas is high (close to 90%), whereas ETVs
performed in the context of intraventricular hemorrhage associ-
ated with prematurity succeed in only a third or fewer of cases.
Young age (<6 months) is associated with a lower success rate,
independent of cause; however, this age effect either plateaus or
diminishes after the age of 2 years, perhaps because of cranial
maturation.*’ The literature indicates that the rate of success
with ETV is high in patients older than 2 years in whom non-
communicating hydrocephalus is caused by aqueductal stenosis,
tectal glioma, and posterior fossa tumors.

With regard to the question of whether a choroid plexus
coagulation should be added to the ETV procedure, data suggest
that in the infant population (<2 years old) with noninfectious
hydrocephalus, adding choroid plexus coagulation may further
bolster the success rates of this procedure. ETV with choroid
plexus coagulation is now routinely performed at children’s hos-
pitals around the world and has resulted in an approximately
30% decrease in the placement of new ventricular shunts in the
pediatric age group in selected institutions (W.T. Couldwell,
personal communication, University of Utah Department of
Neurosurgery).

Question 2: Clotting and the Neurosurgeon

The imperative in neurosurgery, as in other fields of surgery, is
to critically balance the risks of bleeding against thrombosis in

patients. The assessment of the coagulation system is vital in
preoperative management, as well as in the determination of any
deleterious effects of medications used by the patient. In this
regard, there is a paucity of high-level evidence concerning the
effects of antiplatelet agents and anticoagulants on patients with
neurosurgical conditions.

Currently, more than 1% of the general population is receiv-
ing some form of oral anticoagulation for various cardiovascular
conditions. These problems are further confounded by the
increasingly common use of dual antiplatelet agents in patients
with cardiac, peripheral vascular, and intracranial stents. The
management of such patients after neurotrauma represents a con-
troversial area in neurosurgery (see Chapter 7). Although some
investigators have focused on the management and outcome of
patients with trauma who receive anticoagulants or antiplatelet
therapy, there are no strict guidelines (and a lack of class I evi-
dence). Several questions have been raised about testing of anti-
platelet and anticoagulation effects on patients at hospital
admission, reversal of the pharmacologic effects of these agents
to mitigate against neurological deterioration, and the timing of
reinstitution of therapy. Patients taking oral anticoagulation
medication are considered to be at high risk for neurological
deterioration, and more prospective and comparative effective-
ness research is necessary to answer these important questions.

Another related dilemma is posed by the use of contemporary
anticoagulants for the management of cardiovascular conditions.
Several small compounds that specifically block activated coagu-
lation factor X (FXa) or thrombin (FIIa) have become popular
alternatives to vitamin K antagonist compounds. As opposed to
vitamin K antagonists, direct oral anticoagulants (DOACs) target
a specific coagulation factor. Such direct oral anticoagulants
include dabigatran etexilate (thrombin inhibitor) and edoxaban
and rivaroxaban (inhibitors of FXa). These agents have become
popular for venous prophylaxis or treatment of thromboembo-
lism and for prevention of neurological events associated with
atrial fibrillation. With regard to intracranial hemorrhage, the
safety profile of the DOACs has been shown to be poorer than
that of vitamin K antagonists. The difficulty arises with the use
of these agents when intracranial hemorrhage occurs, either
spontaneously or in relation to trauma.”® The development of
reversal agents has lagged behind the introduction of these agents
for therapeutic benefit for common cardiovascular problems; as
a result, difficulty arises when bleeding events occur, especially in
relation to the CNS. Because most DOACs have a short half-life,
time is an efficient way to eliminate the anticoagulant effect if
waiting is possible; however, devastating neurological outcomes
have been reported with the use of these agents.” New agents
are currently being developed that should reduce this problem
over time.'"!!

Question 3: Correct Surgical Management of
Chronic Subdural Hematomas: Do Surgeons Now
Have the Definitive Answer?

Chronic subdural hematoma, for which the mean age at occur-
rence is in the eighth decade, represents a growing problem in
much of the developed world as the population ages. This demo-
graphic shift, together with the increasing use of anticoagulants
and antiplatelet agents in older patients, complicates the manage-
ment of these patients.

Treatment for chronic subdural hematoma remains surgical;
observation is recommended for affected patients with minimal
or no symptoms. The three options for surgical drainage are bur-
hole drainage (which can be performed with the patient under
local or general anesthesia, usually in the operating room), twist-
drill craniostomy (which is usually performed with the patient
under local anesthesia, at the patient’s bedside), or open crani-
otomy (in the operating room). The results of these options,



compared in a contemporary meta-analysis, were that craniotomy
was associated with a lower rate of recurrence (usually less than
10%), but rates of morbidity and mortality may be higher with
this procedure. Twist-drill craniostomy produces the least mor-
bidity, but it is associated with a higher recurrence rate (exceeding
30% in some studies). Thus the compromise option, bur-hole
drainage, remains the most commonly used because its morbidity
and recurrence rates are balanced.'”"” There is high-quality evi-
dence that drains reduce the incidence of recurrence and should
be used."

The technical controversies in the use of bur-hole drainage
are related to the number of bur holes and the type of drain to
be used (external drain, subperiosteal, or subgaleal). There
appears to be little consensus in the literature on these points.

Furthermore, the recurrence rates between studies are remark-
ably variable. In studies since the 1990s, the reoperation rate has
been reduced to a range of 10% to 20%."” This probably indicates
that although chronic subdural hematoma is treated as a single
entity, it is not advisable to perform procedures without tailoring
treatment according to individual hematoma characteristics.
Experienced surgeons define treatment on the basis of the
patient’s age, comorbid conditions present, and imaging charac-
teristics of the hematoma. In studies, researchers have not strati-
fied data for such factors to provide strong evidence-based
conclusions for treatment in this nuanced manner.

In addition, the role of adjuvant therapies such as steroids
needs to be better defined. Because the burden of chronic sub-
dural hematoma is likely to rise, outcomes for this common
neurosurgical condition must be improved.

Question 4: Endoscopy: When Should Transfacial
Endoscopy or Traditional Open Microsurgery Be
Used in Skull Base Surgery?

Since the 1990s, neurosurgeons have been increasingly interested
in approaching various tumors of the base of the skull by using
a transfacial (transnasal or transmaxillary) corridor. This has been
the result of enhanced endoscopic techniques primarily devel-
oped and used by and with otolaryngologists to address sinus
disease and is an extension of the transsphenoidal approach to
approach other lesions besides traditional pituitary tumors (see
Chapter 26).

The use of an endoscopic approach to a pituitary tumor was
first documented by Guiot and associates” in Paris in 1962.
Although Bushe and Halves'® reported the first use of the endo-
scope for pituitary tumors in the literature in 1978, the endoscope
was not used widely until the mid-1990s, when endoscopic sinus
surgery was universally adopted by otolaryngologists. Neurosur-
geons were attracted to its use by the increased visualization of
the surgical site and began to explore the possibilities in trans-
sphenoidal surgery. Jho and Carrau'’ reported on a series of 50
patients who underwent endoscopic endonasal transsphenoidal
surgery, with encouraging results. Thereafter, the endoscopic
approach to transsphenoidal surgery for resection of pituitary
macroadenomas was adopted rapidly by neurosurgeons.

With the expansion of the transsphenoidal approach to other
tumors of the skull base,' the endoscope was an ideal tool to
apply to these approaches because it offers wide-angle and side-
angle visualization, a capability that is not possible with the
microscope from below. In addition, there are several advantages
to approaching anterior skull base lesions from below. For
example, an anterior endoscopic endonasal transcribriform or
transplanum approach may confer advantages to anterior skull
base management for certain meningiomas, depending on size
and location. Complete resection of hyperostotic bone of the
olfactory groove, planum sphenoidale, and tuberculum sellae is
more easily accomplished, and manipulation of neurovascular
structures and brain retraction on the frontal lobes to increase
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exposure is avoided. In an endoscopic approach, the craniotomy
through the anterior skull base is made directly over the basal
dural attachment at the anterior skull base. The meningioma can
be devascularized early in the operation to decrease blood loss
and facilitate tumor removal. Complete removal of all bone that
has become hyperostotic from tumor infiltration facilitates a
Simpson grade I resection. The endoscopic approach may be
suitable for an anterior skull base meningioma that has recurred
or extends into the paranasal sinuses.

Disadvantages of the endonasal endoscopic approach stem
from the inherent limitations of its midline exposure. Tumors
that have extended beyond the medial orbital wall or over the
superior orbital roof and those with dural attachments extending
lateral to the optic canal or into the sphenoid wing are difficult
to access from a midline endonasal approach and may be better
approached via an open transcranial technique. Cranial nerves
and vascular structures are identified later in the dissection during
an endonasal endoscopic technique and may be prone to injury
if manipulated. Tumors encasing the internal carotid arteries or
anterior cerebral arteries should be approached by an open tech-
nique for more complete visualization and to avoid vascular
injury. High-quality studies of the extent of resection, recurrence
rates, and complications of each approach are lacking.

CSF leaks that necessitate endonasal exploration to repair may
be more common with endoscopic surgery. The osteodural defect
is larger when created by an approach from below than when
created by a Simpson grade I resection with a transcranial
approach from above. Approaching a meningioma in the olfactory
groove may necessitate resection of bone and dura extending from
the posterior wall of the frontal sinus to the planum sphenoidale.
Resection of the hyperostotic endonasal bones and entering the
paranasal sinuses further increase the risk of a CSF leak.

Modern surgical techniques, such as the use of vascularized
nasoseptal mucosal flaps or allogenic acellular dermal allograft
(AlloDerm; LifeCell Corporation, Bridgewater, NJ), may decrease
the rate of CSF leaks without the need for lumbar drainage and
may grant surgeons the confidence to perform a more complete
surgical resection; however, prospective trials in which the effec-
tiveness of these newer techniques are evaluated have not yet

been published.

Question 5: Technical Advances:
Revolutionary or Evolutionary?

Several new chapters deal with innovation and technical advances
in operative neurosurgery: simulation and robotics (Chapter 19),
brain retraction (Chapter 24), and visualization and optics
(Chapter 25). In those chapters, the authors endeavor to place
these advances in context, evaluate whether they truly deserve to
be termed “revolutionary,” and attempt to address what effect
these advances will have on the future of neurosurgery (Fig. I-1).

With regard to the terms revolutionary and evolutionary, many
investigators make claims for the former but rarely for the latter.
Revolutionary means a complete or fundamental change. It there-
fore follows that the majority of innovations contributing to
advances in neurosurgery are evolutionary. Gordon'" reviewed
examples of revolutionary changes that transformed the 20th
century: the internal combustion engine, distribution of elec-
tricity, and public health advances. The internal combustion
engine evolved into the automobile and the airplane; distribu-
tion of electricity enabled the development of household and
business devices such as the refrigerator and, later, the com-
puter; and public health advances led to the delivery of potable
drinking water and sanitary collection of sewage. According
to Gordon’s line of reasoning, a major revolutionary change
in neurosurgery was Wilhelm Rontgen’s discovery of x-rays,
and all subsequent events and discoveries were evolutionary,
including Walter Dandy’s description of ventriculography and
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Acceptance of innovation

3. UE
4 “I had the same idea”

(-) Enthusiasm (+)

2.US
“It will never work”

Time —>

Figure I-1. Four phases of acceptance of innovation. Phase 1:
Creation/Development, (C/D). Phase 2: Unrestricted Skepticism (US).
Phase 3: Unrestricted Enthusiasm (UE). Phase 4: Appropriate
Utilization (AU). The duration of each phase is highly variable. With
medical innovation, the transition from phase 3 to phase 4 may be
prolonged, or phase 4 potentially may never be achieved.

pneumoencephalography (1918/1919), Anténio Egas Moniz’s
achieving opacification of the carotid artery (1927), and Sir
Godfrey Hounsfield’s development of the CT scanner (1973).

Before physicians attempt to predict the future, it would be
wise to remember that “rational prediction of future develop-
ments is, to some degree, an oxymoron. Predictive accuracy
would probably be higher with Isaac Asimov* and other science-
fiction writers than with academics limited by conditioned skepti-
cism”' It would also be prudent to remember Bergland’s
1973 article “Neurosurgery May Die,” published in the New
England Journal of Medicine.”* Unlike Bergland, modern neuro-
surgeons can use the “retrospectoscope” to see that almost simul-
taneously with the publication of Bergland’s article predicting the
demise of this specialty, Hounsfield and James Ambrose were in
the midst of perfecting the CT scanner. The CT scanner and
MRI, while evolutionary only from a technology perspective,
nevertheless had a revolutionary effect on neurosurgical practice.
These devices profoundly expanded the scope of neurosurgery
and prevented its demise. However, Bergland based his predic-
tion on the failure of neurosurgical education and, as will be
discussed later, he may be correct about future difficulties ahead
for neurosurgery.

Simulation and Robotic Surgery

In 1921, Karel Capek, a Czech playwright, introduced the term
robots, using it to mean forced labor; today this term applies to
tools that can perform a variety of tasks under the direction of a
human or computer. The first robotic application in the realm of
surgery was in 1988 in neurosurgery—for needle biopsy.” Since
then, robotics have been applied widely in radiosurgery and, to a
lesser extent, in spinal and cranial surgery. However, few studies
have demonstrated a clear advantage to robot-assisted surgery
across the breadth of surgery.

Instead of surgery itself, perhaps the major application for
robotics in the near term will be in simulation and training, as
noted in Chapter 19; however, neurosurgeons and engineers need
to make significant progress before virtual operations simulate

*A famous science fiction writer who popularized the term robotics
in 1941.%°

actual conditions in the operating theater. Advances in virtual
reality technology are transforming the gaming and other indus-
tries and will soon be applied to simulation of neurosurgical
procedures. Such advances will not only affect patient safety (see
Chapter 4) but will probably also have a major positive effect on
neurosurgery training, at a time when education is being eroded
(see later discussion).

Should neurosurgeons be concerned about the steady march
toward the mechanized and robotic future, or do such concerns
represent the reflex protestations against progress by a generation
of Luddites who are unfamiliar with emerging technology?
Without question, potential losses and negative consequence lie
ahead. In the absence of robotics, surgery is at the end of a spec-
trum that begins with the individual surgeon’s knowledge, mental
visualization of the neuroanatomy in three dimensions, correla-
tion of the anatomy and imaging, and then activation of personal
executive function to create a surgical plan. Robotic surgery in
the future may allow bypass of these important intellectual tasks;
therefore, when technology fails, surgeons will be left poorly
equipped to handle certain situations.

We are mindful, however, of how the introduction of the CT
scanner and MRI, while changing the practice of neurosurgery,
has had a secondary effect on neurosurgical education and neu-
roanatomy. Before the development of CT and MRI, the popu-
larity of neuroanatomy was in decline, considered a nice bit of
knowledge to acquire (comparable to knowing the distinction
between Doric, Tonic, and Corinthian columns), but not thought
to be essential to the practice of neurosurgery. The “imaging
studies” before CT were pneumoencephalography and ventricu-
lography. These techniques required some knowledge of the
cerebral ventricles and, in general terms, what could displace
them, but knowledge about the brain outside of the ventricles was
still sparse. With the introduction of CT and MRI, knowledge of
neuroanatomy became a necessity, not a luxury, and led to a vastly
increased emphasis on neuroanatomy teaching and research. This
is reflected in the expansion of chapters devoted to anatomy in
the 7th edition of Youmans and Winn Neurological Surgery.

Visualization and Optics

Most neurosurgical procedures on the brain, spine, or peripheral
nerves as of the second decade of the 21st century remain “open”
surgeries involving direct vision and similar to those performed
by Harvey Cushing in the second decade of the 20th century. Ted
Kurze’s introduction of the microscope into the neurosurgery
operating room, as well as subsequent refinements by Raymond
M.P. Donaghy, Gazi Yasargil, Albert L. Rhoton, and other inno-
vative pioneers, fundamentally expanded the neurosurgical oper-
ative universe. Less well recognized and documented is the role
that illumination has played in advancing microneurosurgery.

In their insightful Chapter 25, on visualization and optics,
Sorenson and colleagues correct this deficit in recognition by
reviewing the development and current status of lighting
for microsurgery; they also review the past and current status
of optics. Obviously, without adequate light, microscopic neuro-
surgery would be impossible. Similarly, lack of light initially
impaired the widespread use of endoscopes (see the earlier section
“Question 4: Endoscopy”).

According to the analysis of Sorenson and colleagues, lighting,
rather than optics, is rate limiting for the development of mag-
nification more powerful than what is used today, which is based
primarily on human vision. Increasing the power of illumination
has limitations related to effects on tissue and the inability to
discriminate difference in contrasts. Sorenson and colleagues
believe that the use of digital technology and high dynamic range
(HDR) imaging will replace the current optical systems. Such
tools could ensure superb illumination and focus that will exceed
today’s optic systems, which are dependent on human vision



alone. In addition, they envision the development of systems that
will allow the neurosurgeon to “see through the brain,” truly
“image”-guided surgery, and they even foresee the introduction
of detached remote visual techniques. Such developments, like
the effect of digital cameras on photography, are destined to
expand the current microsurgical world.

Brain Retraction

Is old technology with staying power no longer critical in today’s
“micro”/“endo” world of neurosurgery? Improvements in visual-
ization may have a secondary effect by altering the degree of and
even the need for brain retraction (see Chapter 24). As with the
case of illumination, the development of retractors specialized for
neurosurgery contributed to the expansion of microsurgery. As
outlined in Chapter 24, replacing handheld retraction with self-
retaining systems increased the surgeon’s manual options. One-
or three-handed surgery was expanded to two- or four-handed
procedures and undoubtedly increased patient safety. The neuro-
surgery literature has largely ignored the contribution of self-
retaining retractors to patient safety.

Although retractors are universally used in neurosurgery, the
science of brain retraction and the causes of retraction injury are
not as well studied. Few laboratory-based studies have docu-
mented the pressure/duration limits of neural tissue or biologic
strategies designed to decrease retraction injuries. Mechanical
and engineering advances have been made in retractor design,
but on-line pressure-sensing retractors remain primitive. The
increasing advocacy for minimal retracting techniques may reflect
the acknowledgment and underreporting of the frequency of
retraction injuries. Minimal retraction methods may also be
related to more radical skull base dissection and advances in
anesthesia methods to maximize brain relaxation.

The correct, rational, step-by-step application of retractors is
based on achieving appropriate exposure with minimal risk to
neural tissue while simultaneously enabling operating surgeons’
access. Success or failure may depend on initial placement of the
head holder and subsequent stabilization of the flexible arms.
These seemingly minor steps can optimize surgical access or, if
retraction is incorrectly applied, result in significant neural injury.
An infrequently recognized truth is that brain retraction does
indeed involve an art, as well as a science.

In summary, historic and more recent technical advances in
neurosurgery have been impressive, but in the current and future
environment, there remains the risk of overreliance on technol-
ogy. As with humans, technology can fail and, at some point, the
individual neurosurgeon must recognize this failure. For example,
as reported in the Daily Mail,”* a woman, planning to drive to a
railroad station 38 miles from home, instead drove 900 miles over
2 days because she slavishly followed the incorrect directions
provided by her global positioning system (GPS) device (Fig. I-2).
The ability to recognize technology-related errors is dependent
on previous training and education, as well as common sense. As
indicated previously and discussed in detail subsequently, training
and educational exposure are being constrained. The combina-
tion of increased dependency on technology and constriction in
clinical training may be a lethal mixture.

Question 6: Advances in Basic Sciences: New
Information and Possible Clinical Implications

As noted previously in the preceding discussion, revolutionary
changes occur infrequently in neurosciences and neurosurgery;
evolutionary changes are more common. We would describe
Chapter 45 (“Optogenetics and Clarity,” by Fenno, Hsueh,
Purger, and Kalanithi) and Chapter 54 (“Extracellular Fluid
Movementand Clearance in the Brain: The Glymphatic Pathway,”
by Iliff and Penn) as having revolutionary content that has
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Figure 1-2. Drive of 38 miles to a local train station became
a 900-mile, 2-day journey (red arrows) because of the driver’s
adherence to erroneous directions by a global positioning
system (GPS).

potential clinical application. Optogenetics is a laboratory tool
that involves the expression of light with cellular activation and
allows real-time insights into the basic physiologic mechanisms
of neural networks in the brain.

The glymphatic system is a network of perivascular pathways
throughout the brain along which CSF recirculates through
the brain parenchyma and interstitial fluid (ISF) solutes are
cleared to CSF. This novel concept may help explain physiologic
activities such as memory acquisition and has profound implica-
tions about several clinical entities such as Alzheimer’s disease,
brain edema, and hydrocephalus.”** Accordingly, we think it is
important to draw neurosurgeons’ attention to the glymphatic
system.

Because the brain and spinal cord lack a conventional lym-
phatic vasculature, classical lymphatic functions such as intersti-
tial protein homeostasis and immune surveillance are thought to
occur through the interactions between the CNS extracellular
fluid compartment and the CSF compartments. According to the
“CSF sink hypothesis,” articulated by Oldendorf and Davson’” in
the middle of the 20th century, interstitial wastes from CNS were
eliminated through the exchange of ISF with CSF and the sub-
sequent reabsorption of CSF into the bloodstream. However,
more recent data by Iliff (who began his investigatory career in
a neurosurgery laboratory right after high school’®) and his col-
laborators have mandated revision of the basic elements of this
classical model of CSF-ISF exchange.””*’ The characterization
of classical lymphatic vessels associated with dural sinuses
and vasculature on the margins of the CNS suggests that waste
clearance and immune surveillance may be taking place in a much
more complex manner than previously believed. These data
have demonstrated that the process of CSF-ISF exchange is
both more organized and more functionally consequential than
previously realized.

Using dynamic imaging approaches in rodents, researchers
have demonstrated that, contrary to the conventional view of
CSF circulation and reabsorption, a substantial proportion of
CSF from the subarachnoid compartment recirculates back into
and through the brain parenchyma along perivascular spaces sur-
rounding penetrating cerebral arteries, rapidly exchanging with
surrounding ISF. Interstitial solutes, in turn, are cleared from the
brain along a distinct set of perivascular pathways surrounding
large-caliber draining veins, including the internal cerebral vein.
The exchange of CSF and ISF along these perivascular pathways,
driven in part by arterial pulsation, supports the clearance of
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interstitial solutes, including metabolic wastes and pathologic
substrates such as amyloid B peptide and tau protein.

Perivascular spaces therefore function as a crossroads in the
CNS, in which, in proximity to the blood-brain barrier, the extra-
cellular compartment of the CNS interacts with the peripherally
communicating CSF. Fluid exchange along these perivascular
pathways is supported by astrocytic water transport. Astrocytes
express large amounts of the water channel aquaporin-4 in peri-
vascular end-feet that ensheathe the cerebral vasculature, which
helps organize water movement within the CNS along the axis
of the cerebral vasculature, in a manner similar to the way that
water diffusion organizes along axons in white matter tracks.
Disruption of aquaporin-4, or its perivascular localization, slows
perivascular CSF-ISF exchange and impairs the clearance of
interstitial solutes from brain tissue.

Researchers have also shown that glymphatic function is a
feature primarily of the sleeping brain, inasmuch as perivascular
CSF-ISF exchange and the clearance of interstitial solutes,
including amyloid B peptide, are dramatically slower in the awake
brain than in the sleeping brain. In an intriguing finding, elec-
trophysiologic measurements suggested that during slow-wave
sleep, the brain extracellular space increases in volume, facilitat-
ing more rapid solute diffusion and perivascular exchange. These
findings suggest that the clearance of extracellular wastes may be
one of the physiologic bases of the restorative functions of sleep.

From a physiologic perspective, the clearance of extracellular
wastes and the reabsorption of interstitial proteins are basic and
essential elements of organ function. Within the CNS, with its
high rate of metabolic activity and neural cells’ sensitivity to
changes in extracellular environment, the glymphatic pathway is
probably a key contributor to basic brain function. In addition to
facilitating the efflux of solutes that cannot be locally degraded
or cross the blood-brain barrier, the glymphatic system probably
provides a route along which signaling molecules, such as trophic
factors, neuropeptides, and neuromodulators, are distributed
through different brain regions. The association of the choroid
plexus and dural vasculature—known nodes of peripheral immune
cell trafficking—with the CSF and perivascular spaces of the
glymphatic system suggests that these anatomic features consti-
tute an integrated system that facilitates peripheral immune sur-
veillance of the brain without breaching the relative “immune
privilege” of the CNS.

Because glymphatic function underlies basic elements of brain
function, it is likely that its dysfunction contributes to the devel-
opment or progression of many different pathologic states.
Glymphatic function, including the clearance of interstitial
amyloid B peptide, slows in the aging brain, which suggests that
age-related decline in its function may underlie the vulnerability
of the aging brain to neurodegenerative disease characterized by
misaggregation of different protein species, including amyloid 8
peptide and tau protein in Alzheimer’s disease or a-synuclein in
Parkinson’s disease and Lewy body dementia. Similarly, glym-
phatic function is impaired in the young brain after traumatic
brain injury, which may promote the development of neurode-
generation, including Alzheimer’s disease or chronic traumatic
encephalopathy, in the decades after traumatic injury.

In addition to its impairment after traumatic brain injury,
glymphatic function is compromised after cerebral ischemia and
subarachnoid hemorrhage, according to the results of several
experimental studies. The failure of interstitial solute and fluid
efflux in the setting of blood-brain barrier disruption may support
the formation and persistence of cerebral edema after neurovas-
cular injury. Conversely, the creation of an oncotic sink within
edematous brain tissue may disrupt wider glymphatic pathway
function, exacerbating the local effects of brain injury.

The emerging understanding of the glymphatic system and
interactions between the CSF and ISF compartments along peri-
vascular pathways has important implications in neurosurgery.

Many different kinds of brain disease can interfere with fluid
movement. For example, cerebral edema probably affects the
dimensions of extracellular pathways, whereby the dimensions of
the extracellular compartment are increased by vasogenic extra-
cellular edema and decreased by neurotoxic edema with cellular
swelling. In hydrocephalus, tissue edema around the ventricles
and tissue compression of the cortex also change these flow pat-
terns. Likewise, brain tumors change the pattern of flow because
of tissue compression and breakdown of the blood-brain barrier.
Successful therapeutic interventions, such as delivering medicines
to gliomas, are highly dependent on flow patterns.

Convection within the extracellular compartment must be
considered for effective delivery of therapeutic molecules to CNS
targets through the CSF via intracerebroventricular or intrathecal
infusion, directly within CNS tissue by convection-enhanced
delivery, or across the blood-brain barrier. Perivascular solute flux
is a key determinant of therapeutic distribution through CSF
compartments. Thus a greater understanding of the mechanics
and determinants of perivascular fluid movement will help sur-
geons optimize therapeutic delivery. A better understanding of the
effects that aging, brain injury, or other pathologic processes have
on these dynamics will enable more accurate drug delivery. In
principle, drug delivery methods could be adapted to the indi-
vidual patients once the dynamics of CSF and ISF flow are known.

Question 7: What Should Be the Neurosurgical
Involvement in the Critical Care Management of
Neurosurgical Patients?

Critical care medicine has developed as a specialty to diagnose,
treat, and prevent life-threatening illnesses that necessitate inva-
sive monitoring, as well as pharmacologic and mechanical organ
support. Since the era of Harvey Cushing, neurosurgeons have
been integrally involved in the delivery of critical care to their
patients. Since 2000, interest in the management of neurosurgical
patients in the ICU has intensified in several specialties. These
units are now referred to as “neurocritical care units” but were
previously referred to as “neurosurgical ICUs,” which repre-
sented the predominance of the patients that occupied the
beds. In North America, several professional associations in
neurology established a certification council as a mechanism to
codify subspecialties, accredit training programs, and certify
physicians—all laudable goals. They defined neurocritical care as
such a subspecialty.

This career path represents a significant opportunity for neu-
rosurgical trainees. With the accreditation from the Committee
on Advanced Subspecialty Training (CAST) of the Society of
Neurological Surgeons, neurosurgery has a comparable mecha-
nism for accreditation of programs and certification of trainees.
About one critical care position is created by the business gener-
ated by four practicing neurosurgeons: a considerable opportu-
nity for neurosurgery as a specialty.

Within neurosurgical residency in the United States, critical
care training is now formally included within the curriculum, and
competency is monitored by the residency program director and
tested in certification examinations (both written and oral) by the
American Board of Neurological Surgery. This has been a con-
certed effort on behalf of neurosurgery organizations to empha-
size the importance of critical care management in the training
of a contemporary neurosurgeon. With the parallel effort of other
specialties, such as neurology and anesthesia, it is yet unclear
whether these units will be staffed by multidisciplinary groups or
primarily by neurosurgeons. What is also unresolved is whether
such an interest in critical care training for neurosurgery resi-
dents will be embraced in other countries. The neurosurgeon has
a unique responsibility and necessary role in managing and coor-
dinating care for patients in the neurocritical care unit, which
should not be abrogated.



Question 8: Neurosurgical Education and Training:
Have Duty Hour Restrictions Accomplished the
Goals Envisioned by Those Who Advocated for
Changes in Neurosurgery Training?

One of the most important goals of the 7th edition of Youmuans
and Winn Neurological Surgery and of this section is educational:
to provide comprehensive, up-to-date, neurosurgically relevant
information to neurosurgeons in practice and in training. Time
alone will not convert those in training to those in practice. This
transformation requires what constitutes “training”: the acquisi-
tion of knowledge, judgment, and technical skill.

Historically, training in neurosurgery grew out of general
surgery, as did the discipline as a whole. In the Cushing and post-
Cushing era, full training in general surgery preceded a 1- to
2-year experience in neurosurgery with the educational mode
akin to an apprenticeship. Before and after World War II,
specialty-specific residency training evolved into a more orga-
nized educational experience with a specified number of years in
duration. Daily work hours were not constrained except by the
duration of a day.

As residencies evolved, so did organizations designed to
provide oversight and regulation of postgraduate training. As a
result of a tragic case in the mid-1980s, the state of New York
investigated working conditions and supervision of house officers
and, through subsequent legislation, limited work hours of house
officers to 80 hours per week. Adding to the general public
concern was a study issued in 2000 by the U.S. Institute of Medi-
cine titled 70 Err Is Human: Building a Safer Health System.’' This
study suggested that 50,000 to 100,000 hospital-based deaths
occurred in the United States each year in relation to errors. In
2003, the Accreditation Council for Graduate Medical Education
(ACGME) enacted (and, in 2011, modified) duty hour restrictions
(DHRs) that affected all medical residencies in the United States.
These DHRs were not unique to the United States, inasmuch as
similar but more constraining regulations were instituted in
Europe and the United Kingdom. The changes mandated by the
ACGME were envisioned as decreasing patient-related errors
and improving resident well-being without compromising resi-
dent education and training; however, as outlined as follows,
those advocating for change in duty hours appear to be incorrect
in their underlying assumptions:

* The ACGME assumed that mastering different disciplines
was identical to training required for postresidency work.
Common sense would dictate otherwise, and yet DHRs were
identical for disparate specialties such as dermatology and
neurosurgery. In the nonmedical world, no one questions that
training differs according to the task; whether for the Bolshoi
Ballet or a baseball team.

* As in specialties, differences exist among individuals in their
ability to tolerate sleep deprivation, a trait that may be related
to adenosine receptor sensitivity.”” Individuals choosing to
enter specialties known to require long hours and conditions
in which sleep deprivation is common may self-select a career
in neurosurgery. Moreover, substantial human and animal data
demonstrate that individuals can expand their ability to toler-
ate sleep deprivation. Training in neurosurgery should focus
on development of coping skills related to sleep deprivation.
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After all, neurosurgery training is not an abstract concept; in
essence, the goal is to prepare the individual for the practice
of neurosurgery, an environment in which hour restrictions
currently do not apply.

¢ Furthermore, many advocates predicated the need for DHRs
on the assumption that fatigue, caused by sleep deprivation,
compromised patient care; they assumed that DHRs would
improve patient safety. These advocates ignored the existing
data derived from two decades of DHRs in the state of New
York and the lack of improvement in hospital errors. Further-
more, a study from 1995 on surgical residents failed to dem-
onstrate that fatigue affected patient errors or outcome,” and
these results were further supported by a later study of neu-
rosurgery residents and manual skills.’* After 2003, when the
ACGME instituted DHRs, the preponderance of studies
across many disciplines have failed to demonstrate the hoped-
for improvement in patient care,” even with modification of
the DHRs.*® In contrast, in several neurosurgical studies,
DHRs have had a negative effect on patient care.””* For
example, in a novel study, Dumont and associates* evaluated
meningioma resection before and after implementation of
DHRs and demonstrated an increase in complication rates in
academic units, but not in nonteaching institutions in which
DHRs were not in effect.

* Another promised benefit of DHRs was that residents would
have more time for education and research. The opposite has
occurred because limitation on hours applies to time spent
both in teaching and in patient care.” In neurosurgery, surveys
of faculty members yielded uniformly negative responses
about the influence of DHRs on teaching both inside and
outside the operating room.” An objective measurement of
the effect of DHRs is the decrease in residents’ performance
on in-service examinations for self-assessment, administered
by the American Board of Neurological Surgery.** In addi-
tion, many neurosurgery residencies restricted their research
exposure for residents, with the resultant decrease in the
number of resident-presentations at national neurosurgery
meetings.”

* House officers have high rates of depression, suicides, and job
burnout. Consequently, another motivation for the introduc-
tion of DHRs was the concern for the well-being of residents.
However, studies have uniformly failed to demonstrate an
improvement in psychological difficulties or job burnout in
house staff after institution of DHRs.™*

In summary, DHRs have failed to achieve the intended goals
of improving patient care or the well-being of house staff. Over
the long term, in neurosurgery and perhaps other specialties,
compromised inpatient care will potentially continue, and society
will come late to recognize that organized medicine failed to
anticipate the unintended adverse effect of DHRs. Specifically for
neurosurgery education, the implementation of DHRs has had
three negative effects: diminution in the overall educational
emphasis, constraint on flexibility of individual training, and a
deemphasis on research. These three negative effects echo the
concerns that Bergland™ raised in his 1973 article.
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History

1 Historical Overview of Neurosurgery

James Tait Goodrich and Eugene S. Flamm

Neurosurgery, as a subspecialty in general surgery, is a very recent
development, having occurred only in the latter half of the 19th
century. Three critical developments and concepts had to occur
for neurosurgery to become a specialized subspecialty: anesthesia,
antisepsis, and cerebral localization. All three of these develop-
ments occurred over less than 40 years (the 1840s to the 1870s).
In this chapter, the underlying theme is that neurosurgery
advanced as surgeons obtained a better understanding of the
anatomy and pathophysiology of the nervous system, a goal that
continues to be followed today.

This concept was clearly provided in 1602 by William
Clowes,' a leading surgeon of the Elizabethan age. Clowes
invoked a challenge that neurosurgeons must still overcome, even
in the age of computerized imaging, microsurgery, and functional
neurosurgery:

Those which are Masters and Professors chosen to performe the
like operation, ought indeede to have a Lyons heart, a Ladies hand,
and a Haukes eye, for that it is a worke of no small importance.

Hippocrates, the father of medicine, had even further detailed
this concept when he stated, “Nullum capitis vulnus contemnen-
dum est”: no head injury should be considered trivial.’

NEUROSURGERY IN THE PREHISTORIC PERIOD

Neurosurgery is, in many ways, one of the most ancient of profes-
sions. Early humans clearly recognized that to bring down an
enemy, a blow to the head was the quickest means. To accomplish
this goal, a number of weapons and, in particular, clubs were
fashioned to inflict these injuries. Numerous anthropologic col-
lections around the world include examples of skulls with head
injuries; more remarkable are a number of skulls with successful
trephinations: that is, the patient clearly survived the surgical
opening of the skull.’” From some cultures, such as early Peru-
vian communities, there exist many skulls that show evidence of
trephinations, in most cases for reasons that remain unknown.
Paul Broca (1824-1880) in the mid-19th century was one of the
first to speculate that this procedure was performed for religious
or medical reasons, but there is no documentation for why these
procedures were done. It has become apparent that the surgical
skill for performing a trephination was worldwide; there are
examples from virtually every major civilization, some dating
back approximately 12,000 years. There are three common
methods for performing a trephination: (1) scraping away the
bone, (2) drilling a series of small holes and connecting them, and
(3) making cross-hatch cuts in the bone and connecting them to
remove a rectangular piece of bone. A trephine skull on which
the scraping technique was used, from the early Chimu culture
in Peru, and two examples of the typical tool used to perform the
scraping (called a zumi) are illustrated in Figure 1-1.

ANCIENT EGYPTIAN NEUROSURGERY

The earliest known written documents that relate to early neu-
rosurgery date from the ancient Egyptian period. During this
period, which covered approximately 30 successive dynasties, the
earliest known practicing physician and Egyptian polymath lived:
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Imhotep, or Ii-em-Hotep (c. 2650-2600 Bc). So powerful was
Imhotep’ influence that he was given divine status after his death.
This period of history has provided the earliest known existing
medical and surgical writings. Three Egyptian papyri that have
relevance to medicine still exist: the Ebers, Hearst, and Edwin
Smith papyri.®*

According to these Egyptian papyri, the practice of medicine
was based largely on magic and superstition. Medical and surgical
treatment relied on simple principles, whereby nature provided
restoration of health with little intervention and mostly observa-
tion with simple mendicants. Of interest to modern neurosur-
geonsisthe conceptthatthe Egyptiansrealized thatimmobilization
in a neck or back injury was important in reducing further injury.
These early physicians commonly prescribed and applied splints
for treatments.

The oldest medical text dates from this early civilization and
was written in the 16th century Bc, approximately 300 years after
Hammurabi. This text, now called the Ebers papyrus, includes
more than 100 pages of hieratic writing and is of interest for its
extensive discussions of contemporary surgical practice. Included
are discussions of the removal of tumors, along with recommen-
dations for the surgical drainage of abscesses."

The oldest work that deals extensively with medical and surgi-
cal techniques to deal with traumatic injuries is the Edwin Smith
papyrus. Edwin Smith was from New York but had moved to
Luxor, Egypt, to become an antiquities dealer; he acquired this
papyrus in 1862. Smith spent considerable time translating the
document into English. This didactic work appears to have been
intended to be a surgical textbook. It was originally written
during the time of the New Kingdom. This papyrus scroll is 15
feet in length and 1 foot in width and is written in a cursive
hieratic script. The surviving text consists solely of a list of 48
cases, including 22 cases of injuries to the spine and cranium.
There is even a case of a cranioplasty (Case 9), discussed along
with what might be the earliest reported case of neurofibroma-
tosis (Case 45). Each case is discussed with a diagnosis, followed
by a formulated prognosis. As a result of scholarly research by
Professor James Henry Breasted, this papyrus was translated
again in 1930 from the original hieratic script. More recently
(2012), a neurosurgeon (Gonzalo M. Sanchez) and a hieratic
script expert (Edmund S. Meltzer) collaborated on reinterpreting
the document and provided a more detailed medical/surgical
explanation of the various cases. The papyrus is now in possession
of the New York Academy of Medicine.”” The following two
cases show the insight and some of the techniques illustrated in
this early historical papyrus”:

Case Two

Title: Instructions concerning a gaping wound in his head,
penetrating to the bone.

Examination: If thou examinest a man having a gaping wound
in his head, penetrating to the bone, thou shouldst lay thy hand
upon it and thou shouldst palpate his wound. If thou findest his
skull uninjured, not having a perforation in it....

Diagnosis: Thou shouldst say regarding him: “One having a
gaping wound in his head. An ailment which I will treat.”

Treatment: Thou shouldst bind fresh meat upon it the first
day; thou shouldst apply for him two strips of linen, and treat



ABSTRACT

The field of neurosurgery is a very recent one, having developed
only as a subspecialty at the end of the 19th century. The profes-
sion dates back to origin of Homo sapiens. Conflicts, falls, battles,
and other events all have led to various forms of head injuries and
trauma; people quickly realized that a blow to the head was the
quickest way to bring down an enemy or an animal for food.
Trephinations of the skull have been found in human skulls more
than 10,000 years of age. This chapter is a review of neurosurgery
dating to antiquity. In accordance with various schools of surgery
and medicine, the development of neurosurgery is detailed from
the writings of surgical experts and various schools of teaching
around the world. Formal medical education begins with the
Greek schools of the Asclepiads and Hippocrates. Greco-Roman
surgeons such as Galen of Pergamon used the spoils of war and
gladiators to learn human and animal anatomy and then the
surgical skills to treat the surgical injuries. During the Byzantine
era, the Islamic schools and Arab teachers codified much of the
medical and surgical knowledge of antiquity. Although the medi-
eval period in Europe led to the development of some strong and
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interesting surgical theories, few advances were made in dealing
with head injuries. With the Renaissance came a better and more
accurate understanding of human anatomy and, in particular, a
better understanding of the brain and its underlying function.
Modern experimental medicine and science began with the
learned societies of Europe and some leading scientists and physi-
cians. However, advancements in a field of surgery depended on
three critical developments and concepts: anesthesia, antisepsis,
and cerebral localization. No surgeon could operate on the brain
without sufficient knowledge of the anatomic location of the
lesion. The operation could be safely performed only with an
anesthetized patient and good antisepsis. Before antiseptic tech-
niques were developed, more than 85% of treated patients died
of some type of sepsis. The 20th century led to the development
of modern neurosurgery. With better instrumentation, diagnostic
equipment, and superbly trained surgeons such as Harvey
Cushing, the specialty of neurosurgery came into being. This
chapter details the schools of teaching that led to the develop-
ment of neurosurgery as a profession and the prominent indi-
viduals involved.



Figure 1-1. A skull from Peru with a left frontal trephination
accomplished by the “scraping” technique. The surgeon would use
the two hand-held Peruvian tumis, positioned in front of the skull.
These tumis, made of a copper/bronze mix, date from the period
800-1100 AD. The patient survived the procedure, as indicated by
evidence of healed bone regeneration at the site. (Courtesy James
Tait Goodrich, MD, PhD.)

afterward with grease, honey, and lint every day until he

recovers.

Gloss: As for: “Two strips of linen,” it means two bands of linen
which one applies upon the two lips of the gaping wound in order

to cause that one join to the other.

Case Five

Title: Instructions concerning a gaping wound in his head,
smashing his skull.

Examination: If thou examinest a man having a gaping wound

in his head, penetrating to the bone, and smashing his skull; thou

shouldst palpate his wound. Shouldst thou find that smash which

is in his skull deep and sunken under thy fingers, while the swelling

which is over it protrudes, he discharges blood from both his

nostrils and both his ears, and he suffers with stiffness in his neck,

so that he is unable to look at his two shoulders and his breast...

Diagnosis: Thou shouldst say regarding him: “One having a
gaping wound in his head, penetrating to the bone, and smashing
his skull, while he suffers with stiffness in his neck. An ailment not

to be treated.”

Treatment: Thou shalt not bind him but moor him at his
mooring stakes, until the period of his injury passes by....

Other than the isolated cases, these remaining papyri provide
little information about the actual practice of neurosurgery.”'’ It
is evident from these writings that Egyptian physicians recog-
nized head injury and would elevate a skull fracture if necessary.
At the same time, if the injury appeared to be too severe, then no
treatment was advocated. Both the management and the codifica-
tion of head injury were not formalized until the development of
the Greek schools of medicine (c. 460 Bc), by individuals such as
Hippocrates.

CLASSICAL PERIOD: GREEK AND
BYZANTINE NEUROSURGERY

Hippocratic School

The intellectual evolution of neurological surgery originated in
the golden age of Greece with the founding of the Alexandrian
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School in 300 Bc. For the first time, open anatomic dissection
was incorporated into formal lectures.' The concept of a surgeon
performing surgery on the head and spine also became formal-
ized for the first time. Because of sporting injuries, particularly
gladiator injuries, and wars, head injuries were clearly plentiful
and provided ample opportunities to develop the early skills of
neurosurgery.

The earliest medical writings from this period are those of
Hippocrates (c. 460-370 Bc), the most celebrated of the
Asclepiadae.*"* Classical philologists consider that many of the
writings attributed to Hippocrates were in reality composed by
members of the Hippocratic School. The Hippocratic collection
includes clinical cases based mainly on observation, and in most
cases, only the simplest of theories are offered. The many neu-
rological cases within the Hippocratic corpus reveal that the
understanding of head injury was rather sophisticated. Hip-
pocrates was the first to describe a number of neurological inju-
ries, most resulting from battlefield injuries. The vulnerability of
the brain to injury was categorized by location in the brain, from
lesser to greater, with injury to the bregma being represented as
a higher risk than one to the temporal region, which, in turn, was
more dangerous than an injury to the occipital region.'*'* Hip-
pocrates devoted a full chapter to injuries of the head, De capitis
valneribus, which deals with the diagnosis and management of
head injuries and is the first systematic work devoted to head
injuries. He divided head injuries into five categories that were
based on the details of the skull fracture. Five types of fractures
are described: linear fracture, contusion, depressed fracture,
hedra (or dent) occurring with and without fracture, and contre-
coup fracture.'* The neurological condition of the patient was
not thought to have any bearing on the surgical indications.
Surgery was advised according to the type of fracture. The greater
the injury to the skull, the less was the need for trephination. The
technical aspects of the process of trephination are presented in
a curious mixture of sound advice and incomprehensible admoni-
tions (Fig. 1-2).

The Hippocratic writings contain numerous anatomic descrip-
tions, even though human dissection appears not to have been
routinely practiced. The Greeks also were without an anatomic
vocabulary, not to be introduced until Galen standardized the use
of the Latin language in medicine. These deficiencies combined
to limit any standardized anatomic procedures or the practice of
surgery. Despite these drawbacks, the Hippocratic writings
contain a number of interesting neurological case studies that
reflect a view of the early practice of neurosurgery (Fig. 1-3).

One of the earliest descriptions of subarachnoid hemorrhage
appears in the Aphorisms''*;

When persons in good health are suddenly seized with pains in
the head, and straightway are laid down speechless, and breathe
with stertor, they die in seven days, unless fever comes on.

Hippocrates and his followers also warned against incising the
brain, as convulsions can occur on the opposite side and render
the prognosis especially serious. Hippocrates advised against
making an incision over the temporal artery, because this could
also lead to contralateral convulsions. The writings of Hippo-
cratic schools demonstrate the simple concepts of cerebral local-
ization. Also well understood was the concept of a potential
critical prognosis in head injury and that sometimes it was best
not to operate. In this early era of medicine, the risk of infection,
lack of antiseptic technique, and minimal anesthesia all precluded
any serious or aggressive surgical intervention in head injury.

Herophilus of Chalcedon

From the region of the Bosporus, among the crowded schools
of Alexandria, came Herophilus (Herophilos) (335-280 sc),
a student of Praxagoras and Chrysippus and a member of the
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educated dynasty of Ptolemies. According to his writing, Heroph-
ilus performed dissection on humans and not on animals as was
the common practice then."”?' The work of Herophilus, along
with that of Galen later, was key in the task of developing an
anatomic nomenclature and in forming a much-needed language
of anatomy. In examinations of the nervous system, Herophilus’s

FTPOCI AT

COI MEDICORVM OMNIVM

L ex parte., hcirciter duo mil
lia Latina caruit lingua , Graciuero, Arabes,

& Prifeinoftri Medici,pluri utilibus 4

s pretermillis, fcripea fua illuftrarunt , nune 4

Figure 1-2. Title page from the first printed edition of the writings of
Hippocrates, in 1525. (From Hippocrates. Coi Medicorum Omnium
Longe Principis, Octoginta Volumina, Quibus Maxima ex Parte,
Annorum Circiter Duo Millia Latina Catruit Lingua, Gaecivero, Arabes &
Prisci Nostri, Scripta sua lllustrarunt....Latuita te Donata, Clementi.
LVII. Pont. Max. Dictata.... Rome: Franciscus Minutius Calvus; 1525.
Courtesy James Tait Goodrich, MD, PhD.)

neurological contributions included following the origin of
nerves to the spinal cord anatomically. He was the first to recog-
nize the difference in the motor and sensory tracts. Furthermore,
he differentiated between nerves and tendons, thereby correcting
a common earlier error. Herophilus was first to detail the anatomy
of the brain ventricles and venous sinuses. The description of the
“confluence of the sinuses,” or torcular herophili (Aavol = wine
press), comes from his early investigations. Herophilus provided
the first description and naming of the choroid plexus (plexus
choroides), so named because of its resemblance to the vascular
membrane (chorion) of the fetus. Herophilus also provided the
first detailed account of the fourth ventricle and that peculiar
arrangement at its base that he called the calamus scriprorius
(Avoryhoon Ty yologty), which he described as “resembles a pen
in writing.” Among his many other contributions was his recogni-
tion of the brain as the central organ of the nervous system and
the seat of intelligence.”’

Herophilus’s writings were not free of errors. An anatomic
error that remained in vogue for nearly 1800 years was his
introduction into the anatomic literature of the rete mirabile,
a structure present in ungulates but notably lacking in higher
primates. In ungulates this structure acts as an anastomotic
network at the base of the brain, a structure that the Greeks
incorporated into the early physiologic theories of brain func-
tion.”” In the 2nd century ap, the rete mirabile was later further
detailed and elaborated on by Galen of Pergamon. The concept
of this structure became entrenched in the anatomic literature,
having been codified by the Byzantine Islamic and later European
medieval writers, until the 16th century, when it was finally
challenged in the anatomic accounts of Andreas Vesalius (1514-
1564) and Jacopo Berengario da Carpi (1460-1530).” Both of
these anatomists, who performed their own human dissections,
clearly recognized that the rete mirabile did not exist in humans.
It is possible that the human cavernous sinus confused the
early writers and they in turn thought that this represented the
rete mirable.

Aulus Aurelius Gornelius Celsus

Celsus (25 Bc-50 Ap) was neither a physician nor a surgeon, nor
was he a bedside practitioner; rather, he was an intellectual patri-
cian and a medical encyclopedist who attempted to compile all
of the important writings of his time. His writings had an impor-
tant early influence on medicine and surgery. His medical writ-
ings were mostly a compilation of the writings from the schools

Figure 1-3. A, Bust of Asclepius (Aesculapius). B, Temple of Asclepius on the island of Kos, Greece. Kos
is the birthplace of Hippocrates and the Hippocratic schools of medicine. (Courtesy James Tait Goodrich,

MD, PhD.)



of Hippocrates and the Asclepiadae and from the Alexandrian
schools. Celsus lived during the height of the Roman Empire. As
counselor to the emperors Tiberius Caesar and Caligula, Celsus
was held in great esteem. His book on medicine, titled De Re
Medicina,”**" is now considered one of the most important early
medical documents after the Hippocratic writings. Because
this work was originally lost, Celsus was one of the few major
authors whose works were not transcribed by the Islamic/Arabic
writers. In 1443, an early Celsus manuscript was uncovered by
Thomas of Sarzanne (later Pope Nicolas V) and reintroduced to
the medical community. With the introduction of printing and
moveable type, Celsus’s manuscript became the first medical
writing to be printed (1478), before even the writings of Hip-
pocrates and Galen. In the De Re Medicina, Book IV, Chapter 10,
his classic description of inflammation appears: “Notae vero
inflammationes sunt quattuor, rubor, et tumor, cum calore et
dolore [There are four signs of an inflammation: redness, swell-
ing, heat, and pain].”

Celsus made a number of interesting early observations in the
field of neurosurgery. Celsus believed that all surgeons should be
ambidextrous. Book VIII, Chapter 4, contains one of the earliest
descriptions of an epidural hematoma resulting from a ruptured
middle meningeal artery.”” For head-injured patients, Celsus rec-
ommended that the surgeon always operate on the side of greater
pain. Celsus was a strong advocate for use of the trephine in head
injuries. He noted that the trephine should always be placed at
the point where the pain is best localized. Celsus described a
technique for a craniectomy that involved drilling a number of
holes and then connecting them with a hammer and chisel. The
chisel had a protective blade, which separated the dura from the
bone and prevented injury to it during the surgical dissection.
However, he regarded the operation of trephination as the
ultimum refuginm, to be used only when all conservative measures
had been exhausted (Fig. 1-4).

Several interesting neurological conditions are described in
the De Re Medicina, including accurate descriptions of hydro-
cephalus and facial neuralgia. In accordance with earlier writings,
Celsus clearly recognized that a high cervical spine fracture could
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lead to vomiting and difficulty in breathing. Injury to the lower
lumbar spine could cause weakness or paralysis of the legs, as well
as urinary retention or incontinence.

Galen of Pergamon

Galen of Pergamon (129-200 ap), whose name comes from
galenos, meaning “calm” or “serene,” is remembered as a powerful
personality and an original investigator, as well as a leading pro-
ponent of the doctrines of Hippocrates and the Alexandrian
school. Galen began his writing career at the age of 13 and con-
tinued to add to the literature of medicine, philosophy, mathe-
matics, and grammar until his death at the age of 70. His writings
remained the most extensive in early antiquity in size, scope, and
influence. Galen’s prodigious output still accounts for more than
80% of all the surviving medical writings of antiquity.”® Many of
his writings and manuscripts, however, were lost in a fire at the
Temple of Peace in Rome (Figs. 1-5 and 1-6).

Galen’s life and activity occurred during the reigns of two of
the greatest Roman emperors: Antoninus Pius (86-161 ap;
reigned 138-161 ap) and Marcus Aurelius (121-180 ap; reigned
161-180 ap). Galen became the physician to the gladiators of
Pergamon and, as a result, saw and treated many traumatic inju-
ries. Drawing from both his surgical experiences and anatomic
studies, he made a number of contributions to the fields of
neurology, neurosurgery, and neuroanatomy. In his writings,
Galen differentiated between the pia mater and the dura mater
and gave one of the earliest accurate descriptions of the corpus
callosum, the ventricular system, the pineal and pituitary glands,
the infundibulum, and what is now called the aqueduct of Sylvius.
Nearly 1600 years before the Scottish anatomist Alexander
Monro secundus (1733-1817), Galen also described the structure
now called the foramen of Monro. He performed a number of
anatomic experiments, including early studies on the effects of
transection of the spinal cord.””” From these studies, Galen was
able to describe the specific loss of function below the level of
the transection. In a now classic experiment, he sectioned the
recurrent laryngeal nerve in dogs and described the hoarseness

- AVRELII |

COR CELST =4
DE RE ME-

DICA LIBRI
uc:c.

ITEM
q., SERE NI Liber de Modicing.
RHE M NII Fannif dh‘mm;t‘
£ d'e Ponderibus e Menfuris L
Omniaex diverforum codicum diligens
rifsima collatione caltigara,
Farip: -»ﬁv,)a{,k-
" Hearn &i'neft, &
oTA Knv&-w..- e
STt Geenti g

VIRTVTE DVCE

TYHALZEBOE HAIN
i
s» |

LYGDVYNI APVD SB‘%‘

GRYPHIV M, i
1543 s

B + LI N

Figure 1-4. A, Portrait of Celsus. B, Title page from a 1542 edition of Celsus’s writings. (Courtesy James Tait

Goodrich, MD, PhD.)
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Figure 1-5. Portrait of Galen of Pergamon. (Courtesy James Tait
Goodrich, MD, PhD.)

that occurred (discussed further in Chapter 7; see also De usu
partium corporis humani, Book VII, Chapters 11-18).%

Galen was the first to provide an early classification of the
cranial nerves. In his original classification, he described 11 of the
12 cranial nerves, but because he combined several, he thought
the total was only 7. In his descriptions, Galen regarded the
olfactory nerve as merely a prolongation of the brain and hence
did not consider it as a cranial nerve.”” Galen published a number
of interesting views on higher cortical functions, embracing
views that the brain was responsible for intelligence, fantasy,
memory, and judgment. In studying muscle contractions, Galen
made the observation that the stimulus originated in the brain
and the impulse was carried to the muscle by nerves. These views
were original and represented an important departure from the
cardiocentric teachings of the earlier medical and philosophical
schools such as Aristotle’s. Galen challenged the Hippocratic
view that that the brain was only a gland and instead attributed
to the brain the powers of voluntary action and sensation
(encephalocentric), this last being a remarkable advance in think-
ing for the period.

From a series of anatomic studies, Galen provided some of the
earliest observations on cervical spine injury and the resulting
disturbance in arm function. Further study of spinal cord injury
led to his elegant description of what is now called the Brown-
Séquard syndrome, a hemiplegia with contralateral sensory loss
that results from a hemisection of the cord.” Galen provided one
of the earliest clinical descriptions of hydrocephalus and clearly
recognized the poor prognosis in affected individuals. Using his
extensive experience in head injuries, he provided some innova-
tive arguments for elevation of depressed skull fractures, fractures
with hematomas, and comminuted fractures. Galen was more
aggressive in his treatment by recommending the removal of
bone fragments, particularly those pressing into the brain. In
describing surgical techniques, Galen detailed a safer and more
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Figure 1-6. Title page of one of Galen’s important writings on the
anatomy and physiology of human anatomy. (From Galen of
Pergamon. De Usu Partium Corporis Humani, Libri XVII. Nicolao Regio
Calabra Interprete.... Lugduni [Lyons]: Apud Gulielmum Roullium;
1550. Courtesy James Tait Goodrich, MD, PhD.)

reliable use of the trephine and argued particularly for continuous
irrigation to a trephine to avoid delivering excessive heat and
causing injury to the underlying brain. Galen, following or adapt-
ing earlier Hippocratic views, reiterated the concept that the dura
should never be violated by the trephine.

Galen was clearly a brilliant physician, surgeon, and early
innovator in medicine. Unfortunately, Galen’s writings contained
a number of errors, but the historical world, particularly the
Byzantine world, later accepted Galen’s writings as the only true
authority. As a result, Galen’s writings obtained the status of
unchallengeable medical dogma. Galen’s work on neurology and
neuroanatomy also remained essentially unchallenged for the
next 1500 years. For all practical purposes, any relevant new
investigations ceased altogether from Galen’s death until the
Renaissance. Some writers have pointed out that Galen was liter-
ally idolized by Arabic/Islamic writers and, later, the physicians
of the Middle Ages. As a result, Galen’s errors (e.g., writings
about the rete mirabile) also remained part of the anatomic litera-
ture. Each of these errors or incorrect beliefs were carefully
repeated and scribed by subsequent Arabic/Islamic and medieval



physicians and surgeons. Because of the strength of Galen’s views
and those of subsequent writers, no one was willing to challenge
what were clearly anatomic and scientific errors, which had a
stultifying effect on science and medicine for approximately 1500
years.

Paulus Aegineta (Paul of Aegina)

Paulus Aegineta (625-c. 6) was a brilliant Byzantine Greek phy-
sician and surgeon who also trained in the Alexandrian school.
He was an influential compiler of works in both the Latin and
Greek schools; his writings, especially The Seven Books of Paul of
Aegineta, were being consulted until well into the 17th century;
the Compendium was translated into English in the 19th
century.’"** His skill as a surgeon, described in the sixth book of
the Compendium, clearly reflected an unusual understanding of
surgical principles. His skills became legendary, causing patients
from far away to consult him. Although Paulus venerated the
teachings of the ancients as tradition required, he also introduced
his own techniques with good results. His classic work, The Seven
Books of Paul of Aegineta, contains an excellent section on head
injury and the use of the trephine.’"** Paulus classified skull
fractures in several categories: fissure, incision, expression,
depression, arched fracture, and, in infants, dent (what is now
called a ping pong fracture). In dealing with fractures, he used an
interesting skin incision: two incisions intersecting one another
at right angles, forming the Greek letter X, one leg of the X
incorporating the scalp wound. For the comfort of the patient
undergoing a trephination, he would stuff the patient’s ear
with wool so that the noise of the trephine would not cause
undue distress (see The Seven Books of Paul of Aegineta, Book VI,
Section XC*) (Fig. 1-7).

In a contemporary discussion on hydrocephalus, Paul of
Aegina introduced the intriguing concept that traumatic birth
delivery and intraventricular hemorrhage were related; he appears
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to have been the first to suggest the possibility that an intraven-
tricular hemorrhage and its “inert fluid” might actually cause
hydrocephalus:

The hydrocephalic affection...occurs in infants, owing to their
heads being improperly squeezed by midwives during parturition,
or from some other obscure cause; or from the rupture of a vessel
or vessels, and the extravasated blood being converted into an inert
fluid....

(Book VI, Section 3, page 250°%)

One of the reasons for Paulus’s longstanding influence was
that several of his manuscripts survived and were continuously
recopied by amanuenses over the centuries. These manuscripts
depict a number of surgical instruments that he designed specifi-
cally for neurosurgical procedures; these include elevators, raspa-
tories, and bone biters. He also introduced trephine bits with
conical styles to reduce the risk of plunging, along with different
biting edges. Because of his sophisticated wound management,
he probably had better-than-average surgical outcomes. He made
use of wine-soaked dressings (helpful in antisepsis, although a
concept then unknown), and he stressed that dressings should be
applied with no compression to the brain itself.

The Greek and Byzantine periods were eras of intense schol-
arship and original investigation in medicine and surgery and
produced physicians and surgeons who were intensely interested
in the better management of their patients. As discussed, indi-
viduals such as Galen of Pergamon, Paulus Aegineta, Herophilus
of Chalcedon, and members of the Hippocratic school all
attempted to improve management in head injuries and at the
same time uncover some of the principles of brain function.
Unfortunately, as discussed in the next section, further neurologi-
cal investigation and the development of new surgical techniques
were seriously impaired because of scholarly reverence of these
earlier writers. Although there were some exceptions to this
trend, they were distinctly uncommon.
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Figure 1-7. A, Portrait of Paulus Aegineta. B, Title page of the collected works of Paulus Aegineta. (Courtesy

James Tait Goodrich, MD, PhD.)
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ISLAMIC/ARABIC MEDICINE:
PRESCHOLASTIC PERIOD

After the great Greek and Roman periods of medicine, the intel-
lectual centers of this discipline shifted to the Islamic/Arabic and
Byzantine cultures. This era, “The Golden Age of Islamic Medi-
cine,” had an influence that lasted from approximately ap 750
until 1200, when the medievalist era began and the influential
schools of medicine shifted to Europe. Interestingly, this period
in Europe was intellectually quiescent and unimaginative because
this area of the world had been overrun and ruled by barbarians
(Huns, Goths, and Norsemen), individuals not concerned with
high scholarship. Unfortunately for neurosurgery, this was a
dormant period; the dormancy prevailed in all facets of surgery.
The Islamic/Arabic schools were satisfied to codify the surviving
manuscripts from the Greek and Roman period. Remarkable
insights were offered, but this was a rather rare phenomenon.
However, thanks to the zeal of the Arabic amanuenses, the best
of Greek medicine was made available to Arabic readers by
the end of the ninth century and remained available into the
Middle Ages.

Unfortunately, a rigid scholastic dogmatism became charac-
teristic of these learning centers. Rather than offering innovation,
the “writers” became copyists of the great works of antiquities.
As a result of their efforts, an amazing number of manuscripts
were translated from Latin, Greek, and Hebrew into Arabic, and
knowledge that could have been easily lost into antiquity was
systemized. Unfortunately, as copyists, these writers frequently
added their own “favorite” or contemporary view of the manu-
script, and some of the originality was consequently lost in trans-
lation. In fairness to these early copyists, they rendered the
service of preserving knowledge; in Europe at this time, having
been overrun by barbarians, scholarly pursuit remained at a
standstill.

A number of modern writers have offered the view that it was
the religious influence of the Koran that caused the absence of
originality and progress in Islamic/Arabic medicine. It has often
been commented on that the Koran forbade dissection; this is
only partially correct. Some dissection was allowed and reported
on by writers of this time. However, as a practical consideration,
the climate in this part of the world was hot, which caused rapid
putrefaction of cadavers and made anatomic dissection undesir-
able. The opinion of these schools was that the Greeks had
already accomplished most of the anatomic studies of interest,
and so Islamic students of medicine felt no need to duplicate
these earlier and more superior efforts. There were some rare
exceptions that are discussed as follows.

In Islamic/Arabic medicine, the concept of a physician dou-
bling as a surgeon was rarely acceptable. The more typical prac-
tice for a physician was to confine himself to writing learnedly
and assign the “menial” tasks of surgery to an individual of a lower
class, most typically an apprentice surgeon. As a result of this
“demotion” of the surgeon to a mere plebian, the advances in
surgery and anatomy developed by the great Alexandrians, among
others, were essentially ignored or lost. Fortunately, the writings
of physicians such as Galen of Pergamon and Paulus Aegineta
were saved and translated into Arabic, but few new techniques or
concepts were added.

The dominant period for Islamic scholarship in medicine was
the 10th through 12th centuries. Several medical scholars rose to
prominence during this period; among the most illustrious were
Avicenna (980-1037), Rhazes (865-925), Avenzoar (d. 1162),
Albucasis (1013-1106), and Averroés (1126-1198). The writings
of these great physicians reveal an extraordinary effort to canon-
ize the writings of their Greek and Roman predecessors. Rather
than innovation, these Islamic/Arab scholars and physicians
became the guardians and academics of Hippocratic, Greek, and
Galenic writings, which now became dogma.
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Figure 1-8. Image from a later copy of a manuscript by Avicenna.
A physician is depicted applying “red-hot” cautery to a patient’s leg.
(Courtesy James Tait Goodrich, MD, PhD.)

One of the most beneficial teaching methods, and quite
modern, did arise during the Islamic/Arabic period: the concept
of bedside medical care and teaching. The relative paucity or lack
of regular anatomic dissection, along with the prevalent view that
surgery was performed only by individuals of inferior status,
inevitably reduced any preoccupation with surgical art. Another
unfortunate surgical practice that occurred during this period was
the reintroduction of the Egyptian technique of using the hot
cautery for control of bleeding. In addition, hot cautery was also
employed in lieu of the scalpel to create a surgical incision, the
results of which often proved unfortunate for surgical patients
(Fig. 1-8).

One of the significant scholars of this period was Rhazes
(Abu Bakr Muhammad Ibn Zakariya) (865-925). Rhazes was a
scholarly physician, learned in diagnosis, and a review of his writ-
ings reveals him to be loyal exclusively to Hippocratic teachings.
Rhazes developed a considerable reputation that led him to
become a court physician. Rhazes was not a surgeon, although
he did write on surgical topics.” Rhazes introduced the use
of animal gut as a suture material. Rhazes was an early believer
in the concept of “concussion” and would advocate surgery for
penetrating injuries of the skull—this in a period when these
types of surgical outcomes were almost always fatal. Rhazes
believed that head injuries were among the most devastating of
all injuries. Because skull fractures could be permanently damag-
ing to the patient as a result of the compression of the brain, his
surgical advice would be to elevate these depressed areas of the
fractured skull.

Among the most influential physicians of this period was Avi-
cenna (980-1037), physician and philosopher of Baghdad, also
known as the chief or “second doctor,” the first being Aristotle.
Avicenna’s writings and translations clearly extended the original
Greek influence with a force so persuasive and durable that it
remained the dominant scholarship until well into the 18th
century. His greatest contribution must be judged to have been
the detailed translation of Galen’s collected works, the Opera
Ommia. Avicenna’s major work, Canon Medicinae, was an encyclo-
pedic effort clearly based on the writings of Galen and Hip-
pocrates.”* The Greek word canon refers to a straight rod, a
carpenter rule, or standard of measurement. Accordingly, Avi-
cenna’s Canon became the “rule,” the codification of Galen’s and
Greek medicine. The Canon contains a number of interesting
neurological discussions. Avicenna provided an early and accurate
clinical understanding of epilepsy, for which his treatment con-
sisted of administering various medicants and herbals with
described good results. Avicenna apparently conducted anatomic
studies, although he did not discuss this directly. He gave a
correct anatomic commentary on the vermis of the cerebellum



Figure 1-9. Unpublished manuscript leaf from a later collection of
works of Avicenna. Avicenna is depicted participating in an anatomic
dissection. (Courtesy James Tait Goodrich, MD, PhD.)

Figure 1-10. An illustration from Avicenna’s Libor Canonis.
Pictured is a “rack” device for dealing with fractures and injuries to the
spine. (From Avicenna. Liber Canonis, de Medicinis Cordialibus, et
Cantica. Basel: Joannes Heruagios; 1556. Courtesy James Tait
Goodrich, MD, PhD.)

and the “tailed nucleus,” now known as the caudate nucleus. Avi-
cenna’s writings on the treatment of spine injuries and stabiliza-
tion reveal remarkably modern views for this area’’ (Figs. 1-9
and 1-10; see also Fig. 1-8).

Whereas Avicenna was clearly the “second doctor,” Albucasis
(Abu Al-Qasim or Al-Zahrawi) (936-1013), a learned Islamic
Moorish Spaniard, was clearly the best surgeon of the times. In
the Islamic tradition, Albucasis was both a great compiler and a
serious scholar whose writings (=30 volumes) were focused
mainly on surgery, dietetics, and materia medica. Albucasis’s
insights into the importance of surgery are clearly revealed in his
introduction to the collected works.**** In his introduction, Albu-
casis provides an interesting discussion about why Arabs had
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Figure 1-11. An allegorical scene of Albucasis operating in the
field on an injured soldier. Albucasis is shown removing an arrow
from a patient’s chest. Described in the 17th-century Scultetus
monograph on surgery. (From Scultetus J. Xetpomlobnkm
[Cheiroplothiki]. Armamentarium Chirurgicum XLIII. Uim, Germany:
Balthasar Kiihnen,; 1655. Courtesy James Tait Goodrich, MD, PhD.)

made so little progress in surgery. Albucasis attributed this lack
of progress to a lack of anatomic study and inadequate knowledge
of the classics. Albucasis clearly believed that anatomic studies
were the key to learning and certainly key in performing any
surgical interventions. Although his thoughts on anatomic studies
were excellent, Albucasis unfortunately popularized the frequent
use of emetics as prophylaxis against disease, a form of medical
treatment that survived in the form of “purging” and a medical
practice that continued until well into the 19th century. So influ-
ential were Albucasis’s surgical writings that they remained in use
in the schools of Salerno and Montpellier for approximately 500
years and had an enormous influence on medicine in the Middle
Ages (Fig. 1-11).

The final section of the Compendium contains a lengthy
summary of contemporary surgical practice.”®* Also included in
this part of Albucasis’s work is a unique collection of illustrations
of surgical instruments. These illustrations became a long-lasting
influence, inasmuch as his style of instrument was used exten-
sively in the schools of Salerno and Montpellier and later became
an important influence in the medieval period. Many of the
instruments illustrated were probably designed by Albucasis. In
the text, he clearly described their design, along with technical
aspects of their use. Following up on the earlier writings of the
Greeks, he provided a novel design for a “nonsinking” trephine.
The design for this instrument and others became classic and
formed the template for many later such instruments. An early
and apparently unique technical innovation involved placing a
collar on the trephine in a circular manner, a further and rather
ingenious design to prevent the trephine from plunging into the
brain. Some of the instruments were clearly copied from those
described earlier by Paulus Aegineta, but their practical use was
further enhanced by their inclusion in the Compendium.
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Albucasis’s treatise on surgery is an extraordinary work in so
many ways. The text is rational, comprehensive, well illustrated,
and designed with the intent to educate the surgeon on details of
each treatment, neglecting not even the types of wound dressings
to be used. Albucasis’s techniques of brain surgery, however, were
extremely crude. In fact, modern readers can only wonder how
patients would allow themselves to undergo some of his surgical
practices. For chronic headache, he applied a hot cautery to the
occiput, burning through the skin but not the bone. Another
headache treatment he described required hooking the temporal
artery, twisting it, placing ligatures, and then, in essence, ripping
it out.

For neurosurgeons, Albucasis identified and described various
types of spinal injury. Albucasis recognized the seriousness of
spinal injury, particularly dislocation of the vertebrae. In cases of
total subluxation, he appreciated that the prognosis was essen-
tially terminal because affected patients demonstrated involun-
tary activity (passing urine and stool), along with flaccid limbs.
He was quite innovative in dealing with the lesser spinal injuries.
In his surgical writings, Albucasis described and illustrated some
of the methods and splints he used for reduction of such injuries.
To modern readers, some of these techniques might seem to be
dangerous in design, especially stabilizations that required an
aggressive combination of spars and winches, as well as a “stretch-
ing” of the spinal column. Following earlier Greek and Byzantine
views, Albucasis believed that bone fragments in the spinal
canal should be removed. In reviewing skull fractures, Albucasis
has an elegant discussion of the pediatric “ping-pong” fracture of

the skull’®:

This is a fracture due to a fall or a blow from a stone and the like,
making a dent in the surface of the bone and a hollow at the site
as occurs in a bronze bowl when a blow falls on it and a portion
of it is pushed in. This mostly occurs in heads whose bones are
soft, as those of children.

The treatment of hydrocephalus was a vexing problem for
surgeons and physicians because its outcome was almost always
fatal. Albucasis recommended drainage of cerebrospinal fluid in
hydrocephalus via a series of drains and wicks. He designed a
lenticular shaped surgical tool to make the puncture, which was
performed over the anterior fontanelle. Having detailed the tech-
nique well, he then noted the outcome is almost always fatal. Of
interest is that the surgery was not the issue; rather, he attributed
the poor outcomes to “paralysis” of the brain from relaxation.
Albucasis cleverly pointed out that the physician must pick the
site for drainage carefully and must never cut over an artery
because the potential hemorrhage can rapidly lead to death. Some
20th century authors have advocated the treatment of hydro-
cephalus by binding the head with tight wraps. Albucasis was
advocating this form of treatment more than 1000 years ago. For
a child with hydrocephalus, he would bind the head with a wrap
and then put the child on a “dry diet” with limited fluid intake
to help dehydrate the child. In retrospect, this was a rather pro-
gressive and reasonable treatment plan for this disorder.**’

MIDDLE AGES: THE AGE OF MEDIEVAL
MEDICAL SCHOLASTICISM

In the early Middle Ages, the influence of the Islamic/Arabic
schools on medicine was beginning to lessen, along with a geo-
graphic switch in which intellectual centers for medicine were
forming in Europe. With the advent of medieval scholasticism, a
new school of thought developed in which philosophical and
metaphysical explanations and dialectic interpretations became
prominent in medical schools. One of the preeminent schools
proposing this view was the School of Salerno in what is now
Ttaly."* In much of Europe, the barbarians were still in control,
but despite that, physicians were being trained, and libraries were

being built and expanded. Throughout Europe, new medical
schools were being established at a steady rate.

At the School of Salerno, an early leader in developing medical
scholasticism was Constantinus Africanus (1020-1087), magister
orientis et occidentis.”” Constantine provided an important bridge
in medicine by introducing the scholarship of Islamic/Arabic
medicine at Salerno and eventually to all of Europe. Constantine
received his medical education in Baghdad, learning the prevalent
views of Islamic medicine. He moved to a monastery at Monte
Cassino, where, in the tradition of this period, he translated
Arabic manuscripts into Latin. Modern scholars believe that his
translations were somewhat inaccurate and, as a result, intro-
duced errors in the subsequent medical literature. In reviewing
some studies, modern historians considered Constantine to be
mostly a plagiarist and an unreliable translator. However, his
translation of texts from Arabic to Latin were the earliest transfer
of Arabic/Islamic medical literature into Europe, which was valu-
able. Nonetheless, because the original Greek texts had been
translated into Arabic, and Constantinus translated the Arabic
works into Latin, the legacy of Galen and other early writers
remained firmly entrenched as dogma. Rather than providing or
developing new ideas, the classical texts in medicine merely pro-
pounded medical dogma. How much medical and surgical knowl-
edge was lost or distorted by inaccuracies in these successive
translations is unimaginable.

Constantine did make a key contribution to medieval medi-
cine when he reintroduced anatomic dissection with an annual
dissection of a pig. Of interest is that as the dissection progressed,
the findings were compared with those recorded in the Greek
classics. If the dissector’s findings did not match those of the
ancient texts, they were simply ignored! Constantine was clearly
a learned scholar, but his style of teaching became typical of the
Medical Ages. Extensive compilations and translations were
undertaken, but original thought or advance in knowledge was
notably lacking. In the Middle Ages, the School of Salerno did
lead the way and was subsequently followed by the great medical
schools at Naples, Bologna, Paris, and Montpellier, the early
pillars of medieval medicine (Figs. 1-12 and 1-13).

An unusual and remarkable book was produced during this
period: Regimen Sanitatis Salernitum [Salernitan Rule of Health), a
work that first appeared in the 12th century and was later repub-
lished in approximately 140 different editions extending well into
the 19th century.*"* This book summaries the Salernitan school
directions for medical maintenance and care of patients. In
Europe, a strong educational system was being developed, but the
treatment of health care remained cloaked in the literature of
classical Greeks and Islamic writing; for the most part, surgical

Figure 1-12. An illustration of Constantine the African lecturing at the
School of Salerno. (Courtesy James Tait Goodrich, MD, PhD.)
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Figure 1-13. Title page from a collection of works of Constantine the
African, 1536. (From Constantinus Africanus. Constantini Africani Post
Hippocratem et Galenum. Basel: Henricus Petrus; 1536. Courtesy
James Tait Goodrich, MD, PhD.)

education and surgical practice continued to be an avocation
limited to uneducated barber-surgeons and apprentices. None-
theless, there were a few exceptionally talented surgeons who
developed some original surgical works and practices.

Roger of Salerno (Ruggiero Frugardi) (fl. 1170) is consid-
ered the first learned medieval European writer on surgery (Figs.
1-14 and 1-15). Roger was educated in the Salerno tradition and
followed many of its teachings. His book on surgical practice,
Practica Chirurgiae,” offers several interesting surgical techniques
of interest to neurosurgeons. An example was his technique for
checking for a tear of the dura and leakage of cerebrospinal fluid
in a patient with a skull fracture. To detect a leak, Roger would
have the patient hold his or her breath and strain (i.e., the Valsalva
maneuver) and then look for air bubbles around the fracture site,
this being a clear sign of a leak. Roger was a pioneer in the tech-
niques of managing peripheral nerve injury. For a severed nerve,
he argued for reanastomosis of the nerve ends with close atten-
tion paid to their alignment. In dealing with the large bleeding
veins of the neck, he urged direct ligation with a suture rather
than cautery. For neurosurgeons, several chapters of his text are
devoted to the treatment of skull fractures. Much of the described
technique mirrors views of earlier classical writers, but the style
is clearer and more succinct. This style is exemplified in this short
description of management of various skull fractures**

When a fracture occurs it is accompanied by various wounds and
contusions. If the contusion of the flesh is small but that of the
bone great, the flesh should be divided by a cruciate incision down
to the bone and everywhere elevated from the bone. Then a piece
of light, old cloth is inserted for a day, and if there are fragments
of the bone present, they are to be thoroughly removed. If the
bone is unbroken on one side, it is left in place, and if necessary
elevated with a flat sound (spatumile) and the bone is perforated
by chipping with the spatumile so that clotted blood may be
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Figure 1-14. lllustrations of Roger of Salerno demonstrating brain and
skull surgery. (From the Sloane manuscript 1977. Courtesy British
Library Board.)
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Figure 1-15. Medieval manuscript on the writings of Roger of
Salerno. The lower left image is a gilt-scribed image of Roger
lecturing. (From the Sloane manuscript 1977. Courtesy British Library
Board.)
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soaked up with a wad of wool and feathers. When it has consoli-
dated, we apply lint and then, if it is necessary (but not until after
the whole wound has become level with the skin), the patient may
be bathed. After he leaves the bath, we apply a thin cooling plaster
made of wormwood with rose water and egg.

A 12th-century manuscript owned by Harvey Cushing and
attributed to Roger of Salerno contains an early description of a
soporific for pain relief, for use in surgery. The soporific consisted
of bark of mandragora (mandrake), hyoscyamus (henbane), and
levisticum (lovage) seed, all of which were mixed together and
ground and then applied wet to the forehead of the patient.™ In
view of the ingredients, it was unlikely that this soporific was able
to achieve any real pain relief. In Roger’s writings on surgical
anatomy, many of the old errors persisted because of his recapitu-
lating earlier anatomic treatises. Roger was particularly fond of
citing the writings of Albucasis and Paulus Aegineta. He strongly
favored therapeutic plasters and salves but was not a strong advo-
cate of the popular treatment of application of grease to injuries
of the dura. Interestingly, Roger advocated the use of trephina-
tion in the surgical treatment of epilepsy, although he did not
indicate why this technique would work. Chapters (capita) 1 to
13 are of particular interest to neurosurgeons because they detail
contemporary surgical treatment of scalp wounds and fractures
of the skull. One of Roger’s most significant errors in surgical
practice was the concept that provoking pus suppuration in
a wound encouraged healing. The concept of “laudable pus” in
wound healing was introduced here and seriously hampered
wound care until the time of Sir Joseph Lister and 19th-century
antisepsis.

An unusually talented and inventive medieval surgeon from
Bologna was Theodoric of Cervia (Borgognoni) (1205-1298).
In comparison with Roger of Salerno, Theodoric was a pioneer
in the use of aseptic technique: not the “clean” aseptic technique
of today, but rather a method based on avoidance of “laudable
pus.” Theodoric believed that he had found the ideal conditions
for good wound healing, which included control of bleeding,
removal of contaminated or necrotic material, avoidance of dead
space, and careful application of a wound dressing bathed in wine,
the last providing a degree of antisepsis. He also argued for
primary closure of all wounds when possible and avoiding “laud-
able pus™*#:

For it is not necessary, as Roger and Roland have written, as many
of their disciples teach, and as all modern surgeons profess, that
pus should be generated in wounds. No error can be greater than
this. Such a practice is indeed to hinder nature, to prolong the
disease, and to prevent the conglutination and consolidation of
the wound.

Theodoric’s surgical work was first written in 1267, and it is
one of the best reviews of contemporary medieval surgery.” He
is also remembered as one of the earliest writers to include illus-
trations of his techniques in his book. Theodoric surgical tech-
nique called for meticulous (almost Halstedian) techniques, with
gentle handling of surgical tissues being key. Theodoric believed
that aspiring surgeons should train only under competent masters.
In the field of head injury, Theodoric argued that parts of the
brain could be removed through a wound with little effect on the
patient. In the treatment of skull fractures, he strongly argued for
elevating depressed fractures. Theodoric advocated avoiding any
punctures of the dura because these could lead to abscess and
convulsions, thereby resulting in adverse outcomes. For pain
relief during surgery, he developed his own “soporific sponge,”
containing opium, mandragora, hemlock, and other less impor-
tant ingredients, which he applied to the patient’s nostrils; once
the patient fell asleep, Theodoric began surgery. Opium was
probably the key ingredient in this recipe.

William of Saliceto (Guglielo da Saliceto) (1210-1277) was
a uniquely skilled Italian surgeon and a professor at the

University of Bologna. William’s book on surgery, Chirurgia (or
Cyrurgia), completed in 1275, contained some highly original
concepts that were not totally based on previous classical writings
but in which the influence of Galen and Avicenna is clear.”” This
book was written by William for his son Bernardino. The text is
mostly original and based on his own observations. Rarely did
William quote other writers. Book IV contains the earliest known
treatise on surgical and regional anatomy. His most significant
contribution during this era was his decision to discard the
surgical technique of burning with cautery and use instead the
surgical knife*’:

De anathomia in communi et de formis membrorum et figures
que sunt considerande in incision et cauterizatione.

[The anatomy of the members and the figures concerning the
forms of which are to be considered in general and in the incision
and cauterization.]

William’s writings contain some interesting and unique tech-
niques for a primary peripheral nerve suture repair. In this pre-
Harveian era, he was able to distinguish arterial bleeding from
venous bleeding by the “spurting” of blood. William’s views on
the brain were also unique by contemporary standards, inasmuch
as he put forth some interesting neurological concepts that the
cerebrum governs voluntary motion and the cerebellum involun-
tary function.

Leonardo of Bertapaglia (ca. 1380-1460) was a prominent
15th-century Italian surgeon and writer. Leonardo established an
extensive and lucrative practice in the area of Padua and in neigh-
boring Venice. At a time when anatomic dissection was rarely
practiced in Europe, Leonardo became one of the earliest pro-
ponents of the study of anatomy. In 1429 he offered a course of
surgery that included the dissection of an executed criminal.
Leonardo devoted one third of his book to surgery of the nervous
system and head injuries.”*’ He considered the brain the most
precious of organs, regarding it as the source of voluntary and
involuntary functions. In his treatment of skull fractures, he
always avoided materials that might generate pus. Leonardo
argued for never placing a compressive dressing that might drive
bone into the brain; if a piece of bone pierced the brain, the
surgeon was to remove it.

Leonardo put together a set of rules to guide the practice of
a 15th-century surgeon that are still applicable five centuries

later*”:

To...be the perfect surgeon, you must always bear in mind these
eight notations, and remembering them you will be preferred to
others.

The first task...to become a good surgeon should be to use his
eyes....

Second, you must accompany and observe the qualified physi-
cian, seeing him work before you yourself practice....

Third, you must command the most gentle touch in operating
and treating lest you cause pain to the patient....

Fourth, you must insure that your instruments be sharp and
unrusted whenever you cut anywhere....

Fifth, you must be courageous in operating and cutting but
timid to cut in the vicinity of nerves, sinews and arteries, and, so
as not to commit error, you should study anatomy, which is the
mother of this art...perform your surgery cleverly and never
operate on human flesh as if you were working on wood or
leather....

Sixth, you must be kind and sympathetic to the poor, for piety
and humility greatly augment your reputation and the sick will
more freely commit themselves to your care.

Seventh, you must never refuse anything brought you as a fee,
for the sick will respect you more.

Eighth, you must never argue about fees with the sick, or
indeed demand anything unless it be previously agreed upon, for
avarice is the most ignoble of vices and should you be so inflicted,
you will never achieve the reputation of a good doctor.



Lanfranchi (Lanfranc) of Milan (c. 1250-1306) was a pupil
of William of Saliceto and was often referred to as the father of
French surgery. Lanfranchi also advocated his teacher’s use of the
knife in place of the burning cautery. Although born and educated
in Italy, he had to leave Italy for France to avoid political strife.
His Cyrugia Parva details a number of interesting surgical tech-
niques. Lanfranchi perfected the use of the suture for primary
wound repairs.”’ He was among the first to associate the direct
effect of head injury on brain function. Hippocrates had been the
first to articulate the concept of commotio cerebri, but Lanfranchi
provided the first modern characterization of what is now known
as a cerebral concussion. For surgeons, he developed a series of
guidelines for trephination in skull fractures and “release of irrita-
tion” of dura. Because of the dangers of skull surgery, Lanfranchi
argued for employing the trephine only when absolutely neces-
sary; for other cases, he invoked the skills of the “Holy Ghost”
to provide the cure. Among his innovative surgical techniques was
the development of esophageal intubation during surgery, a tech-
nique not commonly practiced until the 19th century. As an
educated surgeon and a “surgeon of the long robe” (i.e., aca-
demic), he attempted to elevate the art and science of surgery
above the mediocre level of the menial barber-surgeon (“sur-
geons of the short robe”). Lanfranchi also argued against the
separation of surgery and medicine, advocated since the time of
Avicenna, believing that a good surgeon should also be a good
physician (Fig. 1-16).

Another important person in the history of French medicine
and surgery was Henri de Mondeville (c. 1260-1317). Educated
in Paris and Montpellier, Henri later went on to become a profes-
sor at Montpellier. Henri was strongly motivated to elevate the
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Figure 1-16. Surgical instruments designed by Lanfranchi of
Milan. This illustration appeared in this early 1519 book. (From
Lanfranchi of Milan. Chirurgia. In: Cyrurgia Guidonis de Cauliaco et
Cyrurgia Bruni, Teodorici, Rolandi, Lanfranci, Rogerii, Bertapalie.
Venice: Bernardinus Venetus de Vitalibus; 1519. Courtesy James Tait
Goodrich, MD, PhD.)
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profession of surgeon, and he clearly detested the barber-
surgeons, stating, “Most of them were illiterates, debauchees,
cheats, forgers, alchemists, courtesans, procuresses, etc.”"

In 1306 Henri undertook the task of developing a new treatise
on surgery for the education of his students at Montpellier.
Unfortunately, because of tuberculosis and general ill health, he
never completed the manuscript; the edited portions were not
published until 1892, when Professor Julius Pagel of Berlin com-
pleted the task.”” Henri adopted and followed a number of the
views of Lanfranchi. He was a believer in clean wounds and
avoiding “laudable pus.” Unfortunately, Henri would be the last
surgeon in this era to argue for avoiding “laudable pus.” Subse-
quent surgeons returned to the older belief that the development
of pus in a wound was a good sign of healing. Henri offered some
originality in wound management by advocating for healing by
primary intention: 7zodus novus noster. In surgical treatment of
wounds, he encouraged the removal of foreign bodies and the use
of wine dressings in wound care, the wine acting as an antiseptic
and providing better healing. Henri’s designs of a number of
surgical instruments were clever. He is remembered for the
design of a needle holder and also a forceps-type instrument for
extraction of arrowheads. Henri was a bit more conservative than
his predecessors in dealing with head injuries. He argued against
elevating skull fractures if there was no injury to the overlying
soft tissues, believing that nature would do a better job of healing
the fracture by natural union. It was his opinion that unnecessary
exploration and probing of the wound would only cause more
injury than natural healing: in retrospect, such an insight into
wound care was brilliant.”

No history of surgery can be complete without a discussion
of the contributions of Guy de Chauliac (1300-1368).”* He was
clearly the most influential European surgeon of the 14th and
15th centuries. He was so highly respected that he became physi-
cian to three popes at Avignon (Clement VI, Innocent VI, and
Urban V) and leading surgeon and educator at the school of
Montpellier. Guy was educated in Toulouse, Paris, Montpellier,
and Bologna. He was an early proponent of anatomic dissection
of a human cadaver. He stated, “In these two ways we must teach
anatomy on the bodies of men, apes, swine, and divers other
animals, and not from pictures, as did Henri de Mondeville who
had thirteen pictures for demonstration of anatomy.”' His writ-
ings were popular and continued to exert an influence on surgery
until well into the 17th century. His principal didactic surgical
text, scribed in 1363, was titled the Collectorium Cyrurgie.”””*
There are 34 known manuscripts of this work; the first printed
edition appeared in 1478, and more than seventy editions have
been published since (Fig. 1-17).

In promoting surgeons as individuals more skilled than
“mechanics” (i.e., barber-surgeons), he stated four conditions that
must be satisfied for a practitioner to be a good surgeon: (1) the
surgeon should be learned; (2) he should be expert; (3) he must
be ingenious; and (4) he should be able to adapt himself (from
the introduction of Ars Chirurgica). Guy devised interesting tech-
niques for the treatment of head injuries. For example, before the
beginning of surgery, he recommended shaving the patient’s head
so as to prevent hair from getting into the wound and interfering
with primary healing. For depressed skull fractures, Guy pre-
ferred to put wine-soaked cloths into the injured site to assist
healing. He categorized head injuries into seven types and dis-
cussed the management of each in detail. He believed that scalp
wounds required only cleaning and débridement but that a com-
pound depressed skull fracture must be treated by means of
trephination and elevation. Skin closure was done by primary
repair, for which he claimed good results. To help control exces-
sive bleeding and provide hemostasis, he used egg albumin. For
reasons that are not at all clear, Guy set back good surgical
healing by readopting the views of “laudable pus” as being good
for wound healing. “Laudable pus” remained part of surgical
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Figure 1-17. Title page from a collected works dealing with the
surgical writings of a number of medieval surgeons, including Guy de
Chauliac. (From Guy de Chauliac. Chirurgia magna. In: Cyrurgia
Guidonis de Cauliaco et Cyrurgia Bruni, Teodorici, Rolandi, Lanfranci,
Rogerii, Bertapali. Venice, Bernardinus Venetus de Vitalibus, 1519.
See also Leonardo RA: History of Surgery. New York: Froben Press;
1943:116. Courtesy James Tait Goodrich, MD, PhD.)

practice and was not to be corrected until the works of Sir Joseph
Lister nearly 500 years later.

As England was moving away from the period of barbarian
invasions and into the Middle Ages, university education in
England began to become comparable with the European model.
The leading surgeon of this period in England was John Arderne
(Arden) (1307-1380), who trained as a military surgeon and had
much war experience. In 1370 he came to London and joined the
Guild of Military Surgeons. He characterized himself as chirurgus
inter medicos (a surgeon among physicians). His manuscript on
surgery was written circa 1412. This manuscript, De Arte Phisicali
et de Cirurgia, translated into English by D’Arcy Power in 1922,
was a valuable addition to the English literature on early surgery.”
John Arderne was evidently a very skilled surgeon with a number
of practical insights into what could or could not be done surgi-
cally. He believed firmly in clean hands and well-shaped nails for
surgery, although some writers have thought that this was more
for social reasons than surgery.” In addition, he would bathe his
open wounds with an irrigation that contained turpentine, a
useful surgical antiseptic for keeping wounds clean. Of most
importance, John Arderne was a firm believer in education and
learning. In addition, he wrote that the surgeon must “always be
sober during any surgery as drunkenness destroys all virtue and
brings it to naught.”***

The late Byzantine/Islamic and medieval periods were an era
of great misguided intellectual activity and of unoriginality of
thought. Clearly the educators had more faith in the teachings of
antiquity. From the fall of the Roman Empire to the beginning
of the 16th century, anatomy and the practice of surgery, with

only rare exceptions, remained stagnant, guided by a staunch
Galenic and Hippocratic orthodoxy. The translation of medical
manuscripts from Latin, Greek, and Hebrew into Arabic and back
into Latin resulted in many errors of translation and interpreta-
tion. The combination of a lack of anatomic knowledge and poor
surgical outcomes naturally led physicians to recommend against
operating on the brain, except in simple cases. A review of the
work done by the surgical physicians just described reveals that
despite a period of intellectual paralysis, a number of prominent
physicians did make some advances. It is clear that monastic
recluses in often-inaccessible mountain retreats carefully guarded
medical knowledge, but despite this state of affairs, some sur-
geons clearly succeeded in mastering their art in the midst of
intellectual darkness™:

The history of medicine consists of a successive series of intel-
lectual movements proceeding from different centers and each
engulfing its predecessor.

ORIGINS OF NEUROSURGICAL PRACTICE
IN THE RENAISSANCE

With the Renaissance came interesting innovations in surgical
concepts and techniques. Beginning in the mid-15th century,
physicians and surgeons introduced basic investigative techniques
to learn human anatomy and physiology. Of enormous signifi-
cance was the introduction of routine anatomic dissection in
medical schools. Moving away from subservience to the medie-
valists, great physicians such as Leonardo da Vinci, Jacopo Beren-
gario da Carpi, Nicholas Massa, and Andreas Vesalius explored
the human body without being encumbered by the erroneous
writings of earlier authors. Codified anatomic errors, many
ensconced since the Greco-Roman era, were being corrected. A
better understanding of human anatomy led to a change of epis-
temiologic presuppositions, which led to a great surge of interest
in surgery. Putting the teachings of antiquity aside, surgeons
began, with great vigor and enthusiasm, to investigate medical
mysteries. As a result of this shift from the somber and somnolent
medieval period to the enlightened, radically inventive Renais-
sance, the early foundations of modern neurosurgery were laid.

Any discussion of Renaissance surgery and anatomy has to
begin with Leonardo da Vinci (1452-1519), the quintessential
Renaissance man. Multitalented, recognized as an artist, an anat-
omist, and a scientist, da Vinci used the dissection table to better
understand surface anatomy and its relationship to art and sculp-
ture. From his studies, da Vinci is now recognized as the founder
of iconographic and physiologic anatomy.” > He provided the
earliest, albeit crude, diagrams of the cranial nerves, the optic
chiasm, and the brachial and lumbar plexi. He developed a wax
casting technique that allowed him to work out and understand
the anatomy of the ventricular system. To do this, he took a fresh
brain and poured a liquid wax into the ventricles and placed a
hollow tube to allow egress of the air. His experimental studies
included sectioning a digital nerve in a living person and noting
that the affected finger no longer had sensation, even when placed
in a fire. Da Vinci was not a surgeon, but he gave an important
impetus to the study of anatomy and the defining of correct
anatomic relationships—vital concepts for any surgeon. Unfor-
tunately, he died before he could finish his great opus on anatomy;,
which was to be published in approximately 120 volumes.”” His
anatomic manuscripts did circulate among the artist community
in Italy throughout the 16th century, only to be lost; then they
were rediscovered in the 18th century by William Hunter (1718-
1783). These anatomic works had a profound influence on artists
and physicians and subsequently on the development of modern
anatomic studies. Da Vinci, as a founder of modern anatomy,
provided a creative spark to reexplore the human body by
hands-on dissection (Figs. 1-18 to 1-20).
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Figure 1-20. Leonardo da Vinci’s wax casting modeling of the
ventricular system. (Courtesy of the Royal Collection Trust; copyright
Her Majesty Queen Elizabeth Il, 2015.)
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Figure 1-18. Leonardo da Vinci’s drawing of the ventricular system and
also the “cell doctrine” theory, a belief that the functions of the brain
arose from the ventricular system and not the brain itself. (Courtesy
Royal Collection Trust; copyright Her Majesty Queen Elizabeth Il, 2015.)

Figure 1-21. Title page from the first edition of an important work in
surgery showing a “wound man” figure with the various injuries a
surgeon could expect to treat. (From Brunschwig H. Dis Ist das Buch
der Cirurgia. Strasbourg, France: J Graninger; 1497. Courtesy James
Tait Goodrich, MD, PhD.)

Figure 1-19. Leonardo da Vinci's three-dimensional drawing of skull introduced in weapons of war. This work was considered to be
anatomy. (Courtesy of the Royal Collection Trust; copyright Her valuable enough to be plagiarized and published in a pirated
Meajesty Queen Elizabeth ll, 2015.) edition the same year and appeared in many other editions

throughout the 16th century. In the 1513 edition, the first illus-
tration of a patient with a head injury undergoing treatment was
The earliest printed surgical work to contain illustrations was added to the work (Fig. 1-21).

Dis Ist das Buch der Cirurgia, authored by Hieronymus One of the early Renaissance surgeons who incorporated
Brunschwig (ca. 1450-1512) and published in Strasbourg in  some of the recently revealed anatomic concepts was Hans von
1497.% Although the images have nothing to do with specific =~ Gersdorff (1455-1529). In his surgical book Feldtbiich der Wund-
surgical procedures, the book is the first to discuss the manage-  artzney, published in 1517, are some of the earliest illustrations
ment of gunshot wounds; gunpowder had only just recently been  on surgical technique.”* Gersdorff was a military surgeon and,
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Figure 1-22. Rare colored trephination plate from Hans von
Gersdorff’s 1517 manual on surgery. The victim has clear evidence
of a third nerve palsy caused by a depressed skull fracture. (From
Gersdorff HF. Feldtblch der Wundartzney. Strasbourg, France: J
Schott; 1517. See also Flamm ES: The dilated pupil and head trauma.
Med Hist. 1972;16:194-199. Courtesy Reynolds-Finley Historical
Library, the University of Alabama at Birmingham.)

with more than 40 years of war experience, became quite adept
at handling battlefield injuries. This handbook for surgeons was
divided into four parts: anatomy, surgery, leprosy, and a glossary
of anatomic terms, diseases, and medications. The section on
anatomy was based on his own extensive experience, and he used
the earlier writings of the Islamic physicians and the works of
Guy de Chauliac. The surgical portion deals with military surgery,
mostly on how to extract foreign objects, tourniquet techniques
to control bleeding, and amputation techniques. Several wood-
cuts dealing with surgical technique and surgical instrumentation
are of interest to modern neurosurgeons; one woodcut clearly
illustrated a third nerve palsy on the side of the depressed skull
fracture and a facial paralysis on the opposite side. Included in
this work is also the first plate showing a dissection of the human
brain. This surgical work became very popular and was published
in several editions; this was because of both its practical presenta-
tion of surgery and the illustrations in the text (Fig. 1-22).

One of the greatest physicians in the history of surgery
remains Ambroise Paré (1510-1590), a poorly educated, humble
Huguenot, an individual whom many historians have considered
the father of modern surgery. After extensive military surgical
experience, Paré was able to organize and publish a great deal of
practical knowledge, along with innovative instrument designs.
At this time, most physicians and surgeons published their writ-
ings in Latin; Paré preferred to publish in French instead.”
Paré’s books therefore were more widely disseminated and appre-
ciated. As his reputation grew, Paré became a valued surgeon to
the European royal courts. One of Paré’s most famous cases was
a head injury sustained by Henri II of France. Paré (and also
Andreas Vesalius) attended the king and was also present at the
autopsy. Henri I had suffered penetrating right orbital injury and
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Figure 1-23. Title page of the English publication of Ambroise Paré’s
collected works on surgery. (From Johnson T, Trans. The Workes of
That Famous Chirurgion Ambroise Parey. London: Richard Coates;
1649. Courtesy James Tait Goodrich, MD, PhD.)

a subdural hematoma after a joust during the celebration of the
marriage of his daughter, Elizabeth of France, to Philip, King of
Spain. When Paré described the clinical findings in Henri II, he
noted that the patient complained of a headache and blurred
vision. Henri II went on to develop vomiting, lethargy, and
ominous signs of decreased respiration, and he died 11 days
after the injury. Paré postulated that the injury was caused by a
tear in one of the bridging cortical veins, and he was clearly
describing signs of increased intracranial pressure. Paré’s remark-
able clinical observations and clinical history were confirmed at
autopsy. Thus, despite humble beginnings, Paré became one of
the most celebrated physicians in this formative period of surgery
(Figs. 1-23 and 1-24).
Paré commented on the “surgeon’s duties”:

Five things are proper to the duty of a Chirurgeon: To take away
that which is superfluous; to restore to those places such things as
are displaced; to separate those things which are joyned together;
to joyn those which are separated and to supply the defects of
nature. Thou shalt far more easily and happily attain to the knowl-
edge of these things by long use and much exercise, than by much
reading of Books, or daily hearing of Teachers. For speech, how
perspicuous and elegant soever it be, cannot so vively express
anything, as that which is subjected to the faithfull eyes and hands.

Among Paré’s surgical works, his writings on the brain remain
the most remarkable.”*® Book X is devoted to the diagnosis
and management of skull fractures. Although it was not an
original idea, Paré popularized the interesting technique of ele-
vating a depressed skull fracture through the use of the Valsalva
maneuver”’:

...for a breath driven forth of the chest and prohibited passage
forth, swells and lifts the substance of the brain and meninges
where upon the frothing humidity and sanies sweat forth.
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Figure 1-24. Trephination plate (A) and neurosurgical tools (B) from
Ambroise Paré’s surgical works. (From Johnson T, Trans. The Workes
of That Famous Chirurgion Ambroise Parey. London: Richard Coates;
1649. Courtesy James Tait Goodrich, MD, PhD.)

Through this method, both blood and pus can be expelled from
the fracture site.

Paré’s surgical techniques demonstrated some unusual and
unique advances over those of previous writers. Paré provides
extensive discussion on the use of trephines, shavers, and scrapers.
He was skilled at removal of osteomyelitic bone, incising the dura
and evacuating blood clots and pus, procedures that surgeons had
previously performed only with a great deal of trepidation. He
advocated débridement of wounds for good healing, emphasizing
that foreign bodies must be removed from injury sites. Paré’s
most significant change in contemporary surgical practice was the
serendipitous discovery that boiling oil should not be used in
gunshot wounds, contrary to common surgical practice; instead,
a dressing of egg yolk, rose oil, and turpentine provided for much
improved wound healing and in turn led to a dramatic reduction
in morbidity and mortality. Paré also discarded the older Islamic
technique of hot cautery for control of bleeding, substituting
instead the use of ligatures, which enhanced healing and reduced
blood loss.” The improvement in his results was a source of
wonder to Paré and gave rise to his famous aphorism®’:

Je le pansay, Dieu le guarit.
[I took care of him, but God cured him.]

Among the Renaissance “giants” of anatomy and surgery was
the great Italian surgeon and anatomist Jacopo Berengario da
Carpi (1470-1550). In 1518, Berengario wrote the second mono-
graph devoted solely to treating injuries of the head® (the first
being that of Hippocrates). This book was motivated by Beren-
gario’s successful treatment of a serious head injury in Lorenzo
dé Medici, Duke of Urbino. Shortly after he had treated the duke,
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Figure 1-25. Title page from Jacopo Berengario da Carpi’s treatise
on head injury. (From Berengario da Carpi J. Tractatus de Fractura
Calvae Sive Cranei. Bologna, Italy: Hieronymus de Benedictus; 1518.
Courtesy James Tait Goodrich, MD, PhD.)

Berengario dreamed that he was visited by a man wearing a cap
adorned with a rooster feather and golden-winged sandals (i.e.,
Hermes Trismegistus, or the Third Mercury), who encouraged
Berengario to write a treatise on skull fractures and head injuries.
The result was a marvelous tractatus, the first printed work
devoted solely to injuries of the head. In the text, original surgical
techniques are discussed, along with the earliest illustrations
of cranial instruments designed for surgical treatment of
head injury. As an anatomist, Berengario, like Leonardo da Vinci,
provided one of the earliest and most complete discussions
of the ventricular system. Berengario presented some of the
earliest descriptions of the pineal gland, choroid plexus, and
lateral ventricles.”” His anatomic illustrations are among the first
published from actual anatomic dissections. He was a firm
believer in anatomic dissection because that was the only way to
learn the anatomy; he believed that the written word alone was
useless, and he observed that the earlier writings were full of
anatomic errors. His anatomic writings were among the first to
challenge the medieval dogmatic writings of Galen and others
(Figs. 1-25 to 1-27).

A less known writer and anatomist of the Renaissance was a
Marburg professor by the name of Johannes Dryander (Johann
Eichmann) (1500-1560). In 1536, Dryander published an illus-
trated work (expanded in 1537) on the brain and skull.”*" Within
this most remarkable work are 16 plates of the brain, showing
successive layered dissections of the scalp, dural coverings, and
the brain itself. The drawings of the anatomy of the cerebellum
and the posterior fossa are particularly striking. There are inac-
curacies in the text because of the prevailing influence of Galen
and medieval scholasticism; nonetheless, this book can be con-
sidered the first textbook of neuroanatomy. Despite Dryander’s
allegiance to Galen’s teaching, he advocated public anatomic
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Figure 1-26. A, Neurosurgical trephine (hand brace) designed by Jacopo Berengario da Carpi, very similar to
what we call a Hudson brace today. B, Berengario designed a series of very imaginative trephine bits for
making bur holes and craniectomies. To prevent plunging, the bits are designed with a conical shape. (From
Berengario da Carpi J. Tractatus de Fractura Calvae Sive Cranei. Bologna, Italy: Hieronymus de Benedictus;

1518. Courtesy James Tait Goodrich, MD, PhD.)

dissections, the results of which included these remarkable neu-
roanatomic drawings (Figs. 1-28 and 1-29).

Military surgery has always been a great educator of surgeons,
and one of those particularly influenced by his military service
was Volcher Coiter (1534-1576). Coiter was an army surgeon
and city physician in Nuremberg who had the good fortune to
study under several contemporary experts, including Gabriele
Fallopius, Bartolomeo Eustachius, and Ulisse Aldrovandi. As a
result of their teachings and education, Coiter was able to under-
take unique and original anatomic and physiologic investiga-
tions.”” Among his anatomic descriptions are the first anatomically
correct details of the anterior and posterior spinal roots. He was
the first to distinguish gray from white matter in the spinal cord.
Coiter had a particularly strong interest in the spine, which led
him to conduct a number of anatomic and pathologic studies of
the spinal cord, including an early model of decerebrate postur-
ing. Coiter also provided a number of details on how to trephine
skulls of birds, lambs, goats, and dogs.”* He was the first to associ-
ate the pulsation of the brain with the arterial pulse. As an early
neurosurgeon and investigator, he reported on opening the brain
and removing parts of it with no ill effects noted: an early, surpris-
ing precursor attempt at cerebral localization.

One of the most skilled of Renaissance surgeons was a Vene-
tian, Giovanni Andrea della Croce (c. 1509-1580). Della Croce
was a follower of Paré and adopted many of his techniques and
beliefs. A combination of surgical skill and a Renaissance flair for
design led della Croce to produce a remarkable book on surgery
in 1573.”* Within this monograph are some of the most beauti-
fully engraved scenes of neurosurgical operations. As was typical
for the period, surgical operations were performed in family

homes, typically in the bedroom (with the occasional dog lying
at the foot of the bed). Della Croce verbally, and in drawings,
described the techniques for performing trephinations. Several
illustrations show the various types of arrows, spears, and bullets
used in warfare, and the techniques for their removal are detailed.
An additional series of plates shows his instrument designs for
performing neurosurgical procedures. One illustration is of a
bloody trephination being performed with minimal anesthesia—a
concept considered horrific by modern readers—in a beautifully
appointed nobleman’s bedroom (Figs. 1-30 and 1-31).

Della Croce illustrated a number of trephination instruments
in this monograph, some of which were an improvement on their
predecessors. Della Croce’s trephination drill was rotated by
means of an attached bow, in the manner of a carpenter’s drill.
Various trephine bits are proposed and illustrated, many surpris-
ingly modern, with conical designs to avoid plunging. The illus-
trations of surgical instruments include Penfield-style elevators
for lifting depressed skull bone.

An expert in surgery and anatomy whose work typifies the
great strides of learning in the Renaissance was Andreas Vesalius
(1514-1564). Vesalius was educated at Louvain, Montpellier, and
Paris, all staunch schools of Galenic orthodox teaching. Rejecting
the views of his Galen-enthralled professors, Vesalius provided
an innovative and dramatic approach to anatomic dissection
(Figs. 1-32 and 1-33). Following up on the theme of the earlier
16th century anatomists such as Leonardo da Vinci and Jacopo
Berengario da Carpi, Vesalius argued that anatomic dissections
had to be performed by the teacher, not by an ignorant prosector
being guided by a professor who sat at the lectern reading from
a Galenic monograph on anatomy.
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Figure 1-27. Title page with an allegorical anatomic dissection scene
from Jacopo Berengario da Carpi’s 1522 work on anatomy. (From
Berengario da Carpi J. Isagoge Breves: Perlucide ac Ubertine in
Anatomia Humani Corporis: A Co[m]muni Medicorum Academia
Usitatam.... Bononiae, Italy: B. Hectoris; 1522. Courtesy James Tait
Goodrich, MD, PhD.)
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Figure 1-28. Title page from Johannes Dryander’s work on the
anatomy of the human brain. This work included the earliest realistic
illustrations of brain anatomy. (From Dryander J. Anatomiae. Marburg,
Germany: Eucharius Cervicornus; 1537. Courtesy James Tait
Goodrich, MD, PhD.)
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Figure 1-29. A, Johannes Dryander’s illustrations of scalp and skull dissection, revealing the dura and brain
in layers. B, “Cell doctrine” theory within the ventricular system, as illustrated by Dryander. (From Dryander J.
Anatomiae. Marburg, Germany: Eucharius Cervicornus; 15637. Courtesy James Tait Goodrich, MD, PhD.)
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Vesalius was appointed professor of anatomy at Padua at the
young age of 23. At the age of 28, in 1543, Vesalius produced his
great work, De Humani Corporis Fabrica.”” Book VII is an extensive
discussion on the anatomy of the brain.”® Included in the chapter
are detailed anatomic discussions with excellent illustrations. Fol-
lowing up on his anatomic caveats, Vesalius noted the “heads of
beheaded men are the most suitable [for study] since they can be
obtained immediately after execution with the friendly help of
judges and prefects.”’’

Vesalius was also trained as a surgeon. The Fabrica contains a
section of text on the brain and the dural coverings in which
Vesalius discussed mechanisms of brain injury and how the
various membranes and bone have been designed to protect the
brain. In his second edition of Fabrica (1555), Vesalius provided

Figure 1-30. An elegant drawing from Giovanni Andrea della
Croce’s work of trephination being performed in a nobleman’s
bedchamber. The patient is in bed, in the prone position; servants
are around the room serving and dealing with the instruments. While
the surgeon is performing the trephination, a cat is seen in the
foreground chewing on a rat on the floor. (From della Croce GA.
Chirurgiae Libri Septem. Venice: Jordanus Zilettus; 1573. Courtesy
James Tait Goodrich, MD, PhD.)

" VERTIBVLO COM MVYNE.

an early and interesting case of a child with hydrocephalus and
remarked on the condition as originating from cerebrospinal
fluid; however, Vesalius was unable to offer any surgical treat-
ment: “...in ipsius cerebri cavitate, adeoque in dextro sinistroque
illius ventriculis: quorum cavitas amplitudoque ita increverat,
ipsumque cerebrum ita extensum fuerat, ut novem fere aquae
libras...continuerint” [“In the same brain cavity, the right and left
ventricles’ cavity space thus increased, and the brain was so spread
out; nearly nine pounds of water...was contained”].”” Of interest
is that several of the initial letters in the text are illustrated with
little cherubs performing trephinations!

A contemporary of Vesalius and another leader in Renaissance
anatomic studies was a Parisian anatomist, Charles Estienne
(1504-1564). His book on anatomy, De Dissectione Partium Corpo-
ris Humani Libri Tres,”® was actually completed in 1539, thereby
predating Vesalius’s work by 4 years, but legal problems delayed
its publication until 1546. This book is most notable for a wealth
of beautiful anatomic plates dealing with neuroanatomy. It con-
tains representations of a series of anatomic figures with the
subjects posed against sumptuous and imaginative Renaissance
backgrounds. In the text, the anatomic details are not as original
as Vesalius’s anatomic treatise. In addition, many of the errors
introduced by Galen and his followers are repeated in Estienne’s
text descriptions. However, the plates on the nervous system are
quite graphic and among the most illustrative of this period. An
important work, albeit with errors, it does detail the anatomy
of the skull and brain more accurately than did previous works
(Figs. 1-34 and 1-35).

In view of the contributions of the aforementioned physicians
and their works, advances made in the Renaissance were clearly
remarkable. Back in vogue was originality in anatomic research,
replacing the ex cathedra writings of Galen and the classicists.
No surgeon could explore the human body without an accurate
understanding of the underlying anatomy. In addition, during
the Renaissance, important events included the introduction
of the printed book and the production of accurate anatomic
illustrations.

The Hippocratic emphasis on the skull fracture continued to
dominate the management of head injuries, as it had for the
preceding 2000 years. With developments in anatomic knowl-
edge now well under way, the next era was an understanding of
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Figure 1-31. Neurosurgical instruments designed and illustrated by Giovanni Andrea della Croce. (From della
Croce GA. Chirurgiae Libri Septem. Venice: Jordanus Zilettus; 1573. Courtesy James Tait Goodrich, MD, PhD.)
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Figure 1-32. Frontispiece from Vesalius’s 1555 (second edition) magnum opus on anatomy. Vesalius is
depicted in the center, posed over a cadaver and performing a hands-on anatomic dissection. (From Vesalius
A. De Humani Corporis Fabrica, Libri Septem. Basel: Johannes Oporinus; 1555. Courtesy James Tait

Goodrich, MD, PhD.)

physiology of the human body: the major theme of the 17th
century.

SURGEONS OF THE INSURGENCY:
SEVENTEENTH CENTURY

Sixteenth-century medicine and the influence of the Renaissance
clearly changed the direction of education and surgical practice
for those interested in operating on the brain and spinal cord.

The 17th century, the so-called insurgent century, carried these
themes even further with significant achievements in science and
medicine. Some historical “giants” produced their scientific con-
tributions during this century: Isaac Newton (1642-1727), Francis
Bacon (1561-1625), William Harvey (1578-1657), and Robert
Boyle (1627-1691) contributed their ideas and innovation in the
introduction of physics, experimental design, discovery of the
circulation of blood, and physiologic chemistry. Another critical
advance was the formation of scientific societies, with the first
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Figure 1-33. Two anatomic views of skeletal anatomy in
Vesalius’s book. The artistic skill and details represent an enormous
improvement over previous anatomic texts. (From Vesalius A. De
Humani Corporis Fabrica, Libri Septem. Basel: Johannes Oporinus;
1543. Courtesy James Tait Goodrich, MD, PhD.)

Figure 1-34. Charles Estienne’s discussion of the anatomy of the
brain and skull. Note the skull hanging from a tree limb on the left
and at the knee on the right. (From Estienne C. De Dissectione
Partium Corporis Humani Libri Tres. Paris: Simon Colinasus; 1546.
Courtesy James Tait Goodrich, MD, PhD.)

open public presentations of scientific ideas. Among the most
important societies were the Royal Society of London, the Aca-
démie Des Sciences in Paris, and the Gesellschaft Natur-
forschender Aerzte in Germany. Thus scientific education and
exchange of information were advanced. For the first time, sci-
entific ideas and information could be distributed publicly, and
their merits discussed, in open dialogue.

A distinctive scholar of this period in the early understanding
of the brain was Thomas Willis (1621-1675), an early describer
of the eponymous circle of Willis, familiar to every physician.
Willis was educated at Oxford and became a fashionable London
physician (Fig. 1-36). Willis published a number of important
monographs, but the one that stands out is his Cerebri Anatomie,

Figure 1-35. Charles Estienne’s discussion of the anatomy of the brain,
showing a cross section of the head and the ventricular system. (From
Estienne C. De Dissectione Partium Corporis Humani Libri Tres. Paris:
Simon Colinaeus; 1546. Courtesy James Tait Goodrich, MD, PhD.)
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Figure 1-36. Portrait of Sir Thomas Willis at the age of 45. (Courtesy
James Tait Goodrich, MD, PhD.)

published in London in 1664.””% With methodic attention to
detail, this book became the most accurate anatomic study of the
brain to date. Willis was assisted in this work by Richard Lower
(1631-1691) in demonstrating that when parts of the “circle”
were tied off, the anastomotic network still provided blood to
the brain. The superb and anatomically accurate engravings of
the brain (Fig. 1-37) were produced by Sir Christopher Wren
(1632-1723).

Willis introduced the concept of neurology, or the doctrine of
neurons. Willis used the term in a purely anatomic sense, inas-
much as the concept of “neurological” disease had not yet been
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Figure 1-37. The circle of Willis as described by Thomas Willis and
drawn by Sir Christopher Wren. (From Willis T. Cerebri Anatome: Cui
Accessit Nervorum Descriptio et Usus. London: J Flesher; 1664.
Courtesy James Tait Goodrich, MD, PhD.)

introduced. Neurology as a noun did not enter general use until
Samuel Johnson (1709-1784) defined it in his dictionary of
1765.%" At this point, neurology came to be understood as the
entire field encompassing anatomy, function, and physiology. It
is also worth noting that the circle of Willis was not described
uniquely by Willis; other anatomic descriptions of this circle were
provided in several contemporary anatomic publications (the
reader is referred to the writings of Vesling,*” Casserius,* Fal-
lopius,** and Ridley™).

A prominent anatomist at this time and one often overlooked
by contemporary writers was Humphry Ridley (1653-1708).
Ridley was educated at Merton College, Oxford, and at the Uni-
versity of Leyden, where he received his doctorate in medicine
in 1679. Ridley produced an important anatomic work on the
brain, The Anatomy of the Brain, written in English, which became
widely circulated and influential (Figs. 1-38 and 1-39).

The Anatomy of the Brain was published in London in 1695.%
At the time his work on the brain appeared, many of the classic
Greek views of the brain were in vogue. Seventeenth-century
anatomy and medicine moved away from the earlier “cell doc-
trine” theory (in which brain function was considered to reside
within the ventricles); anatomists had begun to recognize the
brain as a distinct anatomic entity. In contrast to the “cell doc-
trine,” cerebral function came to be viewed as a property of the
brain.*¥’

Ridley recorded a number of original observations. Ridley’s
description of the circle of Willis was even more accurate in
details than Willis’s and included a more complete anatomic
description of both the posterior cerebral artery and the superior
cerebellar artery, defined as separate entities. Ridley provided a
better demonstration of the principle of anastomotic flow and
better elucidated the anastomotic principle of this network with
his anatomic studies. To conduct his studies, Ridley had access to
recently executed criminals. The method of execution was typi-
cally hanging, which caused vascular engorgement of the brain
and thus facilitated identification of the vascular anatomy. Rid-
ley’s understanding of the deep nuclei of the cerebellum, particu-
larly the anatomy of the posterior fossa, was superior to Willis’s.
Ridley also provided one of the earliest descriptions of the
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Figure 1-38. The title page from Humphrey Ridley’s work on brain
anatomy. (From Ridley H. The Anatomy of the Brain, Containing Its
Mechanisms and Physiology: Together With Some New Discoveries
and Corrections of Ancient and Modern Authors Upon That Subject.
London: Samuel Smith; 1695. Courtesy James Tait Goodrich,

MD, PhD.)

arachnoid membrane. Of note, Ridley still believed in the rete
mirabile, a tenacious holdover from Galenic times. To Ridley this
was a legitimate anatomic structure, and he provided a strong
argument for its existence in this monograph. In addition, Ridley
provided the first accurate description of the fornix and its path-
ways in this monograph. This volume and the work by Willis
presented the first scientific anatomic studies of the brain and
thereby provided an essential anatomic foundation for future
neurosurgeons.

A surgical expert often overlooked in neurosurgical history is
Wilhelm Fabricius von Hilden (1560-1634). Although Fabri-
cius (also known as Fabry) had received a classical education in
his youth, family misfortune did not allow him to go on to a
formal medical education. He went on to study in the “lesser
field” of surgery, being educated in the apprentice system then
prevalent. Fortunately, the teachers who trained him were among
the finest wound surgeons of the day. Lacking a formal university
education and excelling with a surgical apprentice education, he
went on to develop a distinguished career in surgery.

Fabricius produced one of the most important surgical works
of the 17th century: Observationum et Curationum, a monograph
that included more than 600 surgical cases, along with a number
of important and original observations on the brain.” Fabricius’s
observations on the brain and surgery included descriptions of a
number of congenital malformations, skull fractures, and tech-
niques for bullet extraction, along with original designs for field
surgical instruments. He described operations for intracranial
hemorrhage (with cure of insanity), vertebral displacement, con-
genital hydrocephalus, and an occipital tumor in the newborn
(probably an encephalocele). Fabricius carried out trephinations
for treatment of a brain abscess and cure of a longstanding
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Figure 1-39. Humphrey Ridley’s illustration of the anastomotic
network at the base of the brain: the circle of Willis. Ridley’s
anatomic details are better than Willis’s and include a more complete
anatomic description of both the posterior cerebral artery and the
superior cerebellar artery, here described as separate entities. (From
Ridley H. The Anatomy of the Brain, Containing Its Mechanisms and
Physiology: Together With Some New Discoveries and Corrections of
Ancient and Modern Authors Upon That Subject. London: Samuel
Smith; 1695. Courtesy James Tait Goodrich, MD, PhD.)

aphasia. He even removed a splinter of metal from an eye
by using a magnet, a cure that only enhanced his reputation
(Figs. 1-40 and 1-41).

Some early and skillfully designed neurosurgical instruments
are illustrated in a work by Johann Scultetus (Schultes) (1595-
1645) of Ulm, titled Armamentarium Chirurgicum XLIIL" Scult-
etus provided unique and graphic details of neurosurgical
instruments, clearly the finest to appear since those published by
Berengario in 1518 and della Croce in 1573. The illustrations
graphically reveal surgical techniques for treating fractures and
dislocations, along with a variety of bandaging techniques for
dealing with wounds. This surgical work was so popular that it
was translated into many languages, including English, and it
exerted a considerable influence on surgery throughout Europe
for more than two centuries. The surgical plates and descriptions
of various operations contain exacting details, including concepts
from antiquity to the present. Of interest is that many of the
instruments illustrated by Scultetus remain in use today. Sculte-
tus’s details of surgical operations for injury of the skull and brain
are remarkable plebiscite (Figs. 1-42 and 1-43).

Neurosurgical practice continued to evolve in the 17th
century. A surgeon who offered some interesting technical advice
on developing neurosurgical operating skills was John Woodall
(c. 1556-1643). Woodall was a military surgeon by training and
surgeon-general to the East India Company. For surgeons of the
East India Company, he compiled a surgical monograph titled
The Surgeon’s Mate (1617).”" In his collected works, published in
1639, Woodall provided a list of surgical instruments and sound

Figure 1-40. A “lever and screw” device, used to elevate a
depressed skull fracture. To the right is a saw used to make a
series of rectangular cuts for performing a craniectomy. This style of
instrument became known later as a Hey saw. (From Fabricius W.
Observationum et Curationum Chirurgicarum Centuriae. Lugduni
[Lyons]: I. A. Huguetan, 1606-1641. A number of neurosurgical cases
are also contained in a later publication of collected works: Fabricius
W. Opera Observationum et Curationum. Frankfurt: Joannis Beyer;
1646. Courtesy James Tait Goodrich, MD, PhD.)

A —— W
-mewacMm-ohmdo.
o e,

)w-ﬁﬁmn’ e i V-w
aﬁ«%—-\lm i i

2 "'.m'“.'a.u-'.«.,‘f...om,‘?
7 o v
e

Figure 1-41. A, Wilhelm Fabricius von Hilden’s technique for elevating
a depressed skull (ping pong) fracture in a child. Two small holes were
made, and a leather strap was passed through and pulled up to
elevate the depressed fracture. B, A very early illustrated example of
an occipital encephalocele. Fabricius discussed a case of a child with
a large “swelling” in the occipital region that was full of clear fluid.
(From Fabricius W. Observationum et Curationum Chirurgicarum
Centuriae. Lugduni [Lyons]: I. A. Huguetan; 1606-1641. A number of
neurosurgical cases are also contained in a later publication of
collected works: Fabricius W. Opera Observationum et Curationum.
Frankfurt: Joannis Beyer; 1646. Courtesy James Tait Goodrich,

MD, PhD.)
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Figure 1-42. Surgical techniques and instruments designed by
Johann Scultetus for trephining the skull and dealing with skull
fractures. (From Scultetus J: Xelponhobnkmn [Cheiroplothiki].
Armamentarium Chirurgicum XLIIl. Ulm, Germany: Balthasar Kihnen;
1655. Courtesy James Tait Goodrich, MD, PhD.)

Figure 1-43. Scultetus’s tripod-style trephine, with a center pin
for elevation. lllustrated also are an elevator (right), a corkscrew type
elevator (top), and bone rongeur (left). (From Scultetus J:
Xerpomhodnkm [Cheiroplothiki]. Armamentarium Chirurgicum XLII. Ulm,
Germany: Balthasar Kuhnen; 1655. Courtesy James Tait Goodrich,
MD, PhD.)
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Figure 1-44. Title page from John Woodall's book on military and
domestic surgery. (From Woodall J: The Surgeon’s Mate, or Military
and Domestique Surgery Discouering Faithfully & Plainly ye Method
and Order of the Surgeon’s Chest.... London: Rob. Young for
Nicholas Bourne; 1639. Courtesy James Tait Goodrich, MD, PhD.)

advice for a surgical practice.” Woodall fabricated a trephine with
a then-unique design of a crown that included a center pin; this
innovation prevented the crown from slipping on a bloody skull.
A brace was added to this trephine, which could be placed against
the surgeon’s chest for additional support and driving force.
This innovative design allowed the surgeon to drive the trephine
with one hand while the other held the head, all of which could
be accomplished on a rolling ship’s deck. Woodall, recognizing
the ignorance of his contemporary German surgeons, believed
that a surgeon should practice trephining on sheep or calf
skulls first before performing one on a human head (Figs. 1-44
and 1-45):

“The Germane Surgeons use no Trapan, that ever I could see my
eight years living among them, though they both speak and write
of it. But for as much as it is apparent, the work of a Trapan is very
good, I therefore would advise a young Artist to make some expe-
rience first upon a calves head, or a sheep’s head, till he can well
and easily take out a piece of the bone; so shall he the more safely
do it to a man without error when occasion is.”

(J. Woodall, The Surgeon’s Mate,” p 4)

An Englishman and Plymouth naval surgeon, James Yonge
(1646-1721), was among the first to argue emphatically that
“wounds of the brain are curable”; Galen had earlier announced,
“T have seen the wounded brain heal.”” Yonge’s first surgical text
was a small monograph titled Wounds of the Brain Proved Curable.”
Yonge provided a surgical account of a brain operation on a child
of 4 with extensive compound fractures of the skull from which
brain tissue issued forth. The surgery was successful, with the
child surviving, and this inspired Yonge to publish the account.
Yonge also reported on more than 60 cases in which brain wounds
were cured that he was able to locate in the older literature,
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